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Zusammenfassung

Die Bestimmung von E�zienz und Verhalten polymerer Festigungsmittel für
spröde, mehrschichtige dekorative Fassungen ist eine groÿe Herausforderung für
Restauratoren. Diese Arbeit beschäftigt sich daher mit einem neuen methodi-
schen Ansatz zur Untersuchung des mechanischen Festigungse�ekts von Kon-
solidierungsmitteln, die in die Fassungsstruktur eingezogen sind. Exemplarisch
wurde diese Arbeit an ostasiatischen Lackfassungen durchgeführt, die als typi-
sches Beispiel für durch spröde Brüchigkeit, Delamination und Abblätterungser-
scheinungen gekennzeichnete, mehrschichtige dekorative Fassungen gelten.

Eine an ausgewählten Beispielen durchgeführte Untersuchung zu der Frage, welche
Schichten in derartigen Lackfassungen die geringste Widerstandsfähigkeit be-
sitzen und was der Hauptgrund für ihr mechanisches Versagen ist, ergab, dass pro-
teingebundene (kreidegrundähnliche) Grundierungen am anfälligsten für Brüche
und Delamination sind. Mechanische Festigkeitstest wurden mit einem Ansatz
aus der werksto�kundlichen Bruchmechanik unter Verwendung der Doppelbalken-
probe (double-cantilever beam, DCB-Test) durchgeführt. Der Materialwert Bruch-
energie (GIc) wurde gemessen und das Bruchverhalten der spröden proteinge-
bundenen Grundierung charakterisiert. Die DCB-Proben wurden unter kontrol-
lierten Bedingungen gebrochen, danach mit verschiedenen polymeren Konsoli-
dierungsmitteln gefestigt und schlieÿlich erneut gebrochen, um Messdaten für
einen direkten Vergleich zu erhalten. Getestet wurden Rinderhautleim, kalt�üs-
siger Fischleim, Störleim, Stärkekleister/Störleim, Lascaux Medium für Konsoli-
dierung, Paraloid B 72 und B 48 N, Mowiol 3-83, Mowilith 50, Mowilith DMC2
und ostasiatische Lackmischungen (Roh-Urushi und Mugi-Urushi). Bei erstma-
ligem Bruch der Grundierung wurden unabhängig von der Schichtstärke Werte
von 47 (± 22) J/m2 gemessen. Die Ergebnisse für die gefestigten Proben variierten
stark. Die mit Paraloid und kalt�üssigem Fischleim gefestigten Proben zeigten
die gröÿte Reduzierung der gemittelten GIc (reduziert bis um -98 %), Lascaux
Medium für Konsolidierung und Mowilith DMC2 die gröÿten Steigerungen (bis
auf + 180 %).

Vor dem zweiten Bruchtest der gefestigten DCB-Proben wurden Querschli�e
angefertigt, um das Eindringverhalten und Verfüllungsvermögen der Konsoli-
dierungsmittel zu untersuchen. Die Ergebnisse dieser Untersuchung korrespondier-
ten gut mit den zuvor gemessenen Bruchenergien. Zusätzlich wurden die ver-
schiedenen Festigungsmittel noch auf kleine Testbrettchen aufgetragen, auf de-
nen zuvor delaminierende Lackschichten künstlich nachgebildet worden waren.
Diese Tests lieferten ergänzende, empirische Informationen zu den Verhaltens-
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und Handhabungseigenschaften der Festigungsmittel.

Diese Arbeit zeigt deutlich, dass die verwendete Untersuchungsmethode mess-
bare Unterschiede in der Bruchenergie und dem Eindringverhalten der Konso-
lidierungsmittel feststellen kann sowie detaillierte Informationen über die Lage
der Bruchebenen liefert. Zusammengefasst ergeben diese Daten ein verbessertes
Verständnis des Festigungsvermögens verschiedener Konsolidierungsmittel.
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Abstract

Determining the e�ciency and performance of polymer formulations used as con-
solidants for fragile, multilayered decorative coatings is a great challenge for con-
servators. To tackle this problem, this thesis presents a new methodical approach
to detail the mechanical strengthening e�ect that consolidants have on coatings
once they are applied to and allowed to penetrate through their structure. Re-
search was undertaken using East Asian lacquer coatings as a typical example of
a multilayered coating that shows brittle fracture, delamination and �aking.

A survey was conducted to identify the least stable layers in these coatings and
the causes responsible for their failure. Protein-bound (gesso-type) foundation
layers were found to be the most prone to develop failure and delamination. Me-
chanical strength tests were performed with a fracture mechanics approach using
the standardised double cantilever beam (DCB) method. The fracture energy
(GIc), a material property, was measured and the fracture behaviour of the brit-
tle, protein-bound foundation layers were characterised. DCB specimens were
fractured, then consolidated with various polymer formulations and re-fractured
to provide data for direct comparison. The tested consolidants included hide
glue, cold-liquid �sh glue, isinglass, starch/isinglass, Lascaux Medium for Con-
solidation, Paraloid B 72 and B48N, Mowiol 3-83, Mowilith 50, Mowilith DMC2
and East Asian lacquer-based formulations (raw urushi, mugi-urushi). For un-
damaged foundation layers, GIc values of 47 (± 22) J/m2 were measured, indepen-
dent of the layer thickness. The results for the consolidated specimens varied
widely. Specimens consolidated with Paraloid and �sh glue showed the greatest
decreases in mean GIc (down to - 98%) and Lascaux Medium for Consolidation
and Mowilith DMC2 gave the greatest increases (up to +180%).

Cross-sections were prepared from the DCB specimens before second-phase frac-
ture to determine penetration behaviour and void-�lling ability of the consoli-
dants. These data re�ected the results of the measured fracture energies. In
addition, the consolidants were applied to small test boards, which had been
arti�cially aged beforehand to replicate lifting lacquer coatings. This provided
complementary empirical information on the performance and handling proper-
ties of the consolidants.

The results clearly show that the methods can determine measurable di�erences
in the fracture energy and the penetration behaviour of the consolidants. Detailed
information on the location of crack path propagation can also be determined.
Together, these data provide a much improved understanding of the strengthening
capability of di�erent consolidants.

iii





x x

To my family.

x





Acknowledgements

I am indebted to my Doktorvater Professor Dr. Christoph Herm, Hochschule für

Bildende Künste Dresden, Shayne Rivers, Victoria and Albert Museum, Furni-

ture Conservation and The Mazarin Chest Project, and to Dr.Ambrose C. Taylor,
Imperial College London, for encouraging and supporting so strongly the idea of
this collaborative PhD project. Without the continued guidance and expertise of my
academic supervisors, their extensive support for all aspects of my work at the three
institutions and the most generous access to facilities, this work would not have been
possible.

My sincerest thanks also go to Arlen Heginbotham, The J. Paul Getty Museum,
and Michael Schilling, The Getty Conservation Institute, for their invaluable as-
sistance and the PyGC/MS analysis of the lacquer samples; Dr.Heinrich Piening,
Restaurierungszentrum Bayerische Verwaltung der staatl. Schlösser, Gärten

und Seen, München, and Yannick Chastang for helping out with inspiring suggestions,
materials and equipment; Dr.Ralph Kay, and Dr.Adrian Hayes, for the kind provision
of stains; and to Günther Heckmann for assisting me in getting my research started.

For �nancial support, which enabled research and training in Japan, discussions and
exchange with fellow international professionals, I am very grateful to The Daiwa

Anglo-Japanese Foundation, The Great Britain Sasakawa Foundation, ICCROM,
the Brommelle Memorial Fund and COST Action IE0601 WoodCultHer.

The colleagues I would like to acknowledge are too numerous for all to be listed here �
if I have missed your name please be assured that my gratitude is no less. At the V&A,
I am especially thankful to Dr.Nigel Bamforth, Dr.Rupert Faulkner, Boris Pretzel and
Yoshihiko Yamashita. At Imperial College, Mechanical Engineering Department,
my sincerest thanks go to Hugh MacGillivray, Dr.Ruth Brooker and Dr. Eric Hagan
for their technical assistance in the laboratories. I am also particularly grateful to
Dr.Kunal Masania, Hari Arora, Dr. Paul Hooper, Dr.Yatish Patel, Tim Hoult and
Dr. Idris Mohammed, not only for all the discussions and their support in engineering
matters, but also for proof-reading my work, and for including me as �one of the boys�.

Special thanks are further due to Carola Schüller, Dr. Carolyn McSharry, Dr. Cristina
Gentilini, Johanna Lang and Dr. Lisa Wagner for continuously sharing their thoughts on
conservation matters and chemistry; and to a friend of yore, for the long conversations
we have had that increased my understanding of the subtleties of the English language,
which helped me write this thesis.

Last, but not least, my deepest gratitude goes to my family. Without their unlimited

support, encouragement and their belief in me, my work and my endurance, I would

not have got this far.

vii





Contents

List of Figures 5

List of Tables 11

Nomenclature 13

1. Introduction 17
1.1. Problem of consolidation . . . . . . . . . . . . . . . . . . . . . . . 18
1.2. Aims and objectives . . . . . . . . . . . . . . . . . . . . . . . . . 19
1.3. Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2. The Multilayered Structure of East Asian Lacquer Coatings 23
2.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.2. Lacquer � the characteristic constituent . . . . . . . . . . . . . . . 24
2.3. Complexity of layer structures . . . . . . . . . . . . . . . . . . . . 24
2.4. The problem of stresses . . . . . . . . . . . . . . . . . . . . . . . 25
2.5. Wood substrates in composite structures . . . . . . . . . . . . . . 25
2.6. The quality of lacquer coating structures . . . . . . . . . . . . . . 26

2.6.1. Mechanical strength of lacquer composites . . . . . . . . . 26
2.6.2. E�ect of surrogate binders . . . . . . . . . . . . . . . . . . 27
2.6.3. Types of lacquer ware . . . . . . . . . . . . . . . . . . . . 27

2.7. E�ect of moisture on multilayered coatings . . . . . . . . . . . . . 28
2.8. Implications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3. Review of Damage to East Asian Lacquer Objects 31
3.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.2. Object choice . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
3.3. Analysis of coating structures and components � Materials and

methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.3.1. Optical microscopy and staining . . . . . . . . . . . . . . . 36
3.3.2. FTIR and PyGC/MS analysis . . . . . . . . . . . . . . . 42

3.4. Analysis results and discussion . . . . . . . . . . . . . . . . . . . 47
3.4.1. Results of coating layer analysis . . . . . . . . . . . . . . . 47
3.4.2. Comparison of identi�cation techniques . . . . . . . . . . . 51
3.4.3. Discussion of the causes of binding media failure � In�uence

of exposure to water and high humidity levels . . . . . . . 68

1



Contents

3.4.4. Remarks on the durability of coatings with high lacquer
content . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

3.5. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4. Consolidation of East Asian Lacquer Objects 77
4.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
4.2. Literature review . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.2.1. Approaches to the consolidation of delaminating lacquer
coatings . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.2.2. Natural polymers . . . . . . . . . . . . . . . . . . . . . . . 81
4.2.3. Synthetic polymers . . . . . . . . . . . . . . . . . . . . . . 84
4.2.4. Major challenges encountered during consolidation . . . . 86

4.3. Criteria for consolidant selection . . . . . . . . . . . . . . . . . . . 88
4.3.1. Requirements for consolidants . . . . . . . . . . . . . . . . 88
4.3.2. Factors in�uencing consolidant properties and performance 90

4.4. Consolidant choice for lifting lacquer coatings . . . . . . . . . . . 98
4.4.1. Class I, Protein-based consolidants . . . . . . . . . . . . . 99
4.4.2. Class +, Polysaccharides (starch) . . . . . . . . . . . . . . 100
4.4.3. Class II, Urushi lacquer . . . . . . . . . . . . . . . . . . . 100
4.4.4. Class III, Acrylics . . . . . . . . . . . . . . . . . . . . . . . 101
4.4.5. Class IV, Poly(vinyl alcohols) . . . . . . . . . . . . . . . . 102
4.4.6. Class V, Poly(vinyl acetates) . . . . . . . . . . . . . . . . . 103
4.4.7. Summary of polymers selected for testing . . . . . . . . . . 104

4.5. Chapter summary . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

5. Testing of Material Strength and Fracture Behaviour 109
5.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
5.2. Material properties de�nitions . . . . . . . . . . . . . . . . . . . . 110
5.3. Previous research . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

5.3.1. Properties of East Asian Lacquer �lms and coatings . . . . 112
5.3.2. Properties of �lled polymers and complex systems . . . . . 112
5.3.3. Methods for determining the mechanical behaviour of ad-

hesives or consolidants . . . . . . . . . . . . . . . . . . . . 113
5.4. Fracture mechanics approach � Choice of test method . . . . . . . 115

5.4.1. Testing of fracture energy under mode I � Double cantilever
beam testing . . . . . . . . . . . . . . . . . . . . . . . . . 117

5.4.2. Determination of �exural modulus . . . . . . . . . . . . . 123
5.5. Choice of materials for test specimens . . . . . . . . . . . . . . . . 124

6. Experimental: Fracture Behaviour � Materials and Methods 127
6.1. Preparation of test specimens . . . . . . . . . . . . . . . . . . . . 127

6.1.1. Double Cantilever Beam (DCB) specimens for initial testing 127
6.1.2. Consolidation of fractured DCB specimens . . . . . . . . . 134
6.1.3. Specimens for tensile and compression testing . . . . . . . 138

2



Contents

6.1.4. Replication of lifting lacquer for empirical consolidation
testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

6.2. Mechanical properties testing . . . . . . . . . . . . . . . . . . . . 143
6.2.1. Mode I fracture tests . . . . . . . . . . . . . . . . . . . . . 143
6.2.2. Flexural modulus of the wood substrate . . . . . . . . . . 147
6.2.3. Tensile modulus of foundation . . . . . . . . . . . . . . . . 147
6.2.4. Yield stress of foundation . . . . . . . . . . . . . . . . . . 149

6.3. Determination of consolidant distribution . . . . . . . . . . . . . . 149
6.3.1. Cross-section sampling . . . . . . . . . . . . . . . . . . . . 149
6.3.2. Staining of consolidants . . . . . . . . . . . . . . . . . . . 150
6.3.3. Optical microscopy . . . . . . . . . . . . . . . . . . . . . . 151

7. Experimental: Fracture Behaviour � Results and Discussion 153
7.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
7.2. Initial DCB fracture tests . . . . . . . . . . . . . . . . . . . . . . 153

7.2.1. Fractography . . . . . . . . . . . . . . . . . . . . . . . . . 153
7.2.2. Fracture energy GIc . . . . . . . . . . . . . . . . . . . . . 162
7.2.3. Dependence of GIc on layer thickness . . . . . . . . . . . . 167
7.2.4. Flexural modulus . . . . . . . . . . . . . . . . . . . . . . . 171

7.3. Second-phase DCB fracture tests (consolidated specimens) . . . . 173
7.3.1. Validity of measured data . . . . . . . . . . . . . . . . . . 173
7.3.2. Fracture results for specimen sets . . . . . . . . . . . . . . 175
7.3.3. Summary of DCB fracture tests . . . . . . . . . . . . . . . 199

7.4. Examination of DCB cross-sections . . . . . . . . . . . . . . . . . 207
7.4.1. Bondline thickness and penetration behaviour . . . . . . . 207
7.4.2. Notes on the e�ciency of the stains used . . . . . . . . . . 221

7.5. Empirical evaluation of consolidants . . . . . . . . . . . . . . . . 222
7.5.1. Wetting and handling properties deduced from DCB spec-

imens . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222
7.5.2. Consolidation of lifting lacquer specimens . . . . . . . . . 224

7.6. Discussion of experimental results and conclusions . . . . . . . . . 230
7.6.1. State of bondline and accuracy of joint �t . . . . . . . . . 231
7.6.2. Implications of Penetration Depth . . . . . . . . . . . . . . 232
7.6.3. Level of strengthening and signi�cance of GIc . . . . . . . 233
7.6.4. Suitability of consolidants for protein-based foundations in

lacquer coatings . . . . . . . . . . . . . . . . . . . . . . . . 235
7.6.5. Remarks on the DCB test method . . . . . . . . . . . . . . 238

7.7. Chapter summary . . . . . . . . . . . . . . . . . . . . . . . . . . . 240

8. Conclusions 243
8.1. Failure causes in export-type lacquer coatings . . . . . . . . . . . 243
8.2. Fracture behaviour of foundation layers . . . . . . . . . . . . . . . 244

8.2.1. Initial fracture behaviour . . . . . . . . . . . . . . . . . . . 244
8.2.2. Fracture behaviour after consolidation . . . . . . . . . . . 244

3



Contents

8.2.3. Advantages of test methodology . . . . . . . . . . . . . . . 246
8.3. Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 246

References 249

A. Staining Assays 277

B. Wood Speci�cations 279

C. List of Materials and Suppliers 281

D. Survey of Damage to East Asian Lacquer Objects 285
D.1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 285
D.2. Table of surveyed objects . . . . . . . . . . . . . . . . . . . . . . . 288
D.3. Survey Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . 290

E. List of Publications 379

4



List of Figures

1.1. Detail of a Japanese shrine panel (W.1-1913) showing losses in the
lacquer coating. (Photograph by N. Schellmann, courtesy of the
V&A). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.1. Examples of extensive coating damage on East Asian lacquer ob-
jects. (Photographs by N. Schellmann, (a)-(e) courtesy of the V&A). 32

3.2. Cross-sections of lacquer coatings under blue light, showing �uo-
rescence of the lacquer. . . . . . . . . . . . . . . . . . . . . . . . . 38

3.3. Round box (V&A W.332-1921): cross-section of coating in VIS
and in blue light, and stained with AB2 solution. . . . . . . . . . 40

3.4. Export lacquer reference sample: cross-section of the coating struc-
ture in VIS light, stained with AB2 and NileBlue sulphate solution. 40

3.5. Cabinet stand (V&A 303-1876): cross-section of coating in VIS
and in blue light, and stained with Lugol's solution . . . . . . . . 42

3.6. Palanquin (V&A 48-1874): cross-section of coating in VIS and
in blue light; unstained and stained with NileBlue sulphate and
SudanBlackB. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.7. Anacard marker compounds identi�ed by TMAH-PyGC/MS for a
reddish foundation sample of the palanquin (Schilling 2010a). . . 57

3.8. Fatty acid pro�le measured by TMAH-PyGC/MS for the reddish
foundation of the palanquin (V&A 48-1874) (Schilling 2010a). . . 59

3.9. Cross-section of priming layer of cabinet stand (V&A 303-1876)
after staining with Lugol's solution in blue light. . . . . . . . . . . 60

3.10. Coromandel cabinet (priv. collection): cross-section of coating
structure under blue light. . . . . . . . . . . . . . . . . . . . . . . 62

3.11. FTIR spectra of a sample taken from the round box (V&A W.332-
1921) and its best matching two reference components (Herm 2009a,
p.34). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

3.12. Four-fold screen (V&A W.25-1939): cross-section of entire coating
structure under blue light. . . . . . . . . . . . . . . . . . . . . . . 67

3.13. Details of Cabinet stand (V&A No. 303-1876) displaying blister-
ing, lifting and �aking lacquer on the top panel and on one of the
legs. (Photographs by N. Schellmann, courtesy of the V&A). . . . 69

3.14. Details of the lifting coating on the corner cabinet (493-1872).
(Photographs by N. Schellmann, courtesy of the V&A.) . . . . . . 70

3.15. Round box (W.332-1921), full view. (Photographs by N. Schell-
mann, courtesy of the V&A.) . . . . . . . . . . . . . . . . . . . . 71

5



List of Figures

3.16. Cabinet with fans (W.19-1969) showing cupping and lifting lac-
quer coating between ivory inlay. (Photograph by N. Schellmann,
courtesy of the V&A.) . . . . . . . . . . . . . . . . . . . . . . . . 72

3.17. Outside of drop-front of early 15th century Chinese cabinet (F.E.7-
1973), showing extensive cracking of the lacquer coating. (Photo-
graph by N. Schellmann, courtesy of the V&A). . . . . . . . . . . 73

3.18. Detail of the Chinese cabinet (F.E.7-1973) drop front inside. (Pho-
tograph by N. Schellmann, courtesy of the V&A.) . . . . . . . . . 74

3.19. FTIR spectra of a sample from the �fteenth century Chinese lac-
quer cabinet (F.E.7-1973) and its best matching three reference
components (Herm 2009a, p. 28). . . . . . . . . . . . . . . . . . . 76

5.1. Stress/strain behaviour of materials. . . . . . . . . . . . . . . . . 111
5.2. Modes of loading of a test specimen. . . . . . . . . . . . . . . . . 115
5.3. DCB specimen with end blocks adapted from Standard BS 7991

(2001). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
5.4. Schematic load-displacement curve (�gure taken from BS 7991:2001,

p.14). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
5.5. Determination of the crack length correction factor D for the cor-

rected beam theory (CBT) method (�gure taken from BS 7991:2001,
p.15). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

5.6. Slope n determined for the Experimental Compliance Method (ECM)
for the DCB specimen (after BS 7991:2001). . . . . . . . . . . . . 123

5.7. Three-point bending test. . . . . . . . . . . . . . . . . . . . . . . 123

6.1. Cutting of laminae from pine wood log at a 3° angle to the wood
grain and pairing of lamina boards. . . . . . . . . . . . . . . . . . 128

6.2. Method of brush application of urushi lacquer to ensure even spread-
ing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

6.3. Desorption curves for two DCB specimens during equilibration. . 132
6.4. DCB specimen (pine wood/foundation) with attached aluminium

end blocks. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
6.5. Foundation compression specimens. . . . . . . . . . . . . . . . . 139
6.6. Replication of lifting export lacquer coatings . . . . . . . . . . . . 140
6.7. Instron 5584 universal testing machine setup for DCB testing under

controlled environmental conditions. . . . . . . . . . . . . . . . . . 144
6.8. Principle of DCB testing. . . . . . . . . . . . . . . . . . . . . . . . 144
6.9. Stress/strain curve for a foundation tensile test specimen showing

the Young's modulus, E, and the tensile strength. . . . . . . . . . 148
6.10. Stress/strain curve for a cylindrical foundation specimen tested in

compression. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

7.1. Typical fracture surfaces of DCB specimens typeA after initial
testing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

6



List of Figures

7.2. Typical fracture surfaces of DCB specimens typeB after initial
testing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

7.3. Frequency of occurrence of the proportion of interfacial failure in
the tested DCB specimens. . . . . . . . . . . . . . . . . . . . . . . 156

7.4. TypeA DCB specimen: detail of fracture surface of foundation
layer showing failure on varying levels. . . . . . . . . . . . . . . . 157

7.5. TypeB DCB specimen: detail of fracture surface of foundation
layer. Failure predominantly occurred near the lacquer interface. . 158

7.6. Detail of typical DCB specimen fracture surface (typeA) resem-
bling the naturally-induced damage on the export-type East Asian
lacquer coating. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

7.7. Examples of natural coating failure observed on export-type East
Asian lacquer objects: corner cabinet (V&A, 493-1872), and cab-
inet on stand (V&A, 303-1876). (Photographs by N. Schellmann,
courtesy of the V&A.) . . . . . . . . . . . . . . . . . . . . . . . . 159

7.8. Details of foundation fracture surfaces showing small air bubbles
and pin hole-shaped discontinuities. . . . . . . . . . . . . . . . . . 160

7.9. SEM image of a DCB typeB fracture surface showing irregular-
shaped voids and air-bubbles in the foundation. . . . . . . . . . . 161

7.10. SEM image of DCB typeB foundation fracture surface at x1000
magni�cation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

7.11. Typical curves for load versus displacement, and crack length vs.
displacement for di�erent failure types in mode I fracture testing. 163

7.12. Load, P , and crack length, a, as a function of displacement, δ, for
a DCB (typeA) test. . . . . . . . . . . . . . . . . . . . . . . . . . 164

7.13. Resistance curves for a DCB specimen during initial testing in
mode I, established by the methods of SBT, CBT, and ECM. . . . 165

7.14. Examples of two typeA DCB specimens showing stable and un-
stable failure during initial testing. . . . . . . . . . . . . . . . . . 168

7.15. Distribution of mean GIc(CBT) values for tested typeA DCB spec-
imens in relation to the mean thickness of the foundation layer. . 169

7.16. Plastic zone ahead of crack tip (after Kinloch 1987, p.280). . . . . 170
7.17. Flexural modulus back-calculated using simple beam theory (SBT)

plotted against crack length. . . . . . . . . . . . . . . . . . . . . . 172
7.18. Comparison of the �exural moduli measured by three-point bend-

ing test, and from DCB test results back-calculated with corrected
beam theory (CBT). . . . . . . . . . . . . . . . . . . . . . . . . . 173

7.19. Load versus displacement curve for a typeA DCB specimen show-
ing relatively unstable crack propagation. . . . . . . . . . . . . . . 175

7.20. Fracture surfaces of DCB specimen consolidated with 10% isin-
glass solution. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

7.21. Example of typical fracture surface of DCB specimen typeA con-
solidated with cold-liquid �sh glue stained with Fast Green. . . . 178

7



List of Figures

7.22. Load as a function of displacement for a typical DCB specimen
consolidated with cold-liquid �sh glue. . . . . . . . . . . . . . . . 178

7.23. Fracture surfaces of typeB DCB specimen consolidated with 10%
bovine hide glue solution stained with Fast Green. . . . . . . . . . 179

7.24. TypeB DCB specimen consolidated with starch/isinglass showing
typical fracture surfaces showing SCF and new AF. . . . . . . . . 181

7.25. Fracture surface of a DCB specimen treated with mugi-urushi. . . 183
7.26. Fracture surfaces of typeA DCB specimen consolidated with ki-

urushi. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184
7.27. R-curves for DCB specimen before and after consolidation with

ki-urushi. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185
7.28. Typical fracture surfaces of a DCB specimen consolidated with

ParaloidB 72 (25%) in acetone stained with Solvent BlueG stain. 186
7.29. DCB fracture surface showing irregular distribution of ParaloidB 72

stained with Solvent BlueG in the foundation layer. . . . . . . . . 188
7.30. Fracture surfaces of DCB specimen consolidated with Paraloid

B 48N in toluene/xylene. . . . . . . . . . . . . . . . . . . . . . . . 189
7.31. Details of the fracture surfaces of DCB specimens consolidated

with Paraloid resin solutions stained with SolventBlueG. . . . . . 189
7.32. Typical load-displacement curve for a DCB specimen consolidated

with ParaloidB 72 in acetone. . . . . . . . . . . . . . . . . . . . . 190
7.33. Typical fracture surface of a typeB DCB specimen consolidated

with Lascaux Medium for Consolidation. . . . . . . . . . . . . . . 191
7.34. Details of the fracture surfaces shown in Figure 7.33. . . . . . . . . 191
7.35. Load and crack length as a function of displacement, and GIc as

a function of crack length for the specimen consolidated with Las-
caux Medium for Consolidation. . . . . . . . . . . . . . . . . . . 193

7.36. Fracture surfaces of DCB specimens consolidated with Mowiol 3-83
(unstained). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194

7.37. R-curves for specimens consolidated with Mowiol 3-83, measured
during second-phase testing. . . . . . . . . . . . . . . . . . . . . . 195

7.38. Fracture surface of DCB specimen consolidated with Mowilith 50
in toluene, stained with Lugol's solution. . . . . . . . . . . . . . 196

7.39. Detail of fracture surface of DCB specimen consolidated with Mowi-
lith 50 in toluene after staining with Lugol's solution. . . . . . . . 196

7.40. Fracture surfaces of specimen consolidated with MowilithDMC2
dispersion, stained with Lugol's solution. . . . . . . . . . . . . . . 197

7.41. Details of fracture surfaces of DCB specimen consolidated with
MowilithDMC2, stained with Lugol's solution. . . . . . . . . . . . 198

7.42. Detail of DCB specimen consolidated with MowilithDMC2 during
testing, showing bridging of the consolidant. . . . . . . . . . . . . 198

7.43. Mean fracture energy, GIc, values for each DCB specimen set of
typeA before and after consolidation. . . . . . . . . . . . . . . . . 200

8



List of Figures

7.44. Mean fracture energy, GIc, values for each DCB specimen set of
typeB before and after consolidation. . . . . . . . . . . . . . . . . 201

7.45. E�ect of consolidation expressed as mean relative changes in frac-
ture energy, ∆GIc, measured for typesA and B samples during
second-phase DCB testing. . . . . . . . . . . . . . . . . . . . . . . 202

7.46. Comparison of the percentage of failure in new areas of the DCB
specimens determined after second-phase fracture. . . . . . . . . . 203

7.47. Examples of DCB cross-section micrographs (type A and B) with
unstained foundation layers. . . . . . . . . . . . . . . . . . . . . . 207

7.48. Cross-sections of DCB specimens consolidated with protein-based
polymer formulations, stained with Fast Green. . . . . . . . . . . 209

7.49. Cross-sections of typeB DCB specimens consolidated with starch/
isinglass. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211

7.50. Cross-sections of typeA DCB specimens consolidated with tradi-
tional formulations based on East Asian lacquer. . . . . . . . . . . 213

7.51. Cross-sections of specimens consolidated with acrylate-based con-
solidant solutions. . . . . . . . . . . . . . . . . . . . . . . . . . . . 215

7.52. Cross-sections of typeA DCB specimens consolidated with the
acrylate-based dispersion Lascaux Medium for Consolidation. . . . 216

7.53. TypeB DCB cross-section of specimen consolidated with the poly-
(vinyl alcohol) Mowiol 3-83. . . . . . . . . . . . . . . . . . . . . . 217

7.54. TypeA DCB cross-sections of specimens consolidated with the
poly(vinyl acetate) solution Mowilith 50. . . . . . . . . . . . . . . 218

7.55. Cross-sections of typeA specimens consolidated with the poly(vinyl
acetate) dispersion Mowilith DMC2. . . . . . . . . . . . . . . . . 219

7.56. Lifting lacquer test boards after consolidation showing uneven ap-
pearance of the lacquer surface. (Board size 35 x 60mm) . . . . . 225

7.57. Lifting lacquer specimen consolidated with Lee Valley �sh glue. . 226
7.58. Side view of lifting lacquer specimen shown in Fig. 7.57a before

consolidation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 227
7.59. Lifting lacquer specimen consolidated with ParaloidB 72 in acetone

(stained with Solvent BlueG). . . . . . . . . . . . . . . . . . . . . 229
7.60. Adapted DCB method using a simple bench vice. . . . . . . . . . 240

9





List of Tables

3.1. Lacquer objects from the V&A collection and a private owner dis-
playing extensive coating damage. (Image of shrine taken by the
V&A Photographic Studio, © Victoria and Albert Museum, Lon-
don. All other photographs taken by N. Schellmann, courtesy of
the V&A. Image of Coromandel cabinet courtesy of the private
owner). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.3. Choice of identi�cation methods for di�erent binding media types. 41
3.4. Characteristic FTIR absorption band frequencies for compounds

of lacquer coatings. . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.5. Marker compounds used for interpretation of the PyGC/MS chro-

matograms (Schilling 2010a). . . . . . . . . . . . . . . . . . . . . . 46
3.6. Coating layer structures of the lacquer objects analysed. . . . . . 48
3.7. Results of the material and binding media analysis. . . . . . . . . 49
3.8. Summary of binding media analysis for selected coating layers from

the surveyed lacquer objects. . . . . . . . . . . . . . . . . . . . . . 53

4.1. Surface free energy (surface tension), γm, and viscosities, η, of some
solvents commonly used for consolidants, measured at 20 °C. . . . 92

4.2. Polymers selected for consolidation testing. . . . . . . . . . . . . . 106

6.1. Selection of consolidant formulations. . . . . . . . . . . . . . . . . 135
6.2. Possible failure patterns on DCB specimens based on the de�ni-

tions given by the British Standard BS EN ISO 10365 (1995) . . . 146

7.1. Frequency of occurrence of the degree of interfacial failure in the
tested DCB specimens. . . . . . . . . . . . . . . . . . . . . . . . . 155

7.2. Mean fracture energy initiation values, GIc init, for the non-linear
(NL), visual (VIS), and the 5% or maximum load (5%/MAX)
criteria according to BS 7991 (2001), and the �exural modulus,
Ef , of DCB specimens. . . . . . . . . . . . . . . . . . . . . . . . . 166

7.3. Average foundation layer thicknesses, ho, of export-type lacquer
objects and DCB specimens. . . . . . . . . . . . . . . . . . . . . . 169

7.4. Mechanical properties of hide glue/tonoko foundation. . . . . . . . 171
7.5. Mean fracture energy, GIc, and mean relative changes in fracture

energy, ∆GIc for specimens consolidated with isinglass. . . . . . . 177
7.6. Summary of fracture testing results for all DCB specimens (type

A and B). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206

11



List of Tables

7.7. Summary of the penetration and fracture behaviour of the consol-
idants. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220

7.8. Summary of the consolidant performance for protein-bound foun-
dations of East Asian lacquer coatings. . . . . . . . . . . . . . . . 235

12



Nomenclature

xxx

Latin alphabet

A Surface area; cross-sectional area
A Starter foil length
Ao Initial cross-sectional surface area of tensile specimen
a Crack length (measured from load line to tip of mode I crack)
ao Starter foil length from load line
ap Initial crack length (precrack)
as Starter foil total length
B Joint width
C Compliance, C = δ/P
Co Initial compliance
Cn Carbon chain of molecule, with n denoting the number of

C-atoms
dp Diameter of plastic zone
dbl Bondline thickness (of consolidant/adhesive)
dpf Penetration depth of consolidant in foundation
dpw Penetration depth of consolidant in wood substrate
E Young's modulus (modulus of elasticity, sti�ness)
Ef Young's modulus, back-calculated from CBT
Es Young's modulus (�exural), independently measured
F Correction factor for large displacement and end-block tilting
Fn Foundation layer, with n denoting the position number of

the layer, counted from substrate (used in AppendixD)
G Fracture energy/energy release rate
GIc Fracture energy in mode 1
H Thickness of end block of DCB specimen
h Thickness of wood substrate beam of DCB specimen
ho Foundation layer thickness
ha Adhesive layer thickness
KIc Critical stress intensity factor
L Support span length (3-point bend test)
Lo Initial length of tensile specimen
Ln Lacquer layer, with n denoting the position number of the

layer, counted from substrate (used in AppendixD)
l Total DCB specimen length
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l1 Distance from the loading pin centre to the mid-plane of the
DCB substrate arm to which the end block is attached

l2 Distance from the loading pin centre to the edge of the end
block of DCB specimen

Mw Molecular weight
N Correction factor for end-block sti�ening
n Sample size (statistical)
n Slope of the graph plotting the logarithm of the normalised

compliance, log (C/N), versus the logarithm of the crack
length, log a (in Chapter 5.4.2)
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Pf Load at point of failure
Pmax Load at point of maximum load on load-displacement curve
P5% Load at intersection point of 5% o�set line with

load-displacement curve
rp Radius of plastic zone
s Standard deviation
T Temperature
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xi Population (statistical)
x Arithmetic mean
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G Giga
g Gram
J Joule
k Kilo
M Mega
M Molarity (of a solution, used in Chapters 3.3.1 and

AppendixA)
m Metre
mm Millimetre
N Newton
N Normality (of a solution, used in Chapters 3.3.1 and

AppendixA)
Pa Pascal
s Second

x

Greek alphabet

γm Surface free energy
δ Load-point displacement
∆ Crack length correction factor in mode 1(used in Chapter 5)
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∆ Mean relative change (when used together with GIc)
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c. Century
c. Circa
cf. Confer/compare with
DAME Dicarboxylic fatty acid methyl esters
DCB Double cantilever beam
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EMA/MA Ethyl methacrylate/methyl acrylate
e.g. For example
FAME Fatty acid methyl esters
FTIR Fourier-transform infrared spectroscopy
i.e. That is
LEFM Linear elastic fracture mechanics
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MfC Medium for Consolidation (Lascaux)
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PVAc Poly(vinyl acetate)
PVAl Poly(vinyl alcohol)
PyGC/MS Pyrolysis-gas chromatography/mass spectrometry
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Nomenclature

SBT Simple beam theory
SCF Special cohesive failure (on varying levels of the layer)
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VIS Visible light (used in Chapter 3)
VIS Visible criterion for crack initiation (used in Chapters 5-7)
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1. Introduction

Decorative coatings on wooden substrates are found on a great variety of cultural
heritage objects throughout the world, ranging from furniture and sculptures
to panel paintings and architectural elements. Characteristically, many of these
coatings are composed of multiple layers which often consist of di�erent materials
that have greatly varying properties. Upon ageing and exposure to unsuitable
environmental conditions, these coatings can degrade and lose their physical in-
tegrity. Over time, this can lead to increasing damage and may eventually render
the objects entirely unsuitable for their intended use. Ageing processes and sub-
sequent failure of such structures are typically of a complex nature, but are often
manifested in the development of delamination and lifting of coating layers. A
prime example of objects that experience this kind of coating failure is East Asian
lacquer ware (Fig. 1.1).

Figure 1.1.: Detail of a Japanese shrine panel (W.1-1913) showing losses in the
lacquer coating caused by delamination and lifting of its multilayered
coating structure. (Photograph by N. Schellmann, courtesy of the
V&A).

To preserve these coatings and objects for future generations, e�cient stabilisa-
tion of their fragile elements is required. This, however, is a challenging task.
In the conservation of cultural heritage objects, high demands are made on the
stabilising agent (consolidant) used to achieve e�ective stabilisation (i.e. consol-
idation) of decorative coatings. Ideally, a suitable stabilisation treatment should
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1. Introduction

not only appropriately strengthen the object, but also slow down signi�cantly its
further course of deterioration. Moreover, no additional degradation should be in-
duced in the future by either the treatment or the material added. In compliance
with the relevant professional standards and guidelines (E.C.C.O. 2001; ICOM
2006, p. 6), the choice of consolidant should be governed by various factors:
its chemical and physical compatibility with the object, its long-term physico-
chemical stability and favourable ageing properties, and last but not least its
handling (i.e. application) properties. Hence, conservators are required to pre-
dict the performance of stabilising agents to make informed decisions on which
agent is most suitable for the purpose. In turn, this necessitates a thorough un-
derstanding not only of the properties of both the consolidant and the fragile
material in isolation, but also of the stabilised (composite) material. Unfortu-
nately, however, information on these characteristics is often scarce and limited
to certain properties only.

1.1. Problem of consolidation

Artists' materials, particularly when aged, are rarely thoroughly characterised in
their chemical and mechanical state. Hence, it is di�cult to know the baseline
properties of the fragile material to start with. In addition, the properties of the
consolidants may also vary widely, as conservators can choose from a wide variety
of available stabilising agents (most commonly polymers), whose character and
performance is dependent on many parameters that can be manipulated. These
include not only the choice of the stabilising compound or polymer, but also
comprise the selection of solvents or diluents, the concentration of the desired
consolidant formulation and the application method.

Over the previous decades, much research has been undertaken to characterise the
properties of polymers used in conservation, particularly when applied as coatings
or as adhesives (e.g. research by Feller 1957, 1958, 1984; Thomson (1963); Feller
and Curran 1970, 1975; de la Rie 1988a,b; de la Rie et al. 2002; Down and co-
workers 1980, 1984, 1996). Many of these studies were conducted with a focus
on the conservation of paintings, and thus often concentrated on investigating
the chemical stability and ageing behaviour of the consolidant and the strength
properties of the bulk polymer. However, investigations on the strengthening
ability of various polymers applied to and partly dispersed into fragile coating
structures, such as that undertaken by Simon (2001), have rarely been the focus
of comprehensive research. Hence, only limited information is available on the
mechanical performance of polymer formulations applied to multilayered coatings
on wooden substrates. A further step in this �eld of research is therefore required.

Knowing the mechanical strength properties of a bulk polymer is not necessarily
su�cient to judge the levels of strength improvements achieved by a certain agent
in situ on the object. Furthermore, questions remain about how far these consol-
idants in�ltrate the fragile material, and whether they induce uniform property
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changes in these structures. Whether or not a su�cient quantity of polymer
remains located on the surface to re-adhere the lifting layers, also has to be ques-
tioned. All things considered, a thorough methodology which objectively char-
acterises and quanti�es the physical and mechanical performance of consolidants
is lacking. Such a methodology is, however, necessary to help establish potential
di�erences in their behaviour. Unsurprisingly, conservators often still �nd it dif-
�cult to carefully balance the measures required to stabilise a fragile coating, let
alone choose the `most suitable' consolidant for a practical application. The need
to further improve the understanding of the interaction between these materials
has been widely recognised in the �eld of conservation (e.g. Olstad and Kucerova
2009).

1.2. Aims and objectives

The primary aim of this research is to advance the understanding of the behaviour
of polymer formulations that are used to stabilise failing layers in multilayered
decorative coating structures. Using the example of East Asian lacquer ware,
a methodical approach is presented that is intended to help conservators gain
detailed and practically relevant information on the strengthening e�ect of con-
solidants. As the approach assumes that failure loci within the coating structure
are so far unspeci�ed, the methodology starts by investigating systematically the
causes and e�ects of the failure on the coating structure. Once the least stable
layers are identi�ed, this work considers how the fracture behaviour of the failing
layer can best be characterised.

Previously, most investigations in this �eld concentrated on employing more con-
ventional methods for determining mechanical properties, such as tensile, com-
pressive and shear tests (e.g. Schniewind and Kronkright 1984; Schniewind 1998;
Down 1984; Weinbeck 2007). Although these give information on some mechani-
cal properties, they are not necessarily ideal methods for characterising materials
for conservation purposes. The strength values obtained from conventional tests
dependent on the specimen geometry and the exact testing conditions. Further-
more, these tests often neither satisfactorily model the failure observed in real-life
objects nor the stresses that cause it. This explains why a new approach, which
can provide data on mechanical properties that are more directly applicable and
useful for practical conservation purposes, is desirable.

For the purpose of investigating the fracture properties of materials, a standard-
ised test method, known as the double cantilever beam (DCB) method, is bor-
rowed from the �eld of fracture mechanics. This method is newly adapted to
enable the characterisation of the fracture properties of decorative coating struc-
tures both before and after consolidation. In the �eld of conservation research,
fracture properties have not been considered in such detail before. Only very re-
cently, some researchers have started to employ fracture mechanics methods using
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disk-shaped specimens for investigating adhesives used for the consolidation or
bonding of fractured marble (Jorjani et al. 2009; Tan et al. 2011). The cur-
rent research adopts the DCB method as a more suitable means of investigating
the fracture properties of multilayered coating structures applied to wood. The
fracture mechanics approach has the great advantage of providing valuable infor-
mation on how and when structures realistically fail during service in a real-life
environment. Furthermore, the fracture behaviour can be described with material
properties that are independent of the testing conditions. This makes the data
gathered particularly useful as they can be compared universally between di�erent
studies. This new approach will help conservators improve their understanding
of the overall performance of consolidants, and is therefore a promising tool for
providing further criteria upon which the selection of a suitable consolidant can
be based.

1.3. Thesis outline

This thesis is divided into seven chapters which present the methodology em-
ployed to systematically investigate the performance of consolidants that are
used for stabilising delaminating and lifting coatings. The problem, aims and
objectives of this research are given in this �rst chapter. The second chapter
introduces East Asian lacquer ware as an example of decorative coatings with
highly complex, multilayered structures, of which some types typically show se-
vere delamination, lifting and �aking of coating layers with age.

As di�erences in coating quality and constituents are generally held responsible
for the varying levels of damage that occur to these coatings, Chapter 3 examines
in more detail the causes of this deterioration. To �nd out which types of lacquer
coatings are most prone to developing extensive delamination failure and �aking,
the results of a survey are presented, which was undertaken on a group of East
Asian lacquer objects that showed this type of severe damage. The results of
various microscopic, spectroscopic and staining techniques undertaken for inves-
tigating the coatings of these objects are discussed in detail. The exact failure loci
within the multilayered coatings are identi�ed, and the constituent compounds
of the materials involved in their failure mechanisms are determined. This gives
a clearer understanding of the areas of lowest toughness in the coating struc-
tures and identi�es speci�c layer compositions that appear to be predominantly
involved in the development of delamination and �aking damage.

Chapter 4 reviews the methods and materials previously used for the consoli-
dation of damaged lacquer coatings. It highlights the problems and challenges
encountered when trying to select a suitable consolidant for these structures.
Furthermore, the criteria for consolidant selection are reviewed, providing an
overview of the factors that in�uence the performance of consolidants used on
porous substrates, such as the protein-bound foundation layers of lacquer coat-
ings. Based on this review, a wide range of consolidants that may be used on
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protein-bound lacquer coatings are selected to investigate their mechanical be-
haviour once applied to test specimens. These tests are presented in the following
experimental part of this work.

Chapter 5 develops the reasoning for introducing a new approach for testing the
mechanical properties of materials in the context of conservation. Previous meth-
ods and their limitations are reviewed, suggesting that an alternative method
borrowed from the �eld of fracture mechanics might be a particularly promising
alternative for gaining useful information on the mechanical properties of a consol-
idant. The double cantilever beam (DCB) test method is introduced as a means
to establish the energy required to propagate a crack through both undamaged
and consolidated test specimens.

Chapter 6 provides the technical details of the chosen test methodology and de-
scribes the preparation of the test specimens required for the individual tests.
The specimens comprise those for DCB testing, which contain simpli�ed coat-
ing layer structures, and additional tensile and compression test specimens of
protein-based foundation material in bulk. These three test methods are used to
establish the mechanical properties of the initial fragile material. Furthermore,
details are provided about the initial fracture and subsequent consolidation of
the DCB specimens with a variety of polymer-based consolidants. The staining
methods for the consolidants are also described, as well as the manufacture of
additional test specimens for cross-section analysis. Finally, lacquer test boards
are manufactured and the delamination and lifting of their lacquer coatings is
replicated. These boards are used for the empirical evaluation of the consoli-
dants, which are tested under normal drying conditions and after cycling in a
�uctuating environment.

The results of these tests are presented and discussed in Chapter 7.8a. This identi-
�es the similarities and di�erences in the mechanical and physical performance of
the consolidated test specimens, i.e. their fracture properties and the penetration
ability of the various consolidants tested. Additionally, these results are compared
with those of the empirical consolidation tests undertaken on the replicated lifting
lacquer sample boards, the latter of which also highlight the scope and problems
encountered with such tests on specimens that were manufactured to show de-
laminating coatings. The chapter closes with a discussion and evaluation of the
consolidants' performance as stabilising agents for the protein-bound foundation
layers of lacquer coatings. Furthermore, the wide applicability of the presented
test methodology is demonstrated by proposing a simpli�ed DCB test setup, that
can be adopted for use even in modestly equipped conservation workshops.

Finally, the main conclusions of this research are summarised in Chapter 8. These
give an overview of the performance of the tested consolidants and the scope of
the test methodology employed. Recommendations regarding possibilities for
future work in this �eld are presented to encourage further research on suitable
materials and methods for consolidating cultural heritage objects that su�er from
delaminating and lifting decorative coatings.
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2. The Multilayered Structure of

East Asian Lacquer Coatings

2.1. Introduction

A prime example of multilayered coatings on wooden substrates are those on East
Asian lacquer ware. Many museums and collections in the Western world that
house such lacquer objects are troubled with a small but signi�cant number that
have su�ered severe damage to their lacquer coatings over the course of time.
These coatings dramatically show cracks which cover large areas of the surface,
delamination and cupping or tenting of layers. In the worst cases, considerable
losses caused by complete adhesive or cohesive failure of the layered coating struc-
tures can be observed. In order to prevent any further loss of the decorative and
protective coating layers and to successfully preserve these objects, the delami-
nating and �aking coatings require e�ective consolidation.

As is the case with panel paintings or many other multilayered decorative coat-
ings on artefacts, the composite structure of East Asian lacquer coatings is usually
speci�c to every individual object. This applies to the exact composition, layer
thickness and state of deterioration. Owing to inherent variations of the nat-
ural materials used and the non-standardised production of the coatings, it is
expected that such coatings may fail in a varied manner. The range of di�er-
ent consolidation methods used in the past and present re�ects the diversity of
problems encountered during consolidation and the necessity to understand the
performance of di�erent consolidation media when applied to complex composite
structures.

This chapter introduces the component materials and multilayered structure of
typical East Asian lacquer coatings. In order to provide a basic understanding
of the general problems encountered with such coatings, the main aspects of
stress development and their causes within the decorative coating are explained.
Also, the major qualitative di�erences in speci�c lacquer coatings are presented
to provide a suitable basis for the investigations conducted and reported in the
subsequent chapters of this work.
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2. The Multilayered Structure of East Asian Lacquer Coatings

2.2. Lacquer � the characteristic constituent

The characteristic and usually major constituent of East Asian lacquer coatings
are the saps of certain lacquer trees native to the region. The saps polymerise
through an enzyme-catalysed reaction in the presence of oxygen and high relative
humidity, forming a tough, cross-linked polymer �lm. A wide range of lacquer
types are used for the decoration of artefacts, each type varying slightly in its
chemical constituents depending on the country of origin. The native lacquer
originating from Japan, Korea and China derives from the tree Toxicodendron
vernici�uum (Stokes) F.A. Barkley (previously known as Rhus vernicifera D.C. or
Rhus vernici�ua Stokes) of the family Anacardiaceae (Garner 1963; Kumanotani
1995; Langhals et al. 2005). It is generally known as urushi in Japanese and as
qi in Chinese. Lacquers from other tree species and thus with di�erent chemical
composition exist in countries such as Vietnam and Myanmar (e.g. discussed
in detail by Mills and White 1999, p. 118; Golloch and Sein 2004; Lu et al.
2006; Qin et al. 1996; Honda et al. 2008; Niimura 2009). Although countries
like Japan have been growing and tapping their own lacquer trees for centuries,
lacquer from di�erent species has also sometimes been imported and added to
their native urushi (Honda et al. 2010; Heginbotham and Schilling 2011). Hence,
this makes it hard to know the exact composition of any lacquer coating applied
on an object without using chemical analysis.

As for most of the present work the exact chemical nature of the lacquer is of no
particular relevance to the subject of study, no distinctions is made between the
various lacquer types. They are collectively referred to as `East Asian lacquer' or
simply `lacquer' throughout this thesis. However, in the experimental chapters
of this thesis the term urushi is used, where it speci�cally denotes the sap of the
tree Toxicodendron vernici�uum. This sap contains the phenolic lipid urushiol,
a 3-substituted catechol derivative with chains of 15 carbon atoms and up to
three double bonds (Kumanotani 1976; Kamiya and Miyakoshi 2000). In Section
3.4.1 this compound is referred to when identi�ed by chemical analysis, whilst
in Chapters 6 and 7 urushi denotes fresh, liquid lacquer purchased in Japan as
�Chinese raw urushi �.

2.3. Complexity of layer structures

Generally, East Asian lacquer coatings are complex multilayered structures. They
are built up with one or more foundation layers applied to a substrate � most
commonly wood � which consist of mineral �ller particles bound by lacquer or
some other polymeric matrix (binder). In high quality lacquer coatings the ratio
of lacquer binder to �ller particles usually increases with increasing number of
layers. Sometimes, these foundations contain organic �bres, or incorporate sheets
of textile or paper. The foundation layers are followed by a varying number of
lacquer top coats that �nally produce the highly polished surface typical of East
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2.4. The problem of stresses

Asian lacquer ware (for example Quin 1882/1995; Stephan 1927, pp. 30-42;
Heckmann and Dei Negri 2002, pp. 78-93; NRICPT 2008, Chapter 2). The
complex layer structure is required to achieve perfectly smooth surfaces that can
be polished to a mirror-like appearance. It further helps to distribute stresses
more evenly between substrate and coating, and also within the coating structure
itself. Incorrect choice of materials would result in physical damage to composite
materials, leading to failure at the interface between adjacent layers (adhesive
failure) or within a layer, i.e. cohesively (e.g. Heckmann and Dei Negri 2002, pp.
82, 176).

2.4. The problem of stresses

Stresses occur in all multilayered structures (composite materials) due to the re-
straint of dimensional changes of individual layers (e.g. Mecklenburg et al. 1998).
These are commonly induced during manufacture or service by changing rela-
tive humidity (RH) and temperature. Stresses can be evenly distributed within
these structures if all individual layers show similar elastic behaviour and adhere
strongly to one another. However, in practice this is rarely the case owing to
the varied nature and the di�erent mechanical properties of their components.
In such cases, stress concentrations occur at or near interfaces and within �aws
of individual components. If the stress reaches a critical level, then the material
will fail. In composite materials, the interlaminar plane, parallel to the layered
structure, is most prone to failure. Therefore, the most common failure mode in
composites is delamination � a phenomenon frequently observed by conservators
working with decorative coatings on artefacts and other decorative objects.

Exactly when the critical stress level in such structures is reached is largely gov-
erned by the toughness of the material (i.e. the amount of energy that a material
can absorb before fracturing). This property varies greatly for the individual
components of East Asian lacquer coatings and their substrates.

2.5. Wood substrates in composite structures

In East Asian lacquer objects, the most common substrate upon which the mul-
tilayered coatings are applied is wood. Layered systems including wood are sub-
ject to signi�cant stress development during manufacture and service. Not only
is wood a hygroscopic material, it is also orthotropic; in that its mechanical
properties change with respect to the three mutually perpendicular axes of grain
direction. Wood is dimensionally stable when it contains more moisture than
necessary to saturate its �bres. However, below the �bre saturation point, wood
changes its dimensions with loss or uptake of water. Wood is most responsive
when cut in the tangential direction, where it can show changes in dimensions
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2. The Multilayered Structure of East Asian Lacquer Coatings

approximately twice as great as in the radial direction over a broad spectrum of
moisture contents, i.e. from �bre saturation point to air-dry condition. In the ra-
dial direction, wood commonly shrinks between about 2% and 4%, whilst in the
longitudinal direction it merely reduces its dimensions by approximately 0.1% to
0.3% (Panshin and de Zeeuw 1980, p. 209). Variations in RH between 30% and
70% induce the least dimensional changes in wood, however, outside this range,
the structural e�ects are large (Mecklenburg et al. 1998, p. 467). In comparison
to coating materials, dimensional changes of wood induced by varying RH can be
large and thus cause signi�cant stresses on the coating.

In contrast to wood, the mechanical properties of lacquer �lms and other poly-
meric layers are naturally isotropic. In changing RH conditions, any coating ma-
terials applied to wood will therefore be exposed to high stresses in the direction
across the wood grain, whilst being fully restrained in the longitudinal direction
of the wood grain (Mecklenburg 2007). A typical damage pattern showing the
e�ect of across-grain compressive stresses is the cracking of lacquer coatings in
the direction parallel to the wood grain, as pointed out by Toishi and Washizuka
(1987, pp. 164-65) and Webb (2000, p. 62).

Whether or not East Asian lacquer coating structures can compensate for, or
withstand, the stresses induced by the dimensional changes of the wood sub-
strates generally depends on their mechanical characteristics. These mechanical
properties are directly related to the composition of the materials involved and
the quality of the layer structure.

2.6. The quality of lacquer coating structures

2.6.1. Mechanical strength of lacquer composites

East Asian lacquer is known for being a strong material. Lacquer �lms have a
glass transition temperature well above room temperature (> 80 °C), they show
no abrupt changes in mechanical properties at room temperature and are much
less brittle than many synthetic resins (Kuwata et al. 1961; Obataya et al. 2001;
Obataya et al. 2002). Lacquer also displays good cohesion and strong adhesion
between individual layers (Nishiura 1984). However, cohesion and adhesion of
the composite foundation layers in complex lacquer coating structures depend on
the amount and nature of the binder enclosing the �ller particles and thus may
vary considerably.

Foundation layers that incorporate a high volume fraction of lacquer � that is a
high binder to pigment ratio � can be considered as reinforced lacquer polymers
and their adhesion to the wood substrate and adjacent (non-reinforced) lacquer
layers will be strong and durable, reducing the risk of delamination (Nishiura
1984; Webb 2000, p. 60). Foundations with a very low volume fraction of binder
will account for layers with comparatively low mechanical strength, even if the
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binder is lacquer. In isolation, such a layer generally does not induce high stresses
itself and thus would be less prone to cracking and �aking than a mixture of
higher binder to pigment ratio (Nishiura 1984, Michalski 1991a). However, when
incorporated into a layer structure, its toughness will be too low to withstand
the stresses imposed by the wood and coating, leading to failure. Foundation
layers with lower adhesive and cohesive strength properties are also produced
when more brittle surrogate binders are used.

2.6.2. E�ect of surrogate binders

Lacquer has always been very expensive and was therefore often used sparingly in
objects of lower quality or replaced entirely by cheaper binders for unseen layers
(Nishikawa 1993). This was particularly the case since the seventeenth century,
when East Asian lacquer objects became popular in the West and were speci�cally
produced to satisfy the demands of foreign merchants and collectors. In Japanese
export ware and Chinese products, common surrogates included animal glue,
starch, persimmon juice (a polysaccharide) or pigs' blood and ox gall (Bonanni
1720/2009, p. 23; Kato 2000; Kitamura 2000; Piert-Borgers 2000; Webb 2000,
p. 27). Lacquer was also often adulterated with additives, such as oils or even
funori (an extract from red seaweed) and �nely grated sweet potato (Bonanni
1720/2009, pp. 23-26; Stephan 1927; Quin 1882/1995, p. 13; Lu et al. 2006;
NRICPT 2008, p. 20). Additives and surrogates in lacquer coatings are known
to have signi�cant in�uence on the coating structure.

Foundations that do not contain a high amount of lacquer, or those introduc-
ing less tough binders, such as proteins (e.g. animal glue or pigs' blood) or
polysaccharides, will weaken the coating structure. Protein-bound gesso-type
foundations are known to be very susceptible to failure as they break after very
little deformation (Mecklenburg 2007, p. 19). In comparison, lacquer and wood
are much tougher materials, i.e. they can be strained more before failure is in-
duced. Unsurprisingly therefore, Kitamura (2000) describes the �spreading exfo-
liation� � that is �aking � on objects with simpli�ed foundation layers containing
animal glue or persimmon tannin blended with charcoal, calcium carbonate or
clay powder, and predicts great problems for their future conservation. Exten-
sive delamination and �aking on Chinese lacquered panels and screens involving
protein-bound foundation layers has also been reported by other authors (Breu
and Miklin-Kniefacz 1995; Wu and Wu 1995; Miklin-Kniefacz 1999; Breidenstein
2000).

2.6.3. Types of lacquer ware

Material choice during manufacture and build-up of the multilayered structure
are often strongly in�uenced by the provenance of the object and its original
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2. The Multilayered Structure of East Asian Lacquer Coatings

designation. For this reason, lacquer objects are commonly divided into two
broad categories, which describe their quality:

High quality domestic ware Lacquer objects manufactured to the highest
standards (particularly in Japan) are characterised by their very complex com-
posite structure, which is thoroughly built up with a relatively high content of
East Asian lacquer present in every layer of the coating. Foundation layers would
typically be applied in several stages and generally contain a high amount of lac-
quer binder, which often increases with every subsequent foundation layer applied
(e.g. Heckmann and Dei Negri 2002, p. 82). These layers normally also incor-
porate textile or paper layers that are well adhered with lacquer. These serve
as bu�ering layers to evenly distribute stresses that may occur in the composite
structure, thus preventing stress concentration and subsequent damage to the
coating (Matsumoto and Kitamura 2008; NRICPT 2008, p. 59). Finally, the
upper layers of lacquer coating structures consist of pure East Asian lacquer. It
generally applies that the more layers are present, the higher the quality of the
�nal product.

Lower quality (`cheap') domestic ware and objects made for export
A second category of lacquer ware includes those objects manufactured for the
domestic market for more `every-day' use and those speci�cally made for export to
Western countries (often referred to as `export ware'). Apart from a few examples
of early Japanese export ware originating from the �rst half of the 17th century
(such as the Victoria and Albert Museum's Mazarin Chest), which were produced
to exceptionally high quality, most other export and cheap domestic ware were
generally either mass-produced or made under constraints of limited resources
and time. On the whole, they are cheaper in production costs and consequently
have a less thoroughly built up layer structure. Also, in the lower foundation
layers which are invisible from the coating surface, the rather expensive lacquer
is typically replaced with cheaper surrogate binders, such as animal glue, starch
or persimmon juice (e.g. Kato 1988; Taguchi et al. 2001; ICCROM/Tobunken
2009; NRICPT 2009, pp. 34, 44, 95).

(For more detailed reading on export lacquer ware, consult for example Impey
1982, 1984, 2000a,b; Hutt 1998, 1999, 2000; Jorg 2000; Impey and Jorg 2005;
Hidaka 2009; Rivers et al. 2011)

2.7. E�ect of moisture on multilayered coatings

As mentioned earlier, varying humidity levels cause wood and any organic coat-
ing materials to change dimensions. Most signi�cantly, they do so at di�erent
speeds and to di�erent degrees, which increases the stresses within the layers and
at their interfaces. Wood and protein binder (such as animal glue), for example,
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2.7. E�ect of moisture on multilayered coatings

take up moisture much faster than lacquer (Miura 2000). Nevertheless, even-
tually � given su�cient time � lacquer moves approximately the same amount
as Japanese cypress wood (hinoki) in the radial direction (Bratasz et al. 2008).
Lacquer with additives of animal glue, rice- or wheat starch are also extremely
sensitive to moisture, much more so than pure lacquer �lms. These mixtures
su�er signi�cant volume increases during water absorption and development of
severe shrinkage stresses during dessication (Thieme 2001). Any textile layers
included in the structure will behave di�erently with the warp and weft and
will shrink in high humidity (Berger and Russell 1988; Mecklenburg and Tumosa
1991b), whilst all other organic materials swell under these circumstances. In
contrast, composite layers such as protein binder mixed with clay powder gen-
erally show comparatively small dimensional response, similar to that of gesso
layers of Western paintings (Mecklenburg 2007, pp. 16-19).

Despite being hygroscopic, intact lacquer �lms e�ectively act as a barrier for
moisture di�usion and sorption in a coating. The rate of water sorption is depen-
dent on the layer thickness of the undamaged lacquer �lm: the thicker the layer,
the slower the process (e.g. Ogawa and Kamei 2000). Lacquer layers therefore
signi�cantly slow down moisture uptake and loss in both the foundation layers
and wooden substrates during short-term exposure to varying RH. Even extreme
changes in RH will not necessarily be detrimental to the structure if they occur
for a very short term. Initiation of failure in foundation layers will indeed require
rather drastic and/or recurring changes in environmental conditions (for detailed
discussions see also Berger and Russell 1986; Berger and Russell 1994; Schaible
1990). Exposure to liquid water is the most extreme case, as water uptake occurs
much faster than moisture absorption from the surrounding air.

The e�ect of water sorption of undamaged, lacquer coatings with lacquer-bound
foundation layers on convex wooden substrates has been investigated in detail
by Ogawa and Kamei (2000). Using a theoretical model (�nite element analy-
sis), they found that during exposure to both 100% and 0% RH the tensile-,
compressive- and peeling stresses in the coating and at its interface to the sub-
strate were high enough to potentially cause fracture and delamination failure of
the coating. However, during practical tests, no failure at all was actually ob-
served in the lacquer coating, suggesting that stress relaxation played a signi�cant
role and can be very e�ective in preventing damage (for a detailed discussion see
Ogawa and Kamei 2000).

In already damaged lacquer coatings, however, wood substrates and very hygro-
scopic foundations containing surrogate binders are a�ected more quickly by RH
changes. Humidity changes are highly likely to induce stresses large enough to
cause failure in those layers of the coating that can endure the smallest strain to
failure, i.e. the least deformation before breakage.
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2.8. Implications

Having introduced the basic constituents and layer structures of typical East
Asian lacquer coatings, it has become clear that the mechanical behaviour of
such multilayered structures is rather complex and di�cult to estimate. There-
fore, it is now important to identify the common types of failure these coatings
experience whilst the coated object is in service, on display and in storage. The
following chapter hence investigates in more detail the causes and e�ects of fail-
ing lacquer coatings which are frequently encountered in Western collections. It
clari�es whether certain lacquer coating types are typically prone to developing
delamination and �aking.
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3. Review of Damage to East Asian

Lacquer Objects

3.1. Introduction

It is generally understood that damage to lacquer coatings is caused by un-
favourable environmental conditions, such as exposure to ultraviolet radiation
(UV) and visible light (VIS), and also frequent or extreme �uctuations of rela-
tive humidity (RH) and temperature (see for instance Miura and Ogawa 1999;
Miura 2000; Webb 2000, pp. 54-60). This, however, does not explain why some
objects are more severely a�ected than others when exposed to similar environ-
ments. Conclusions drawn by Japanese lacquer specialists (Kitamura 1995) and
by other reports suggest that quality di�erences in the lacquer coatings also play
a major role in their deterioration behaviour. However, it appears that these
�ndings are mostly based on the examination of individual objects from diverse
international collections that have su�ered severe deterioration due to rather var-
ied environmental in�uences and storage conditions (e.g. Chase 1988; Heckmann
1995; Miklin-Kniefacz 1999; Kitamura 2000; Breidenstein 2000). This poses the
question as to whether the most severely damaged lacquer objects within a sin-
gle collection are generally those of lower quality and/or whether speci�c types
of lacquer ware are principally more prone to severe coating damage. A small
survey of the collection of Japanese and Chinese lacquer objects at the Victoria
and Albert Museum (V&A) was undertaken to identify structural and composi-
tional similarities between the damaged artefacts, which would explain the failure
mechanisms involved in the development of lifting and �aking coatings. The aim
was to verify current perceptions of failure causes and to assess whether other
in�uences might also play an important role. The following chapter will report
the methodology and results of this research.

3.2. Object choice

To investigate the causes of severe delamination and �aking, approximately 300
lacquer objects in the V&A stores were viewed with respect to the physical condi-
tion of their coatings. Whilst a number of objects showed some coating damage,
the objects that displayed the most severe cracking, delamination and �aking
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3. Review of Damage to East Asian Lacquer Objects

(a) Round box (W.332-1921). Extensive
losses of the lacquer coating expose the
wood substrate. (6.5 x 14.5 cm).

(b) Curved box (Lost.Exp.8). Lifting coat-
ing near areas of lost substrate parts,
showing some failure in paper layer.

(c) Detail (5 cm length) of palanquin (48-
1874). Extensive coating losses due to
failure at the wood substrate/textile and
textile/foundation layer interfaces.

(d) Corner cabinet (493-1872) detail (c. 7 cm
length). Severe lifting and losses of the
mother-of-pearl/lacquer layer, exposing
the foundation and wood substrate.

(e) Detail (image length 9 cm) of a cabinet
stand (303-1876), showing faintly white
accretions from water stains on the sur-
face.

(f) Detail of Coromandel cabinet (Private
Collection). Losses in the upper coating
expose the coarse, �brous foundation.

Figure 3.1.: Examples of extensive coating damage on East Asian lacquer objects,
displaying delaminating, blistering, cupping and tenting lacquer coat-
ings with varying degrees of losses. (Photographs by N. Schellmann,
(a)-(e) courtesy of the V&A).
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were targeted for further investigation. The progressive failure of these decora-
tive coatings rendered these objects the most in danger of increasing damage, and
thus the most in need of conservation to secure their preservation for the future.
Examples of this type of damage are shown in Figs. 3.1 a�e. Close examination
with the naked eye and a stereo microscope was undertaken to identify objects
where the damage had been caused by inherent structural weakness. Objects
with the following criteria were excluded:

� pressure marks in the surface of exposed parts (corners, edges, legs, lids
etc.) and sharp edges along with small losses in otherwise well adhered
lacquer coatings. These gave clear indications of impact induced damage.

� cracked lacquer surfaces showing no delamination or losses due to progres-
sive �aking.

� extensive previous conservation or restoration treatment with no obvious
untreated surfaces.

From the V&A collection, nine objects with progressively delaminating and severe-
ly �aking coatings apparently caused by inherent structural weaknesses were se-
lected to be studied in more detail (Figs. 3.1 a�e). One privately owned piece of
furniture was further included in this group as it showed very similar damage to
that of the V&A lacquer objects and was available for analysis (Fig. 3.1f). This
object was a lacquer cabinet made from Chinese lacquer panels decorated in the
carved lacquer technique known as `Coromandel' ware. The doors of the cabinet
were made from former screen panels thought to originate from the 18th century,
possibly later. The cabinet itself appeared to be a later assembly with added
parts, made for the Western market.

A complete list of the surveyed objects is presented in Table 3.1. Further details,
such as object descriptions, appearance of damage and detail images are provided
in AppendixD as a comprehensive survey report. Initial assessment of these
selected objects based on stylistic features and their place of origin revealed that
they bore some similarities: The Japanese objects were either produced for the
Western market (frequently referred to as `export ware'), or were lower quality
products destined for domestic use. They comprised cabinets, boxes, a palanquin
and a shrine. Chinese screens were also included in the group of lacquer objects
most a�ected by delamination and �aking. These, too, showed typical features
of export-ware in their decoration (e.g. the four-fold screen), or were clearly
not manufactured to a particularly high quality. This group of damaged lacquer
objects thus con�rmed that less prestigious types of lacquer ware deteriorate more
dramatically than higher quality objects.
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Table 3.1.: Lacquer objects from the V&A collection and a private owner display-
ing extensive coating damage, which were chosen for further investi-
gation.

Object V&A No. Origin Type Dimensions Image

Cabinet

and stand

303-1876 Japan,

late 19thc.

`export

ware'

76 x 59 x

38.5 cm

40 x 63.5

x 43.5 cm

Corner

cabinet

493-1872 Japan,

late 19th c.

`export

ware'

122 x 76 x

33.5 cm

Cabinet

(with fans)

W.19-1969 Japan,

19th c.,

second half

`export

ware'

175 x 145

x 63 cm

Round

box

W.332-1921 Japan,

early 18th c.

`cheap'

domestic

6.5 x 14.5

(diameter)

cm

Curved

box

Lost.Exp.8 Japan,

late 19th c.

`cheap'

domestic

6.5 x 59.5

x 20 cm
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Object V&A No. Origin Type Dimensions Image

Palanquin 48-1874 Japan,

19th c.,

second half

`cheap'

domestic

125 x 139

x 93 cm

Shrine W.1-1913 Japan,

late 19th c.

archi-
tectural/

`cheap'

domestic

c. 230 x

139 x

107.5 cm

Five-fold

screen

W.9-1943 China,

19th c.

Chinese

screen

__
__

230 x 62 x
2.7 cm
(per each
panel)

x

(detail)

Four-fold

screen

W.25-1939 China,

18th c.

(possibly

later)

Chinese
screen/
`export

ware'

181 x 54

3.7 cm

(per each

panel)

(detail)

Coromandel

cabinet

(made

from screen

panels)

Private

Collection

China,

18th c.

(possibly

later),

adapted

Chinese
screen/
`Coro-
mandel
lacquer

ware'

187.5 x

135.4 x

56.0 cm

x

Photograph of Shrine taken by the Photographic Studio of the V&A, reproduced with
kind permission, © Victoria and Albert Museum, London. All other images taken by
N. Schellmann, courtesy of the V&A. Image of the Coromandel cabinet courtesy of the
private owner.
x
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3.3. Analysis of coating structures and compo-

nents � Materials and methods

In order to verify the speci�c cause for the severe coating failure in the ten
objects, their lacquer coatings were optically, chemically and spectroscopically
analysed. It was vital to characterise each complex layer structure in its physical
form for precisely locating failure zones. Furthermore, determination of material
composition provided a possible explanation for the causes of damage. Particular
emphasis was placed on the identi�cation of binding media, as low lacquer content
and cheaper binders, such as proteins and polysaccharides, were expected to be
involved in the failure mechanisms.

3.3.1. Optical microscopy and staining

Samples of the entire coating, ideally including the wood substrate, were chosen
from object parts that had not been subjected to previous local consolidation or
restoration treatment. Small samples of approximately 1mm2 were taken with
a scalpel from areas of severe �aking next to losses in the coating. Additional
specimens were sampled from �akes that had fallen o� the substrate, but which
could be traced back to their approximate original position. The multilayered
samples were mounted in clear polyester casting resin (Tiranti), and cross section
surfaces were polished using dry emery paper (#360 � #800) and micro-mesh
abrasive cloth (up to #12 000, Kremer).

Cross sections were analysed with an optical microscope under visible (VIS) and
blue light (Figs 3.2a - 3.3). Blue light was chosen over ultra violet irradiation due
to the availability of appropriate �lter cubes and because lacquer has a distinct
�uorescence in this wavelength range. VIS analysis was undertaken with an
Aristomet microscope in dark �eld illumination, and analysis with excitation in
the blue range was performed in bright �eld illumination with a Leitz Laborlux
12 ME microscope, �tted with a HBO 50W super pressure mercury light source
and an I3 �lter cube.

The stratigraphy of the multilayered coating samples was identi�ed and doc-
umented photographically as well as in a schematic drawing, summarising its
characteristic features gained from several cross section specimens. A full sum-
mary of the results is presented in AppendixD for every object included in the
survey. Some materials of the individual layers (such as wood, paper, mineral
pigment and pure lacquer layers) were ascertained visually, if their characteristics
could be unambiguously established due to speci�c optical characteristics under
VIS and blue light. However, most binding media mixed with high amounts
of pigment, such as in foundation layers, had to be examined using additional
analytical techniques.
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Visual identi�cation of binder types with blue light

Aged bulk lacquer can be detected under irradiation in the blue range due to its
distinct caramel-brown to yellow-ochre coloured �uorescence. Personal experi-
ence had shown that relatively freshly prepared lacquer samples do not �uoresce,
unlike aged samples. The �uorescence appears to increase with increasing age-
ing and is particularly pronounced in lacquer layers that were exposed to light.
These �ndings were recently con�rmed and discussed in detail in a publication
by Webb (2011). Examples of typical lacquer �uorescence under blue light are
presented in Figure 3.2. The presence of lacquer in these samples was veri�ed by
Fourier-transform infrared spectroscopy (FTIR) and pyrolysis-gas chromatogra-
phy/mass spectrometry (PyGC/MS). Details of these analyses will be reported
in Section 3.3.2 of this chapter.

In this study, comparison with reference samples of Japanese and Chinese lac-
quers of known origin (pure and partly mixed with additives, such as oils and
�llers), further suggested that severely photodegraded lacquer and lacquer ma-
trix containing oil show up in distinctly bright yellow �uorescence (see Fig. 3.2b).
This appearance contrasts with the caramel-brown to yellow-ochre �uorescence
observed in bulk aged lacquer that was more protected from light and did not
contain any signi�cant oil additive (Fig. 3.2a, also see other cross-sections in Ap-
pendixD for further examples). The identi�cation of lacquer by means of �uores-
cent microscopy is however limited: if the lacquer is mixed with a high concen-
tration of �ller or pigment, it cannot usually be visually identi�ed with su�cient
con�dence.

Histochemical staining

Once fully polymerised, lacquer does not contain functional groups that are char-
acteristic for usual binding media, and hence there are no known stains that have
a chemical a�nity to this material in solid state. However, other binding media
groups and materials which may be present in the layer structure of East Asian
lacquer coatings can indeed be identi�ed with staining methods. In conservation,
staining of cross-section specimens is a popular identi�cation method for binding
media in multilayered composite structures (such as paintings or other decorative
coatings on objects). The great advantage of this method is that it also provides
information on the spatial distribution of the binder within the sample. Further-
more, staining methods are mostly cheap and relatively easy to conduct even in
rather modestly-equipped work environments.

Di�erent types of histochemical staining methods are available, requiring a vary-
ing degree of specialist experience and equipment. The simplest method is that of
exposing cross section specimens to histological stains. Ostwald (1936), Plesters
(1956), Johnson and Packard (1971), Martin (1977) and Schramm and Hering
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(a) Chinese cabinet (V&A F.E.7-1973).
Caramel-brown to yellow-ochre coloured
�uorescence of lacquer. The structure
consists of several lacquer top coats, a
foundation layer of lacquer mixed with
pigment, and a textile layer adhered
with lacquer on the wood substrate
(latter not shown).(Image length equals
1.49mm.)

(b) Four-fold screen (V&A W.25-1939).
Varying �uorescence of lacquer. Pho-
todegraded (oxidised) or possibly oil-
containing top lacquer coating (bright
yellow), lacquer-bound foundation with
coarse pigment, a textile layer adhered
with lacquer (caramel-brown), lacquer
priming and the wood substrate. (Im-
age length equals 0.95mm.)

Figure 3.2.: Cross-sections of lacquer coatings under blue light, showing �uores-
cence of the layer structures.

(1988) discussed these for use on artist materials. Examination of the stain-
ing results can be undertaken with an optical microscope under incident visi-
ble light. Staining with �uorochromes is an alternative technique (Wolbers and
Landrey 1987; Derrick et al. 1994; Schaefer 1997), but this requires analysis by
UV-�uorescence microscopy and the availability of speci�c �lter cubes to enable
excitation in the range required for the respective stains. Advantages and disad-
vantages regarding the staining methods are discussed for example by Matteini
and Moles (1990, pp. 52�56) and Nöth (2005, pp. 17-24).

To date, the use of histological stains for the identi�cation of binding media in
export-type lacquer has not been investigated systematically. As this method
would be very convenient for use on multilayered East Asian lacquer coatings �
provided it worked reliably � it was decided to test the scope of this technique in
this study. Preliminary tests were conducted with a variety of histological stains,
which suggested their general potential to visually mark the respective binder
types. Staining is generally performed on embedded samples that are prepared
either in thick cross sections or thin (microtomed) sections. Suitability of the re-
spective cross-section type, embedding techniques and preparation methods have
been discussed in detail by Tsang and Cunningham (1991), Derrick et al. (1994),
Buder and Wülfert (1997) and Khandekar (2003). In this study, thick sections
were used for ease of preparation and due to time limitations. The preliminary
tests had shown that thick sections were generally suitable for staining and gave
su�ciently clear staining results on light coloured sample material.
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Materials For identifying proteinateous media the diazo dye AmidoBlack 10B
(Colour Index C.I. 20470) was used in a formulation and procedure introduced
by Martin (1977). AmidoBlack solution denoted as AB2 by Martin proved to be
a superior stain for proteins than other preparations of AmidoBlack 10B or the
alternative protein stain Fast Green (C.I. 42053). It rendered the stained protein
binder in reference samples in a darker colour which was more clearly visible un-
der the microscope. This was particularly signi�cant in darker coloured layers
(Fig. 3.3c), where positive AB2 staining appeared to be more discernible. De-
spite personal experience suggesting that Ponceau S (C.I. 27195) generally works
very well for identifying proteins, this stain was abandoned during the pre-testing
stage. It caused problems on many foundation layers that naturally had a red-
dish appearance and that only contained a lower concentration of protein. The
red dye made it di�cult to visually distinguish any subtle, positive staining re-
sults from the reddish �ller particles. Also, Ponceau S stains calcium carbonate
due to acid-base reaction and hence erroneously gives positive staining results for
any chalk-containing foundation layers (Herm 2011). Starch content in the cross-
sections was identi�ed with iodine potassium-iodide (Lugol's solution), a stain
that very reliably colours starch-based compounds in deep blue (e.g. Chayen and
Bitensky 1991, p. 110). Oil-containing matrix was stained with the lipid-soluble
dye SudanBlackB (C.I. 26150) following procedures published by Schramm and
Hering (1988, pp. 205, 214-215). SudanBlackB stains almost all types of lipid
compounds (Chayen and Bitensky 1991, p. 113) and may therefore not only iden-
tify drying oils but also other fatty components of the layer. Nile Blue sulphate
(C.I. 51180), a compound staining both proteins and oils (Schramm and Hering
1988, p. 218), was added to the test procedure, as it �rst appeared that Su-
danBlackB might give ambiguous results in porous layers. In some cases it was
suspected that SudanBlack stain may have merely penetrated into the pores of
some layers, rather than actually staining lipid media. It was therefore hoped that
Nile Blue sulphate would provide additional information on the oil content, and
might also give further con�rmation on protein content in the cross-section. Con-
trol samples had shown that Nile Blue sulphate stained over 10 year-old Japanese
hide glue in foundation clearly in a very strong blue colour (Fig. 3.4c).

Table 3.3 summarises the methods for the identi�cation of the individual binders.
Staining was undertaken in the following order:

1. staining for proteins with Amido Black 10B,

2. staining for starch with Lugol's solution,

3. staining for protein and oils with NileBlue sulphate, and

4. staining for drying oil with SudanBlackB.

Before every subsequent exposure to stain, the cross-sections were very lightly re-
polished and pre-soaked in the respective solvent that was used for the staining
solution. The only exception was Lugol's solution which was applied on the
sample without pre-soaking. The full details of the staining assay including the
solvents used for pre-soaking are given in AppendixA.
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(a) (b) (c)

Figure 3.3.: Round box (V&A W.332-1921): cross-section of coating. (a) In VIS
showing two lower foundation layers, and an upper foundation layer
sandwiched between two lacquer layers; (b) in blue light: the lower
lacquer layer �uoresces in a bright yellow colour suggesting some
oil additive; the upper lacquer layer is photo-degraded; (c) in VIS:
positive staining of protein with AB2 solution in the lower foundation
layers. (Image length equals 0.69mm.)

(a) (b) (c)

Figure 3.4.: Export lacquer reference sample: cross-section of the coating struc-
ture in VIS irradiation. (a) Top lacquer coat with foundation made
from hide glue and Japanese clay powder on Japanese cypress wood
substrate; (b) as (a) stained with AB2 solution. The hide glue-bound
foundation is distinctly stained in blue-black colour; (c) as (a) after
staining with NileBlue sulphate solution. The glue-bound foundation
stained in a distinct deep-blue colour. (Image length equals 0.55mm)
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Table 3.3.: Choice of identi�cation methods for di�erent binding media types.

Binding Medium ID Method Stain/Comment Reference

Protein bulk and

foundation

(binder with

mineral �ller)

AmidoBlack 10B

(AB2) stain

1g AmidoBlack 10B

+ 450 ml 1N acetic acid

+ 450 ml 0.1M aqueous

sodium acetate solution

+ 100 ml glycerine

Martin (1977)

foundation

(binder with

mineral �ller)

Nile Blue sulphate

stain

50 ml concentrated aqueous

solution of Nile Blue

+ 5 ml sulphuric acid (0.5%)

(boiled and �ltered)

Schramm and

Hering (1988,

p.218)

Starch bulk and

foundation

(binder with

mineral �ller)

Iodine

potassium-iodide

(Lugol's solution)

100 ml distilled water

+ 2.5 g iodine (I2)

+ 1.7 g potassium iodide

(KI)

Schramm and

Hering (1988,

p.205); Chayen and

Bitensky (1991, p.

110)

Oil bulk SudanBlackB

stain

SudanBlackB saturated in

isopropanol

Schramm and

Hering (1988,

p.205)

East

Asian

lacquer

bulk (aged) blue light

irradiation

caramel-brown to

yellow-ochre �uorescence

Webb (2011)

bulk (severely

photo-

degraded/

highly oxidised

or mixed with

oil

blue light

irradiation

bright yellow �uorescence Schellmann (2011),

Webb (2011)

All foundation and

bulk

FTIR Simon et al.

(2001),

Heginbotham et al.

(2008)

PyGC/MS Heginbotham et al.

(2008), Frade et al.

(2009)
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(a) (b) (c)

Figure 3.5.: Cabinet stand (V&A 303-1876): cross-section of coating. (a) In VIS
showing a coarse dark layer and two �ne reddish foundation layers be-
low the top lacquer coating; (b) in blue light: three foundation layers
and two lacquer coats are clearly distinguished by their �uorescence;
(c) in VIS and stained with Lugol's solution clearly indicating starch
content. (Image length equivalent to 0.7mm).

All the chosen stains appeared to be e�cient in marking the respective media
(if present) in the comparatively light-coloured foundation layers of the samples.
An example for the successful staining of starch in a reddish foundation layer
is presented in Figure. 3.5. Even though staining is generally not recommended
for dark-coloured materials, it was shown that in some layers that appeared very
dark under VIS irradiation, positive staining results were nevertheless detectable.
If these dark-coloured layers �uoresced under blue light before staining, a positive
staining result of black or blue, non-�uorescent stains could be suggested or even
determined in some cases by a darkened appearance of these layers under blue
light after staining (Fig. 3.6). However, this method was ine�ective for previously
non-�uorescent layers, and binding media of that kind had to be analysed using
other techniques.

As mentioned earlier, staining for oils with SudanBlackB at �rst seemed to be
problematic. The stain appeared to give poor or ambiguous results when used
for staining very porous foundation layers, as it seemed to penetrate too far
into the layer to be rinsed o� su�ciently. One option to avoid this penetration
would have been to use thin sections for staining rather than thick cross-sections.
However, due to time constraints and other limitations of using thin sections this
alternative could not be realised in this study. It was therefore aimed to con�rm
the staining results with other analytical methods, that are capable of identifying
ideally all organic binding media types that may be present in multilayered East
Asian lacquer coatings.

3.3.2. FTIR and PyGC/MS analysis

In a number of coating layers the staining methods had given su�ciently clear
results for the presence of binding media. Despite this, it was apparent that
some layers could not be identi�ed at all or only with insu�cient con�dence us-
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(a) (b) (c) (d)

Figure 3.6.: Palanquin (V&A 48-1874): cross-section of coating showing dark
grey foundation, thin black-pigmented lacquer layer, reddish founda-
tion in two layers, black layer and three lacquer top coats. (a) VIS,
unstained; (b) blue light, unstained, showing dark foundation layer
F1/F2 that �uoresces slightly; (c) blue light, stained with NileBlue
sulphate, showing darkened appearance and some red �uorescence of
both the dark-grey and lower reddish foundation layers F3; and (d)
blue light, stained with SudanBlackB, clearly revealing the black
staining of the lower reddish foundation layer F3. (Image length
equals 0.7mm each).

ing staining and �uorescence microscopy. In particular, some doubt remained
about the reliability of the staining for oil with SudanBlack. To clarify the ac-
curacy of the staining results and to �ll in the missing data, further analytical
methods were employed. These were chosen on the basis of their capability of
identifying not only organic components of common binding media, but also on
their suitability to detect those contained in East Asian lacquer coatings. Only
few techniques qualify for this analysis, due to the highly crosslinked nature of the
lacquer polymer, which renders lacquer insoluble in most solvents. Therefore, an-
alytical methods that require the test sample to be in a liquid state are unsuitable.
Analytical techniques that have been successfully used on lacquer-containing ma-
terials include Fourier-transform infrared spectroscopy (e.g. Derrick et al. 1988;
Jin et al. 2000; Simon et al. 2001), pyrolysis-gas chromatography/mass spectrom-
etry (e.g. Niimura et al. 1996; Niimura and Miyakoshi 2003, 2006; Lu et al. 2006;
Frade et al. 2009; Niimura 2009; Honda et al. 2010; Pitthard et al. 2010) and nu-
clear magnetic resonance (NMR) spectroscopy (Lambert et al. 1991; Simon et al.
2001). For this study, the �rst two methods were chosen for further analysing the
lacquer samples obtained from the surveyed objects.

FTIR spectroscopy

Fourier-transform infrared spectroscopy (FTIR) is a relatively common method
employed for the identi�cation of organic and inorganic components in artist
materials. It has successfully been used to identify organic compounds in paint
samples (e.g. Meilunas et al. 1990; Derrick et al. 1999), including aged East Asian
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lacquer (e.g. Derrick et al. 1988; Herm 1993; Simon et al. 2001; Ring 2001; Hegin-
botham et al. 2008). Nevertheless, FTIR is not the most ideal analysis method
for identifying all organic compounds contained in lacquer composite samples. It
has been pointed out that additives to lacquer are often di�cult or impossible
to identify with FTIR (Herm 1993; Ring 2001). Despite this limitation, FTIR
microspectroscopy was used to con�rm some of the results from cross section
analysis and chemical staining in this study. The FTIR analysis was undertaken
by Herm (2009a) at the laboratories of the Academy of Fine Arts Dresden. With
this method it was hoped to identify the presence of lacquer or other binding
media in the highly-�lled polymer matrix of the foundation layers that could not
be determined with the cross-section analysis.

Table 3.4.: Characteristic FTIR absorption band frequencies for compounds of
lacquer coatings.
x

Compound Absorption band wave numbers [cm-1] Reference

Protein 3350 (N-H stretching), 1650 (amide I), 1550

(amide II), 1450 (amide III)

Derrick et al. 1999,

p.108

Carbohydrate 3300 (O-H), 1620 (intramolecular bound

water/carboxyl group), 1080 (C-O)

Derrick et al. 1999,

p.108

Oil 3020 (ole�nic C=C-H band), 2926, 2855 (C-H

stretching), 1750-1740 (carbonyl band of ester

group), 1464, 1379, 725 (aliphatic C-H band),

1240, 1165, 1103 (C-O bands)

Derrick et al. 1999,

p.103

Urushi lacquer 3400 (O-H), >3000 (C-H stretches from aromatic

and vinyl hydrocarbons), 2926, 2885, 2850 (C-H

stretching from alkyl groups), 1715-1695 (strong

C=O stretch. This band broadens with

increasing ageing and oxidation of the lacquer),

1625 (C=O) , 1465-1430, 1407, 1165-1145,

1090-1050, 1033

Kenjo 1978; Derrick

et al. 1988; Derrick

et al. 1999, p.104 Jin

et al. 2000; Simon

et al. 2001; Kamiya

et al. 2006; Niimura

and Miyakoshi 2006

Method and materials Small samples were collected from areas of the objects
where delamination and �aking of the coating had recently occurred. During
sampling, a head-loupe was used for distinguishing between the individual layers.
Scrapings were taken with a scalpel from foundation layers which had been deter-
mined by microscopic analysis as the failing layers. In the cases where loose �akes
had fallen o� the object's surface, samples were taken from this source. From the
remaining objects, scrapings were sampled directly from damaged coating areas
still attached to the object. A few micrograms (µg) of each sample were placed
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on a diamond anvil cell (High Pressure Diamond Optics) using a tungsten needle
and were analysed in transmission with a Bruker Hyperion 2000 IR microscope
connected to a Bruker tensor 27 Fourier-Transform IR spectrometer. Measure-
ment with the attenuated total re�ection technique (ATR) was conducted on
one cross-section sample embedded in polyester casting resin. These measure-
ments were non-destructive and performed using a Bruker-ATR-objective (25x)
and a Germanium-crystal. The measuring areas had a diameter of approximately
0.80mm (Herm 2009a).

Characteristic transmission bands used for the identi�cation of the compounds
area are summarised in Table 3.4.

Pyrolysis-gas chromatography/mass spectrometry

Pyrolysis-gas chromatography/mass spectrometry (PyGC/MS) appears to be
most successful in identifying lacquer in solid state, discriminating even between
the di�erent lacquer types from di�erent botanical origins (Niimura et al. 1996;
Lu et al. 2006; Frade et al. 2009; Niimura 2009; Honda et al. 2010). Recent
research undertaken at the Getty Conservation Institute and The J. Paul Getty
Museum has developed an improved methodology for the sampling of lacquer
coatings and the analysis of a variety of its organic components by PyGC/MS
(Heginbotham et al. 2008; Heginbotham and Schilling 2011). With this method-
ology, many organic components of East Asian export-type lacquer coatings have
since been successfully identi�ed. A collaboration with the Getty Conservation
Institute was initiated to enabled the analysis of a selected number of coating
layers from the surveyed V&A objects by this technique. The analysis was con-
ducted by Schilling (2010a). With this additional analysis, a reliable double-check
was possible on whether the previous two identi�cation methods (cross-section
microscopy including staining, and FTIR spectroscopy) had given reliable results
and could be used with con�dence.

Method and materials Samples for analysis were sourced from unused sam-
ple material previously collected for FTIR and cross-section analysis. The mul-
tilayered coating samples were separated layer-by-layer according to a procedure
recommended by Heginbotham (2010). This included mounting the sample on
a Perspex plate with cyanoacrylate adhesive (Loctite SuperGlue gel) with the
top lacquer layer facing down. Then, each individual layer was removed with a
steel scalpel under an optical microscope (Nikon SMZ-10A) at 15 x magni�cation.
Only the centre part of each layer was collected and placed between two glass-
slides (one with depression) or in glass vials. This was to avoid collecting any
material contaminated with particles from neighbouring layers. Before the con-
secutive layer was sampled, all remnants of the previous layer were fully removed
with the use of a scalpel and a soft-haired brush.
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For pyrolysis, a Frontier Laboratories PY-2020D double-shot pyrolyser system
was used, with the pyrolysis interface maintained at 320 °C. The pyrolyser was
interfaced to an Agilent Technologies 5975C inert MSD/7890A gas chromato-
graph/mass spectrometer. For separation, a J&W DB-5MS-UI capillary column
was employed (30m x 0.25mm x 0.25 µm). By attaching the column to a Frontier
Vent-Free adaptor, the e�ective column length was 40m. The helium carrier gas
was set to 1ml/minute. The split injector was set to 320 °C with a split ratio of
50:1 and no solvent delay. The GC oven temperature was programmed to 40 °C
for 2 minutes, then ramped to 320 °C at 6 °C/minute, followed by a 9 minute
isothermal period. The MS transfer line was at 320 °C, the source at 230 °C, and
the MS quad at 150 °C. The mass spectrometer was scanned from 10-600 amu
at a rate of 2.59 scans per second. The electron multiplier was set to the auto-
tune value. Samples were placed into a 50 µl stainless steel Eco-cup �tted with
an Eco-stick, and three microlitres of a 25% methanolic solution of tetramethyl
ammonium hydroxide (TMAH) were introduced for derivatisation. After three
minutes, the cup was placed into the pyrolysis interface where it was purged with
helium for three minutes. Samples were pyrolysed using a single-shot method at
550 °C for 6 seconds (Schilling 2010a). The marker compounds used to identify
the di�erent materials in the chromatograms are listed in Table 3.5.

Table 3.5.: Marker compounds used for identifying the di�erent materials in the
PyGC/MS chromatograms (Schilling 2010a).
x

Material Marker Compound

Glue Pyrrole (also methylated derivative) (He et al. 2007)

Blood Pyrrole, cholesterol (also methylated derivatives)

Carbohydrate Undetermined pyranose (as methylated derivative)

Drying oil Azelaic acid (C9), palmitic acid (C16), stearic acid (C18) (as methyl

esters)

Lipid Palmitic acid (C16) and stearic acid (C18), no alezaic acid (as

methyl esters)

Persimmon juice Trimethoxybenzene

Urushi Dimethoxybenzene nonanoic acid methyl ester, pentadecylcatechol

(as dimethoxy derivative), heptyl phenol (Chiavari and Mazzeo

1999; Schilling 2010b)

Thitsi 12-phenyldecyl catechol (as dimethoxybenzene derivative)

Colophony 7-methoxy-tetradehydroabietic acid methyl ester

Cedar oil or pitch Cedrol, cedrene

Wood oil Undetermined triterpenes

Gum Benzoin Cinnamic acid (as methyl ester)

Camphor Camphor, camphene

(Cn) gives the number, n, of carbon atoms of the respective fatty acids.
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3.4. Analysis results and discussion

3.4.1. Results of coating layer analysis

The materials and binders of the failing lacquer coatings were analysed in as much
detail as possible, to characterise more clearly the complex layer structures of each
surveyed object in their physical state and material composition. The following
section will present the results determined by the survey and the binding media
analysis, which help to identify the possible causes for the severe coating damage
observed on the selected objects.

Macroscopic and microscopic layer structures

Table 3.6 summarises the coating layer structures of the individual objects as
analysed using the optical microscope under VIS and blue light irradiation. The
�elds in the table highlighted in blue italics specify where failure in the coating
structure had occurred.

The lower foundation layers were predominantly a�ected by failure in all coatings,
despite the di�erences in their layer structure. No physical deterioration was
apparent in the top coats or the upper �ne reddish foundation layers, subject to
a further foundation layer being present underneath. The only two exceptions
were the corner cabinet and the �ve-fold screen, which both contained only one
type of foundation in their layer structure.

Further analysis of the coating samples revealed that similar constituents could
be identi�ed in the failing layers, and particular attention was paid to the iden-
ti�cation of the binding media of these layers.

Analysis of binding media

Table 3.7 summarises the results of the binding media analysis for all nine lacquer
objects. The �elds in the table highlighted in blue again identify the layers which
had failed. Results were obtained from staining and optical microscopy as well
as from FTIR microspectroscopy and PyGC/MS analysis. A detailed report of
the analysis results can be found in AppendixD.

Top layers and �ne upper foundation

Underneath the top East Asian lacquer layers, all objects except the four-fold
screen and the Coromandel cabinet doors displayed a reddish foundation layer.
In �ve of these objects, this foundation consisted of �nely ground �ller particles
bound with lacquer, lipids and, in some cases, starch; in two (corner cabinet and
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Table 3.6.: Coating layer structures of the lacquer objects that were subjected to
analysis.

Top

Coats

Fine

Found.

Other

Layer

Coarse

Found.

Buffering

Layer

Found./

Adhesive

Buffering

Layer

Substrate

Object No. No. Mater. No. Material No. Material Material

Cabinet

stand

2-3 2 - 1 textile or

paper

adhesive - softwood

Cabinet

(on stand)

4 2 - 1 [paper] - - softwood

Corner

cabinet

4 2 - - [paper

(large

panels)]

- - softwood

Cabinet

(with fans)

2 1 - 2 paper 1 textile +

adhesive

wood

Round box 1 1 lacquer 2 [paper

(base)]

- - hardwood

Curved box 2 2 lacquer - paper - - softwood

Palanquin 3 2 - 2 textile adhesive - softwood

Shrine 2 2 - 2-3 [paper] 1-2 - softwood

Four-fold

screen

(panel f/b)

1 - - 1 textile lacquer - softwood

Five-fold

screen

(sides)

1 1 - 1 (or

more)

paper adhesive - softwood

Five-fold

screen

(panels)

3-5 1 - - �bres, in

binder

matrix

- - wood

Coromandel

cabinet

(doors)

1 - - 1(-3) plant

�bres, in

binder

matrix

adhesive - softwood

`Found.': foundation; `Mater.': material; `No.': number of layers; `f/b': front and back of screen panel, `-'

indicates layer not present; `[]' denotes presence of layer only in limited areas or on object parts with the

location given in round brackets. The �elds highlighted in blue italics mark the failing layers.
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Table 3.7.: Results of the material and binding media analysis (lacquer- and foun-
dation layers) shown in Table 3.6.
x

Object Top

coat.

Binder fine

foundation

Binder coarse

foundation

Buffer

layer

Binder /

adhesive

Buff.

layer

Cabinet

stand

lac. *starch+oil+

little lacquer

* starch+ oil +

lac. (t)+ protein (t)

textile /

paper

*starch+ lipids

+ camphor

�

Cabinet (on

stand)

lac. starch+ lipids

+ little lacquer

*lipids+ protein [paper] starch (?) �

Corner

cabinet

lac. *protein+ lipids

+ lac.+ starch (t)

+ colophony (t)

� [paper] [starch or

protein] (?)

�

Cabinet

(fans)

lac. lacquer protein (?) +

oil (?)

paper *oil + carboh.

+ protein (t)

+ lacquer (t)

textile+

pro-

tein (?)

Round box lac. lac.+ lipids * lipids+ starch

+ protein

� *starch+ lipids

+ protein

[paper]

Curved box lac. *oil + lac.+ starch � paper starch �

Palanquin lac. *oil + starch+ lac.

+persimmon (t)

*starch+ protein

+ oil + lacquer

textile or

paper

starch and/or

protein (?)

�

Shrine lac. starch+ lacquer protein+ lipids paper+

starch

protein+

lipids

�

Four-fold

screen, f/b

lac. � * lipids+ lac.+

protein (t)+

cedar oil(t)

+persim. (t)

textile+

lacquer

lacquer �

Four-fold

screen, sides

lac. � protein+ lipids paper+

starch

� �

Five-fold

screen

lac. *lipids+ lacquer

+ protein+

gum benzoin (t)

� �bres+

protein

� �

Coromandel

cabinet
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varn.

� *lipids+ lac.+

blood+ gum

benzoin (t)
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x

`Bu�.' denotes bu�er layer; `f/b': front and back of screen panel; `lac.': lacquer; `varn.': natural resin varnish;

`-' layer not present; `[ ]' layer present in some areas only; `*' layer analysed by PyGC/MS, thus giving more

detail on the binder composition; `(t)' binder present in traces, as determined by PyGC/MS; `?' binding

media not clearly identi�ed due to its low concentration/state of deterioration, or too small sample size. Fields

highlighted in blue italics indicate the failing layers.
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�ve-fold screen) the �ller was mixed with protein, lipids and little lacquer instead.
The four-fold screen had a lacquer-bound foundation consisting of very coarse
�ller particles on the front and back of its large panels, whilst the panel sides
were manufactured from a mixture of �ner grey/white translucent pigment (�ller),
protein and lipids. The layer structure of the Coromandel cabinet doors consisted
of one thick dark grey foundation layer which was bound with lipids, lacquer,
protein (blood) and some gum benzoin, which appeared to have been built-up
by several applications. The Japanese shrine had a �ne reddish foundation layer
purely bound with starch directly underneath the top lacquer coat. The lower
of the two reddish-coloured foundation layers on the cabinet stand also revealed
some starch in addition to lacquer. These foundation layers appeared to be stable
and had not failed unless they contained protein.

Lower foundation

The majority of the objects had additional foundation layers directly below the
�ne reddish layer, typically coarser and darker. Exceptions were the curved box
and the panel sides of the four-fold screen, which only contained one �nely-
pigmented foundation above a paper layer. The corner cabinet also only had
the �ne reddish foundation applied directly to the wood substrate. The shrine
displayed several further �ne foundation layers that appeared more like conven-
tional gesso layers prepared from �ne white or reddish pigment (�ller particles)
and protein glue. A single foundation layer only was also applied to the Coro-
mandel cabinet doors. Here, the foundation layer was applied over a bu�ering
layer containing coarse plant �bres (possibly hemp, see de Kesel and Dhont 2002)
which were bound or adhered with a similar matrix as that of the foundation layer,
containing mainly lipids, blood protein and lacquer.

The other �ve objects had lower foundation containing densely-packed black,
reddish and translucent �ller particles of varying size. In some cases this coarse
foundation was applied in more than one coat. The binding medium of all these
layers contained protein, albeit to varying degrees and with additions of lipids,
starch and other organic additives such as persimmon juice (a polysaccharide)
or gum benzoin. These protein-containing layers had failed cohesively and/or
adhesively on all objects.

Summary

Analysis on all coatings showed that the protein-containing layers were the most
a�ected by damage, rea�rming the general understanding that such layers are
prone to failure. Failure locations as well as weak adhesion between certain
materials could be more precisely speci�ed:

In nine out of ten cases foundation layers containing proteins had developed
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signi�cant cohesive failure, or had failed adhesively at the interface where they
had been applied to starch-containing paper layers (Table 3.7).

Paper layers adhered purely with starch seemed equally problematic and prone to
failure. Examples for this were the corner cabinet, the palanquin, the shrine and
the curved box, where the paper layer was either lifting from the wood substrate,
or was disintegrating.

Foundation containing a large amount of starch and only little lacquer also caused
problems. Such layers exhibited adhesive failure from their adjacent wood sub-
strate or textile layer as well as cohesive failure, which promoted delamination
(cabinet stand and palanquin). In contrast, a high lacquer concentration within
a starch-containing foundation layer provided a comparatively robust layer (red-
dish foundation of palanquin, curved box, and upper foundation of the cabinet
with its matching stand).

More research would be necessary if a critical ratio between the two binder types
were to be determined, beyond which the mechanical strength properties of the
lacquer/starch paste-bound foundation change signi�cantly.

3.4.2. Comparison of identi�cation techniques

Clearly, it is an ideal situation if sophisticated analytical techniques and equip-
ment are available to identify constituent materials of coatings. However, under
most common circumstances one has to make do with less costly and more easily
accessible methods instead. It was therefore aimed in this work to investigate
whether histological staining methods in combination with visible light and �uo-
rescent microscopy have any scope for use on East Asian lacquer coatings. This
line of investigation was particularly interesting as preliminary staining tests had
shown some promising results despite the general notion that staining of cross-
sections is usually unsuitable for darker-coloured layers (Schramm and Hering
1988, p. 114). Such dark layers are often contained in multilayered East Asian
lacquer coatings.

A summary of the analysis results gained from the three analytical methods for a
selected number of coating layers are given in Table. 3.8 . The full list of analysed
samples is provided in AppendixD . For the comparison of the analytic methods
the identi�ed compounds were partly summarised, so that the e�ectiveness of
the cross-section analysis could be evaluated for the four main binder categories:
lacquer, lipid compounds (drying oils and other lipids), carbohydrates (such as
starch), and protein (e.g. glue and blood).

Comparison of the results from histological staining and cross-section microscopy
using VIS and blue light with those of the FTIR and PyGC/MS analysis showed
some very interesting results and trends. As expected, details on a greater num-
ber of constituent organic compounds were gained from PyGC/MS analysis. The
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following sections will therefore evaluate the suitability of the cross-section anal-
ysis method by �rstly comparing its results with those of PyGC/MS. The results
obtained from FTIR measurements will be referred to afterwards, as this analyt-
ical technique gave less detailed information on the binder types present in the
coating samples.
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Table 3.8.: Summary of binding media analysis for selected coating layers from
the surveyed lacquer objects, compiled from the analysis reports by
Herm (2009a), Schilling (2010a) and Schellmann (AppendixD).

Object Layer Description method Lac. Lipids Carboh. Prot. Other

Cabinet F1 Dark grey PyGC/MS !!! !!

(on stand) foundation FTIR i starch (i)

X-section ! !

F2 Reddish FTIR i

foundation X-section i !

Cabinet F2 Dark grey PyGC/MS t ! !!!! t {persim. (t)}

stand foundation FTIR starch (i)

(legs) X-section ! starch!

F3/F4 Reddish PyGC/MS t oil! !!!! {persim. (t)}

foundation FTIR ! starch (i)

X-section i ! starch!

Cabinet F1 Black PyGC/MS ! !!! camphor!

stand priming FTIR ! cellulose!

(top) X-section ! !

F2 Dark grey PyGC/MS t ! !!!! {persim. (t)}

foundation FTIR starch (i)

X-section ! starch!

F3 Reddish PyGC/MS t !!! !! {persim. (t)}

foundation X-section i ! starch!

Corner F1 Reddish PyGC/MS ! !! t !! colophony (t)

cabinet foundation FTIR !

X-section ! !

Cabinet F2 Pale brown PyGC/MS t !!!! ! t {persim. (t)}

with fans foundation X-section ! i

Palanquin F1/F2 Dark grey PyGC/MS ! ! !!! !

foundation FTIR !

X-section ! starch (i) !

F3 Reddish PyGC/MS ! oil!!! ! persim. (t)

foundation FTIR ! starch!

X-section i ! starch!

F4 Reddish FTIR !

foundation X-section i i
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Object Layer Description method Lac. Lipids Carboh. Prot. Other

Round box F1 Coarse PyGC/MS ! !!!! t

beige FTIR - - - -

foundation X-section {i} starch! !

F2 Dark grey PyGC/MS !!!! ! !

foundation FTIR i !

X-section ! starch (i) !

L1 Lacquer

layer

PyGC/MS ! oil!!! persim. (t),

wood oil (t)

FTIR i !

X-section ! !

F3 Reddish FTIR i

foundation X-section i !

Curved box F2 Reddish PyGC/MS ! oil!!! ! {persim. (t)}

foundation FTIR !

X-section i !

Five-fold

screen

F1 Reddish

foundation

PyGC/MS t !!!! t cedar oil!,

gumbenzoin (t),

wax

FTIR !

X-section ! ! !

Four-fold

screen

F Foundation

(front panel)

PyGC/MS ! oil!!!! t cedar oil (t)

{persim. (t)}

FTIR !

X-section ! ! i

F Foundation FTIR ! !

(side edge) X-section ! !

Coromandel

cabinet

F2 Dark grey

foundation

PyGC/MS ! !!!! blood

(t)

gum

benzoin (t)

FTIR !

X-section ! !

Abbreviations for the column headers: `Lac.' is East Asian lacquer; `Lipids' summarises lipid compounds, such
as drying oils (explicitly denoted as `oil' in the same column) and other fatty lipids; `Carboh.' are carbohydrates
such as starch or cellulose. Persimmon juice (abbreviated `persim.') is explicitly mentioned in the column named
`Other'; and `Prot.' denotes glue protein unless stated as blood. `!' indicates the presence of a binder, with
multiple ! referring to its increased concentration in the sample as identi�ed by PyGC/MS. `i' is an indication
of binder presence, `t' refers to there being trace amounts of the respective binder. {} marks constituent binder
that was not conclusively identi�ed.
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PyGC/MS analysis vs cross-section microscopy

There was a remarkable agreement between the four groups of binding media
identi�ed by the PyGC/MS method and that using cross-section microscopy in-
cluding staining and examination under blue light (cf. Table 3.8). In none of
the samples did the cross-section analysis identify binder groups that were not
con�rmed to be present by PyGC/MS. Eight out of seventeen samples analysed
with the two techniques showed total agreement between the binding media types
identi�ed (e.g. the layers of the cabinet on stand, the round box, and the four-fold
screen). In four further samples, the cross-section method only failed to identify
some additional lacquer content, whilst in the remaining four samples bar one,
trace amount of protein or some carbohydrate were missed in addition to lacquer.
For the last sample, layer F1 of the cabinet stand, the PyGC/MS analysis result
di�ered from that of the cross-section analysis with regards to one binder group.
The layer appeared to contain lipids instead of lacquer. The following paragraphs
will discuss these analysis results for all four binder types:

Identi�cation of starch Exactly why the carbohydrate content was not de-
tected by the staining in two of these samples was unclear. It may have only been
present in the sample at very low concentrations and not in the form of rice or
wheat starch which was commonly used in foundations of lacquer coatings. Wheat
and rice starch are usually added to foundation in the form of very viscous pastes,
and thus are not easily �nely dispersed in such mixtures. Staining with Lugol's
solution was shown to stain these starches well in reference foundation layers. The
staining had also been very successful in all other samples in which the PyGC/MS
had detected carbohydrates. Other possible additives containing carbohydrates
include for example funori, juice of unripe plum, and honey (Quin 1882/1995, pp.
13, 20, 25; Kitagawa 2010; Heginbotham and Schilling 2011). These additives are
known to have been used in combination with lacquer, in many cases to achieve
certain working properties. As these are mostly �uids of relatively low viscosity,
they may render the respective foundation layer with more �nely dispersed starch
content. In both specimens the PyGC/MS data hinted at the possible presence
of persimmon juice, although this result was not conclusive. However, Hegin-
botham and Schilling (2011) explicitly state that fermented persimmon (be it as
juice or aged foundation) has been shown not to contain the marker compounds
used for identi�cation of the carbohydrates. It therefore remains unclear which
carbohydrate type was present in the sample and, if it were indeed a starch, why
exposure of the cross-section to Lugol's solution did not stain it.

Identi�cation of lacquer Lacquer additive in foundation was the binder type
that was most commonly missed by the cross-section and staining analysis. This
is not surprising as this highly cross-linked polymer can only be identi�ed un-
der the optical microscope due to its very typical �uorescence, which is best
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visible when present in bulk or at high concentrations. Examples of this �uores-
cence are shown in Figures 3.2 and 3.9. However, when mixed with considerably
high amounts of �ller or very dark mineral pigment, this �uorescence may not
be discernible. In such cases, con�rmation is required through PyGC/MS anal-
ysis using TMAH derivatisation. This method clearly identi�es characteristic
marker compounds that are contained in the lacquers derived from the botanical
Anacardiaceae family (in the following collectively referred to as `anacard marker
compounds').

The top foundation (F3) of the coating of the palanquin is an example of such
a highly-�lled layer. The corresponding cross-section of the full multilayered
coating structure and the staining results were presented earlier in Figure 3.6,
where layer F3 is visible underneath the top lacquer coating/thin black layer
(cf. also AppendixD, p. 339). Due to the slight caramel/yellow-ochre coloured
�uorescence of F3 (Fig. 3.6a), cross-section analysis had tentatively identi�ed the
binder of the reddish foundation as lacquer. However, due to the high pigment
content, a de�nite identi�cation of this binder could not be made with con�dence.
Layer F3 was therefore mechanically isolated from the second half of the coating
sample shown in Figure 3.6 and analysed using PyGC/MS (sample X10/003).

Figure 3.7 presents the results for the distribution of the anacard marker com-
pounds identi�ed in the reddish foundation layer F3 of the palanquin (Schilling
2010a). To the very left in each of the three diagrams, the abundance of the anac-
ard markers measured in the foundation sample are given. The other three sets
of bar graphs provide the respective abundance of marker compounds identi�ed
in reference samples of ki-urushi, laccol and `thitsi' lacquer. Ki-urushi is the raw
urushiol-based lacquer derived from the tree species Toxicodendron vernici�uum
(Stokes) F.A. Barkley, introduced in Chapter 2.2, which grows in Japan, Korea
and China. Its marker compounds are namely dimethoxybenzene-nonanoic acid
methyl ester (DMB-nonanoic-AME), pentadecylcatechol (as dimethoxy deriva-
tive) and heptyl phenol (Chiavari and Mazzeo 1999; Schilling 2010b; see also
Table 3.5). Laccol is the main polymeric constituent of lacquer from Rhus suc-
cedanea, native to Taiwan and Vietnam (Kumanotani 1976), and `thitsi' denotes
lacquer containing the polymer thitsiol (identi�ed by the marker compound 12-
phenyldecyl catechol, as dimethoxybenzene derivative; Schilling 2010b), which
originates from trees from the Gluta usitata species (formerly known as Melanor-
rhoea usitata) native to Thailand and Myanmar (e.g. Je�erson and Wangchare-
ontrakul 1986; Golloch and Sein 2004). Honda et al. (2010) and Heginbotham
and Schilling (2011) have recently demonstrated that thitsi lacquer was present as
an additive in domestic Japanese and many export-type urushi lacquer coatings
they had tested, and thus attention was paid to the marker compounds for all
possible three lacquer types. The analysis results presented in the graphs clearly
show that lacquer was contained in the foundation sample, which could be further
identi�ed as urushi based on the presence of DMB-nonanoic-AME.

56



3.4. Analysis results and discussion

0

10

20

30

40

50

60

70

80

90

100

X10/0
03

Ki u
ru

sh
i

La
cc

ol/b
ott

le

Thits
io

l

Tetradecane Pentadecane

Hexadecane Heptadecane

0

10

20

30

40

50

60

70

80

90

100

X10/0
03

Ki u
ru

sh
i

La
cc

ol/b
ott

le

Thits
io

l

Pentadecenylcatechol Pentadecylcatechol
Heptadecenylcatechol Heptadecylcatechol
10-phenyldecylcatechol 12-phenyldecylcatechol

0

10

20

30

40

50

60

70

80

90

100

X10/0
03

Ki u
ru

sh
i

La
cc

ol/b
ott

le

Thits
io

l

Heptyl phenol Nonyl phenol

DMB-nonanoic AME DMB-undecanoic AME

Figure 3.7.: Anacard marker compounds identi�ed by TMAH-PyGC/MS for a
sample of the reddish foundation layer (F3) of the palanquin and for
three reference samples of East Asian lacquer types (Schilling 2010a).
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In all the cases where the lacquer had been identi�ed with con�dence during
cross-section analysis due to its �uorescence, the PyGC/MS analysis con�rmed
this result (cf. Table 3.8). It can thus be concluded that with a certain degree of
experience, lacquer can indeed be reliably identi�ed with �uorescent microscopy
techniques. This �nding is also supported by research on the �uorescence of East
Asian lacquer conducted by Webb (2011).

Identi�cation of lipids and oil Clarity on the presence of lipid compounds in
the multilayered coating structures was gained by compiling the fatty acids pro�le
from the data measured by PyGC/MS (Schilling 2010a). Referring back to the
example of the palanquin's reddish foundation layer F3, the respective fatty acid
pro�le is presented in Figure 3.8 . This shows the distribution of fatty acid methyl
esters (FAMEs) and dicarboxylic fatty acid methyl esters (DAMEs) detected in
the sample. The saturated fatty acids palmitic and stearic acid (containing six-
teen and eighteen carbon atoms, C16 and C18, respectively) are naturally present
in all lipids. It is worth noting that in contrast the phenolic lipids contained
in urushiol-based lacquers are characterised by long side chains of mostly �fteen
carbon atoms (C15) and some side chains of seventeen (C17) carbon atoms (Ku-
manotani 1995, 1998).

FAMEs and DAMEs were found in all samples tested by PyGC/MS in this work,
albeit at varying relative abundance (Schilling 2011). Hence, all tested coating
layers were shown to contain lipids of some sort. In the particular example of the
palanquin given here, the lipids were more clearly identi�ed as drying oil. Strong
evidence for its presence was the relative distribution of dicarboxylic fatty acids,
such as azelaic acid (C9), to palmitic and stearic acids. High levels of dicarboxylic
fatty acids are a typical feature for aged and oxidised drying oils. Azelaic acid is
generally the most abundant one and thus used as a marker compound for their
identi�cation (e.g. Mateo-Castro et al. 2001; Schilling 2011).

Altogether �ve samples were shown to contain drying oil: the reddish founda-
tions of the palanquin (F3), that of the cabinet stand legs (F3/F4), and of the
curved box, as well as the foundation of the four-fold screen (F) and the lacquer
layer (L1) of the round box (Schilling 2011). The oil content of the lacquer layer
had been successfully identi�ed due to its characteristic �uorescence, which was
presented in Figure. 3.3b . This con�rmed that oil content in lacquer changes its
�uorescence to a brighter yellow. In contrast, none of the two stains for oil (Su-
danBlack and NileBlue sulphate) had induced any colouring of the oil fraction
mixed with the lacquer matrix. It thus appears that oil content in a lacquer
matrix cannot be stained with either SudanBlackB or NileBlue sulphate. With
respect to the foundation layers, staining of lipid content seemed to be successful,
although no distinction could be made between drying oils or other lipid com-
pounds. PyGC/MS con�rmed that all samples that had shown positive staining
indeed contained lipids. These results also agreed with the positive staining re-
sults from the Nile Blue sulphate. It may therefore be concluded that with great
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Figure 3.8.: Fatty acid pro�le measured by TMAH-PyGC/MS for the reddish
foundation F3 of the palanquin (V&A 48-1874) (Schilling 2010a).

likelihood both stains had shown true staining of the lipid compounds. However,
it has to be noted that this agreement does not entirely disprove that some of
the apparent staining may possibly have derived from stain penetration into the
sample pores. As all the foundation layers tested contained lipids, this test series
did not provide a control layer for non-lipid-containing porous foundation. The
question of stain penetration therefore remains partly unanswered and needs to
be investigated further in the future.

As mentioned above, in one sample the PyGC/MS analysis result di�ered for
one binder group from that of the cross-section analysis. The layer appeared
to contain lipids instead of lacquer, which had been identi�ed by �uorescent
microscopy under blue light according to the characteristic caramel/yellow-ochre
colour of the matrix and the absence of staining after exposure to SudanBlackB
solution. This discrepancy was explained by the fact that the sample analysed by
PyGC/MS was exceptionally small � almost too small to give detectable results
�, and was taken from an area with rather inhomogeneous distribution of its
constituents (Fig. 3.9). Thus, the sample may just not have contained all the
components that were actually present in the coating layer.

Identi�cation of protein Protein was con�rmed by PyGC/MS to be present
in ten samples. It was identi�ed in the mass chromatogram by the presence of
pyrrole and its methylated derivative which are thought to originate from the
pyrolysis of the amino acid derivatives proline and hydroxyproline (He et al.
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Figure 3.9.: Cabinet stand (V&A 303-1876), top panel: cross-section of priming
layer F1 after staining with Lugol's solution in blue light, displaying
inhomogeneous dispersion of starch (black) in lacquer matrix.

2007). The exact identi�cation of a speci�c protein type cannot generally be
deduced from these results gained by the TMAH-PyGC/MS method. However,
a likely source are thought to be animal glues, which do contain these amino acid
derivatives and are commonly used in the manufacture of foundation layers in
export-type East Asian coating layers (Heginbotham and Schilling 2011, see also
Quin 1882/1995and de Kesel and Dhont 2002 amongst others). An exception
was one sample in which the presence of cholesterol and its methylated derivative
were detected. This result was interpreted as an indication of blood, although egg
could also have been the source of these marker compounds. Blood was considered
the more likely constituent, as historic sources (e.g. Bonanni 1720/2009, p. 23;
Wang 1983; Webb 2000, p. 10) mention the use of pig's blood for Chinese lacquer
ware. Egg, on the other hand, does not appear to have been used traditionally
in the production of lacquer coatings.

Generally, the identi�cation of the protein agreed with all the positive staining re-
sults gained from the AB2 solution and subsequent microscopy under visible and
blue light. In those cases, where the AB2 stain did not induce su�cient contrast
in the colour appearance of a protein-containing layer, staining with Nile Blue
sulphate helped to visualise a positive staining result under blue light. An exam-
ple for this was the dark grey foundation layer of the Coromandel cabinet (which
contained the cholesterol). Figure 3.10 presents the cross-section sample in four
di�erent stages of staining: before staining (a), the protein content was only visi-
ble in very limited areas as whitish �uorescence (marked with red arrows). After
staining with AB2 (b), these areas had turned dark, whilst the remaining foun-
dation appeared unchanged. Staining with NileBlue sulphate (c) indicated some
protein and/or lipid content throughout the entire foundation layer, discernible
by the reddish-brown �uorescence or darkened appearance of the layer. Eventual
staining with SudanBlack (d) �nally distinguished the actual lipid content from
the protein. The red arrows in (d) mark those areas where oil content coincides
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with protein (black appearance). The areas which retained their reddish-brown
�uorescence are those containing predominantly protein. It can thus be concluded
that the combination of using AB2 stain and NileBlue sulphate was e�ective in
identifying protein content even in dark-coloured foundation layers.

Summary In summary these results demonstrated that cross-section analysis
was generally capable of identifying all binding media types that were shown to
be present in the coating layer at signi�cant concentrations. Not in a single case
did the staining and blue light analysis of the cross-sections identify a binder that
was not con�rmed to be present by PyGC/MS analysis. If binders were missed, it
was either because they were only present in trace amounts, or they were lacquer
mixed with mineral pigment. Lacquer generally appeared to be identi�able by its
characteristic �uorescence with cross-section analysis under blue light, if present
in the layer at high concentrations. It was only likely to be missed if contained in
dark-coloured foundation layers and when mixed with a high amount of mineral
�ller particles. Staining for starch with Lugol's solution worked very well, but
might be di�cult to discern in dark foundation layers. The same applied to the
AB2 stain used for proteins. In some cases, microscopic analysis under blue light
helped to discern a positive staining result. Furthermore, additional staining
with NileBlue sulphate was in several cases able to improve the discernibility
of a positive staining result under blue light and helped clarify obscure staining
results with AB2. Staining with SudanBlackB appeared to be useful for the
identi�cation of oils in darker layers when used in combination with �uorescent
microscopy under blue light. In cases of positive staining, a positive staining
result could be determined by the darkening of previously �uorescing layers.

FTIR analysis vs PyGC/MS and cross-section microscopy

It has been pointed out previously that the FTIR spectroscopy is not the ideal
technique for identifying highly complex mixtures of organic compounds in coat-
ing samples, as it lacks sensitivity to low concentrations of such compounds.
Unsurprisingly therefore, the number of organic compounds identi�ed by FTIR
spectroscopy in this study was much more limited than that by PyGC/MS anal-
ysis. In the majority of cases, only one binder type was detected, in 37% a
mixture of two binder types. Only in one sample (i.e. the lacquer layer L1 of the
round box) did this method identify all the constituent binder groups identi�ed
by PyGC/MS, which were lacquer and a large amount of drying oil.

Agreement of results between methods Comparison of the cross-section
analysis results with those of the FTIR spectroscopy gave a very similar picture
(cf. Table 3.8): Nineteen samples were tested by the two methods, and full agree-
ment of their results were achieved in only three samples. These were the priming
layer (F1) of the cabinet stand top (containing lacquer and carbohydrate), the
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(a) (b)

(c) (d)

Figure 3.10.: Coromandel cabinet (priv. collection): cross-section of coating
structure under blue light. Layer structure from bottom to top:
wood, �brous layer + binder, foundations, lacquer, natural resin
varnish. Uneven distribution of binding media in dark grey foun-
dation visible; (a) unstained, (b) stained for protein with AB2, (c)
stained for oil and protein with Nile Blue sulphate, and (d) stained
for oil with Sudan BlackB.
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lacquer layer (L1) of the round box (lacquer+ oil), and the foundation (F) on
the sides of four-fold screen (oil + protein). In two further samples the two tech-
niques agreed on two constituent binder types (starch+ lacquer), whilst the FTIR
technique missed at least one further type that was identi�ed with cross-section
analysis. In the remaining samples agreement was only achieved for one binder
group (either protein, starch or lacquer). In summary this meant that in over
80% of the samples cross-section analysis identi�ed more binder groups than
FTIR spectroscopy. In one case, a sample tested by FTIR gave entirely contra-
dictory results to those of the PyGC/MS and cross-section method. The specimen
concerned was taken from the cabinet on stand. FTIR analysis identi�ed starch
and some indication of lacquer, whilst the other two methods had detected lipids
and protein. These discrepancies were mainly ascribed to the sampling technique,
which had di�ered for the three analytical methods. This aspect and details of
the respective specimens will be discussed later in this Chapter in the section
dedicated to sampling (page 64).

Limitation of lipid identi�cation Generally it appeared that protein was rel-
atively reliably identi�ed by FTIR, whilst lacquer and carbohydrates were missed
in a few cases. The binder type that appeared to be most problematic to iden-
tify with FTIR were the lipids. As was mentioned before, in all the samples in
which PyGC/MS detected the marker compounds for lacquer, it also identi�ed
the presence of lipids. In contrast, whenever FTIR analysis identi�ed lacquer
in a foundation layer (or at least some indication of it), this technique failed to
detect the additional lipid content. Only in the case of layer L1 of the round box
did it identify oil, together with some indication of lacquer (Fig. 3.11) due to ab-
sorbances at 1633 and 1261 cm-1(Herm 2009a, p. 34). This suggested that in all
the other FTIR spectra the lipid content may have been masked by the presence
of East Asian lacquer. Mixtures of lacquer and oil are known to be di�cult to
identify, as these two binder types show rather similar or overlapping absorption
bands. These are situated in the proximity of 2930 and 2856 cm-1 (C-H stretching
bands), around 1715 cm-1 (carbonyl stretching band, this absorption band of lac-
quer broadens with increasing oxidation, i.e. ageing), and in the regions around
1443 and 1377 (C-O stretching modes) and near 725 cm-1(C-H deformation vi-
brations). These bands can also appear in the spectra of Figure 3.11 . In almost
all samples in which the FTIR analysis detected lacquer content one of the main
absorptions were recorded at the carbonyl (C=O) stretching band around 1710
or 1715 cm-1. Based on previous investigations this carbonyl band is considered
characteristic for polymerised urushiol-based lacquer (Hummel and Scholl 1978,
as cited in Simon et al. 2001; Honda et al. 2010). Kamiya et al. (2006) have shown
that with increasing oxidation of the urushiol side chains, the C=O stretching vi-
bration near 1715 cm-1 becomes more pronounced. However, absorption in this
area can also be induced by the addition of drying oils to lacquer. The char-
acteristic carbonyl ester band of these oils is normally located at approximately
1740 cm-1. Ring (2001) and Simon et al. (2001) explicitly point out that additives
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such as tung oil signi�cantly in�uence the infrared spectrum of lacquer and re-
ported increased absorption intensity near 1725 cm-1. Progressive aging of drying
oils induces the development of carboxylic acid products, that can also show char-
acteristic absorption near 1715 cm-1 (e.g. Meilunas et al. 1990). It is thus clear
that due to these overlaps and shifts, it is very di�cult to identify any presence
of oils in lacquer mixtures with FTIR. Con�rmation for this is provided by Frade
et al. (2009), who found that the coatings of two East Asian lacquer shields both
showed the typical absorption bands for lacquer, including pronounced carbonyl
stretching near 1715 cm-1. Subsequent analysis by TMAH-PyGC/MS detected
the presence of fatty acids in these lacquer samples, which were concluded to
have derived from the addition of drying oil.

Observation on sampling techniques

One of the problems that became obvious during the analysis of the test results
was that certain sampling techniques were inadequate for gaining reliable data
on the coating constituents. Sampling the entire layer structure of the deco-
rative coating proved a good way to remove material from the object without
the risk of contaminating individual layers. From these samples, not only cross-
sections could be prepared that gave an undisturbed overview of the stratigraphy
and exact locations of the interfaces between the individual layers. Coating speci-
mens including the complete stratigraphy were also extremely useful for providing
sample material for PyGC/MS analysis. The method of separating the individ-
ual layers by mounting the multilayered sample on a Perspex plate and then
separating each layer under the microscope with a scalpel, was very e�cient in
rendering the collected material relatively uncontaminated. Due to the porosity
of the foundation layers, superimposed layers tended to show penetration into the
foundation to varying degrees. Di�erences in layer consistency and appearance
could be more easily acknowledged under the microscope and sample material
could thus be carefully selected.

In contrast, previous sampling by taking scrapings directly from the object or
from loose �akes using a scalpel and a head-loupe, had shown to be problematic.
Some samples which were collected in this way had been used for FTIR analysis.
They had given ambiguous results compared with those gained from cross-section
microscopy and for PyGC/MS analysis. Examples of this were the scrapings of the
dark grey foundation F1 of the cabinet stand (leg), or the dark grey foundation F2
of the round box (cf. Table 3.8). Both samples used for FTIR analysis appear not
to have been cleanly separated from their adjacent layers, thus giving divergent
results from that of the PyGC/MS analysis and the staining and microscopy.
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Figure 3.11.: FTIR spectra of a sample taken from the round box (V&A W.332-
1921) and its best matching two reference components. Spectra
showing from top: (a) Round box, layer L1 (sample X07/028) with
characteristic absorbances at 3400, >3000, 2930, 2856, 1710-1715,
1633, 1443, 1377, 1261 and 725 cm-1; (b) reference spectrum of Chi-
nese raw lacquer CL1 (Bayerisches Landesamt für Denkmalp�ege,
Munich 1993); and (c) reference spectrum of Chinese tung oil (Bay-
erische Schlösserverwaltung, Munich 2007/Piening, Schellmann),
dried for 4 months (all spectra taken from Herm 2009a, Figure 30,
p.34).
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Advantages of cross-section staining

Fluorescent microscopy in combination with staining of East Asian lacquer coat-
ings has proven to be very useful not only for material identi�cation, but also
for determining possible variability in the spatial distribution of speci�c layer
compositions. Without staining, this may not necessarily be visible to the naked
eye when relying solely on VIS or blue light microscopy. The staining con�rmed
that particularly foundation layers of East Asian lacquer coatings can be rather
inhomogeneous. This is not surprising: materials for lacquer coating manufac-
ture in East Asian countries, such as Japan or China, are usually mixed with
simple wooden spatulas, as opposed to using a muller, which is the traditional
way of mixing pigments and binder in the West. If coatings were manufactured
quickly � which would be expected for the export-type lacquer ware this study
is concerned with � the constituent materials are likely to be less carefully pre-
pared and thus rather inhomogeneous. This has been shown to be true in many
of the coatings investigated. Unless this inhomogeneity is recognised in its full
extent, any analysis undertaken with techniques that require only tiny samples
may provide incomplete results.

Information on the spatial distribution clearly helped to correctly interpret the
data measured by FTIR and PyGC/MS analysis. Examples where the staining
helped to distinguish between similarly appearing layers were the �ne reddish
foundations (F3/F4) of the cabinet stand, which contained signi�cantly di�erent
amounts of starch (Figure 3.5), as well as the coating structure of the palanquin
presented in Figure 3.6. Information gained by staining also explained cases where
results di�ered or some components were missing from the list of identi�ed media.
The most striking example for this was the coating structure of the �ve-fold
screen, cross-sections of which are presented in Figure 3.12 . It can be clearly
seen in the �gures before and after staining for protein with AB2 stain that the
distribution of the binding media is rather variable: some areas contain a lot of
protein (black areas in Figure 3.12b) whilst others contain none or hardly any,
but lacquer mixed with oil instead (bright yellowy-caramel �uorescence). This
explains why protein was not identi�ed by the FTIR analysis in this particular
layer. It was most likely not present in the minute sample that was analysed.
Similar observations were also noted for the cabinet on stand (cf. AppendixD)
and for the Coromandel cabinet, which both appeared to contain uneven protein
distribution. Figure 3.10d had also clearly shown irregular oil content in the dark
grey foundation layer. In these samples, too, it was not surprising that the FTIR
analysis did not identify unevenly distributed constituents, as they may not have
been contained in the fractions of the samples analysed.
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(a) (b)

Figure 3.12.: Four-fold screen (V&A W.25-1939): cross-section of entire coating
structure under blue light, showing (from bottom to top) wood sub-
strate, paper layer adhered with binder, reddish foundation and �ve
lacquer layers of varying thickness (partly penetrated into founda-
tion layer). (a) before staining, and (b) after staining with AB2
solution, revealing the protein content of the paper and the founda-
tion layer.

Summary

These results showed that the four binding media groups � lacquer, lipids, starch
and protein � were mostly identi�able with cross-section analysis if it was com-
bined with staining and examination under blue light. Correct interpretation
of the staining results required signi�cant experience, as �rst impressions could
sometimes be misleading. However, with the use of reference samples, identi�ca-
tion of positive staining results were demonstrated to be possible and considerably
reliable. Even on dark-coloured layers positive staining results could be discerned,
as long as they showed some �uorescence before staining with the non-�uorescent
stains. East Asian lacquer layers could be identi�ed in many cases due to its
characteristic �uorescence under blue light, provided that it was present in bulk
or contained in a foundation layer at relatively high concentrations. Bright yel-
low to yellowy-caramel coloured �uorescence appeared to be a strong indication
for the presence of oil additives in a lacquer layer. Lacquer mixed with a high
concentration of dark mineral �ller or pigment generally prevented a successful
detection by microscopic methods. Last but not least, staining generally proved
to be a very useful method to reveal uneven binder concentrations within indi-
vidual layers. This clearly helped to develop an improved understanding of the
layer structure and to clarify any results gained by spectroscopic methods.
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3.4.3. Discussion of the causes of binding media failure �
In�uence of exposure to water and high humidity
levels

Even though it is often di�cult to �nd out what exactly has caused objects to
deteriorate in a speci�c way over the course of time, some observations may help
to explain certain failure mechanisms.

It was noted that several of the objects included in the survey had shown signs
of direct exposure to water. This led to the assumption that all objects had
been exposed to high levels of humidity or �uctuating environmental conditions,
which to some degree was involved in the deterioration of their coatings. This
behaviour would be consistent with the theory on RH induced stresses and failure
of coatings due to the presence of strongly hygroscopic materials and surrogate
binders, introduced in Chapter 2.

To verify the involvement of RH induced stresses, and to identify some of the
failure mechanisms involved in the deterioration of the lacquer coating structures,
the following section will present a few exemplary case studies from the survey.
Even though the failure causes will be discussed in three categories, it has to
be noted that they cannot de�nitely be separated from each other. A certain
overlap is to be expected, as all failure causes will be related to changes in RH.
Indeed, many of the lacquer objects surveyed most likely deteriorated due to a
very complex combination of several individual failure mechanisms. These were
either induced or increased by RH changes, however it would go beyond the scope
of this work to clearly identify all individual mechanisms involved.

Case studies from the survey

Objects exposed to water/excessively humid conditions Examples for
the consequences of extreme humidi�cation are the cabinet with its matching
stand and the corner cabinet. They had clearly been stained by water that
had at some point dripped onto parts of their surfaces, leaving behind visible
splashes with faintly white accretions. Out of all the surveyed objects, these
two pieces exhibited the most severe delamination, tenting, cupping and �aking
in all areas close to the water marks (Figs. 3.1e, 3.13 and 3.14a). On the side
panels of the corner cabinet, the entire coating layer structure including the paper
layer was lifting over a large area, suggesting that the starch binder that had
originally attached the paper to the wood substrate had failed completely. The
blisters and the tenting of the coating on the horizontal boards of the cabinet
indicated blind cleavage and delamination of the multilayered structure caused
by plastic (permanent) deformation of the wood substrate. This has occurred due
to shrinkage of the wood panel in consequence of the water exposure. In many
other areas, particularly near the base and along the lower edges, the lacquer had
curled away (Fig. 3.14b). This type of curling is linked with shrinkage or peeling

68



3.4. Analysis results and discussion

(a) (Image width equals 23 cm) (b) (Image height equals 9.7 cm)

Figure 3.13.: Cabinet stand (V&A No. 303-1876) displaying blistering, lifting and
�aking lacquer on the restrained top panel (a), and on the top edge
of the proper right back leg (b), as a consequence of severe water
damage. (Photographs by N. Schellmann, courtesy of the V&A).

stresses and plastic deformation of the top lacquer layers during dessication, which
are greater for lacquer than those of the less dimensionally responsive protein-
bound, gesso-type foundation layer. The curling is a consequence of exposure
to high humidity and subsequent drying: Humidity can induce highly �lled and
restrained foundation layer/s (i.e. foundation that is fast adhered to its adjacent
layers or substrate and therefore not free to move) to crack and lose mechanical
strength due to relatively greater swelling of the neighbouring materials. Upon
drying, on the other hand, the shrinking stresses of the wood substrate and the
lacquer will exert compression stresses on the (still adhered) foundation, which
can then cause it to cleave, buckle and �nally lift. (For further discussion on this
behaviour see Mecklenburg 2007and Mecklenburg et al. 1998).

Objects exposed to excessively dry or varying RH conditions Despite
showing no visible signs of direct contact with water, the other surveyed objects
also appeared to have su�ered from changes in moisture content. An example
is the round box (W.332-1921), which predominantly displayed coating failure
in the lowest foundation layer near the interface of the wood. Cleavage between
the top lacquer-containing layers and the underlying protein-bound foundation
had also developed in some areas (see cross-section in Fig. 3.3). Examination of
the exposed hardwood substrate showed that the latter had been turned from a
wood block with the tangential grain direction running across the lid and the base.
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(a) (Image width equals 20 cm) (b) (Image width equals 6 cm)

Figure 3.14.: Details of corner cabinet (493-1872). (a) Detail of side panel. The
whitish accretions on the lacquer surface and lifting coating layer
are caused by exposure to water. (b) Lower proper left hand door,
detail of recess. The lacquer is lifting and curling, exposing the
protein-bound foundation layer. (Photographs by N. Schellmann,
courtesy of the V&A).

Signi�cant shrinkage of the wood in the tangential and radial grain direction had
caused the lacquer coating to blister prior to �aking in the respective areas on
the side of the box and on the bottom side of its base (Figs 3.15a and 3.15b). It is
possible that this substrate shrinkage occurred slowly over time after manufacture
due to insu�cient initial drying of the wood before the coating was applied. Toishi
and Washizuka (1987, p. 164) point out that many uncoated wood substrates are
acclimatised to around 80%RH to accommodate lacquer polymerisation during
manufacture. Weintraub et al. (1979) further elaborate that gradual equilibration
of exported lacquer ware to generally lower RH conditions in Western countries
often causes permanent shrinkage of wooden substrates. This may have been the
case in this instance. The protein-bound and thus water-containing foundation
layer may also have contributed to initial swelling of the outer wood cells during
manufacture. After coating application, transverse wood shrinkage by around
4% compared with the diameter of the box (14.5 cm) in the longitudinal grain
direction appears to have exceeded the compressibility of the sti� and brittle
protein-bound foundation layer, causing the coating to cleave near the wood
interface and to buckle and blister. Alternatively (or additionally), it is also
likely that cyclic exposure to varying RH or an excessively dry environment during
storage after very humid conditions may have caused the damage. In this case,
the coating structure may have fractured in the least dimensionally responsive
and least tough protein-bound layer during a humid cycle, stopping it from being
restrained in some areas. Upon drying or return to the mid-RH region, the wood
will have shrunk more than the unrestrained lacquer coating, thus causing the
detached layers to buckle and blister.
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(a) Lid showing blistering and �aking of lac-
quer coating in the area covering end-
grain of the turned wood substrate.

(b) Underside of base, showing a large col-
lapsed blister in the lacquer coating par-
allel to the grain direction of the wood
substrate.

Figure 3.15.: Round box (W.332-1921). (Photographs by N. Schellmann, cour-
tesy of the V&A).

Object with hygroscopic inlays/discontinuities The cabinet with fans
showed the most damage in areas surrounding the ivory inlays, suggesting that
signi�cant dimensional responses of the ivory and its adjacent materials relating
to humidity changes had occurred (Fig. 3.16). Ivory is a very hygroscopic and
anisotropic material which can change dimensions by up to 4.2% in the radial
direction (Lafontaine and Wood 1982), similar to wood (see also Section 2.5).
It may thus be assumed that these ivory inlays act not only as a restraint for
the adjacent lacquer coating, but also as e�ective discontinuities. The observed
open joints between the ivory and the lacquer surface, which have developed with
time, allow ambient humidity changes to a�ect the hygroscopic lower layers of
the coating and the wood substrate locally at an increased rate compared with
the rest of the cabinet. Again, as described earlier, wood shrinkage upon drying
along with plastic deformation of the top lacquer layers that most likely occurred
due to compressive stresses during a wet cycle, are considered responsible for the
permanent distortion and cupping of the coating between the pieces of ivory inlay.

3.4.4. Remarks on the durability of coatings with high
lacquer content

Based on the survey of V&A objects, pure lacquer layers and foundation with high
lacquer content generally appear to be very durable and the least prone to failure
in export-type lacquer ware, even when exposed to unfavourable environmental
conditions. This again con�rms the general understanding of the comparatively
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Figure 3.16.: Cabinet with fans (W.19-1969) showing cupping and lifting lacquer
coating between ivory inlay. (Photograph by N.Schellmann, cour-
tesy of the V&A).
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Figure 3.17.: Early 15th century Chinese cabinet (F.E.7-1973). Outside of drop-
front showing extensive cracking of the lacquer coating, but no sig-
ni�cant coating losses or �aking. (Photograph by N. Schellmann,
courtesy of the V&A).

high mechanical strength of lacquer.

An impressive example for the reported durability of lacquer-primed wood and
lacquer-containing foundation layers is a Chinese cabinet (V&A F.E.7-1973) from
the early �fteenth century that had been included in this survey for comparison.
Despite having developed very pronounced mechanical damage in the thick lac-
quer coating, which consisted of a lacquer-adhered textile layer, lacquer-bound
foundation and a thick, partly pigmented top lacquer layer (Fig. 3.2a), the object
showed strikingly few losses to its coating (Figs. 3.17 and 3.18).

On the outside of this cabinet, extensive cracks through the entire thickness of
the coating and slight cupping had developed in a pattern very similar to that
reported to be typical for canvas paintings on wooden stretchers (Keck 1969).
This has been shown to be a consequence of the combined e�ects of both expo-
sure to dropping temperatures and increasingly dry conditions (Mecklenburg and
Tumosa 1991a). The extreme cupping of the cracked coating on the inside of the
cabinet drop front suggested exposure to very high humidity that was retained
over a signi�cant time, while the cabinet desiccated at a faster rate on the outside
than on the inside. The wooden panel and frame construction of the drop front
restricts the movement of the panel, and therefore changes in RH manifest them-
selves in stresses which are likely to be responsible for the considerable cracking
of the substrate and the coating upon desiccation.
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Figure 3.18.: Detail of the Chinese cabinet (F.E.7-1973) drop front inside. Ex-
tensive cracking and cupping of the lacquer coating has developed
due to shrinkage of the restrained wood substrate. (Photograph by
N. Schellmann, courtesy of the V&A).

FTIR analysis of a lacquer sample from this cabinet may also provide a fur-
ther hint towards deterioration due to high humidity (Herm 2009a). Figure
3.19 a shows the sample spectrum containing characteristic bands at approxi-
mately 1713, 1456-1436 and 1079 cm-1 along with absorbances close to 3405,
2930 and 2857 cm-1, which are an indication of Chinese qi (raw) lacquer, shown
in Fig. 3.19b. The strong bands at approximately 1623 and 1131 cm-1 together
with absorbances near 3554, 3490, 3400 and 3245 cm-1 are attributable to gyp-
sum, whilst the small absorption bands at approximately 1316 and 780 suggest
the presence of calcium oxalate (Figs. 3.19 c-d). The suggested presence of the
oxalate in the lacquer coating may be explained by exposure to high humidity
levels, which favours mould growth. Oxalic acid and consequently calcium ox-
alate is a common biodegradation product of carbohydrates generated by mould
fungi. However, as no further analysis for the presence of mould was undertaken,
the exact source of this compound has yet to be determined, as it may possibly
also have other natural origins.

The fact that the severe cracking and cupping did not lead to greater coating
losses can be attributed to the very high lacquer concentration present in every
layer of the coating. Intense caramel-brown �uorescence throughout the entire
thickness of the coating structure, determined in cross-sectional microscopy under
blue light irradiation, and FTIR analysis indicated that the foundation layers
were bound with a high volume fraction of East Asian lacquer. This thoroughly
coated the �ller particles and the �bres of the incorporated textile layer, thus
providing great cohesion and adhesion between the individual layers and to the
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wood substrate (Fig. 3.2a).

A second example of the durability of foundations with a high proportion of
lacquer binder was also apparent on the four-fold screen, where the decorated
panels, containing lacquer-bound foundations and a lacquer priming of the wood
(Fig. 3.2b), did not show signi�cant losses despite some cracking. In contrast, the
panel sides were progressively failing in their protein-bound foundation layer.

These results suggest that a high lacquer content throughout the entire thickness
of the coating may not necessarily inhibit cracking perpendicular to the layered
structure, but is e�ective in preventing or reducing delamination and �aking.
This con�rms the general understanding that priming of the wood substrate with
lacquer before application of composite foundation, or high lacquer content within
the foundation, seems to signi�cantly improve adhesion between the substrate and
the coating.

3.5. Conclusions

Comparison of the results gained from microscopic cross-sectional analysis and
those of the FTIR and PyGC/MS techniques con�rmed that the staining method
coupled with �uorescent microscopy was a useful and reliable method to analyse
the binding media in multilayered lacquer coatings. The binder groups identi�ed
for the individual coating layers of the surveyed objects gave further indication
of the di�erent failure types that may occur in East Asian lacquer structures. It
helped to explain the possible causes of the deterioration mechanisms involved
in the development of severe and progressive �aking. As expected, changes in
humidity appear to be the major factor inducing the delamination of the export
lacquer coatings. Delamination occurs predominantly at or near the interface
of lower foundation layers that are bound with a low lacquer concentration or
cheaper surrogates. Cohesion and some adhesion failure of foundations that con-
tain protein or starch was found to be the most common cause for �aking of East
Asian export lacquer coatings. Layers with high lacquer concentration were con-
�rmed to show good cohesion and adhesion to their adjacent foundations, paper
and textile layers and lacquer �lms.
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Figure 3.19.: FTIR spectra of a sample taken from the �fteenth century Chinese
lacquer cabinet (F.E.7-1973) and its best matching three reference
components. Spectra showing from top: (a) Chinese cabinet (F.E.7-
1973) foundation, brown particles; (b) reference spectrum of Chinese
raw CL1 (Bayerisches Landesamt für Denkmalp�ege, Munich 1993)
with characteristic absorbances at 3405, 2930, 2857, 1713, 1456-1436
and 1079 cm-1; (c) reference spectrum of gypsum from chalk from
Bologna (bands at 1623, 1131, 3554, 3490, 3400 and 3245 cm-1 ); and
(d) reference spectrum of calcium oxalate dihydrate, precipitated
from aqueous solution/dispersion of Ca(OH)2 and oxalic acid, with
absorbances at 1316 and 780 cm-1 (Herm 2009a, p. 28).
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Lacquer Objects

4.1. Introduction

The lacquer objects analysed in the previous chapter were shown to be prime ex-
amples of cultural heritage objects with multilayered decorative coatings that are
at severe risk of increasing coating losses during storage and display. Progressive
delamination and �aking are continuously induced by even small changes in envi-
ronmental conditions, and handling becomes impossible without risking further
coating damage and losses. In many of these cases, protein-containing foundation
layers were identi�ed as a main cause for the development of this type of failure.

The consolidation of such progressively �aking lacquer coatings is a complex prob-
lem. Lifting �akes or areas of the coating need to be re-adhered in their original
position, which requires an agent or medium that acts as an e�ective adhesive at
the interface of the fracture surfaces. In addition, the fragile layer containing the
fracture path has to be strengthened with a consolidant that penetrates well into
its structure, preventing it from disintegrating further. These two actions are en-
tirely di�erent from each other and may not necessarily be achieved in one single
step. Multi-step approaches are thus often considered inevitable for achieving
successful stabilisation of a delaminating multilayered coating.

In conservation, stabilisation of such fragile structures is most commonly achieved
with agents based on various natural or synthetic polymers. Choice and mixture
of the polymer, solvent and solution concentration are selected depending on
the speci�c purpose they are to ful�ll. These parameters determine whether the
medium serves as an adhesive or a consolidant, or both. That is, consolidants
only di�er from adhesives in that they usually are of lower viscosity and capa-
ble of penetrating deeply into porous materials, thus ideally providing increased
cohesion within the substrate.

Considering these aspects, it is not surprising that a great variety of polymer
formulations have been used for the consolidation of East Asian lacquer coatings.
Some of these treatments may be more e�ective than others. In order to assess
the existing experiences with consolidants in this �eld, the following chapter will
review the materials and techniques commonly employed for the consolidation
of �aking lacquer coatings involving ground layers. Particular emphasis will be
placed on East Asian export-type lacquer ware. Based on this overview, the most
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important parameters that determine the behaviour of the consolidants will be
explored. The degree to which conservators may have control over them will
further be highlighted. The �nal section of this chapter will discuss the choice of
consolidants that will be used in the experimental part of this study.

4.2. Literature review

4.2.1. Approaches to the consolidation of delaminating
lacquer coatings

As explained in the previous chapters, export-type lacquer ware forms a speci�c
group in the category of East Asian lacquer objects. It usually contains only
small amounts of lacquer, which is mostly prevalent in the uppermost layers
of the decorative coating. The foundation layers are however made from clay
powder mixed with cheaper binders. These include animal glue, blood and oil,
and/or carbohydrates, such as starch or persimmon juice. As generally these
types of coatings have always been considered inferior to those containing lacquer-
bound foundations they have been rather neglected by Japanese scholars in the
past. Hence, very little information on their conservation has been published
by Japanese sources (Taguchi et al. 2001). A further complication derives from
the fact that constituents of lacquer coatings are rarely clearly identi�ed in the
published reports that describe consolidation treatments. Therefore, in many
cases it is di�cult to clearly grasp the exact nature of the failing coating layers
from the limited descriptions provided.

In contrast, Western collections had, and still have, a great need for stabilising
numerous export-type lacquer artefacts that have su�ered damage over the many
years of storage and display. Several published reports are available that describe
and discuss in great detail comparative empirical studies on the performance of
di�erent consolidants for lifting lacquer coatings. These often clearly identify ma-
terials and layer structures. Most of these studies have concentrated on objects of
Chinese origin that contained protein-bound foundations (Miklin-Kniefacz 1995,
1999, Breidenstein 2000, Hagedorn 2002; Breidenstein 2000; Hagedorn 2002).
These sources are a good starting point for reviewing the materials used in the
consolidation of lifting and �aking lacquer coatings.

In addition, sources concerned with similar composite materials, such as tradi-
tional panel paintings and gilt wood, are also included in this review, as they
resemble typical export-type lacquer structures from a mechanical point of view:
they, too, are multilayered composite structures applied to wood substrates, that
incorporate brittle gesso-type layers which are �nished with a relatively tough
top layer, such as oil paint.
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East Asian consolidation methods

In East Asian countries including Japan, lacquer ware is conserved and restored
using preferably those materials and techniques that are the most similar to the
ones originally employed to manufacture the object (Kitamura 1988; Yamashita
2009a,c). Aesthetic properties of the conservation materials play a very impor-
tant role. The general aim is not to disturb the aesthetic balance within an object
by adding arti�cial materials or those that were untypical at the object's time of
manufacture. Primarily, this follows the aim to �preserve the historic and artistic
value of urushi artefacts for future generations and to respect their intrinsic mate-
riality� (Rivers and Yamashita 2006). Even though wider approaches have been
followed in recent years that include both traditional and more modern meth-
ods and techniques (Rivers 2005; Suzuki 2005), only little information has been
published by East Asian sources that report the consolidation with other than
traditional materials. Yamashita (2009a) and Kitamura (2009) both suggested
that a signi�cant rationale for choosing traditional materials in Japan may be the
simple fact that most lacquer conservators are artists. They have not usually been
trained to work with many other modern materials and techniques, and hence
tend to consistently revert to using traditional methods. Also, the view is widely
accepted that traditional materials newly added to lacquer coatings degrade at
a similar rate as those of the original material, unlike synthetic adhesives and
consolidants (Murose 2001; Kitamura 2009).

Lacquer-based consolidants, starch and funori For the consolidation of
most types of lacquer ware, adhesives based on lacquer are the most commonly
used in Japan and East Asia. Consolidant formulations may consist of pure lac-
quer, sometimes diluted in hydrocarbon solvents to improve penetration ability.
Also, more complex mixtures of lacquer with wheat starch paste (shofu nori),
rice paste or Japanese hide glue (nikawa) are frequently used (NRICPT 2005;Ya-
mashita 2009a). Funori, a polysaccharide adhesive extracted from red seaweed
such as Gloiopeltis furcata, is another consolidant traditionally employed (Ya-
masaki and Nishikawa 1970; Yamashita 2009c).

Mixtures of wheat �our paste (mugi nori) and raw lacquer (ki urushi) are known
in Japan as mugi urushi and are traditionally used for the consolidation of struc-
tural damage in lacquer ware. Due to its high adhesive strength, mugi urushi is
preferably used to consolidate structurally failed areas of the multilayered coating
(Piert-Borgers 1987, p. 13) as well as for cracks and other structural damage in
the wooden substrate (Kato 1988; Matsumoto and Kitamura 2008). When di-
luted with appropriate solvents, such as the petroleum ether ligroin or the more
slowly evaporating alkyl (C5�C8) benzene HAN8070 (Exxonmobil), mugi urushi
can be prepared having a very low viscosity. This enables it to penetrate deeply
into a damaged or porous material. As opposed to solvent diluted or non-diluted
pure lacquer, mugi urushi has the great advantage that with the added wheat
starch paste, water is introduced into the matrix. This induces the lacquer to
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polymerise comparatively fast, even if it is applied in a relatively thick layer
deep inside the object's coating structure (Matsumoto and Kitamura 2008). If
a formulation with lesser water content is used, consolidation with lacquer is a
comparatively time-consuming undertaking, as its slow polymerisation requires
very long clamping times until su�cient hardening has occurred. It is known from
Vietnam that lifting coating layers on lacquer paintings are often conserved by
complete impregnation with raw lacquer, subsequently kept in a press for about
one year to facilitate full polymerisation of the natural polymer (Herm 2009b).

According to the general approach of using similar materials for consolidation
as for initial manufacture (e.g. Yamashita 2009a), it appears to be widely rec-
ommended and accepted that failing protein-based layers in lacquer coatings are
consolidated with Japanese hide glue. Interestingly, however, it also seems to be
common practice to use lacquer based mugi urushi for the consolidation of major
structural damage in lacquer coatings that contain protein glue-bound foundation
(nikawa shitaji) layers (Kato 1988; Katsumata 2003; Matsumoto and Kitamura
2008). Additionally, dilute ki urushi is sometimes used to `pre-consolidate' nikawa
shitaji, before kokuso (a mixture of mugi urushi, sawdust, �nely cut hemp �bres
and �ne clay powder) is applied to �ll in losses in the lacquer coating (Matsumoto
and Kitamura 2008).

Synthetic resins Despite appearing not to be a popular choice in Japanese
lacquer conservation, synthetic resins are known to have been used as consoli-
dants for lifting paint layers on Japanese paintings and sculptures with lacquer
grounds. Yamasaki (1957) reported that synthetic resins, such as �moderately
polymerised methyl methacrylate� in diverse solvents, and aqueous solution of
poly(vinyl alcohol) (PVAl) have been favoured for consolidating peeling protein-
bound paint layers since the end of the 1930s. Allegedly, they replaced less
satisfactorily performing rice starch paste and aqueous glue solutions. In cases
of thick lifting layers, Yamasaki and Nishikawa (1970) recommended the use of
15-20% poly(vinyl butyral) in ethyl- or butyl alcohol. For the consolidation of
protein-bound grounds they suggested formulations of 5-10% solution concen-
tration. The e�ectiveness of acrylic dispersions for re-adhering warped lacquer
�akes was further pointed out by Nakazato (1978). Additionally, Riederer re-
ports on the common use of acrylic polymers and PVAl for the consolidation of
lacquer coatings in Japan, whilst poly(vinyl acetates) (PVAc), epoxy resins and
isocyanate were primarily chosen for �special cases� (Riederer 1979, p. 121).

Methods used in Western collections

The Western approach to consolidation of art and cultural heritage objects is gen-
erally driven by the aim to preserve the original material with the least possible
physical and chemical interference by any added treatment agent. This includes
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the feasibility of keeping the object re-treatable in the future (for a detailed dis-
cussion on reversibility, internal consolidation and re-treatability see Appelbaum
1987). East Asian lacquer is insoluble once polymerised and can only be removed
by mechanical means. In cases where previous applications of lacquer on objects
were deemed unsatisfactory, this cross-linked polymer has frequently caused sig-
ni�cant problems with its removal (e.g. Chase 1988). This is why in the West
lacquer is currently not widely accepted as a desirable consolidant. Furthermore,
East Asian lacquer is considered too hard and strong for many coatings that
contain aged and fragile components. It is held responsible for inducing further
�aking of unevenly consolidated coatings, as pointed out for example by Nakajima
(1988).

For lacquer ware with simpli�ed foundation layers that contain no lacquer at all, a
variety of natural and synthetic materials have been used in the past. Breidenstein
(2000) reviewed a number of possible consolidants for these less prestigious types
of lacquer coating. A further review will be given in the following section.

4.2.2. Natural polymers

Protein-based glues

Animal glues have a long tradition as adhesives and consolidants for �aking East
Asian lacquer coatings as much in East Asia as in the West. For multilayered
coatings that contain foundation layers based on a mixture of protein binder and
clay powder, protein-based consolidants are useful and have great acceptance
amongst conservators.

Cold-liquid �sh glue A common choice appears to be cold liquid �sh glue
for its ease of application and its reputed mechanical strength (Webb 1993, 2000;
Breu and Miklin-Kniefacz 1995). However, a recent review on published data
on the properties of animal glues could not ascertain this alleged strength when
compared with alternative protein glues (Schellmann 2007). It rather suggested
that cold-liquid �sh glue had inferior strength properties than hide glues and
isinglass, and that it was less stable in �uctuating environmental conditions.
Uses of this type of protein glue for the consolidation of lifting decorative layers
on paintings and sculptures are not reported, which suggests that cold-liquid hide
glues are considered unsuitable for such layers. Also, its often unknown additives
still give rise to doubts about its long-term ageing properties and whether it
remains fully resoluble with time.

Isinglass and mammalian hide glues Sturgeon glue, or more generally isin-
glass (i.e. glue extracted from �sh bladders), has given good results for the con-
solidation of Chinese screens (Piert-Borgers 1993; Breidenstein 2000). Albeit, in
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some cases it has also been reported to lack su�cient adhesive strength to hold
down severely lifting lacquer coatings (Miklin-Kniefacz 1995; Hatch�eld et al.
2010). These contradictory results can be explained by di�ering layer thickness
of the top lacquer layers that may have exerted di�erent levels of stress on the
bondline. With respect to the successful application of isinglass, parallels can be
drawn to the consolidation of panel paintings and painted sculptures that feature
similar coating structures, with brittle, protein-bound foundation layers under-
neath stressed top paint coats. Isinglass is a widely used consolidant for their
lifting and �aking multilayered coatings because of its high mechanical strength
and elasticity (e.g. Luybavskaya 1990; Sandner et al. 1990, sections 6.4.1. and
9.2.3; Habel-Schablitzky 1992; Petukhova and Bonadies 1993; Foskett 1994). Isin-
glass has a major advantage over mammalian hot hide glues in that it gels at a
lower temperature and thus can be applied more easily, usually achieving bet-
ter penetration results, too (e.g. Webb 2000, p. 165; Hagedorn 2002). This is
because severely degraded lacquer coatings are generally not recommended to
be heated or warmed to temperatures that would allow good penetration of hot
hide glues. Aged lacquer surfaces will also be susceptible to damage by the com-
bined exposure to water and heat (Webb 2000, p. 80), which renders hot protein
glues a risky choice. On the other hand, the delayed gelation of isinglass solution
may also have disadvantages: it can expose water-sensitive layers in the coating
structure to unwanted swelling and leaching. This may itself cause signi�cant
additional damage to the coating and should be considered before application.

Remarks on the stability of protein glues A further general problem of
protein glues is their a�nity to shrink or swell with changing ambient humidity
levels. Long term storage and display in �uctuating environmental conditions em-
brittle the protein glues and increase their likelihood of failure over time (Hedley
1988; Mecklenburg 1988; Mecklenburg et al. 1998; Zumbühl 2003). The degree to
which a protein consolidant has the tendency to exert substantial stresses on the
consolidated coating structure depends on its mechanical properties. Generally,
these di�er for the individual types of protein glues, and are mostly dependent
on their molecular weight distribution and species of origin. A detailed review on
the properties of animal glues relevant to conservation was previously published
by the author of this thesis (Schellmann 2007). Considering the general sensitiv-
ity of these consolidants to changing relative humidity levels, some conservators
prefer not to use protein-based consolidants under environmentally unstable con-
ditions, but opt for synthetic polymer formulations instead (e.g. Payer et al.
1998; Schniewind 1998, p. 90).

Polysaccharide-based polymers

Native starch Starch paste with its gel-like consistency has traditionally been
used for lacquer consolidation and has the advantage of introducing comparatively
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little water to the coating structure. Compared with other aqueous consolidant
formulations, it reduces the risk of swelling and leaching of water-sensitive layers.
Its adhesion strength has been shown to be su�cient in holding previously lifting
lacquer �akes in their correct position (Breidenstein 2000). However, penetration
of starch into a fragile layer may be very limited due to its high viscosity and large
starch molecules (Horie 1987, p. 135; Nicolaus 1998, p. 230). Pure starch �lms
may be problematic as they form rather highly strained and brittle �lms, with
wheat starch developing lower strains and greater adhesive strength than rice
starch (van Steene and Masschelein-Kleiner 1980; Sun et al. 2010). To improve
elasticity, wheat starch is therefore sometimes mixed with isinglass solutions.
Starch added to isinglass solutions may also reduce the ability of the protein
solution to penetrate deeply into a porous material and avoid undesired e�ects,
such as excessive swelling, starvation of joints or formation of insu�cient �lm
thickness. In the context of paint consolidation on canvas, a detailed discussion on
starch paste used as a thickening agent for isinglass is given by Springob (2001).
On a Chinese lacquer screen, empirical consolidation tests with a mixture of
isinglass and wheat starch have produced very satisfactory results (Breidenstein
2000).

Starch / cellulose ethers and funori Korn (2006) tested several polysac-
charide-based consolidants on �aking Burmese lacquer coatings and found that
the modi�ed starch Kollotex 1250, a potato starch ether, resulted in successful
treatment. On the other hand, cellulose ethers such as KlucelG, TyloseMH300
and methyl-cellulose provided insu�cient adhesive strength (Korn 2006, pp. 132-
34). This was also found for funori, despite its reported common use in Japan as
an adhesive for thin lifting lacquer layers (Yamasaki and Nishikawa 1970). In the
Western world, funori is widely used as a consolidant for matt paint (Winter 1984;
Hansen et al. 1991; Michel et al. 2002; Swider and Smith 2005; Pataki 2007), al-
though successful uses for the consolidation of multilayered lacquer coatings have
indeed not been reported.

Waxes and natural resins

In the past, waxes and wax-resin mixtures were regularly employed for the con-
solidation of damaged lacquer ware. In several instances, successful applications
were reported for the stabilisation of �aking and lifting Chinese lacquer coatings
(Franke 1976a,b, 1978; Chase 1988). However, wax used as a consolidant on
lacquer coatings has also been held responsible for the development of further
cracks on objects at the Linden Museum in Stuttgart/Germany. These cracks
had appeared after the conservation work had been completed (Nakajima 1988).

As waxes alone lack su�cient strength to hold stressed lacquer �akes in place,
natural resins were often added. An example of beeswax/dammar resin mixture
being used for the consolidation of delaminating gilding and polychromy that
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contained gesso-type foundation layers was reported by Payer et al. (1998). The
e�ectiveness of wax-resin mixtures may however still be limited, as natural resins,
such as dammar, rosin and shellac, are also only of medium strength and embrittle
with age (Schniewind 1998). Hagedorn (2002) demonstrated that a solution of
20% dammar in turpentine failed to hold previously lifting lacquer �at in place.

On the whole, the use of wax-resin mixtures as a consolidant for lifting coating
layers appears to be problematic. Shellac as an additive or adhesive is generally
considered inappropriate by current conservation standards. This resin is known
to cross-link over time, which renders it (or any consolidant that contains this
resin) di�cult to remove when aged (e.g. Koob 1979, 1984). Furthermore, the
wax content of such consolidants has also caused problems with regards to their
removability (e.g. Rivers and Umney 2003, p. 568) and may hinder future ap-
plications of East Asian lacquer. Wax reputedly does not allow lacquer to dry
properly when the latter is applied over a wax coating, which is why Japanese
conservators recommend not to use wax-based consolidants at all (Nakajima 1988;
Matsumoto and Kitamura 2008). However, contrasting to this general and widely
accepted assumption, Piert-Borgers (1993, p. 192) and Heckmann and Dei Negri
(2002, p. 192) reported on their experiences that lacquer does indeed dry under
these circumstances. In any case, since the mid 1990s wax-based consolidants
appear to have been rarely applied and have only been used in instances where
old treatments with wax required re-treatment (e.g. Breidenstein 2000).

4.2.3. Synthetic polymers

Of the synthetic polymers available, a range of thermoplastic resins and their
mixtures have found wide use in the consolidation of lacquer coatings and related
composite materials. One of the advantages of these polymers is that they can
be applied in solution with diverse organic solvents or as aqueous dispersions.
The variety of options is mirrored in the types and numbers of formulations used
for lacquer consolidation. Unfortunately however, the literature does not often
provide detailed information on the exact type of polymer, the solvent/diluent and
the actual polymer concentration of the formulations. This makes an assessment
of the consolidants and application procedures rather di�cult. Due to this lack
of information and despite the great number of di�erent synthetic polymers used
for the consolidation of East Asian lacquer coatings, only the most common ones
will be reviewed in the following paragraphs.

Special applications methods, such as that of using acrylic monomers that are
polymerised in situ by electron beam, which was famously used to consolidate
lacquer-based coating layers on �gures of the Terracotta Army of the �rst Chi-
nese emperor (Langhals and Bartelt 2003; Langhals et al. 2005) will be omitted
in this survey. This method was mainly chosen to counteract the speci�c na-
ture of archaeological lacquer, which developed �severe cracking and buckling of
the lacquer� during drying following excavation (Thieme 2001). This example
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thus did not represent the more common degradation mechanisms considered in
the present work, which are caused by more normal environmental conditions
encountered during display and storage in museums and collections.

Acyclic polymers

Acrylic solutions Acrylics in solutions with aliphatic and aromatic hydro-
carbons are desired consolidants for degraded East Asian lacquers, as their non-
polarity is considered to pose the least hazard for sensitive, photodegraded surface
layers of the lacquer coating (e.g. Breidenstein 2000; Webb 2000, p. 72; Schell-
mann 2003, pp. 18-20). The most commonly used acrylic polymers appear to be
ParaloidB 72 (ethyl methacrylate/methyl acrylate copolymer), and ParaloidB 67
(isobutyl methacrylate copolymer). They are usually dissolved in hydrocarbon
solvents such as toluene, xylene, acetone and ethyl acetates and have produced
successful consolidation results on various lacquer objects (e.g. Yamasaki 1957;
Chase 1988; Chase et al. 1988; Gillis 1998; Webb 2000; Lencz 2005; Hatch�eld
et al. 2010). However, high solution concentrations appear to be required for
e�ciently re-adhering lifting coatings. Webb (2000, p. 82) remarks that a 15%
solution of ParaloidB 72 in xylene �has insu�cient strength to keep distorted
lacquer in place�, whilst at a 25% solution concentration this polymer will not
penetrate su�ciently into the ground layer. Hagedorn 2002 reported that 10-20%
solutions of these polymers in ethyl acetate or benzene may be successful after
long clamping times, although in some cases she found their adhesive strength in-
su�cient, too. Overall unsuccessful consolidation tests with Paraloid in non-polar
solvents or ethyl acetate were reported by Breidenstein 2000, who suggested that
too low polymer concentrations in the bondline (i.e. starved joints) may have
been one of the major causes for their failure.

Acrylic dispersions Generally, aqueous acrylic dispersions appear to perform
successfully (Miklin-Kniefacz 1995) and are recommended consolidants not only
for lifting lacquer coatings but also for the paint layers of panel- and canvas
paintings (Nicolaus 1998, pp. 221, 234). Nakazato (1978) reported the successful
application of acrylic dispersions, particularly when applied in two stages. Often,
acrylic dispersions are also chosen for applications in combination with the use of
warm tacking-irons (e.g. Miklin-Kniefacz 1995; Webb 2000, pp. 83-84). Formula-
tions based on butyl acrylate (BA) and methyl methacrylate (MMA) copolymers,
such as Plextol D360 and D498, Lascaux 360 HV (MMA+BA+ acrylic acid es-
ter) and Mowilith DM771 (acrylic acid esters) diluted with water produced good
results with respect to penetration into �ne cracks and small pores (Breidenstein
2000; Hagedorn 2002). For gaining su�cient adhesive strength for lifting lacquer,
dispersions with a solid content of around 50% were required. Undiluted Rhoplex
AC 234 with a solid content of around 46% has shown particularly good results
when used for the consolidation of severely distorted pieces of lacquer coating.
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Although, it has been pointed out that some damage might occur on strongly
degraded lacquer surfaces due to the high pH of 9-10 of this dispersion (Webb
2000, p. 83; CAMEO 2009).

Poly(vinyl acetates) (PVAc)

Solutions and dispersions Similarly to acrylates, PVAc polymers are also
applied as solutions and dispersions, although again, often detailed information of
the exact formulations is not provided. Many di�erent PVAc formulations appear
to have been used in the past for the consolidation of lifting and �aking lacquer
coating structures, as well as for fragile paint layers on �ne art objects (Chase
1988; Nicolaus 1998, p. 234). These polymer types have also been reported to
show good stability over the period of several decades (Lencz 2005).

According to Webb (2000, p. 83), the pure PVAc homopolymer AYAF (previously
VinyliteA, known in Europe as Mowilith 50) at solution concentrations of 25% in
ethanol or acetone showed good application properties and generally works well
for holding down lifting coatings. However, other formulations of this polymer,
such Mowilith 30/50 (containing lower molecular weight fractions of the poly-
mer) in a 10-20% solution in Shellsol T, have proven to produce unsatisfactory
results in a study conducted by Hagedorn (2002). The main problems appeared
to be long clamping times and insu�cient adhesive strength, which manifested
itself in the renewed lifting of the consolidated lacquer �akes some time after
consolidation. These di�ering results may suggest that higher average molecular
weight formulations, higher solution concentrations and the use of polar solvents
signi�cantly improve the performance of the PVAc (cf. Schniewind and Kronk-
right 1984; Schniewind 1998). Similar observations had been made for acrylic
consolidants, as described in the previous paragraphs.

The PVAc dispersion CMBondM4 is mentioned as an e�ective consolidant for
thick, powdery ground layers of Chinese lacquer ware. However, this polymer
formulation has also been found to sometimes harm sensitive, degraded lacquer
surfaces, for reasons as yet unexplained (Webb 2000, p. 83). Powdery ground
layers on lacquered Japanese armour have also been successfully stabilised with a
two-stage application involving a 10% ParaloidB 72 solution in xylene, followed
by an unspeci�ed 20% PVAc solution. The latter was required to hold down the
lifting urushi layers (Lencz 2005).

4.2.4. Major challenges encountered during consolidation

`Memory' of distortion

The `memory' of the lacquer layers for their distorted state is one of the most
signi�cant di�culties encountered during their consolidation (Webb 2000, pp.
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62, 80). Lacquer coatings are known to have a strong tendency to revert back
into their previously distorted state after �attening and reattachment. Hence,
this causes many consolidants and bondlines to fail, sometimes weeks after the
consolidant has been applied. In order to withstand the stresses exerted by these
layers, it is therefore important that the consolidant ful�lls two criteria: it is
to improve the cohesive strength of a fragile layer and is also required to act
as a su�ciently strong adhesive between the old, re-adhered fracture surfaces.
Unsurprisingly, the best consolidation results for such cases were mostly achieved
with multi-stage applications of consolidants and with those where formulations
with high polymer concentrations were chosen, as mentioned earlier in this review
section.

Sensitivity to water

Importance of pH Water-based consolidants and adhesives generally appear
to perform most successfully by increasing the elasticity of distorted lacquer
coatings and enabling their �attening (Breu and Miklin-Kniefacz 1995; Miklin-
Kniefacz 1995). Nevertheless, it has to be kept in mind that aged lacquer coatings
may react very sensitively to these formulations, as with time their degraded sur-
faces become very susceptible to elevated pH. The pH of East Asian lacquer
tends to range between 4.5�4.8 when new and values as low as pH 3.5 when aged
(Rivers and Umney 2003, section 16.8.5.1; Schellmann 2003, pp. 23, 38). The
e�ect of water and aqueous solutions on degraded East Asian lacquer surfaces has
been discussed in detail in previous publications (e.g. Schellmann 2003; Schell-
mann and Rivers 2005). Hence, many synthetic polymer dispersions appear to
be problematic: polymer dispersions generally contain emulsi�ers that only work
at speci�c pH values. As a consequence, acrylic dispersions are usually bu�ered
at pH values between 7 and 9, whilst the PVAc dispersions used in conservation
normally range between pH 3.5 and 7. Unless a dispersion is used that has an
equally low pH as that of the degraded lacquer, it can be expected to further
harm the lacquer surface during the application of the consolidant.

Protective measures To prevent further damage to the already photode-
graded lacquer coatings, aqueous polymer formulations have to be chosen with
great care. Solutions or dispersion with high pH values should generally be
avoided, unless the degraded lacquer surface is temporarily coated with a pro-
tective isolation layer. This could for example be a synthetic resin dissolved in a
non-polar hydrocarbon solvent, as suggested by Breidenstein (2000).

Unfortunately, temporary coatings may cause problems themselves. Coatings
can in�ltrate into micro-�ssures on degraded lacquer surfaces (which have been
observed to commonly show dimensions of up to 30 mm in width and depth, see
cross-sections in AppendixD, pp. 305, 320 and 327) and may not be fully remov-
able at a later stage. This could impair surface appearance, mechanical properties
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and possible future surface treatments with East Asian lacquer. Alternatively,
traditional Japanese urushi-gatame or suri-urushi treatments may be considered,
where diluted lacquer is applied to the photodegraded surface to �ll the micro-
cracks to di�erent extents (Yamashita 2009b). The use of such (irreversible)
treatments however requires much experience and good technical skills to be
successfully applied. Current research is investigating the mechanical e�ects and
problems associated with additional thin �lms on aged lacquer coatings (Elmahdy
et al. 2010; Elmahdy 2010; Thei 2011; Liu (in progress).

Generally, polymers dissolved in non-polar hydrocarbon solvents appear to be
the least problematic alternative, with respect to causing further surface damage.
However, as the literature review has suggested that they are less successful re-
garding their mechanical performance, further research is necessary to determine,
why exactly they fail and in what way they might be manipulated to perform
more successfully.

4.3. Criteria for consolidant selection

The literature review has not only demonstrated that a diverse selection of dif-
ferent materials are commonly used as consolidants for lifting and �aking lacquer
coatings. It has also found that the same polymers and/or consolidant formula-
tions can induce rather varying results, ranging between entirely ine�ective and
successful applications. Unfortunately, descriptions of why exactly some con-
solidants were unsuccessful in terms of their physical and mechanical behaviour
are only rarely available. To clarify this issue, the following chapter sections
will investigate the parameters that have the most in�uence on the mechanical
behaviour of consolidants.

4.3.1. Requirements for consolidants

General requirements In conservation, consolidants are required to meet a
range of criteria in order to be considered an acceptable or suitable choice. Like
any agents applied or added to objects during conservation, consolidants should
ideally be limited to the speci�c purpose they are supposed to remedy, whilst
otherwise having the least possible interference with the original material of the
structure they are applied to. Rosenqvist (1963), Grattan (1980), Williams (1988)
and others, have discussed these requirements in detail. Those that directly or
indirectly have a bearing on the mechanical behaviour of the consolidants are
listed below.

Consolidants are required to

� strengthen the structure uniformly, without adding new stresses to the orig-
inal object due to shrinkage or swelling,
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� be chemically and physically compatible with other materials involved,

� have long-term stability and not contribute to or increase degradation of
the object,

� enable future re-treatment of the object and

� have good handling properties.

Assuming that a consolidant used for the stabilisation of delaminating and �aking
lacquer coatings will not be visible from the object's surface, the optical properties
of the consolidant are regarded of less importance in this study. The e�ects of
colour change of various polymers and adverse visual e�ects of consolidants on the
surface appearance of objects will thus be omitted from this discussion. Further
information in this topic can be found in many publications, e.g. Horie (1987),
de la Rie (1987, 1988a), Horton-James et al. (1991), Hansen et al. (1993, 1996),
Down (2009) and Down (2009). Long-term chemical compatibility and stability,
resolubility of the consolidant, and whether a consolidated object remains re-
treatable are very important issues, but will also not be subject of this study.
These aspects are further discussed in publications for example by Down and
Lafontaine (1980), Howell et al. (1984), Horton-James et al. (1991), Down et al.
(1996), Hansen and Bishop (1998) and Down (2009).

Indeed, it would go beyond the scope of this work to review the principles of
consolidation encompassing all aspects that are relevant for conservation. As the
present thesis is mainly concerned with the mechanical performance of consoli-
dants, works by other authors should be consulted for more general or comprehen-
sive discussions of the principles of consolidation, as provided by Ashley-Smith
and Wilks (1987), Rivers and Umney (2003, Chapters 4, 12) and Schniewind
(1998). Detailed aspects regarding the consolidation of paintings are further con-
sidered by Nicolaus (1998) amongst others.

Characteristics of fractured protein-bound foundation layers Delami-
nating and lifting export-type lacquer coatings have speci�c characteristics which
in�uence the performance of a consolidant. Typical fracture surfaces of protein-
bound foundation layers have a certain roughness which render their join with a
more or less good �t. These foundation layers are also naturally characterised by
signi�cant porosity, which is a typical feature of highly �lled gesso-type layers. A
further essential feature to recognise � that generally applies to most aged and
deteriorated coating structures � is that aged and damaged layers usually con-
tain many additional cracks or �aws within the material structure that require
stabilisation and re-adhering.

Porosity has a deleterious e�ect on both the elastic properties and strength of
a material. Any existing pores reduce the material's cross-sectional area across
which a load is applied, which reduces its strength and causes stress concentration
within the material matrix. Indeed, the �exural strength of a material has been
shown to decrease exponentially with volume fraction porosity (Callister, Jr. 2000,
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p. 412). In order to strengthen e�ectively a fragile and porous structure such as
aged protein-bound foundation layers, the number of pores and �aws need to be
reduced, i.e. �lled.

Therefore, two consolidant properties are of particular importance for the suc-
cessful stabilisation of fragile foundation layers and the improvement of their me-
chanical performance: the consolidant has to serve as an adhesive that re-adheres
the lifting coating, whilst simultaneously acting as a penetrant that internally
stabilises the fragile structure or layer. How well this is achieved by a consolidant
is dependent on the parameters discussed below.

4.3.2. Factors in�uencing consolidant properties and
performance

Adhesion

The mechanical strength of a bonded joint is dependent on the e�ective adhesion
between the adhesive and the substrate, and on adequate cohesion within the
bulk adhesive itself. Adhesion to a substrate can be achieved by mechanical
interlocking through penetration of an adhesive or consolidant into a rough and
porous surface, and by interfacial bonding. There are several theories that explain
chemical adhesion: that of di�usion, the electronic theory and adsorption.

The di�usion theory assumes that mutual di�usion (inter-di�usion) occurs be-
tween polymers across their interface. This is best achieved if the constituent
molecules of the polymers are relatively mobile and are characterised by similar
solubility parameters. Mobility of a predominantly amorphous polymer can be
promoted or improved by the addition of a solvent or the use of heat. How-
ever, di�usion is unlikely to occur if at least one of the polymers involved is or
remains above its glass transition temperature (Tg), in a crystalline or a highly
cross-linked state (Kinloch 1987, pp. 66-73).

The electronic theory proposes that adhesion by electron transfer develops at
the adhesive/adherend interface, if the two materials involved have di�erent elec-
tronic band structures. The resulting formation of a double-layer of electrical
charge will induce electrostatic forces that are thought to have a signi�cant in-
�uence on interfacial adhesion (Deryaguin and Smilga 1969, p. 74; Kinloch 1987,
p. 74). However, this theory has been extensively criticised, as these forces have
been shown experimentally to be negligible when compared with secondary bonds
induced by van der Waals forces (e.g. Kinloch 1987, pp. 77-78).

The adsorption theory is the most widely accepted theory to explain the main
causes of adhesion between a substrate surface and an adhesive. It suggests that
adhesion is induced by two types of interatomic and intermolecular bonds: sec-
ondary intermolecular forces and chemical adsorption that develop between the
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substrate and the adhesive if they are in close molecular contact. Chemical ad-
sorption involves primary ionic, covalent and metallic bonds. Of the secondary
forces, the van der Waals interactions and hydrogen bonds play the most im-
portant role. Secondary bonds are much weaker than primary bonds, but have
been shown experimentally to be su�cient to account for commonly measured
joint strengths of adhesives. That is, as long as the adhesive behaves in a brittle
manner and there is no great amount of plastic deformation during joint frac-
ture. In fact, such joints usually fail at energy levels well below their theoretical
strength induced by the interactions of secondary forces, due to the presence
of air-�lled voids, �aws and geometric features that induce stress-concentrations
(Andrews and Kinloch 1973a,b, p. 79; Kinloch 1987, p. 79). Thus, in most ad-
hesives, adhesion is only determined by these secondary forces. The development
of ionic bonds may be a factor in protein adhesives (Skeist 1965, p. 8). In other
polymer adhesives, primary bonds can be achieved by special methods involving
chemically reactive and cross-linking adhesives and substrates.

The contribution of mechanical interlocking to adhesion generally appears to be
half as important as that of the chemical interactions (Kinloch 1987, p. 60).
Thus, the level of strength that can be achieved by an adhesive is predominantly
governed by the bond strength that its molecules develop internally and with the
substrate. The amount of energy that is required to break these forces quanti�es
the adhesive strength of a bond. However, in the case of very porous materials,
such as gesso-type foundation layers, mechanical interlocking may be of greater
importance. Their rough fracture surfaces, which need to be re-adhered, are far
from ideal for achieving optimal chemical interactions, as they will neither be �at
nor free from contaminants and other loose particles. The aspect of mechanical
interlocking is therefore likely to have a much greater signi�cance than under
more common applications of adhesives in the �eld of engineering.

Wetting

Adhesion requires intimate contact on a molecular level between the adherend
(i.e. the fracture surface) and the adhesive (consolidant). If a consolidant is in
the liquid phase, intimate contact is only possible provided the consolidant can
displace the air and spontaneously spread (i.e. wet) the fracture surface. Wetting
is also a prerequisite for penetration into pores of the substrate.

The wetting ability of a liquid consolidant applied to a solid surface is a function
of the surface tensions (or surface free energy, γm) of the substrate and the liquid,
and is further controlled by the viscosity. According to the laws of thermodynam-
ics, a liquid can spontaneously wet a surface when its surface free energy is lower
than that of the solid. In other words, a wetting agent with lower surface tension
has a stronger attraction to the substrate surface than to its own molecules (for
detailed discussion see for example Skeist 1965, Allen 1984, Ashley-Smith and
Wilks 1987, Horie 1987, pp. 18-20 or Kinloch 1987, Chapter 2).
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Table 4.1.: Surface free energy (surface tension), γm, and viscosities, η, of
some solvents commonly used for consolidants, measured at 20 °C
(Masschelein-Kleiner 1981; Pietsch 2002, pp. 108-109).
x

Solvent γm [mN/m] η [mPa.s]

Water 72.8 0.89

Ethanol 22.9 1.07

Acetone 24.9 0.31

Ethyl acetate 24.7 0.41

Xylene 29.0 0.56

Toluene 29.1 0.54

Benzene 29.6 0.60

The fracture surfaces of foundation layers consisting of mineral �ller particles and
protein-based binder matrix are expected to have higher surface energy than most
liquid polymer formulations that may be applied during consolidation. Organic
compounds, such as polymeric adhesives, usually have relatively low surface free
energies of less than 100mN/m, as opposed to high energy surfaces, for example of
metal oxides and ceramics that range at around 500mN/m and greater (Kinloch
1987, p. 24-26). Therefore, most consolidants should be able to wet these sub-
strates without much di�culty. Of the commonly used solvents, water has the
highest surface energy and thus will be expected to show the least e�ective wet-
ting of such foundation layers compared with other hydrocarbon solvents used
(Table 4.1). Its wetting ability can be improved by the addition of a suitable
solvent with lower surface free energy, hence the common addition of ethanol in
water-based consolidants.

Adhesive layer thickness

A prerequisite for e�ective bonding between two re-adhered fracture surfaces is
the formation of an adequate adhesive layer by the consolidant. In the case of
rough surfaces that show limited �t � like the ones of fractured foundation layers
� this bondline needs to be of su�cient thickness. Too little adhesive will fail to
�ll all the gaps between the two adherends and leave the joint starved. If stresses
are applied to a bonded structure where even, intimate contact between the ad-
hesive and adherend is lacking, uneven distribution of these stresses will lead to
stress concentration and induce failure of the bonded structure. In practice, it is
therefore generally aimed to achieve a bondline thickness of just su�cient width
to �ll all the gaps between the adherends and to provide intimate contact between
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them (Skeist 1965).

Bondline thickness is in�uenced by the rheological properties of the liquid poly-
mer, i.e. on how well the consolidant spreads between the adherends and to what
degree it penetrates into the porous substrates (adherends). The spreading is
dependent on the viscosity and wetting ability, and can be manipulated by the
pressure per unit area that is applied to the bonded structure during clamping
and subsequent drying or curing.

Penetration ability

Porous substrates are permeable by liquid consolidants, at least to a certain
degree. Provided adequate wetting of the substrate surface occurs, the transport
of the consolidant into the porous substrate is governed by its permeability, i.e.
its ability to let �uid �ow through its interconnected network of pores. The
permeability of the substrate is governed by the speci�c nature of the material,
as well as by the viscosity of the �uid. The rate of �ow is further in�uenced by
the pressure di�erential across the �ow path (e.g. Schniewind 1998).

As pressure impregnation or vacuum treatments are often inappropriate or di�-
cult to realise with many art objects, most consolidation treatments take place
under normal atmospheric pressure. Consequently, during simple brush-applica-
tion, for example, the pressure di�erential is driven by gravitational forces, surface
tension between the liquid consolidant and the porous substrate, and by capillary
pressure (see Schniewind 1998 for a detailed discussion). Under most circum-
stances, the gravitational forces as well as the pore size have to be taken as a
given. This means that the most in�uential parameters that govern penetration
are the viscosity of the liquid consolidant, which principally should be as low as
possible for best penetration results, and the capillary action. Respective values
for some example solvents are given in Table 4.1 .

The capillary action varies for di�erent �uids and depends on their chemical
nature and interaction with the capillary walls, i.e. their surface tension. Again,
the polarity of the consolidant in�uences its ability to penetrate into the porous
substrate. Liquids of higher polarity and surface tension generally travel further in
capillaries, whilst their �ow rate is improved with decreasing viscosity. Also, the
smaller the capillary diameter, the further a given �uid will travel (Ashley-Smith
and Wilks 1987, p. 19). The strong a�nity of polar �uids to polar substrates can
however induce further actions that may prevent penetration: it has been shown
that polar consolidants can become adsorbed by the wood substrate due to strong
hydrogen bonding, which signi�cantly reduces their mobility and penetration
(Nicholas 1972, as cited by Schniewind 1998). Finally, penetration can also be
hindered by an unsuitably large molecular size or spatial con�guration, i.e. the
extent of branching, of the dissolved polymer (e.g. Schniewind 1998, p. 563;
Rivers and Umney 2003, p. 563).
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(For further discussion see Masschelein-Kleiner 1981; Banik and Krist 1984, pp.
133-135; Ashley-Smith and Wilks 1987, p. 125; Schniewind 1998, p. 125).

Viscosity (η)

The viscosity, being a measure of a liquid's resistance to �ow, has already been
mentioned as an important factor that in�uences wetting and penetration. Vis-
cosity is governed by the bonding strength between the molecules of the �uid. It
increases with increasing strength of the secondary forces between the molecules,
which in turn rise with increasing polarity of the molecules, higher molecular
weight and higher concentration in solution. Water, which forms strong hydro-
gen bonds between its highly polar molecules, therefore has a higher viscosity
than less polar or non-polar hydrocarbon solvents, such as acetone (propan-2-
one) or xylene (dimethyl benzene), as shown in Table 4.1 . Fluids containing
larger molecules, such as long-chain hydrocarbons, develop much higher viscosi-
ties. Hence, the viscosity of a polymer solution can be manipulated by the choice
of average molecular weight of the polymer, its concentration, and the degree
of bonding that develops between the molecules of the liquid and those of the
polymer.

Last but not least, temperature greatly a�ects the viscosity of a �uid, with higher
temperatures generally reducing the viscosity. Gelatin-based adhesives, such as
hide glues, are a prime example for this phenomenon, as they visibly reduce their
viscosity when heated and gel fast during cooling.

Solvent action on polymers

The thermodynamic quality of a solvent determines the conformation of the dis-
solved polymer in solution and after drying in the solid state. Thermodynamically
�good� solvents encourage polymer molecules to extend and assume greater mo-
bility, whilst �poorer� solvents leave them in a more entangled state and packed
in tighter agglomerates to avoid unfavourable contact with the solvent (Hoern-
schemeyer 1974; Hansen et al. 1991). Poorer solvents thus render fewer active
groups within the molecules available for adsorption sites than good solvents. At-
tractive forces between the consolidant and the substrate are less able to develop.
In polar polymers, such as poly(methyl methacrylate), the viscosity is strongly
dependent on the nature of the solvent, being greater in poorer solvents (Dreval'
et al. 1973).

With respect to mechanical properties, Sakuno and Schniewind (1990) demon-
strated that in terms of polarity the solvent action of consolidants has a much
greater e�ect on the adhesive strength of consolidated wood than the actual choice
of polymer type. Nevertheless, Hansen et al. (1991) point out that the exact ef-
fect of the thermodynamic quality of a solvent on the mechanical properties of a
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polymer is unlikely to be estimated theoretically, but requires determination by
experimental means.

Reverse migration Reverse migration often occurs when solvent-based ther-
moplastic resins are applied to a porous substrate, and it manifests itself in in-
creased polymer concentration near the outer surfaces of the consolidated struc-
ture (Payton 1984). This phenomenon is linked with the behaviour of the solvent
that evaporates during drying and its interaction with the polymer. Domaslowski
(1988) demonstrated that for consolidants used on stone, reverse migration could
be signi�cantly reduced by slowing down the evaporation rate of the solvent. This
was also con�rmed for wood substrates by Schniewind and Eastman (1994), who
found evidence of increased resin concentration in wood samples consolidated
with solutions of ParaloidB 72 in acetone and toluene due to high drying rates
in air. In addition to the drying rate, the surface tension of the consolidant also
in�uences polymer migration towards the evaporation surfaces. In consolidant so-
lutions of high surface tension the constituent polymer molecules have a greater
a�nity for the solvent than for the substrate they are applied to. Hence, the
e�ect of reverse migration will be more pronounced.

Solvent retention Solvent retention in consolidants and adhesives is an impor-
tant aspect to consider when estimating or evaluating mechanical performance.
Retained solvent in the polymer acts as plasticiser, it reduces the glass transition
temperature, Tg, of the polymer and can induce cold �ow or creep. Upon the
application of stresses the polymer or bond may thus fail due to plastic deforma-
tion. In most cases, this e�ect appears to be most relevant for the early stages of
drying, where the consolidant still contains a signi�cant amount of solvent or dilu-
ent. Adequate clamping time is required to ensure reliable bonding of �attened,
stressed layers.

The retention of solvents is governed by di�usion and hence by both the drying
time and the square root of the �lm thickness (Newman et al. 1975, as cited by
Carlson and Schniewind 1990). Clearly however, di�usion of the solvent in com-
plex multilayered wood-polymer systems may take signi�cantly longer than in free
polymer �lms. Furthermore, solvents with higher boiling points are less volatile
and hence generally retained for longer by resin adhesives than those with lower
boiling points (e.g. Carlson and Schniewind 1990). Any solvent retained even
after long drying times still has a great in�uence on the elasticity and strength
of a bond. The degree to which these properties are a�ected is dependent on the
chemical interaction of the solvent with the polymer. The �better� the thermo-
dynamic quality of the solvent, the stronger appears to be its plasticising e�ect
(Bistac and Schultz 1997). Compared with acetone and chloroform, toluene has
been shown to be retained in PVAc �lms for much longer. This results in greater
ductility and hence increased toughness of the �lm, i.e. the latter shows a greater
strain-to-failure and lower stress to failure (Hansen et al. 1991).
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(For further discussion of solvent retention in paint layers see Masschelein-Kleiner
1981; Banik and Krist 1984; Pietsch 2002.)

Properties of the polymer molecule

E�ect of molecular weight (MW ) The weight-average molecular weight,
commonly just referred to as molecular weight, MW , gives an indication of the
average size of its constituent molecules. Many polymers are supplied stating
their respective MW , which can be used as a measure to estimate their physical
and mechanical properties in solution and as dry �lm. In polymers, cohesion gen-
erally increases with increasing average size of the molecules. As a consequence,
the viscosity of a polymer in solution is strongly in�uenced by theMW (e.g. Horie
1987, pp. 15-17), and so are the mechanical strength properties of the polymer in
the solid state: larger molecules increase the viscosity and render polymer �lms
stronger than low molecular weight polymers. A good example for adhesives with
signi�cantly di�ering averageMW is that of mammalian bone glues and isinglass.
Whilst the latter contains very large protein molecules owing to gentle extrac-
tion from sturgeon swim bladders, the bone glues are extracted by a relatively
harsh treatment which breaks down the protein molecules into smaller fractions.
Therefore, bone glues are more brittle and have much lower strength properties
than isinglass (e.g. Schellmann 2007).

Glass transition temperature (Tg) The glass transition temperature, Tg,
speci�es the temperature region at which an amorphous material changes from
the brittle, or glass-like to a more ductile (rubber-like) state. It is an important
property, as it indicates the material's sti�ness (re�ected in the modulus of elas-
ticity) and mechanical strength in relation to temperature. Below Tg, polymers
are sti� and will break without much deformation when stressed. Above Tg, they
are ductile, and will readily show deformation upon exposure to stresses. Hence,
Tg is the region where the physical and mechanical properties of the polymer
change drastically (e.g. Carlson and Schniewind 1990). This transition also in-
cludes large dimensional changes, as the polymer molecules take up more space
in their rubbery state due to increased translational mobility and rotation about
the chemical bonds of their chains. Generally, T g rises with increasing molecular
weight, increasingly bulky side groups, greater polarity and hydrogen bonding,
rising number of double bonds and degree of cross-linking (e.g. Callister, Jr. 2000,
p. 486). The addition of plasticisers on the other hand leads to its decrease.

The glass transition temperature is very important to consider for several reasons:

Schilling (1989) points out that if an object is kept in �uctuating environmental
conditions, it is generally aimed to avoid using polymers for their consolidation
that have a glass transition temperature well within the same temperature range.
Otherwise, the objects will be exposed to signi�cant stresses that are caused by
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the applied polymer, which experiences extreme dimensional changes under these
conditions. Such additional stresses may cause damage to the object.

The glass transition temperature also has an in�uence on the solvent evaporation
from polymer solutions and the �lm-forming properties of polymer particles in
dispersions. In the latter, the particles can only coalesce to form a �lm if the
drying temperature is above the polymer's Tg. In practice, this is not usually a
problem, because the polymer dispersions commonly used in conservation have
glass transition temperatures well below normal room temperature (e.g. Horie
1987, pp. 95, 111). Thermoplastic polymers in solution do have �lm-forming
ability below their glass transition temperature, however they will always retain
some of the solvent in the resulting �lm if kept under these normal conditions
(i.e. if not heat-dried). This is because the restricted movement of the polymer
molecules below their Tg hinders the di�usion of the remaining solvent through
the �lm. Due to the plasticising e�ect of this retained solvent, the resulting solid
�lm will consequently have a lower Tg than the initial bulk polymer. This does
not apply to polymers with a Tg below room temperature: they will be in their
rubbery state at normal room temperature and thus allow full solvent evaporation
through the �lm (see Schilling 1989 for a detailed discussion).

Application methods

There are many ways of applying consolidants to fragile and delaminating coat-
ing layers, and these have been shown to have a great in�uence on the overall
performance of the consolidants (e.g. Schieÿl 1989). The most common methods
appear to be the application of liquid consolidant by brush or by injection, the
choice being mainly dependent on the actual shape of the damaged coating and
on whether accessibility to cracks and delaminated areas is limited. Also, the
physical and rheological properties of the consolidants play a role. To achieve
even better penetration, exposure to a vacuum may in some cases be employed,
although this type of method seems to be rarely undertaken on lacquer-coated
objects.

A signi�cant factor for the consolidation of porous materials is the possibility
of applying liquid consolidants in several stages, where gradually the polymer
concentration of the solution is increased. This allows the polymer to penetrate
deeply into the structure whilst leaving open pores for repeated application of
the polymer solution. Good results for such stabilisation treatments have been
widely reported for fragile wood (e.g. Grattan 1980; Schniewind 1998, pp. 94-
95). In the case of delaminating and lifting coating layers, however, multiple
applications of consolidants may be more problematic due to the limited access
to the fracture surfaces. It is therefore often tried to use a consolidant in a single
stage application.
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4.4. Consolidant choice for lifting lacquer coatings

The previous section clari�ed that many parameters in�uence the mechanical
properties of a consolidant. Although this theoretical background helps to un-
derstand and interpret the behaviour of di�erent consolidants applied during
consolidation tests, the complexity of the in�uences still renders it di�cult to
predict the behaviour and strength properties of consolidants in situ, i.e. when
applied on a fragile object. As strength improvements are relative and depend
on the state of the fragile structure, suitable tests are further required that can
demonstrate the possible di�erences in the behaviour of various consolidants.

In this research, the goal was therefore to undertake tests under comparable
conditions with a broad range of polymer formulations that could be used on
lacquer coating structures containing protein-bound foundation layers. A variety
of di�erent polymer formulations were chosen to be tested in the experimental
part of this work (cf. Chapters 6 and 7). The range of consolidants was aimed
partly to re�ect previous choices reported in the literature review, and partly
to select materials which were expected to display varying mechanical properties
and behaviour.

Firstly, it was intended to test representative consolidants from three categories:

� water-based solutions or dispersions,

� hydrocarbon solvent-based solutions, and

� chemically reactive formulations.

x

Furthermore, polymers were to be chosen from �ve classes, again re�ecting the
di�erent classes of consolidants commonly used in the conservation of �aking
lacquer and paint layers:

x Class Polymer

x I Protein glues based on �sh and mammalian collagen
x I+ Protein glue with added polysaccharide
x II Urushi lacquer
x II+ Urushi lacquer with added polysaccharide
x III Acrylic resins in a) solution, and b) aqueous dispersion
x IV Poly(vinyl alcohols) in aqueous solution
x V Poly(vinyl acetates) in a) solution, and b) aqueous dispersion

Generally, one representative polymer was aimed to be tested for each of the
above classes. The selection was additionally extended to include a few similar
polymers with only slightly varying formulations. This was intended to provide
information on whether similar polymer types would display similar mechanical
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behaviour or not, and in the latter case on whether the �nally selected test method
would be able to measure and quantify these di�erences. The �nal selection of
the consolidants will be presented in the following sections.

4.4.1. Class I, Protein-based consolidants

The typical protein-based adhesives and consolidants used in conservation are de-
rived from mammalian and �sh collagen, which is transformed into gelatin by hot
water extraction (e.g. Hubbard 1965; Johns and Courts 1977; von Endt 1984).
Protein glues are applied as aqueous solutions which usually require heating to
liquefy from their gelled state. Upon cooling, they revert back into gel-like con-
sistency. Due to the chemical nature of their constituent amino acids, gelatin
of mammalian origin generally has a higher gelation temperature than that of
marine origin. The nature of the amino acids also determines the adhesive and
mechanical strength properties of the individual glue types. Gelatin-based adhe-
sives can further be manipulated by additives so that cold-liquid glue formulations
are available (proprietary �sh glue and some hide glues). An extensive discussion
of the properties of animal glues in conservation is given by Schellmann (2007)
and should be consulted for further details.

As mentioned earlier, consolidants based on mammalian or �sh gelatin are often
used for delaminating and �aking lacquer coatings. Of this group, three types
were chosen to be tested, due to their reputedly di�erent mechanical proper-
ties. Their di�erences in relevant properties are summarised as follows (see also
Schellmann 2007):

x

Cold-liquid �sh
glue

-
-
x
-

medium MW (Kremer Pigmente)
achieved good consolidation results on lacquer in the
past
applied without using additional heat

Isinglass -
x
-
-

highest MW (Haupt 2004), greatest elasticity, high
tensile strength
successful consolidant in paintings conservation
applied as moderately warm solution

Bovine hide glue -
xx
-

medium to high MW (Kremer Pigmente) and tensile
strength (Mecklenburg 1991), sti�er than isinglass
(Simon et al. 2003)
applied as hot solution

x
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4.4.2. Class +, Polysaccharides (starch)

Starch is a polyglucose polymer and consists of the linear starch molecules amylose
and the much larger, branched amylopectin. Their average molecular weights are
around 40,000�650,000 and 107�108 respectively, which constitute rather large
molecules compared with other polymers used as consolidants (cf. Table 4.2).
Whilst amylopectin is soluble in cold water, amylose merely swells to a high degree
under these conditions. Starch is usually heated to its gelatinisation temperature
of 55�80°C to encourage partial dissolution of the amylose and to disrupt and
disperse the starch grains. Depending on the amount of stirring during heating
and subsequent cooling, the average molecular mass of the polymer and the size
of any agglomerates can be signi�cantly reduced, thus in�uencing the viscosity
and the mechanical properties of the resulting �lm (Horie 1987, p. 136).

(I+) Starch as additive for isinglass

Starch is usually applied as a gelatinised (cooked) paste dispersed in water. In
this study it was added as a thickening agent to isinglass solution, as previous
research by Breidenstein (2000) had shown very successful results during the
conservation of Chinese lacquer screen panels. The addition of starch was consid-
ered to improve the bond strength between foundation layers and lacquer coating
layers that retained a strong `memory' for their previous state of distortion.

(II+) Starch as additive for lacquer

A further traditional starch-based material is �our paste. Wheat �our has tra-
ditionally been used as an adhesive in paper conservation, but is also commonly
employed in Japan for stabilising fragile lacquer structures. Wheat �our contains
gluten (protein) in addition to amylose and amylopectin, which renders it with
better adhesive qualities than pure starch when applied as a paste (e.g. Horie
1987, p. 140, Matsumoto and Kitamura 2008). It also signi�cantly improves the
adhesive properties of urushi, which is why the Japanese use it in the form of
mugi urushi (urushi mixed with wheat �our paste and diluted with hydrocarbon
solvent) for the structural repair and consolidation of damaged lacquer objects.
Mugi urushi was chosen to be included in this research in order to gain more
information about its mechanical behaviour in fragile coating layers.

4.4.3. Class II, Urushi lacquer

As introduced in Chapter section 2.1, East Asian lacquer is a natural, reactive
polymer deriving from various tree species, several of which belong to the Anac-
ardiaceae family. The sap from these lacquer trees is a double emulsion of water�
in-oil�in-water with a slightly acidic pH of 6.4 � 6.6 at the time of collection,
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which has the tendency to decrease further with time (Kenjo 1988; Kumanotani
1995, p. 177). The lacquer harvested in Japan and China consists of a complex
mixture of various components. The base is around 55-65% of the phenolic lipid
urushiol, which is a 3-substituted catechol derivative with 15 carbon atoms in-
cluding up to 0-3 ole�ns (double bonds). This constitutes the oily phase that
further contains a small percentage (2-5%) of hydrophobic (water-insoluble) gly-
coproteins. Around 20-30% of the sap is water in which plant gums (mono-,
oligo- and polysaccharides) and enzymes (the copper glycoprotein Rhus laccase,
stellacyanin and peroxidase) are dissolved (Kumanotani 1995, p. 166; Kamiya
and Miyakoshi 2000). Once this sap comes into contact with oxygen and high rel-
ative humidity, the highly unstable double bonds in the urushiol in combination
with the enzymes induce the lacquer sap to polymerise into a tough �lm (Ku-
manotani 1995, 1998). Lacquer is a cross-linked polymer that becomes insoluble
in almost any solvent once it has hardened (Nagase 1986; Hisada et al. 2000. See
also McSharry et al. 2007 for a detailed review of the chemistry of lacquer).

Even though lacquer is a cross-linking and thus irremovable consolidant, it was
shown to be sometimes used to pre-consolidate fragile protein-based foundation
layers, before mugi urushi is applied (cf. Section 4.2.1). In order to gain a better
understanding of how the addition of lacquer changes the mechanical properties
of the foundation, urushi diluted in a suitable hydrocarbon solvent was chosen
to be tested as a consolidant. The type of solvent used was based on previous
research by Rivers and Yamashita (Rivers 2007), who tested alternative solvents
to replace the petroleum spirit ligroin, which is traditionally used in Japan for
diluting lacquer, but is unavailable in Europe. They found that Exxsol DSP80-
100 or HAN 8070 (both ExxonMobil), were both suitable (see also Yamashita
and Rivers 2011).

4.4.4. Class III, Acrylics

Acrylic polymers typically used in conservation are based on acrylate and meth-
acrylate, which are derived from acrylic acid and methacrylic acid respectively.
Depending on their exact composition and ratio of homopolymers, the polymers
can have greatly varying properties, which are extensively discussed in the lit-
erature (e.g. Horie 1987). Generally, acrylics can be applied in solution with
hydrocarbon solvents or in the form of aqueous dispersions.

(III a) Acrylic solution

ParaloidB 72 (ethyl methacrylate and methyl acrylate copolymer, EMA/MA, at
a ratio of 70:30) is one of the most popular acrylics in conservation due to its
outstanding chemical stability and ageing characteristics (e.g. Down 2009). It
was chosen in this study as it has been extensively used for the consolidation of
fragile paint and coating layers, including those of lacquer objects. Its physical
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properties are a molecular weight of around 65 000 (de la Rie 1987), a glass
transition temperature of 40 °C (Lascaux 2007a) and an elastic modulus (i.e.
sti�ness) of 3.0GPa (Tan et al. 2011). In many cases, ParaloidB 72 is dissolved
in acetone or ethyl acetate, or in non-polar aromatic solvents such as toluene or
xylene. For this study, two solvents were chosen for B 72: toluene was selected for
its non-polar nature which would be the least damaging for a degraded lacquer
surface. Secondly, acetone was chosen for comparison purposes, and as B 72 in
acetone has recently been reported to achieve successful consolidation results on
severely distorted lacquer (Hatch�eld et al. 2010).

Furthermore, ParaloidB 48N was added to the list of polymers to be tested, in
order to include a second acrylic resin solution and to see whether di�erences be-
tween various Paraloid types could be identi�ed with a mechanical test method.
ParaloidB 48N is a methyl methacrylate/butyl acrylate (MMA/BA) copolymer
of the ratio 74.5 : 25.5 mol% that has a molecular weight of 184 000 and a Tg of
50 °C (Lazzari and Chiantore 2000). It also contains added plasticiser (dibutyl
phthalate) and an adhesion promoter (CAMEO 2009). ParaloidB 48N tends to
be slightly sti�er than ParaloidB 72, having a Young's modulus of 3.0�3.5 GPa
(Tan et al. 2011). It is most commonly used on metal objects (e.g. Conservation
Resources; von Looz 2001), but has been reported to be successful as an adhesive
for East Asian lacquer/metal foil interfaces (Rivers and Yamashita 2006) and for
marble (Tan et al. 2011). As it is more di�cult to dissolve than B72, the recom-
mended mixture of toluene and xylene was chosen (Conservation Resources), to
keep it as similar as the solvent used for the B 72.

(III b) Acrylic dispersion

Of the various acrylic dispersions available, it was decided to use Lascaux Medium
for Consolidation (Lascaux MfC), a highly stable consolidant explicitly developed
for conservation use. It consists of �nely dispersed acrylate/methacrylate and
styrene copolymer and includes a small amount of other minor additives required
to form a stable and lasting aqueous dispersion. This formulation was speci�cally
developed to replace the discontinued Acronal 300D, which had been a preferred
consolidant for painted and water-sensitive gilt surfaces on porous, gesso-type
foundation layers (Hedlund and Johansson 2005). Lascaux MfC has a relatively
high molecular weight (>300 000) but nevertheless has a low viscosity and shows
excellent penetration ability, according to its developers. The proprietary disper-
sion is supplied with 25% solid content (Hedlund and Johansson 2005; Lascaux
2007b) and was aimed to be tested at this undiluted concentration.

4.4.5. Class IV, Poly(vinyl alcohols)

Poly(vinyl alcohols) are not very popular any more in conservation due to their
a�nity to cross-link and become insoluble with age (Horie 1987, pp. 96-99).
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Nevertheless, this polymer type is widely used in the paint industry as it has
some favourable properties. Mowiol polymers, for example, are generally known
for their good cohesion and adhesion to �llers, pigments and �bres, and display
notable bonding strength and pigment binding capacity. Mowiol 3-83 is a recom-
mended base for wood primers that allegedly provides a good key for subsequent
paint coats of various compositions (Clariant 1999, p. G17) and is mostly soluble
in cold water. Due to its relatively average molecular weight of 14 000 and its
chemical nature (containing polar �OH groups), Mowiol 3-83 has very good wetta-
bility of wood substrates and penetration ability. Its surface tension is the lowest
of all Mowiol grades and lower than that of water (KSE Kuraray Specialities
Europe 2002; Clariant 1999, pp. G13, G17).

Despite not being commonly used in conservation, this polymer was explicitly
chosen to be included in the tests due to its alleged good mechanical properties
(before aging) whilst having relatively low average molecular mass.

4.4.6. Class V, Poly(vinyl acetates)

Polyvinyl acetate adhesives are frequently chosen for conservation purposes and a
range of di�erent types are available, having varying chemical, physical and me-
chanical properties. The molecular weights of homopolymers can di�er substan-
tially whilst their glass transition temperature usually ranges between room tem-
perature and higher values (Horie 1987, p. 92; Kremer Pigmente 2007b). PVAc
is insoluble in water, but similar to acylics, it is available as complex copolymer
formulations (with various additives) in aqueous dispersion, which have minimum
�lm forming temperatures below 5 °C (e.g. Horie 1987, pp. 94-96).

(V a) PVAc solution

PVAc homopolymers are soluble in various hydrocarbon solvents, and their me-
chanical properties are highly dependent on the solvent used (Olayemi and Adey-
eye 1982). In this study, only one PVAc solution could be tested. The choice was
made for Mowilith 50 (also known as AYAF), which is a medium grade homopoly-
mer of the Mowilith types and had been shown to be a successful consolidant for
lacquer coatings. It has a molecular weight slightly below that of ParaloidB 48N
and a Tg similar to that of ParaloidB 72 (cf. Table 4.2). It is soluble in toluene,
in addition to acetone and other polar solvents. For the tests, it was decided to
use toluene, in order to test a further non-polar polymer formulation and to keep
this solution comparable to that of the two Paraloids.

(Vb) PVAc dispersion

From the group of PVAc-based aqueous dispersions, MowilithDMC2 was selected,
as it is one of the aqueous versions of Mowilith. The DMC2 formulation consists
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of the co-polymer of vinyl acetate and di-butyl maleate (35%) dispersed in water
with the addition of cellulose ether as a stabiliser (de Witte et al. 1984; Horie 1987,
p. 95). It contains rather large solid particles of 0.3-2.0 µm and is supplied at
various concentrations of between 46-55% solids content, which makes it a highly
viscous formulation. It has mostly been used as a consolidant for textiles (Cocca
et al. 2006) as it retains signi�cant elasticity after drying due to its low Tg of 10 °C.
In this study, it represented one of the two synthetic polymer formulations with a
Tg below room temperature (together with Lascaux Medium for Consolidation).
Also, this consolidant was deliberately chosen for its low pH of around 3.5, as
lacquer surfaces are less sensitive to low pH than to neutral or alkaline pH. In
terms of pH, this consolidant was hence the least potentially damaging of all the
aqueous consolidant formulations chosen in this work.

4.4.7. Summary of polymers selected for testing

Table 4.2 summarises the properties of the polymers chosen for the consolidation
tests. The data in the table was drawn from various sources and studies, and
this has to be kept in mind when comparing the data. It is important to note
the widely varying experimental conditions under which the data was measured,
as clearly can be seen for the viscosity values, which were measured under the
conditions stated in the respective adjacent column. In many cases, some of the
sources did not provide su�cient details on the analytical methods and condi-
tions, so that the data may actually be di�cult to compare. This problem was
also pointed out by Schilling (1989), who states that Tg values published by dif-
ferent sources may not necessarily be comparable due to di�erences in measuring
parameters and methods. Therefore, the listed values for the individual polymer
properties should more generally serve as a rough guideline.

4.5. Chapter summary

The review of the materials and methods previously used to consolidate failing
and delaminating East Asian lacquer coatings has shown that a great variety
of stabilising agents have been employed for this purpose with varying results.
The consolidants ranged from waxes to natural polymers, such as gelatin-based
animal glues, starches and East Asian lacquer, to synthetic polymers based on
acrylates and diverse polyvinyl derivatives. Of all these consolidants, water-
based formulations generally appeared to be most successful. Examples of these
were protein-based adhesives of both mammalian and marine origin, isinglass in
mixtures with starch paste, as well as various polymer dispersions with relatively
high solid content. Waxes and wax-based consolidants had shown to achieve
some good results regarding the re-adhering of lifting lacquer. However, they had
also demonstrated to potentially cause further damage and problems with future
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re-treatability of the object. East Asian lacquer, applied in diluted form and
with various additives by Japanese and other East Asian conservators, reportedly
appeared to be a successful consolidant for �aking lacquer coatings. However,
due to its cross-linking nature and its assumed high strength it still remains little
accepted as a desirable consolidant in Western countries.

It was further shown that consolidants are required to serve two purposes si-
multaneously: that of penetrating into � and thus stabilising � a fragile, porous
structure, whilst also su�ciently remaining on the fracture surfaces to re-adhere
the lifting lacquer coating. In order to gain a consolidant with these properties,
several parameters can be in�uenced: the choice of polymer with a particular
molecular weight and glass transition temperature, as well as the solvent or dilu-
ent, and the solid content of the formulation, which in�uence the viscosity, surface
tension and thus the penetration ability of the consolidant.

Based on the review of the physical and chemical factors that determine the
consolidant properties, a group of polymers was chosen to be tested for their me-
chanical properties when used on delaminating and lifting protein-bound foun-
dation layers of lacquer coatings. The choice comprised polymers from di�er-
ent classes (i.e. proteins, polysaccharides, lacquer, acrylics, PVAc and PVAl)
and included both aqueous and hydrocarbon solvent-based (polar and non-polar)
formulations. The exact choice of the polymers was based on successful experi-
ences of previous research reported in the literature review and included a few
additional polymers for comparison purposes. The polymers chosen for test-
ing were cold-liquid �sh glue, hide glue, isinglass (+ wheat starch paste), East
Asian lacquer (+ wheat �our paste), ParaloidB 72 (in toluene and in acetone),
ParaloidB 48N (in toluene/xylene), Lascaux Medium for Consolidation (aque-
ous dispersion), Mowiol 3-83 (aqueous solution), Mowilith 50 (in toluene) and
MowilithDMC2 (aqueous dispersion).

105



4. Consolidation of East Asian Lacquer Objects

T
able

4.2.:
P
olym

ers
selected

for
consolidation

testing.
x

C
l
a
ss
P
o
ly
m
e
r

C
o
m
p
o
sit

io
n

M
W

d
T
g

p
H

V
isc

o
sit

y
C
o
n
d
it
io
n
s

R
e
f
e
r
e
n
c
e

x
x

x
x

[m
m
]

°C
x

[m
P
a
.s]

%
/
°C

x

I
F
ish

g
lu
e

co
ld
-w
a
ter

�
sh

p
ro
tein

6
0
0
0
0

�
-3

(tu
n
a

sk
in

g
ela

tin
)

4
.0
�
6
.0

4
0
0
0
�
6
0
0
0

4
5
%

so
lid
s
in

w
a
ter

K
rem

er
P
ig
m
en
te

(2
0
0
7
a
,

2
0
0
5
),
J
o
h
a
n
n
(2
0
0
6
),
R
a
h
m
a
n

et
a
l.
(2
0
0
8
)

I
Isin

g
la
ss

stu
rg
eo
n
b
la
d
d
er

p
ro
tein

1
5
0
0
0
0

(�
3
0
0
0
0
0
)

�
x

5
.5
�
7
.5

2
.5
-4
.3

3
.5
%

so
lid
s

a
q
./

5
5
°C

A
m
stel-P

ro
d
u
cts,

H
a
u
p
t
et

a
l.

(1
9
9
0
),
L
u
y
b
av
skay

a
(1
9
9
0
),

F
o
sk
ett

(1
9
9
4
),
H
a
u
p
t
(2
0
0
4
)

I
B
ov
in
e
h
id
e

g
lu
e

b
ov
in
e
h
id
e
p
ro
tein

4
3
0
0
0

�
7
3
0
0
0

�
5
7
(b
ov
in
e

g
ela

tin
)

6
.5
�
7
.4

8
-2
4

1
2
.5
%

so
lid
s

a
q
./

6
0
°C

L
u
y
b
av
skay

a
(1
9
9
0
),
R
a
h
m
a
n

et
a
l.
(2
0
0
8
)

+
W
h
ea
t
sta

rch

p
a
ste

a
m
y
lo
se

+

a
m
y
lo
p
ectin

4
0
0
0
0

�
6
5
0
0
0
0
;

1
0
7
�
1
0
8

3
0
�
4
0

>
ro
o
m

tem
p
.

4
.5

1
3
5

5
%

so
lid
s

a
q
./
2
5
°C

va
n
S
teen

e
a
n
d

M
a
ssch

elein
-K
lein

er
(1
9
8
0
),

H
o
rie

(1
9
8
7
,
p
.1
3
5
)
,
Z
elezn

a
k

a
n
d
H
o
sen

ey
(1
9
8
7
),
N
em

ta
n
u

a
n
d
B
ra
sov

ea
n
u
(2
0
1
0
)

II
U
ru
sh
i
(raw

)
u
ru
sh
io
l
+
p
o
ly
-

sa
cch

a
rid

es
+

g
ly
co
p
ro
tein

s
+

la
cca

se

3
1
0

(c.6
0
%
),

2
2
0
0
0
/

7
7
0
0
0

(c.7
%
)

x
9
0
�
1
3
3

<
6
.4

x
x

K
en
jo

(1
9
8
8
),
O
b
a
tay

a
et

a
l.

(2
0
0
1
,
2
0
0
2
)

(T
a
b
le
co
n
tin

u
ed

o
n
fo
llow

in
g
p
a
g
e)

106



4.5. Chapter summary

C
l
a
ss
P
o
ly
m
e
r

C
o
m
p
o
si
t
io
n

M
W

d
T
g

p
H

V
is
c
o
si
t
y

C
o
n
d
it
io
n
s

R
e
f
e
r
e
n
c
e
s

x
x

x
x

[m
m
]

°C
x

[m
P
a
.s
]

%
/
°C

x

II
Ia
)

P
a
ra
lo
id

B
7
2

E
M
A
/
M
A

(7
0
:3
0
)

6
5
0
0
0

�
4
0

(6
.4
*
)

6
0
0

2
0
0

4
0
%

in
to
l.

4
0
%

in
a
c.
,

2
5
°C

d
e
la
R
ie
(1
9
8
7
),
C
h
a
p
m
a
n
a
n
d

M
a
so
n
(2
0
0
3
),
L
a
sc
a
u
x
(2
0
0
7
a
),

D
ow

n
et

a
l.
(1
9
9
6
,
p
.2
5
)

II
Ia
)

P
a
ra
lo
id

B
4
8
N

M
M
A
/
B
A
+
D
B
P
+

a
d
h
es
io
n
p
ro
m
o
te
r

1
8
4
0
0
0

�
5
0

(3
.8
*
)

x
x

D
ow

n
et

a
l.
(1
9
9
6
,
p
.2
5
)

II
Ib
)

L
a
sc
a
u
x
M
fC

a
cr
y
li
c
es
te
r
+
M
A

es
te
r
+
st
y
re
n
e

>
3
0
0
0
0
0

0
.0
3
�
0
.3

<
4
(m
f
f
t
)

(6
.5
�
)
8
.5

1
�
5

2
5
%

a
q
.d
is
p
.

H
ed
lu
n
d
a
n
d
J
o
h
a
n
ss
o
n
(2
0
0
5
)

IV
M
ow

io
l
3
-8
3

P
V
A
l

1
4
0
0
0

�
4
0
�
8
0

5
�
5
.5

3
4
%

so
li
d
s
a
q
./

2
0
°C

C
la
ri
a
n
t
(1
9
9
9
)

V
a
)

M
ow

il
it
h
5
0

P
V
A
c

1
7
6
0
0
0

�
3
5
�
4
5

(5
.1
*
)

1
0
0
�
1
6
0

x 1
5

2
0
%

in
et
h
y
l

a
ce
ta
te
/
2
0
°C

8
.6
%

in

b
en
ze
n
e

H
o
ri
e
(1
9
8
7
,
p
.9
3
)
,
D
ow

n
et

a
l.

(1
9
9
6
,
p
.2
4
),
K
re
m
er

P
ig
m
en
te

(2
0
0
7
b
),
L
a
sc
a
u
x
(2
0
0
7
c)

V
b
)

M
ow

il
it
h

D
M
C
2

v
in
y
l
a
ce
ta
te
+

m
a
le
ic
a
ci
d

d
i-
n
-b
u
ty
le
st
er

x
0
.3
�
2
.0

1
0
�
1
5

3
.5
-5

5
0
0
0
�

1
2
0
0
0

2
5
%

a
q
.d
is
p
./

2
0
°C

d
e
W
it
te

et
a
l.
(1
9
8
4
),
L
a
sc
a
u
x

(2
0
0
7
c)
,
C
o
cc
a
et

a
l.
(2
0
0
6
)

M
W
:
w
ei
g
h
t-
av
er
a
g
e
m
o
le
cu
la
r
w
ei
g
h
t;
d
:
av
er
a
g
e
p
a
rt
ic
le
d
ia
m
et
er
;
T
g
:
g
la
ss

tr
a
n
si
ti
o
n
te
m
p
er
a
tu
re
;
M
A
:
m
et
h
y
l
a
cr
y
la
te
;
M
M
A
:
m
et
h
y
l
m
et
h
a
cr
y
la
te
;
B
A
:
b
u
ty
l
a
cr
y
la
te
;

E
M
A
:
et
h
y
l
m
et
h
a
cr
y
la
te
;
D
B
P
:
d
ib
u
ty
l
p
h
th
a
la
te

(p
la
st
ic
is
er
);
P
V
A
l:
p
o
ly
v
in
y
l
a
lc
o
h
o
l;
P
V
A
c:

p
o
ly
v
in
y
l
a
ce
ta
te
;
M
F
F
T
:
m
in
im
u
m

�
lm
-f
o
rm

in
g
te
m
p
er
a
tu
re

(u
su
a
ll
y
a
fe
w

°C
a
b
ov
e
T
g
);
to
l.
:
to
lu
en
e;
a
c.
:
a
ce
to
n
e;
so
li
d
s
a
q
.:
so
li
d
co
n
te
n
t
in

a
q
u
eo
u
s
so
lu
ti
o
n
;
a
q
.d
is
p
.:
a
q
u
eo
u
s
d
is
p
er
si
o
n
.
V
a
lu
es

m
a
rk
ed

w
it
h
a
n
a
st
er
is
k
(*
)
d
en
o
te

p
H
va
lu
es

fo
r

u
n
a
g
ed
,
d
ry

�
lm

ex
tr
a
ct
s.
V
a
lu
es

in
it
a
li
cs

d
en
o
te

th
o
se

m
ea
su
re
d
b
y
th
e
a
u
th
o
r
in

th
is
st
u
d
y.

D
et
a
il
s
p
ro
v
id
ed

in
�C
o
n
d
it
io
n
s�

co
lu
m
n
re
fe
r
to

th
e
v
is
co
si
ty

m
ea
su
re
m
en
ts
o
f

th
e
p
re
v
io
u
s
co
lu
m
n
.

107





5. Testing of Material Strength and

Fracture Behaviour

5.1. Introduction

Having identi�ed the materials responsible for and the loci of failure in the mul-
tilayered coating structure (Chapter 3), and the parameters that in�uence the
properties of a consolidant (Chapter 4), the question remains how the perfor-
mance of consolidants in situ can be tested most conveniently and e�ciently.

It is clear that a consolidant is intended to strengthen a material or composite
that has lost or is about to lose its integrity. Strength improvement, on the other
hand, is a relative measure which has been shown to be directly dependent on
the degree of initial degradation (Schniewind and Kronkright 1984). It is also
known that when layers in composite materials are consolidated, the adhesive
strength of the consolidant should not be too great, as this may induce high
stresses that can cause further damage to the structure (e.g. Nicolaus 1998). To
enable an informed choice of the most suitable consolidant for facilitating the
desired degree of stabilisation or strengthening, it is therefore vital to understand
the mechanical characteristics of the fragile structure. Furthermore, detailed
knowledge is required on the way in which these characteristics change with a
chosen treatment.

Unfortunately, for most object components this information is often unavailable
to conservators. Materials used in the production of applied arts objects gener-
ally have a strong tendency to be inhomogeneous and technical data are rarely
provided. Lacquer objects are no exception; they are based on varied natural ma-
terials assembled in complex structures, usually manufactured entirely by hand
and in processes that are neither standardised, nor necessarily recorded in su�-
cient detail to be precisely reproducible. Furthermore, by the time such objects
require conservation, these materials are mostly aged and their properties have
changed in various ways and to varying degrees. Additionally to the lack of in-
formation on the aged material, the properties of the consolidants and adhesives
available are � if at all � known only for the bulk material. When dispersed in a
porous substrate and potentially containing numerous voids, their properties are
seldom well understood.

In practical conservation it generally appears to be unfeasible to directly measure
the mechanical properties of a degraded coating. Whilst it may be technically
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possible to determine these properties, there are many practical limitations as
such tests often require sampling of original material. Any form of destructive
testing or sampling of artefacts, however, is generally to be avoided. Furthermore,
tests undertaken in limited areas or on very small samples may generate data that
are not necessarily representative or valid for a large area on an object that is
most often unevenly degraded. Su�cient tests are usually constrained, if not by
ethical considerations, then by the inaccessibility of equipment and lack of time.
Comprehensive characterisation of mechanical properties is thus rarely available
to conservators for most objects needing consolidation.

With these di�culties in gaining representative or widely valid data, it is not sur-
prising that research on the mechanical properties of East Asian lacquer coating
structures and related decorative coatings or composite materials has been rela-
tively scarce. Evaluation of the suitability and success of speci�c consolidation
treatments is still often done by personal judgement during practical handling and
by visually assessing the results several weeks, months, or even years after treat-
ment has been completed. These results are extremely valuable for conservators
and should not be neglected. Nevertheless, scienti�c analysis can assist in ascer-
taining spatial distribution of consolidants and di�erences in their strengthening
ability of a damaged structure that cannot be su�ciently determined otherwise.
The following chapter therefore discusses the considerations that led to the devel-
opment of a new testing methodology for failing, multilayered decorative coatings,
based on the analysis of their fracture behaviour before and after consolidation.

5.2. Material properties de�nitions

For the purpose of clarity, some technical terms for mechanical properties of
materials are introduced here:

Stress is de�ned as the force, P, per unit area, A0, applied to a body. On the
application of stress, a body is strained and it deforms. Strain is expressed as the
ratio of the body's change in length (L-L0) to its original length (L0), measured
in the direction of the applied stress (Fig. 5.1a). The strain can be permanent
(plastic) or recoverable (elastic).

The stress/strain curves for two di�erent materials are shown in Figure 5.1b. The
slope of the curve in the linear region is de�ned by the ratio of stress and strain
and is termed the elastic modulus, E. The higher the value of E the sti�er
the material is. The sti�ness (or rigidity) of a material denotes its resistance to
deformation upon the application of stress. For a given applied stress a material
with a low sti�ness will deform more than one with a high sti�ness. In Figure 5.1b
material a is sti�er than material b.

All solid materials behave elastically at small strains, but there is a limit to
elastic behaviour (elastic limit, yield point) beyond which the material deforms
plastically. Plastic deformation, unlike elastic deformation, is not recoverable,
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protein glue). Finally, consideration is also given to previous studies in the �eld
of conservation which involve various test methods for adhesives.

5.3.1. Properties of East Asian Lacquer �lms and coatings

Most research on lacquer coatings predominantly focuses on the analysis of the
physico-chemical nature of pure lacquer �lms, as this type of natural polymer is
of particular interest in the coating industry as a �superdurable� coating material
(Kumanotani et al. 1979; see also McSharry et al. 2007). Speci�c physical and
mechanical properties, such as glass transition temperature (Tg) and sti�ness were
determined for diverse types of pure lacquer �lms by researchers such as Kuwata
et al. (1961), Kumanotani (1995) and Obataya et al. (2002). Hisada and co-
workers (2000) tested the e�ects of curing conditions on the tensile strength and
strain at break of pure Japanese lacquer �lms, and found that ageing of lacquer
generally renders the �lms stronger, sti�er and with decreased ductility.

While these results help to characterise lacquer �lms in isolation, very few stud-
ies appear to have been undertaken on complex lacquer coating structures. Such
research of more direct practical use to conservators was undertaken by Nishiura
(1984). He investigated the failure strength of traditional, high quality, multi-
layered lacquer coatings with tensile tests, where the tensile load was applied
in the direction perpendicular to the laminar structure of the test specimens.
This study found that textile layers and the lacquer/tonoko mixtures in the foun-
dation always were the least strong layers within the coating structure. Most
importantly, however, Nishiura also acknowledged that the ageing properties and
hence the failure strength of such coatings were largely dependent on the person
who manufactured them. Great variation in the strength properties of lacquer
coatings therefore have to be expected. Kenjo (1988) further demonstrated that
the adhesive strength of lacquer �lms on wood increased signi�cantly when they
hardened more slowly at lower RH conditions, i.e. between 33% and 55% RH.
Hence, it becomes clear that lacquer used as an artist's material may generally
vary substantially in its properties and its mechanical performance.

5.3.2. Properties of �lled polymers and complex systems

The study by Nishiura (1984) and the survey presented in Chapter 3 has clearly
shown that in lacquer coating structures the layers most in danger of failure are
those consisting of mineral �ller (clay powder, tonoko) mixed with a polymeric
binder. Such foundation layers show very typical behaviour of highly �lled or
reinforced polymer systems. The mechanical properties of such composites are
strongly dependent on the �ller-to-binder ratio, usually referred to as `pigment
volume concentration'. With increasing ratio of �ller particles to binder matrix,
the sti�ness and toughness of the composite increase, whilst simultaneously its
tensile strength decreases (Zosel 1980; Mecklenburg 1991).
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Considering that foundation layers in lower-quality East Asian lacquer coatings
and those applied on export ware actually contain very limited amounts of lac-
quer and usually surrogate binders such as protein glue, parallels can be drawn
to gesso layers used on paintings and in gilding. The mechanical properties of
traditional gesso formulations have been extensively investigated by Mecklen-
burg and coworkers (1988, 1991, 1991a, 1991b, 1998, 2007) and Michalski (1991a,
1991b). Their studies looked at complex, multilayered painting structures with
all their individual components, and they analysed the mechanical behaviour of
bulk material and that of the combined system. Thus, they provided a thorough
understanding and model of the stress/strain behaviour of painting materials in
both the glassy and the rubbery phase. Many of their �ndings on the e�ect
of changing RH environments on these composite materials have already been
referred to in Chapter 3 of this work.

Regarding the in�uence that the composition of gesso has on its mechanical prop-
erties, valuable information is also provided for example by von Endt and Baker
(1991) and Mecklenburg (1991): the tensile strength of gesso layers made from
chalk and rabbit skin glue was shown to be signi�cantly lower than that of the
pure glue. Additionally, a higher �ller content increases the sti�ness of the gesso,
albeit only up to a critical �ller-to-glue ratio. The latter was established to be
around 13.3 (i.e. a pigment volume concentration of up to 85.5%) for these com-
ponents. With any further addition of chalk beyond this critical concentration,
the sti�ness of the gesso decreases. Last but not least, dimensional changes are
lower in gessos with higher proportion of �ller particles. Levels of total perma-
nent shrinkage can thus vary between 2.5 and 1.0% for gessos with chalk-to-glue
ratios of around 3 and 10 respectively.

A thorough knowledge of these property relationships helps to understand the
possible changes in material behaviour when an additional binder or consolidant
is added to the fragile foundation layer or structure. Nevertheless, suitable me-
chanical strength tests are required to gain more detailed information on the
actual changes induced. These are introduced in the following section.

5.3.3. Methods for determining the mechanical behaviour
of adhesives or consolidants

In the �eld of conservation, strength properties of materials are commonly tested
in bulk with conventional quasi-static tensile, compressive or �exural tests (e.g.
Down and Lafontaine 1980; Schniewind and Kronkright 1984; Cuany et al. 1989;
Wang and Schniewind 1985; Down et al. 1996). Moreover, adhesively bonded
joints are usually evaluated using peel, tensile or shear tests (Berger 1972; Berger
and Zeliger 1984; Shashoua 1993; Bradley 1984; Katz 1985; Down 1996; Schnie-
wind 1998 amongst others). With respect to the evaluation of consolidation
treatments of decorative layers, recent research investigated the mechanical prop-
erties of animal glues used as a consolidant/adhesive for the interface between
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gesso-layers on wood substrates with shear tests (Weinbeck 2007). Peel tests
were used to evaluate the performance of di�erent adhesives on gesso-coated can-
vas (Sindlinger-Maushardt and Petersen 2007). Similar to the failure strength
tests undertaken by Nishiura (1984) on lacquer structures reported earlier, Simon
(2001) determined the failure strength of consolidated wall paintings by simple
tensile tests using an end block attached to the top paint layer of the sample and
a spring balance.

The results gained from these conventional test methods are very useful as they
give information on the cohesive or adhesive tensile strength, elasticity and sti�-
ness of the material. This can be used to determine or estimate di�erences in the
material's performance during service. However, whilst these methods are simple
to perform, they are not necessarily most ideal for characterising materials for
conservation purposes:

Firstly, the strength values gained from conventional tests are indeed generally
dependent on the specimen geometry and exact test conditions and thus do not
allow for universal comparison of the measured data. Hence, these test meth-
ods are more commonly used as means for quality control. Secondly, these tests
often do not satisfactorily model the failure observed on real-life objects. For
example, it is easily acknowledged that an adhesive joint between two carefully
prepared, �at surfaces (as required for most conventional mechanical strength
test specimens) will perform signi�cantly di�erently from that between two frac-
tured, rough surfaces that needed consolidation and re-adhering. Furthermore,
similar reservations apply to the direction of specimen loading, i.e. whether a
tensile, compressive or sheer force is applied during testing. The loading direc-
tion strongly a�ects the forces leading to failure and thus signi�cantly in�uences
the fracture properties of the tested body. It is therefore very important to con-
sider which loading conditions in mechanical strength tests will provide stresses
that most suitably simulate those leading to failure in an object during service.
Otherwise, results may not provide information that is meaningful for practical
purposes.

A di�erent approach to the mechanical failure analysis of test specimens is o�ered
by the �eld of fracture mechanics. It investigates the loads under which a pre-
exciting �aw or crack in a material propagates and grows. Considering that
Conservation deals with materials that are usually extremely �awed and damaged,
this approach appeared to be a promising alternative to the conventional strength
test methods commonly used.
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σ =
P

A
(5.1)

The critical stress intensity factor is also known as fracture toughness, Kc, and
can be de�ned as a function of the stress applied at fracture, σa, and the length
of the �aw or crack, a (Callister, Jr. 2000, p. 199; Anderson 2005, p. 14).

Kc = σa
√
πa (5.2)

For adhesively bonded specimens or multilayer structures the stress intensity
approach is unsuitable due to the complicated interaction of dissimilar materials
in this region (River 1994). However, an equivalent criterion that can be measured
easily is the energy per unit area that the material can absorb before fracturing.
Essentially, this is a measure of the material's resistance to stress and failure, or
in other words its toughness. This energy is called fracture energy, Gc, and it
describes the driving force needed to propagate the crack through the material.
Gc varies for the di�erent loading modes. However, it is a material property
independent of the geometry of the cracked body and, ideally, even of the test
conditions.

For plane strain conditions (i.e. thick layers, where the stress �eld is triaxial as
opposed to biaxial which exists in thin layers), Gc is calculated as follows (Kinloch
1987, p. 282; Callister, Jr. 2000, pp. 116-121 ):

Gc =
K2
c

E

(
1− ν2

)
(5.3)

where E is the modulus of elasticity (Young's modulus),

E =
σ

ε
(5.4)

where ε is the strain, which is the change of length of a stressed body, ∆L, over
its original length, Lo,

ε =
∆L

Lo
(5.5)

and ν is the Poisson's ratio, the ratio of the lateral strain, εx, and the axial strain,
εy.

ν = −εx
εy

(5.6)

In isotropic materials, out of all three loading conditions, mode I requires the least
amount of energy to induce fracture (Kinloch 1987, p. 311). Consequently, mode I
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is the most serious and potentially damaging for such materials, under which a
crack always propagates perpendicular (normal) to the direction of maximum
principal tensile stress.

Indeed, East Asian lacquer coatings are anisotropic composite materials. Never-
theless, considering mode I failure in such structures is a very useful approach.
Mode I failure analysis has been applied extensively and successfully to similar
materials such as composite laminates (e.g. Hashemi et al. 1990; Bader et al.
2000; Tzetzis and Hogg 2006; Brunner et al. 2008). Like all composite laminates,
East Asian lacquer coatings most commonly fail by delamination and as shown in
Chapter 3, this failure is usually a consequence of di�erential swelling and shrink-
age of the individual layer components of the composite structure. Delamination
can essentially be regarded as the propagation of a crack parallel to the laminar
structure, which develops because the inter-laminar plane has the lowest resis-
tance to failure. Mode I cleavage therefore presents the most likely failure scenario
for a lacquer coating which provides su�cient energy to cause delamination.

5.4.1. Testing of fracture energy under mode I �
Double cantilever beam testing

The independent material property fracture energy in mode 1 loading, GIc, can
be measured with a rather simple test specimen, known as the double cantilever
beam (DCB) specimen (Fig. 5.3). DCB specimens provide data for the calcula-
tion of the energy needed to initiate crack propagation and the energy still stored
in the specimen, at which the crack ceases to grow (crack arrest energy). Also,
information is gained on the crack growth rate stability, which is particularly
interesting, because it gives an indication of whether a crack will grow catas-
trophically or slowly in a steady, tearing way. Provided that the DCB specimen
is designed with su�ciently long beams, it gives the means to evaluate the uni-
formity of the material or the adhesive bond, as crack initiation and arrest can
be observed repeatedly over a long distance.

In the past two decades, DCB tests in mode I loading have been widely used
in the �eld of composites research (e.g. Hashemi et al. 1990; Blackman et al.
1995; Bader et al. 2000; Brunner et al. 2008), the testing of wood (Yoshihara and
Kawamura 2006) or wood adhesive joints (e.g. River and Okkonen 1993; River
1994; Gagliano and Frazier 2001) and paint adhesion on wood (e.g. Knaebe and
Williams 1993). This method has also proven to be a useful tool in the evaluation
of repair treatments of �bre-reinforced composites with di�erent adhesives (Bader
et al. 2000; Tzetzis et al. 2003; Tzetzis and Hogg 2006). The great advantage of
this method is that the e�ect of di�erent consolidation treatments used on frac-
tured materials can be investigated with a single type of specimen by establishing
whether and to what extent a consolidant has an e�ect on its material properties.
A specimen can �rst be fractured, then consolidated and �nally fractured again.
Not only does one thus gain directly comparable data on the fracture toughness
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Figure 5.4.: Schematic load-displacement curve showing the initiation points NL,
VIS and MAX/5% and the propagation points for mode I loading
conditions (�gure taken from BS 7991:2001, p.14).

the test caused by take-up of play in the loading system. A linear �t to the load-
displacement curve, starting at 5% of the maximum load, determines the initial
compliance of the joint, C0. The �rst point of deviation from linearity is used
as a consistent criterion for the determination of NL. The VIS criterion uses the
�rst point at which the crack had been visually observed to have propagated as
the onset of crack growth. The third crack initiation criterion, MAX/5%, either
employs the maximum load, Pmax, on the load-displacement curve, or the inter-
cept of the load-displacement curve with the linear C0 + 5% graph as initiation
point, whichever is met �rst. C0 + 5% denotes the initial compliance increased
by 5%.

The load at the intersection point of the 5% o�set line with the load-displacement
curve, P5%, and Pmax are further used to check whether linear elastic fracture me-
chanics (LEFM) are applicable for interpreting the test results, i.e. to determine
whether the degree of nonlinear inelastic behaviour is negligible. LEFM can be
employed if the ratio of Pmax/P5% is < 1.1. This criterion means that a non-
linearity of 10% may occur before the test data are deemed too nonlinear to be
interpreted by LEFM methods (Hashemi et al. 1990). If Pmax/P5% is > 1.1 then
the test is invalid.

Mode I analysis

The fracture energy for DCB specimens, expressed as the critical energy release
rate, GIc, for elastic behaviour, is calculated with three di�erent analysis meth-
ods following BS 7991:2001. The corrected beam theory (CBT) method and the
experimental compliance method (ECM) are considered to give more accurate val-
ues of GIc than the simple beam theory (SBT) approach (Hashemi et al. 1990).
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The latter method is uncorrected and does not take rotational and shear deforma-
tions at the crack tip into account, rendering the values for GIc imprecise. This is
particularly the case if highly anisotropic substrates are used, where corrections
to the SBT are required (Blackman et al. 1991). However, the SBT method is
the only method that can be used for analysing unstable crack growth behaviour,
where CBT and ECM fail to give valid results, as not enough data points can be
gained to construct an accurate plot of compliance versus crack length.

According to the Standard, all three analysis methods are generally to be per-
formed for complete data analysis of the DCB tests.

Method 1: Simple Beam Theory (SBT)

The adhesive fracture energy can be calculated using Equation 5.7.

GIc =
P 2

2B
· dC
da

(5.7)

where P is the applied load measured during testing, B is the (bonded) width of
the specimen, a is the crack length and C is the compliance, C = δ/P , where δ
is the displacement.

Mostovoy et al. (1967) and Kinloch (1987, pp. 264-92) have shown according to
simple beam theory that for thin adhesive layers of less than 1mm thickness in
DCB specimens with beams of rectangular cross-section the following equation
applies:

dC

da
=

8

EsB

(
3a2

h3
+

1

h

)
(5.8)

where Es is the independently measured �exural modulus of the substrate.

Hence, GIc can be calculated by combining Equation 5.7 and 5.8:

GIc =
4P 2

EsB2

(
3a2

h3
+

1

h

)
(5.9)

This method, however, underestimates the compliance and the values for GIc are
not accurate. To obtain precise values for the fracture energy, correction factors
need to be introduced.

Method 2: Corrected Beam Theory (CBT)

This method uses several correction factors in the calculation of the fracture
energy in order to compensate for the e�ects of rotation and de�ection at the crack
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tip, large displacements in the test specimen and sti�ening of the substrate due
to the bonded end-blocks used to apply the load (Hashemi et al. 1990; Blackman
et al. 1991). The adhesive fracture energy is calculated using Equation 5.10.

GIc =
3Pδ

2B (a+ | ∆ |)
· F
N

(5.10)

where d is the displacement, N is the correction factor for the end-blocks, F is
the large displacement correction and ∆ is the crack-length correction.

The end-block correction factor, N , and the correction for the large displacement,
F, are given by Equations 5.11 and 5.12 respectively.

N = 1−
(
l2
a

)3

− 9

8

[
1−

(
l2
a

)2
]
· l1δ
a2
− 9

35

(
δ

a

)2

(5.11)

F = 1− 3

10

(
δ

a

)2

− 3

2

(
l1δ

a2

)
(5.12)

where l1 is the distance from the centre of the loading pin to the mid plane of the
specimen beam to which the end-block is attached, and l2 is the distance between
the centre of the loading pin and the edge of the end-block.

The crack length correction factor compensates for the e�ects of rotation and
de�ection at the crack tip, which make the crack length, a, e�ectively longer
(a+ | ∆ |) than its measured value. The correction term | ∆ | is gained experi-
mentally from the graph that plots the cube root of the normalised compliance,
(C/N) 1/3, as a function of crack length, as shown in Fig. 5.5.

As a check on the procedure, the �exural modulus, Ef , is calculated as a function
of the crack length with Equation 5.13. Ef is compared with the independently
measured �exural modulus, Es, of the substrate beams, described in Section 5.4.2.
Ef can also be obtained from the gradient of the linear graph in Fig. 5.5 (Black-
man et al. 1991).

Ef =
8 (a+ | ∆ |)3

C
N
Bh3

(5.13)
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Figure 5.5.: Determination of the crack length correction factor D for the cor-
rected beam theory (CBT) method. For the linear regression anal-
ysis, the visual point (VIS) is excluded (�gure taken from BS
7991:2001, p.15).

x

Method 3: Experimental compliance method (ECM) or
Berry's method

The compliance method calculates GIc for DCB specimens with end blocks as
shown in Equation 5.14.

GIc =
nP∆

2Ba
· F
N

(5.14)

where n is the slope of the graph plotting the logarithm of the normalised com-
pliance, log (C/N), versus the logarithm of the crack length, log a (Fig. 5.6). The
correction factors F and N are the same as for the CBT method.

Generally, all three analysis methods are to be employed for a DCB test according
to the standard. Depending on the substrate used and the stability of the crack
growth observed during testing, the most suitable method may be chosen to be
quoted after the data analysis was performed.
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5.5. Choice of materials for test specimens

In order to get a clearer understanding of the fracture behaviour of East Asian
lacquer coatings, it was decided to investigate primarily foundation layers con-
taining protein-based binder. In Chapter 3 these were shown to be a major cause
for the development of �aking coatings in export ware surveyed at the V&A Mu-
seum. Even though this type of foundation layer was often only one of several
types of layers prone to failure, it clearly appeared to be the most likely one to fail
�rst. Hence it seemed a useful starting point for the development of a strategy
to characterise these types of complex coatings in more detail.

To gain meaningful answers to the question of how much energy is needed to frac-
ture a protein-bound foundation layer or its interface with the wood substrate, it
was vital to simplify the tested system to the extent that any in�uences on the
material's behaviour could be clearly ascertained and controlled. This meant that
DCB specimens had to be designed which contained animal glue-bound founda-
tion as an `adhesive' layer between the two wooden beams. Following on from
this very simpli�ed structure, the intention was to test a second set of samples
which incorporated an additional lacquer layer between the foundation and one
of the wooden beams. This second set would provide information on whether the
foundation failed di�erently if coated with lacquer, i.e. when incorporated in a
multilayered composite structure.

Accelerated ageing versus mechanical replication of damage

It has been acknowledged at the beginning of this chapter in Section 5.1 that
the properties of aged materials in objects are di�cult to characterise. To some
extent, the same applies to materials that are arti�cially aged in a laboratory
environment. Determining the `correct' parameters for accelerated ageing exper-
iments to give a desired result, is extremely di�cult, time-consuming, and often
requires sophisticated � and thus expensive � equipment. Research by Feller
(1987; 1994) and others (e.g. Berger and Zeliger 1984; Thei 2010) have clearly
shown that the arti�cial replication of speci�c degradation and failure patterns
require extensive investigations, which in the end may still only produce speci-
mens that have indeed the correct appearance, but not necessarily the appropriate
physical and chemical properties. This is a common di�culty associated with any
accelerated ageing technique, as the accelerating methodology may cause failure
processes that are never seen to occur in real objects.

With new materials or newly produced objects, this is less of an issue. If sourced
or manufactured in a reproducible manner, new materials can be characterised
more consistently. With the knowledge of how these materials generally change
during natural ageing and deterioration � information on which can at least partly
be gained from respective literature � it is possible to predict a general trend of
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how they are likely to behave with increasing age. `Baseline' values for proper-
ties can be provided for new materials, which are assumed to characterise `best
possible behaviour' of the material (as it is still unaged). These present a realis-
tic starting point from which generally known property changes will occur with
time. Hence, this approach may allow conservators to attempt a more informed
estimate on the altered characteristics of the aged material they are dealing with
eventually.

To gain suitably damaged specimens for testing, an alternative approach can be
that of directly inducing mechanical action on the specimens. In this research,
it was aimed to test the scope of the proposed DCB method for replicating the
damage patterns observed on real life objects to create specimens bearing great
physical resemblance to these objects. The following two chapters present the
manufacture of the test specimens and the results of these replication trials in
more detail.
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Behaviour �

Materials and Methods

6.1. Preparation of test specimens

Test specimens were designed and prepared in a procedure that was partly based
on traditional recipes, but was adapted so as to provide the means for more
controlled uniformity and reproducibility. Although it would have been possible
to utilise original East Asian substrates and materials for the manufacture of test
specimens, it was considered that their use would not have signi�cantly improved
the validity of this research. East Asian materials used for export-lacquer ware,
such as hide glue or even some woods, are very similar to the ones supplied in
central Europe, and very often, both origins do not necessarily provide much
detailed technical information about their products. Hence these materials may
vary substantially between suppliers or even between individual batches. For the
manufacture of test specimens it was therefore decided to use Western materials
as far as possible (single batches), to reduce not only costs but also to have
available as much technical information on the materials as possible.

6.1.1. Double Cantilever Beam (DCB) specimens for initial
testing

Wood preparation

For the substrate, a softwood was chosen with similar mechanical properties to
that of Japanese cypress (Chamaecyparis obtusa), which is known as hinoki in
Japanese (see AppendixB for speci�cations). The beams (substrates) for the
DCB specimens were prepared from a thick, �at sawn, �nely grained, knot-free
and well seasoned log of Québec yellow pine (White pine, Pinus strobus) which
had approximate dimensions of 650mm (grain direction) by 300mm (tangential
face) by 78mm (radial direction).

From this, thin boards (laminae) of 5mm thickness were cut at an approximate 3°
angle to the wood grain with a circular saw (Fig. 6.1). Grain angle was determined
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Figure 6.1.: a) Cutting of laminae from pine wood log at a 3° angle to the wood
grain, b) pairing of consecutive lamina boards showing V-shaped
alignment of wood grain on radial surface (c).

on the tangential surface and parallel lines were drawn to assist cutting. This was
to ensure a consistent modulus of elasticity (E) in each beam and helped direct
the crack away from the substrates during testing. Previous research had shown
that grain angles between 3° and 10° achieve this purpose successfully (Knaebe
and Williams 1993).

The thin laminae were consecutively numbered, further planed to 4mm thickness
and cut each into 4 short boards of 150mm length. Each individual small board
was allocated an identi�cation code comprising the number of the original lamina
and a number indicating its position within the original board. Two boards with
consecutive lamina numbers and identical position numbers were then paired
together by placing them on top of each other and �ipping the panel with the
uneven number over its long side. This alignment ensured that the grain angle of
the tangential surfaces of both plates was directed in a `V'-shape towards their
boundary (Fig. 6.1). The end of each specimen board at the open side of the
`V' was marked 40mm from its edge for later positioning of a starter foil during
bonding. The thickness of each board was measured using Vernier callipers in 3
places 30mm from each narrow end and in two places in the centre area of the
board. The thickness values were recorded to the nearest 0.01mm and the values
were averaged for 3 (or 2) data points in the length direction of the board.
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Preparation and application of foundation layer

The available literature does not provide precise details for the manufacture of
animal glue/tonoko foundations other than simply naming the general ingredients
(e.g. Quin 1882/1995, p. 21 or Stephan 1927). Therefore, experience from
the preparation of gilding gesso and recommendations of two Japanese lacquer
specialists, Kitagawa and Kautsch, were adopted and slightly adapted for more
controlled handling of the materials. Bovine hide glue (Kremer) was chosen as a
substitute for sanzenbon nikawa (�Three Thousand Sticks Glue�) that is typically
used in Japan. Both these glues are based on bovine hide collagen. Whilst reliable
technical information on sanzenbon nikawa is rarely obtainable, bovine hide glues
can be purchased from European suppliers o�ering more detailed information,
such as gel strength and viscosity. Choosing hide glue from European suppliers
renders the manufacture of test specimens more controlled and thus reproducible.

Two di�erent types of specimen boards were manufactured by bonding together
two 78mm wide pine boards. From these, three individual DCB specimens of 20
mm width were subsequently cut. TypeA specimens were intended for testing the
fracture properties of a protein-bound foundation layer that had a wood interface
on both sides of the layer. TypeB specimens were manufactured with a wood�
foundation interface on one side and a foundation�lacquer interface on the other,
which re�ected more realistically the situation on real life lacquer objects.

DCB Specimens TypeA (with foundation layer only) A 10 weight %
(wt%) solution of bovine hide glue was prepared by soaking dry glue pearls
in deionised water overnight and then heating the solution in a bain-marie at
60 (± 1) °C water temperature for 30 minutes. The solution was strained through
a clean cotton cloth to remove remaining particles and the froth that had devel-
oped upon �rst heating. Finely ground and sieved (through 15 den polyamide
tights) Japanese tonoko clay powder was slowly added to the glue solution at a
weight (wt) ratio of 1:1, and the mixture was carefully stirred without introducing
air bubbles, whilst being kept heated in the bain-marie. It is worth mentioning at
this point that previous trials for the manufacture of homogeneous test specimens
had shown that tonoko/glue solution ratios higher than 1:1 and up to 1.15 parts
of clay powder lead to problems with the even application of consecutive layers,
as the paste becomes too sti� too fast upon spreading on a previously applied
foundation surface. The 1:1 tonoko/glue mixture had a consistency similar to
gesso solutions used in gilding (e.g. Michalski 1991a) and was convenient to ap-
ply in an even manner. The foundation mixture was then �ltered through �ne
gauze (15 den polyamide tights) and swiftly applied in a layer of about 1 mm
thickness to the surfaces of each pair of boards with a large, soft-haired brush.
Care was taken not to introduce bubbles into the liquid foundation mixture dur-
ing application. On the previously marked end of one board a 12.5 mm thick
polytetra�uoroethylene (PTFE, Te�on) starter foil was placed and two stainless
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steel wires with a diameter of 0.25mm were positioned at each end of the spec-
imen as spacers, before the two boards were carefully placed together starting
from one end to prevent the entrapment of air bubbles in the joint. The bonded
specimen board was then immediately placed in a steel press that had been pre-
warmed to 30 °C, and it was left under a pressure of approximately 0.4MPa at
room temperature of 21.0 (± 1.5) °C for 16 hours.

DCB Specimens TypeB (with foundation layer and a lacquer coating)
For the second type of specimens the foundation was applied with the same tech-
nique to a further eight boards, but this time only to those ones of a board pair
that were marked with an odd number. The second board remained untouched.
The �rst foundation layer was left to dry for 24 hours at 21.0 (± 1.5) °C before
the surface was lightly sanded with dry 150 grit (#) emery-paper to reduce un-
evenness. A second layer of freshly prepared foundation was then applied in the
same way as described above, and the coated panels were left to dry for several
days. The fully dried foundation layer was ground with #150 emery-paper until
the surface was even.

After the excess dust had been wiped o� the surface with a dry, clean cloth, a layer
of ki-urushi was applied to the foundation surface with a V-shaped urushi brush
(kiridashi hake), following a strict application routine based on Japanese tradition
to allow even distribution of the lacquer (Fig. 6.2). Application was undertaken
at room temperature of 21.0 (± 1.5) °C and 37.0 (± 1.5)%RH. A PTFE starter
foil was placed on the fresh lacquer coat in the same position at one end of the
specimen board as described for type A specimens, and the boards were placed
inside a humidity box at 74.0 (± 1.5)%RH at 21.0 (± 1.5) °C for polymerisation
of the lacquer. The boards were left in the humidity box for 1-2 days, then
removed and exposed to room temperature at around 50%RH. As the wood of
the thin lacquered boards had swollen slightly in the high RH environment and
thus showed a small degree of concave warping towards the lacquered surface,
the coated panels were given two days to relax back into their original �at state
before a second layer of ki-urushi was applied in the same manner as before.
Polymerisation of the second layer in the high RH environment was followed by
the same relaxation routine at around 50%RH at room temperature for two
days. The dried urushi lacquer surface was then polished with a #800 Japanese
grindstone and a small amount of water to remove enclosed dust particles from
the lacquer surface. A third, fourth and �fth layer of ki-urushi were consecutively
applied in the same manner. The �nal polymerisation time after application of
the �fth lacquer layer was one week in the high RH box and relaxation at room
temperature around 50%RH for a further 3 weeks. The matching untreated wood
board for each coated specimen board was �nally glued onto the lacquer surface
with Araldite 2015 (epoxy resin) adhesive thinly spread on both joint surfaces,
and the specimen was placed in a press at approximately 0.6MPa pressure at
room temperature for 24 hours.
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Figure 6.2.: Direction of brush strokes during application of urushi lacquer (1.-
4.) to ensure even spreading (method based on Japanese tradi-
tion;Kurimoto 2001).

Cutting and conditioning of DCB specimens

DCB specimen typeA After curing the foundation for 16 hours, the bonded
laminate boards were removed from the press and cut into individual specimens
with a band-saw. Each board yielded 3 specimens of 21mm width, which were
then ground to a �nal width of 20mm. As slight variations in the nominal
dimensions could not be avoided, the actual width of each specimen was measured
in 3 places, 30mm from both ends and in the middle, with the mean value being
recorded for each specimen. All specimens were individually coded with the
laminate board number and their position number within each board. Altogether
60 DCB specimens were prepared (5 sets of 12 specimens each).

The specimens were dried and conditioned in two stages: directly after cutting
they were �rst placed into a closed environment of near 0% relative humidity
(RH) at 21 °C temperature for 6 hours to increase the moisture gradient within
the specimen. This led to accelerated initial drying. The length of time for this
initial drying period was determined from preliminary drying tests, conducted
to avoid �over-drying� of the test specimens. Preliminary specimens had been
placed in a near 0%RH environment for a period of twelve hours, during which
time their weight was monitored at close time intervals. The drying cycle was
then followed by continuous exposure to 53.0 (± 1.5)%RH at 21.0 (± 1.5) °C for
several months during which the weight changes of the samples were recorded at
increasing intervals (Graph 6.3a). In order to �nd a suitable time span for accel-
erated drying at low relative humidity, the intersection point of the desorption
curve (in the area of accelerated drying) and the specimen mass at a preliminary
equilibration level was determined. This preliminary equilibration level was set
at 25 days, as the specimens showed only very small weight changes after this
drying period. Hence, the intersection point of the graphs at 6 hours (0.25 days)
was taken as a suitable time span for accelerated drying (Graph 6.3b).

After initial drying at near 0%RH, the DCB specimens were moved into a
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6.1.2. Consolidation of fractured DCB specimens

After initial cracking of the DCB specimens, all specimens were randomly grouped
together in sets of four specimens each. Every set was allocated a consolidant.
One further set of specimens was used to measure the �exural modulus of the
wooden beams, which involved the additional �exing of the beams after initial
cracking. This rendered these specimens incomparable with the remaining sets
and hence the �exed specimens were entirely abandoned for further consolidation
and testing.

Consolidants

Table 6.1 lists the consolidants chosen from each individual class as introduced in
Section 6.1.4 . The individual polymer concentrations were selected so that the
formulations had roughly comparable working properties, such as su�ciently low
viscosity to allow even spreadability, and were able to bond the specimens without
their failing during simple handling. The working properties were determined in
pre-tests. Viscosities varied between the formulations, but it was tried to keep
them as similar as possible within each consolidant class.

Preparation of consolidants

Set No. 01 Salianski Isinglass (class I) Raw, dried Salianski isinglass
bladder (Kremer) was cut into small pieces and soaked in cold deionised wa-
ter at a weight ratio of 1:9. After soaking for 16 hours the mixture was heated in
a bain-marie at 68 (± 1) °C for 3 hours, then �ltered through �ne gauze (15 den
polyamide tights) and poured thinly onto Melinex polyester �lm for drying (Przy-
bylo 2006; Przybylo 2007). Fresh isinglass glue solution was prepared from the
dried isinglass �lm with deionised water at a 10wt% concentration and heated in
a bain-marie at a water temperature of 60 (± 1)°C for a few minutes until liquid.
Fast Green stain powder (Merck) was added to the glue solution at a concen-
tration of 0.2wt% to enable visual tracking of the consolidant distribution in
cross-sections after consolidation. The solution had a pH of 5.5.

Set No. 02 Fish Glue (class I) Cold-liquid �sh glue (Lee Valley) was
diluted with deionised water to a concentration of 25% solid content. The pH of
the solution was determined as 4.5. Fast Green stain powder was added to the
glue solution at a concentration of 0.2wt%.

Set No. 03 Bovine Hide Glue (class I) Bovine hide glue in cubes (Kremer)
was soaked overnight in deionised water at a concentration of 10wt% and then
heated in a bain-marie at a water temperature of 60 (± 1)°C for 30 minutes. The

134



6.1. Preparation of test specimens

Table 6.1.: Selection of consolidant formulations.

Class Set Consolidant Concen-

tration

Solvent/

Diluent

Refs. (amongst

others)

I 01 Salianski

isinglass

10wt% Deionised

water

Miklin-Kniefacz (1995)

I 02 Lee Valley �sh

glue

22.5wt% Deionised

water

Breu and

Miklin-Kniefacz

(1995), Webb (1998),

Breidenstein (2002)

I 03 Bovine hide

glue

10wt% Deionised

water

Miklin-Kniefacz

(1995), Kato (1988)

I+ 04 Isinglass/wheat

starch (shofu)

10wt% and

16.6wt%, 1:1

Deionised

water

Breidenstein (2000),

Springob (2001)

II+ 05 Mugi-urushi 2:1 (by wt.) Exxsol

80-110

Matsumoto and

Kitamura (2008)

II 06 Ki-urushi 2:1 (by wt.) HAN 8070 Yamasaki and

Nishikawa (1970),

Matsumoto and

Kitamura (2008)

III a) 07A Paraloid B 72 25wt% Toluene Yamasaki (1957),

Chase (1988), Chase

et al. (1988)

07B Paraloid B 72 20wt% Acetone Gillis (1998)

III a) 08 Paraloid

B 48N

25wt% Tol./xylene

1:1 (by wt.)

III b) 09 Medium for

Consolidation

25% solid

content

� Hedlund and

Johansson (2005)

IV 10 Mowiol 3-83 25wt% Deionised

water

Yamasaki (1957)

Va) 11 Mowilith 50 20wt% Toluene Hagedorn (2002)

Vb) 12 Mowilith

DMC2

10% solid

content

Deionised

water
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solution had a pH of 6. Fast Green stain powder was added to the glue solution
at a concentration of 0.2wt%.

Set No. 04 Wheat Starch (shofu) and Salianski Isinglass (class I+)
Japanese precipitated � i.e. gluten free � wheat starch (Paper Nao) was prepared
at a ratio of 1:5 by volume (16.6% by weight) with deionised water and cooked
based on instructions recommended by Merryl Huxtable from the V&AMuseum's
Paper Conservation Department (personal communication). The mixture was
gradually heated in a pan under constant and vigorous stirring, and was cooked
for 15 minutes at high heat until the paste turned translucent. The paste was
taken o� the heat and left to stand stirring for another 10 minutes before it
was transferred into a glass container and cooled down completely. Before use
as a consolidant, the cool paste was pressed through �ne gauze (double layer of
moderately stretched 15 den polyamide tights). It was further mixed at a weight
ratio of 1:1 with a 10wt% isinglass solution stained with 0.1wt% of Fast Green,
yielding a smooth thin paste with an overall solid content of 13.3wt%.

Set No. 05 Mugi-urushi (class II+) For mugi-urushi, Japanese medium
strength wheat �our (provided by Y. Yamashita, V&A) was prepared as a paste,
adding 1 part by weight of deionised water to 2 parts of Japanese medium strength
wheat �our. The �our paste (66.6% solid content) was mixed with a spatula,
kneaded with the �ngers until smooth and left to stand for 30 min. The paste
was further mixed with �ltered ki-urushi at a weight ratio of 1:2. The ki-urushi
was of Chinese origin (Watanabe-Shoten) and is assumed to have a solid content
(i.e. urushiol, plants gums, glycoproteins and enzymes) in water of around 70%
(Kumanotani 1995). Finally, the urushi/�our paste was diluted with Exxsol 80-
110 (Exxon Mobil) at a weight ratio of 2:1 (rendering an approximate dispersion
concentration of 46%).

Set No. 06 Ki-urushi (class II) Chinese ki-urushi (Watanabe Shoten) was
mixed with an aromatic hydrocarbon solvent based on petroleum ether, HAN8070,
at a ratio of 2:1 by weight.

Set No. 07 ParaloidB 72 (class III a) ParaloidB 72 (Conservation Resour-
ces) was dissolved in toluene (for typeA specimens) and in acetone (for typeB
specimens) at a concentration of 25wt%. Each solution was prepared by sus-
pending in the solvent for 24 hours a cotton gauze sachet �lled with the acrylate
granules until the resin had dissolved completely.

Set No. 08 ParaloidB 48N (class III a) ParaloidB 48N (Conservation Re-
sources) was dissolved in a solvent mix of 50wt% toluene (methylbenzene) to
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50wt% xylene (dimethylbenzenes) at a concentration of 25wt% and pre-stained
before application with 0.1wt% of SolventBlueG dye (Town End Leeds).

Set No. 09 Lascaux Medium for Consolidation (class III b) Lascaux
Medium for Consolidation (Kremer) was used as an undiluted aqueous dispersion
containing 25% of dispersed solids, as provided by the supplier. The pH of the
solution was measured as pH 7.

Set No. 10 Mowiol 3-83 (class IV) Mowiol 3-83 granules (Kremer) were
dissolved in deionised water at a solution concentration of 20wt%. As the so-
lution still contained highly swollen, undissolved particles after several hours of
continuous stirring at around 21 °C, the solution was brie�y heated to 90 °C for 2
min, according to recommendations by Clariant (1999, p. C2.1), until full disso-
lution of the swollen resin particles was achieved. The poly(vinyl alcohol) (PVAl)
solution was then left to cool down to room temperature before use, and a pH of
5 was measured.

Set No. 11 Mowilith 50 (class V a) Mowilith 50 (Kremer) was prepared in
toluene at 25wt% solution concentration by suspending a cotton gauze sachet
�lled with the polyvinyl acetate granules in the solvent for 48 hours until complete
dissolution occurred.

Set No. 12 MowilithDMC2 (class Vb) The aqueous PVAC dispersion
Mowilith DMC2 (Kremer), provided by the supplier at a 50% solid content, was
diluted with deionised water to a 10wt% concentration of solids. The diluted
dispersion had a pH of 3.5.

Application of consolidants, clamping and equilibration

All solutions and dispersions were applied with a 20mm wide bristle brush to
both fracture surfaces of each DCB specimen. Application was executed with 3
brush strokes of a freshly loaded brush for each fracture surface to facilitate even
consolidant distribution. The two substrates were then placed together starting
from the end of the inserted starter foil to prevent enclosure of air bubbles, and
the DCB specimen was placed under a weight, exerting a pressure of 23 kPa. The
pressing time at room temperature depended on the type of consolidant used:
solvent-based consolidants were pressed for 1 week inside a fume cupboard, whilst
urushi -containing consolidants were pressed for 1 week in a humidity-controlled
chamber at 73.0 (± 1.5)% RH. All other specimens consolidated with water-based
adhesives were left in the press at ambient room environment for 2 days. Only
the specimens consolidated with Mowiol 3-83 were pressed for 7 days, as previous
consolidation tests had shown that longer pressing time was required.
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After initial drying in the press, all the specimens were secured at both ends
with small clamps, moved into conditioned chambers at 53.0 (± 1.5)%RH and a
temperature of 21.0 (± 1.5) °C. Equilibration of the specimens was monitored by
weighing them at regular intervals until their mass ceased to change signi�cantly
(changes < 0.0015% per 24 hours). The typeA and B specimens were kept in the
equilibration chamber for 21/2 and 31/2 months respectively until testing. (The
varying equilibration times for the two specimen types had no particular technical
reason, and were merely a consequence of testing equipment availability.)

6.1.3. Specimens for tensile and compression testing

Foundation

Tensile specimens The gesso-type foundation mixture, prepared to the speci-
�cations given in Section 6.1.1, was cast into silicone rubber moulds with dogbone-
shaped recesses of 450 mm depth. The surface was drawn down smooth with a
razor blade. After drying for 6 hours at room temperature of around 21 °C,
the specimens were carefully lifted from the mould with a thin razor blade. At
this stage, the �lms still contained su�cient moisture to provide �exibility and
to prevent damage of the specimens. Due to the shrinkage of the foundation
matrix during drying, however, the dogbone-shaped specimens had developed a
pronounced meniscus along the edges rendering them with irregular thickness.
Therefore, the specimens were cut with a sharp blade to a smaller rectangular
shape of 70mm x 6mm in dimensions, making use of the �at centre area of the
specimen. Sample dimensions and preparation for testing followed a procedure
speci�ed by Hagan (2009). To provide a rigid gripping surface for mounting the
thin �lms in the testing equipment, paper tabs were bonded to each narrow end of
the rectangular specimen with sparingly-applied cyanoacrylate adhesive, leaving
a free gauge length of 60mm and ensuring a length to width specimen dimension
of 10:1. Care was taken not to use too much adhesive to avoid contamination
of the gauge length section of the specimen. The specimens were equilibrated to
53.0 (± 1.5)%RH at 21.0 (± 1.5) °C for several months.

Before testing, the thickness of all prepared specimens was measured with a mi-
crometer in three positions within the gauge length. The mean thickness value for
each specimen, which typically ranged between 350�380 (± 5) mm, was determined
to establish the specimen's initial cross-sectional area.

Compression specimens Compression specimens were manufactured with the
same type of foundation mixture that was used for the tensile specimens. The
freshly prepared hide glue/tonoko mixture was cast into cylindrical silicone rub-
ber moulds of 15mm diameter and 3mm depth. As problems arose with cracking
caused by too rapid drying at conditions of 21 °C and approximately 50%RH,
evaporation of the water contained in the cast specimens was delayed by covering
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(a) (b)

Figure 6.5.: Foundation compression specimens. (a) Unsuccessful attempt of pro-
ducing specimens using foundation with a lower water content (16.5%
glue solution concentration). (b) Foundation specimens made with
10% glue solution concentration after grinding of circular surfaces
(grid in background equals 10mm square)

the mould with cling �lm. Small holes in the �lm ensured adequate ventilation
and e�ectively prevented the development of cracks within the body of the spec-
imens. Nevertheless, the specimens shrank slightly during drying and separated
from the side walls of the mould, creating slightly rough and concave surfaces on
the periphery. The specimens were ground and polished with emery paper and
Micro-mesh (Kremer) on their circular faces to render them absolutely parallel
before being equilibrated to 53.0 (± 1.5)%RH at 21.0 (± 1.5) °C for three months
(Fig. 6.5a).

Trials with foundation formulations having lower water content but the same
(dry) glue-protein to �ller ratio were unsuccessful. Even a small reduction of
water corrupted adequate dispersion of the �ller particles in the glue solution,
allowing only a maximum glue solution concentration of 16.5%, provided the
original ratio of dry glue to �ller was retained. The large surface area of the
�ne �ller particles apparently requires a large amount of water for appropriate
wetting. Specimens with reduced water content also appeared to develop more
pronounced cracking during drying (Fig. 6.5a).

6.1.4. Replication of lifting lacquer for empirical
consolidation testing

Small pine boards of 4 mm thickness were prepared with two layers of hide
glue/tonoko foundation and coated with 5 layers of Chinese urushi lacquer accord-
ing to the procedure described in Section 6.1.1 . After hardening of the lacquer,
the boards were cut by hand with a �ne hardwood backsaw into small individual
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(a) Specimen design with 4 incisions to facilitate
lifting of the coating

(b) Successfully replicated lifting lacquer

Figure 6.6.: Replication of lifting export lacquer coatings

samples of approximately 60 mm x 35 mm in size, and were conditioned under
laboratory conditions at room temperature and circa 50%RH for two months.
The specimens were then placed in an RH-controlled chamber and exposed to
100%RH for 2 days until the lacquer �lm and foundation layer had softened
su�ciently so that 4 incisions of approximately 10-15mm length could easily be
made with a razor blade through the coating down to the wood (Fig. 6.6a). These
cuts were intended to facilitate lifting of the coating during further cycling which
was executed at relative humidities of near 0% and 100% until extensive lifting
occurred. The type of cracking and lifting produced on these lacquer coatings
resembled the type of damage frequently seen on lower quality Japanese lacquer
ware and on Chinese lacquer objects (see Chapter 3).

Unsuccessful approaches

During trial runs intended to establish a method and appropriate cycling condi-
tions that would give successful results, it became clear that the replication of
lifting lacquer was more di�cult to achieve than originally expected. The �rst
trial tests, where specimens were wrapped in a wet cloth for 4-5 hours before
drying at room temperature in an unconditioned, dry laboratory environment at
around 21 °C, initially gave very promising results, which even appeared to be
reproducible. However, while at �rst several specimens were successfully dete-
riorated in this way on di�erent occasions, reliable replication turned out to be
impossible in the long run.

A second way of replicating lifting lacquer was tried, during which the sam-
ples were not directly exposed to water, but to a high humidity environment of
100%RH in cyclic change with near 0%RH. These conditions were achieved by
placing the specimens in small chambers, in which RH was controlled by dessi-
cated silica gel (Merck) for extremely dry conditions, and by wet towels to achieve
maximum RH. Specimens were humidi�ed for the same time period as they were
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dried out, with cycles lasting between 3 and 4 days, alternating every week. The
entire cycling procedure was repeated over 6 weeks, although with very limited
success. Only some of the outermost edges of the specimens' four corners and the
incisions in the coating had started to lift very slightly. However the lifted areas
were not su�ciently large to perform useful consolidation tests.

Slightly more successful results were gained when specimens were exposed to high
humidity for much longer periods than just 3-4 days. Wet cycles were extended
to 2-3 weeks and dry cycles to 5 days over a period of 3 months. Unfortunately,
this cycling encouraged mould growth on the specimens. With the return to
an environment of 53%RH, the small wood boards also developed signi�cant
concave distortion towards their uncoated underside, despite being cut in radial
direction of the growth rings. Nevertheless, these conditions �nally did produce
su�ciently lifting lacquer coatings, even though the lifting was less pronounced
as in the initial lot produced under `uncontrolled' conditions.

The best results were produced rather unintentionally, when specimens were kept
(and accidentally forgotten) in a humid environment for two months, and mould
had grown on the surfaces. When subsequently exposed to the dry RH conditions,
extensive lifting of the lacquer coating developed within minutes, as shown in
Figure 6.6b.

Discussion of replication method

The types of wood boards used for the initial tests were two pieces of pine wood
of unknown origin purchased at a DIY store, the �rst of which had �ne, narrow
annual growth rings, whilst the other showed much more pronounced and wider
late wood grain. They further di�ered in the direction of cut relative to the
growth rings as well as in their relative content of pine resin. These di�erences
may well have played a vital role in their unequal behaviour, in that the samples
may have experienced di�erent degrees of dimensional changes during cycling and
varying adhesion between substrate and coating.

In summary it can be stated that the arti�cial production of lacquer damage
under controlled conditions is not a straight forward task. Even in very simple
export lacquer structures that consist of a wood substrate, animal glue-bound
foundation and East Asian lacquer, several factors seem to play a vital role for
the overall mechanical performance of the coating structure:

� the type of pine wood used as substrate (including its state of seasoning, di-
mensions and direction of growth rings, and possibly the presence of natural
resin)

� the total number of dry and wet cycles

� and the time length for each cycle.

In order to produce specimens with lifting lacquer for consolidation tests, more
research into a suitable and reproducible method is necessary. In this work, time
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constraints did not allow for a continued investigation of an improved method.
Therefore, the specimens from the initial lot produced under `uncontrolled' con-
ditions and the �nal `accidental' trial run were used for further practical testing,
even though they were neither produced under identical or even comparable con-
ditions, nor under fully controlled circumstances. This is taken into account in
the interpretation of the results.

Consolidation of lifting lacquer

Due to the limited number of samples available, only one single small board could
be tested per consolidant. The choice and preparation of the consolidants followed
the methods described in Section 6.1.2.

The lacquer specimens had been conditioned in a 53.0 (± 0.5)%RH environment
at room temperature, before being exposed to 73.0 (± 0.5)% RH for 16 hours,
allowing the lifted coating to gently soften. Application of the consolidants was
undertaken with small, �at nylon hair paint brushes (Daler-Rowney) and the en-
tire area to be consolidated was generously covered with liquid consolidant. The
lifting �akes were carefully pressed down with a `sandwich'-structure of Melinex
/1mm thin, clear silicone sheet / 2mm Perspex sheet / 2mm clear silicone sheet
with the traditional Japanese shimbari method. The clamping method that uses
thin bamboo sticks braced between an objects surface and a wooden frame sur-
rounding the object was chosen, because the small lacquer boards had distorted
in concave shape towards their back side. Hence, for such specimens conventional
clamping in a �at press would not have been appropriate. The advantage of shim-
bari sticks is that they de�ect elastically in the lateral direction during buckling
under compression, and thus show no signi�cant change in load which they exert
on their contact area. This means that the sticks kept exerting approximately the
same amount of pressure on the distorted sample boards, even whilst the latter
gradually �attened under the applied load.

Ten sticks, providing a pressure of approximately 15 kPa, were braced between
the silicone/Melinex sandwich block and a wooden frame surrounding the sample.
Pressing times for the individual consolidants were the same as those for the DCB
specimens given in Section 6.1.2 . After initial drying, the specimens were placed
for further drying in an environmentally controlled chamber at 53.0 (± 0.5)%
RH and 21.0 (± 1.5) °C for two months. This was followed by cyclic exposure to
73.0 (± 0.5)%RH, controlled with saturated table salt (sodium chloride + sodium
ferrocyanide) solution, and 22.5 (± 0.5)%RH, controlled with saturated potas-
sium acetate solution, for three and a half days each in alternating sequence.
The full wet-dry cycles were repeated eight times, over eight weeks. All four
surfaces on the sides of the specimen boards (i.e. where the coating could be seen
in cross-section) were monitored and photographed before consolidation, after
initial drying (before cycling) and after cycling: This was to monitor changes in
the appearance of the adhered joints and to evaluate any possible failure of the
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consolidants, which would have induced renewed delamination and lifting of the
coating structure.

6.2. Mechanical properties testing

6.2.1. Mode I fracture tests

Four DCB specimens for each type of consolidation treatment were tested on an
Instron 5584 universal testing machine �tted with a 5 kN loadcell. This measured
the load to an uncertainty of better than 0.5%. The specimens were mounted
in the testing machine �xture with 8mm diameter pins. As the specimens were
very lightweight, there was no need to support them to remain orthogonal to
the loading path during testing. The tests were run at a monotonic cross-head
displacement rate of 0.3mm/min.

The load, P , crack length, a, displacement, δ, and pip count were electronically
recorded using the Bluehill software. Due to the hygroscopic nature of the test
specimens, all tests were undertaken within a controlled humidity chamber at
53.0 (± 0.5)%RH and 21 (± 1) °C. Humidity was controlled with saturated mag-
nesium nitrate salt solution, and a small computer case fan provided adequate
circulation. After mounting the DCB specimen in the testing machine �xture,
the test was not started for another 30 minutes to allow the conditions within
the chamber to revert back to their equilibration level of around 53%RH. The
setup is shown in Fig. 6.7 .

Crack propagation during testing was observed with a travelling microscope to
an accuracy of < ±0.5mm and was manually recorded with a pip for every 1 mm
increment. Crack length was monitored over a distance of at least 70mm from
the precrack.

As the fracture energy during crack initiation is signi�cantly in�uenced by the
radius of the crack tip (Kinloch and Williams 1980) it is necessary to ensure
coherence between all the joints investigated. Therefore, all DCB specimens were
initially precracked a few millimetres beyond the end of the starter foil, to create
a sharp crack tip, as recommended by the British Standard (Fig. 6.8a). The
test was then stopped and the specimen was completely unloaded at a rate of
5mm/min before being reloaded for the actual test (Fig. 6.8b). At the end of
the test, the specimen was unloaded again to check whether a signi�cant o�set
displacement had occurred, which would indicate that plastic deformation had
taken place in the specimen substrate. Due to the low loads applied during testing
and the elasticity of the wood substrate it was however expected that no plastic
deformation of the substrate beams would occur.
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(a) Overall view of setup with 5 kN loadcell
and environmentally controlled chamber.

(b) Detail showing a DCB specimen being
tested in mode I inside the RH cham-
ber.

Figure 6.7.: Instron 5584 universal testing machine setup for DCB testing in con-
trolled environment with humidity chamber.

(a) DCB specimen, with scale and end blocks
attached, during pre-cracking.

(b) DCB specimen during testing with crack
propagation in tensile loading.

Figure 6.8.: Principle of DCB testing.
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Description of failure patterns

The general failure patterns (failure loci) shown on the fracture surfaces of the
DCB specimens were characterised following the de�nitions given by the British
Standard BS EN ISO 10365 (1995). Table 6.2 summarises the possible failure
patterns for the DCB specimens used in this study.

The possible failure patterns for both initial and second-phase fracture after con-
solidation di�ered for the typeA and B DCB specimens.

Data analysis

Values of GIc for crack initiation and the individual propagation points within
each individual sample were calculated with a customised Excel spreadsheet
according to the standard procedure of BS 7991:2001 (2001), described in Sec-
tion 5.4.1 . For a set of measurements the arithmetic mean, x̄ , of the GIc values
and its standard deviation, s, were calculated (Eqns. 6.1 and 6.2 respectively).

x̄ =
∑
i

xi
n

(6.1)

s =

√∑
i

(xi − x̄)2

n− 1
(6.2)

where xi is the population and n denotes the sample size (i.e. the number of
calculated values). The relative standard deviation, or coe�cient of variation
(CoV) of the propagation values was calculated with 100 × s/x̄ to indicate its
magnitude relative to the sample mean. Assuming that there was no systematic
error present during the experiments, the arithmetic mean of the population was
regarded as the true GIc value for each sample.

To compare the e�ect of the consolidation treatments on the fracture energy of
the specimens, the di�erence (delta, ∆) between the GIc values for initial fracture
an those measured after consolidation was established. GIc values were compared
for individual specimens as well as for the specimen set (i.e. a set of up to four
specimens). Comparing the delta mean fracture energy (∆GIc) was intended to
eliminate the dependency of the means on the precise location within the speci-
mens' fracture surfaces where the measurements were taken, which may have var-
ied considerably within and between specimens due to their natural heterogeneity.
The delta mean could be regarded as an indicator of the consolidants' ability to
change the energy required for propagating a crack through the specimens, pro-
vided that the multilayered specimens were in similar condition. Therefore, both
the mean fracture energy, GIc, and the mean delta mean fracture energy, ∆GIc,
were evaluated for each specimen set, and these results were further related to
each other.
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6.2.2. Flexural modulus of the wood substrate

The �exural modulus, Es, of the wooden beams was determined from three-
point bending tests that were performed on an Instron universal testing machine
equipped with a 5 kN loadcell. The single beams of 150mm x 20mm x 4mm
were loaded using 10mm diameter loading noses at a span length of 100mm and
a cross-head speed of 1mm/min (see Fig. 5.7). The modulus was calculated using
Equation 5.15.

As the �exural modulus of wood is very much dependent on the direction of the
grain and the nature of the cell structure, Es values for wood can only be precise
if they are measured for each beam in its �nal test dimensions and prior to any
application of the adhesive or consolidant. However, as the DCB specimens had to
be manufactured in larger plates before being cut into individual specimens, the
�exural modulus could not be measured for every specimen. Hence, the �exure
test was performed on 24 specimens cut from the �rst 4 lamina of the original
Québec yellow pine block. The mean Es value was calculated to be 8.8GPa
(± 3%), which was in excellent agreement with the elastic modulus of 8.8GPa
reported for Japanese hinoki wood (Sugiyama 1983). This value was used as
an approximation of the real Es for every DCB specimen substrate in order to
cross-check the Es values calculated during DCB analysis, and to show that the
test method was giving reliable results.

6.2.3. Tensile modulus of foundation

The Young's modulus (modulus of elasticity), elongation at break and tensile
strength were determined for foundation by testing rectangular �lm specimens in
tensile loading in general accordance with BS EN ISO 527-1 and BS EN ISO 527-3.
The tests were performed on an Instron 4301 universal testing machine equipped
with a 100N loadcell inside a custom-built environmental chamber. The chamber,
designed and described in detail by Hagan (2009), controlled the RH at a level of
53.0 (±0.3)% and the temperature at 21.0 (±0.3) °C during testing. The tensile
specimens were mounted in the following procedure:

Firstly, the upper grip was removed from the loading rod and one paper-reinforced
end of the specimen was inserted into the grip using a jig for correct perpendic-
ular alignment. The grip was tightened and together with the specimen it was
reattached to the loading rod. The partly mounted specimen was then positioned
by changing the gauge length of the testing machine so that the paper-enforced
end of the specimen was likewise aligned with the lower grip edge that was �xed
inside the testing chamber. Before tightening the lower grip, the chamber was
closed and conditioned to the set target humidity and temperature to enable the
specimen to adjust to the environmental conditions. The grip was tightened from
the outside of the chamber with an Allen key through a hole in the door ten
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cross-section surface was polished with #360 � #800 emery paper and polishing
mesh (Micro-Mesh) up to #12 000.

Embedding of the cross-section specimens was necessary due to the fragility of
some of the adhesive bonds between the consolidated fracture surfaces, which
easily broke open during handling. Also, the specimens consolidated with acrylic
formulations required embedding as they were to be immersed in staining solution
afterwards for visualising the consolidant distribution within the cross-section.
Pre-tests had shown that the solvent of the staining solution quickly softened
the consolidant inducing the loss of mechanical strength in the bond, and non-
embedded samples would break within the consolidated layer during rinsing and
drying.

6.3.2. Staining of consolidants

For the visualisation of binding media distribution within the consolidated DCB
specimens, the consolidants were stained at two di�erent stages of the consolida-
tion process. The procedure was dependent on the type of polymer used: either,
the consolidant itself was coloured with a stain before application on the speci-
men, or the cross-section was immersed into a staining bath after it had been cut
from the dried, consolidated DCB specimen.

Staining before application was necessary for all protein-based consolidants (class-
es I and I+), as the foundation layer itself was bound with protein-based bovine
hide glue. All protein glues were stained before application with Fast Green
(C.I. 42053, Merck) which was added to the consolidant solution in solid powder
form at a concentration of 0.1wt%. Fast Green stains the protein matrix in
a green colour which is detectable with visible light microscopy (Schramm and
Hering 1988, pp. 214-216). Adhesives containing urushi lacquer (classes II and
II+) did not require staining, as during polymerisation their colour changed to a
dark brown, making them naturally detectable under a visible light microscope.
Starch-based consolidants, the poly(vinyl alcohol) and the poly(vinyl acetates)
(classes I+, II+, IV and V) were all stained with a 1% iodine-potassium iodide
solution, known as Lugol's solution. A single drop of this solution was applied
on the cross-section sample and any excess solution was wiped o� after 4 sec-
onds, before leaving the specimen to dry at room temperature. When exposed
to Lugol's solution, the colour of native starches turns to a dark blue-black (e.g.
Schramm and Hering 1988, p.206; Chayen and Bitensky 1991, p. 110), whereby
amylose is stained dark blue and amylopectin reddish-brown to violet. Consider-
ing that precipitated (i.e. gluten-free) Japanese wheat starch consists of 25�28%
amylose and 72�75% amylopectin (Van Hung et al. 2006) the colour expected
after the staining is a purply brown. PVAc and partially hydrolysed PVAl, such
as Mowiol 3-83, stain dark red to reddish-brown (Hayashi et al. 1982, Hirai et al.
1986, Lehmann 2004).
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6.3. Determination of consolidant distribution

Cross-sections containing acrylates (class V) were stained with a �ltered 0.2wt%
solution of SolventBlueG (C.I. 61554, Town End Leeds) in ethanol (Lehmann
2004). The specimens were soaked in ethanol/water (2:1) for 3 minutes for initial
saturation of their open pores and then immersed in the staining solution for a
further 3�10 minutes. Lascaux Medium for Consolidation stained relatively fast
and only required 3-5 minutes in the stain bath for e�ective uptake of colour.
However, the Paraloid-based consolidants were less e�ectively stained and the
respective specimens were therefore left in the staining bath for up to 10 minutes.
Consolidant solution No. 07, ParaloidB 72 in acetone, was pre-stained before ap-
plication with 0.1wt% of SolventBlueG. These specimens were not exposed to
the staining bath. The specimens consolidated with ParaloidB-48N were pre-
stained and additionally stained as a cross-section to increase the staining e�ect.
After removal from the staining bath, the specimens were thoroughly rinsed with
warm water and left to dry at room temperature.

6.3.3. Optical microscopy

A Zeiss AxioScopeA1 optical microscope was used in re�ected light geometry
to examine the cross-sections taken from the consolidated DCB specimens. Ex-
amination was performed under visible light at 100 x and 200 x magni�cation.
Images were taken using a digital camera (AxioCam ICc1) and interpreted with
AxioVision Imaging (Version 4.7.2, Dec.2008) software.
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7. Experimental: Fracture

Behaviour �

Results and Discussion

7.1. Introduction

This chapter reports the results of tests undertaken to evaluate the performance of
various polymer solutions and dispersions used for consolidating fractured founda-
tion layers, which are typical of multilayered East Asian export-type lacquer coat-
ings. The fracture behaviour of double cantilever beam (DCB) specimens typeA
(foundation layer only) and typeB (foundation with lacquer layer) are presented,
providing data on the failure of newly prepared and equilibrated foundation lay-
ers applied to pine wood substrates. These specimens are further evaluated to
determine whether the employed test method has the capability to produce frac-
tured specimens that are suitable for subsequent consolidation testing. Leading
on from the successful production of appropriate test specimens, the results of
the second-phase fracture, i.e. after the application of diverse polymer formu-
lations (consolidants), highlight the e�ect each consolidant has on the fracture
behaviour of the foundation. To complement these �ndings, consideration is fur-
ther given to the ability of the consolidants to penetrate into the porous structure
of the specimen layers. Finally, some practical aspects are discussed regarding
the application of the chosen polymer formulations during the consolidation of
arti�cially-produced lifting coatings on sample boards.

7.2. Initial DCB fracture tests

7.2.1. Fractography

Both DCB specimen types mostly exhibited considerably stable crack propaga-
tion during testing. In a few instances, however, partly unstable fracture was
observed where the crack propagated quickly over a longer distance of several
millimetres before arresting. These instabilities were caused by inhomogeneities
in the foundation layer and were often associated with variations in the fracture
paths. The latter had either propagated interfacially (adhesively) between the
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7.2. Initial DCB fracture tests

(a) Cohesive failure within the foundation layer and at the wood/foundation in-
terface.

(b) Cohesive failure on varying levels of the foundation layer, but mainly close to
the foundation/lacquer interface.

Figure 7.2.: Typical fracture surfaces of DCB specimens typeB after initial test-
ing at a rate of 0.3mm/min. The specimen length equals 150mm.

x

Table 7.1.: Frequency of occurrence of the degree of interfacial failure in the tested
DCB specimens. The column `% failure of specimen' refers to the area
of fracture surface of each individual specimen, whilst the % values in
the columns `DCB TypeA' and `DCB TypeB' refer to the frequency
of occurrences within the entire set of specimens.
xx

Failure

Type

% Failure of

Specimen Area

DCB Type

A

DCB Type

B

>50 98% 38%

Interfacial > 75 85% 29%

>90 70% 21%

x
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7. Experimental: Fracture Behaviour � Results and Discussion

Morphology of fractured foundation

With respect to the surface �nish of the fractured foundation layers, it was ob-
served that many specimens contained a large number of very small air bub-
bles and pinhole-shaped discontinuities. These features are also typically seen
in export lacquer-type objects (Fig. 7.8a), as air bubbles occur naturally during
preparation and application of gesso-type foundation mixtures. They derive ei-
ther from trapped air within the liquid foundation mixture that was introduced
by the addition of the particulate mineral �ller, and/or due to the lack of surface
wetting during application with a brush. Once small pin holes are present in a
foundation layer, they will become larger in diameter with every subsequent layer
applied, forming funnel-shaped discontinuities in the surface. This explains why
the DCB specimens typeA showed on average smaller voids than those of typeB.
The latter were manufactured with foundation applied in two layers as opposed
to the single layer in the typeA specimens. Even though during manufacture care
was taken to avoid the development of these discontinuities, they were present in
all specimens, albeit in varying number and size (Figs. 7.8b and 7.9).

.

(a) Detail of Corner cabinet 493-1872
(V&A) with protein-bound foundation.

(b) Detail of typical DCB specimen typeB
with pinholes of varying diameter.

Figure 7.8.: Details of foundation fracture surfaces showing small air bubbles and
pinhole-shaped discontinuities.
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7.2. Initial DCB fracture tests

Figure 7.9.: SEM image of a DCB typeB fracture surface showing irregular-
shaped voids and air-bubbles in the foundation.

Analysis with a scanning electron microscope (SEM) under variable pressure re-
vealed that on the microscopic level the fracture paths had mostly propagated
along particle-matrix interfaces and through areas rich in voids. Figure 7.10 shows
the morphology of a foundation fracture surface with partly exposed mineral �ller
particles of varying sizes. Also, areas of high polymer concentration are visible,
such as the spherical-shaped agglomerate of �ller particles and hide glue in the up-
per right quadrant of the image, or the polymer-rich area in the bottom left hand
quadrant. Typically, highly �lled polymers fail by debonding. Upon application
of stress, voids are created around the �ller particles that gradually coalesce and
develop into larger holes, �nally inducing fracture of the composite (Greenhalgh
2009, p. 176). However, it appeared that in the case of the foundation used here,
the extensive presence of pre-existing voids also contributed signi�cantly to the
failure. Debonding could not have been solely responsible for the creation of such
fracture surfaces. Typically, the voids had diameters of up to 0.2mm (Fig. 7.9),
although some much larger voids of irregular size of around 0.5mm by 1mm were
also observed in some specimens (Fig. 7.8b).

These �ndings con�rmed that on both macroscopic and microscopic levels the
foundation represented an extremely inhomogeneous material with many �aws.
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Figure 7.10.: SEM image of DCB typeB foundation fracture surface at x1000
magni�cation.

7.2.2. Fracture energy GIc

As mentioned previously, crack growth stability in the DCB specimens was not
always constant, and fracture behaviour generally ranged between stable crack
propagation and propagation in an unstable manner. This was not only ob-
served during testing, but also could be seen in the recorded data. Figure 7.11
summarises the characteristics of these two types of crack propagation, showing
their main di�erences in terms of measured load, P , versus displacement, δ, and
crack length, a, versus displacement. For stable crack growth in DCB specimens,
the P versus δ graph is characterised by a relatively steady decrease in load
during crack propagation, whilst the a versus δ graph is nearly linear. In con-
trast, unstable crack growth displays clearly unsteady and non-linear graphs for
load/displacement and crack length/displacement plots respectively. The graphs
represented in Figure 7.11 are examples recorded during testing of typesA and B
DCB specimens, and they give a good indication of the data variation encountered
during initial DCB testing of both specimen types.

162









7. Experimental: Fracture Behaviour � Results and Discussion

for instance, demonstrated that above a �ller volume concentration of 15% the
fracture energy of silicon dioxide-�lled polypropylene decreased rapidly, reach-
ing similarly low values at high �ller concentrations as the animal glue-bound
foundation in the present study.

Table 7.2.: Mean fracture energy initiation values, GIc init, for the non-linear
(NL), visual (VIS), and the 5% or maximum load (5%/MAX)
criteria according to BS 7991 (2001) and the �exural modu-
lus, Ef , of DCB specimens measured during initial fracture.
XX

XXX
XXX
XXX

Sample

GIc init

(NL)

[J/m2]

x̄ ±

GIc init

(VIS)

[J/m2]

x̄ ±

GIc init

(5%/MAX)

[J/m2]

x̄ ±

GIc prop

XXX
[J/m2]

x̄ ±

Ef
XXX
[GPa]

x̄ ±

TypeA 40 30% 45 28% 45 29% 46 25% 8.2 20%

TypeB 38 34% 41 36% 42 37% 47 46% 10.3 15%

At �rst glance, the coe�cients of variation (CoV, denoted by `±') of the measured
data appear to be large. However, fracture testing of commercial materials and
structural adhesives and materials has shown that mechanical property values
established in this way very commonly vary by 10-20% within a set of test spec-
imens (see for example Blackman et al. 1995, 2003). Taking into account that
the average GIc values measured within each individual specimen used in this
study varied by around 12% and 16% for types A and B specimens respectively
(Fig. 7.14a), CoV values of up to 46% within an entire set can be considered re-
alistic (and thus perforce acceptable) for the type of specimens used. Composite
DCB specimens made from wooden substrates and highly mineral-�lled adhesive
based on gelatin are likely to be very inhomogeneous. Not only is there the natu-
ral variation in the wood growth, but also inhomogeneity due to manually ground
clay powder, which is mixed with a protein binder and is applied by hand. This
will result in considerable variation in the properties and hence in the measured
data (see for instance Knaebe and Williams 1993; Reiterer and Tschegg 2002).
The graphs in Figure 7.14 show the measured and calculated results for two spec-
imens with markedly di�erent fracture behaviour: the blue graphs are typical
examples of a specimen displaying stable crack propagation, whilst the red ones
are those resulting from a specimen that fractured in a very unstable manner.
The variation shown between these two examples indicate the degree of scatter
in the data that is to be expected from the materials employed in this study.

166



7.2. Initial DCB fracture tests

For both typeA and B specimens, the R-curves showed no particular trend to-
wards rising or falling fracture energy values with increasing crack length. This
means that during fracture, no crack length dependent toughening occurred in
the material. The fracture energy can therefore justi�ably be quoted as a mean
value in the further discussion. Furthermore, the mean GIc values for crack prop-
agation were not signi�cantly di�erent from those established for initiation, and
neither was a trend noticeable between initiation and propagation values. This
is consistent with the absence of a rising or falling R-curve, and hence only prop-
agation values are further referred to in this work. These results clearly showed
that the DCB testing method is suitable for these kinds of materials.

7.2.3. Dependence of GIc on layer thickness

The DCB specimens used in this research were designed with foundation layers
that have similar layer thicknesses to those found on real life objects. Examples
of average values for foundation layers measured during the survey of the V&A
lacquer objects (see Chapter 3) are shown in Table 7.3.

Figure 7.15 relates the mean GIc measured for all typeA DCB specimens to their
average layer thickness. The distribution of the values suggests that the fracture
energy is independent of the layer thicknesses in the tested range. This is in line
with the general principles of linear elastic fracture mechanics (LEFM) mode I
fracture tests of relatively brittle materials. For these, the measured GIc values
should be independent of the layer thickness if the latter is greater than the
diameter of its plastic zone (e.g. Kinloch 1987, p. 280). The plastic zone is
the area of plastic deformation that develops in the vicinity of the crack tip
(Fig. 7.16). If the foundation layer thickness, ha, were smaller than the diameter
of the plastic zone, the full volume of the latter would be restricted, leading to
interference with the crack tip micromechanisms and thus to a dependence of GIc

on ha.

167









7.2. Initial DCB fracture tests

Table 7.4.: Mechanical properties of hide glue / tonoko foundation.
x

Name Value Unit Test type / Ref.

Young's modulus E 2.7 (± 5%) GPa Tensile

Fracture energy GIc 47 (± 46%) J/m2 DCB

Yield stress σy 20 (± 22%) MPa Compression / Eqn. 7.3

Stress intensity
factor

KIc 0.39 MPa»m Eqn. 7.2

Poissons's ratio ν 0.4 Assumed (Friedrich and
Karsch 1981)

x

loading (see Section 6.1.3). Previously tested tensile specimens had shown brittle
behaviour with failure prior to obtaining maximum yield strength, and thus had
not provided the data needed. The relationship between the values of compressive
yield stress, svyc, and tensile yield stress, svyt, is de�ned by Equation 7.3 (Huang
and Kinloch 1992).

svyt = svyc
(31/2 − µm)

(31/2 + µm)
(7.3)

where µm is a material constant for pressure dependency, which was taken as
0.2 (Sultan and McGarry 1973, Masania 2010). The tensile yield stress, svyt was
assumed to be identical to svy.

Table 7.4 summarises the properties established for the hide glue/tonoko foun-
dation used in this study. From these values a plastic zone with a maximum
diameter of dp = 2rp ≈ 0.04mm was calculated. Compared with the average
foundation layer thickness of the DCB specimens of d= 0.31mm (±20%) this
value is su�ciently small that GIc can be considered truly independent of the
layer thickness in the DCB specimens employed in this study.

7.2.4. Flexural modulus

A �nal con�rmation for the suitability of the employed test method was given
by the cross-check of the �exural modulus Ef of the DCB substrate with the in-
dependently measured �exural modulus Es, which were established according to
the procedure described in section 6.2.2 and respectively calculated using Equa-
tions 5.13 and 5.15.
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specimens. The degree of inhomogeneity within the DCB specimens had notice-
ably increased since initial fracture and subsequent consolidation, so that in a
few specimens unstable failure was observed. In very few cases, failure and crack
propagation were so inconsistent that they were di�cult to monitor visually.
This clearly underlines the general challenges posed by fractured and repaired
test specimens, which are manufactured with rather inhomogeneous materials,
as they cannot be produced truly reliably with consistent mechanical properties.
Nevertheless, this study also showed that most of the DCB specimens were indeed
suitable for testing and provided appropriate data from which valid trends regard-
ing the fracture behaviour of unconsolidated and consolidated specimens could
be inferred. In order to ensure the validity of the measured data, the following
methodology was pursued:

The British Standard BS 7991 (2001) is applicable for test specimens that comply
with linear-elastic fracture-mechanics (LEFM), i.e. for specimens that display
brittle fracture without any signi�cant plastic deformation, except that which
is localised at the crack tip. Therefore, it is required to exclude any specimens
from analysis that do not conform to LEFM (see Section 5.4.1 for method of
determination). In this study, every specimen was checked for LEFM behaviour,
but even in the event of non-conformity data analysis was still performed. For
LEFM methods to apply, Pmax/P5% is required to be <1.1 (which e�ectively
allows a non-linearity of 10%). However, this criterion may be di�cult to meet
in specimens which are as inhomogeneous as the ones used in this study. In
a few instances it was observed that the failure to comply with the Pmax/P5%

<1.1 criterion was indeed not caused by inelastic behaviour of the material, but
rather by deviation from linearity during initiation due to inhomogeneities in
the material. If in these cases the results for GIc, Ef , and the overall fracture
behaviour after initiation �tted the general behaviour of the specimen set, then
the specimen was kept to contribute to the overall results. Obvious outliers,
however, were excluded.

With respect to propagation values, a small number of specimens displayed un-
stable fracture. An example is the specimen for which the load-displacement
curve is presented in Figure 7.19. According to BS 7991 (2001), this type of frac-
ture behaviour cannot be considered stable. At the same time, it can neither
be regarded as proper stick-slip behaviour, despite the latter being the only al-
ternative to stable propagation given by the standard. The fracture behaviour
observed in these specimens was essentially characterised by bursts of faster crack
growth alongside fairly stable crack propagation. However, the standard does not
provide any recommendations on how to deal with such fracture behaviour. It
was therefore decided to perform all the calculations irrespective of whether the
specimen had failed in a stable or unstable manner. Indeed, it was shown in this
research that, in most cases, a useful value for GIc could still be calculated from
the measured data. Specimens were only rejected if the back-calculated value for
Ef was well outside the expected value, and in addition if the GIc value did not
agree with the expected range of values within the specimen set.
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Set 01 Salianski Isinglass (Consolidant class I)

Fractographic results Results for specimen sets A-01 and B-01 were obtained
for four specimens each. Figure 7.20 presents a typical example of fracture sur-
faces of a DCB specimen consolidated with 10% Salianski isinglass solution. The
colouring with Fast Green stain clearly shows where the fracture path had prop-
agated within consolidated areas, and where it had deviated from the previous
path to create entirely new surfaces (i.e. the unstained areas). In this particular
example, the specimen had mostly failed within the bulk consolidant between or
along its interfaces with the two fracture surfaces created during initial testing.
Visually, the exact failure loci were not clearly discernible, as the bulk consolidant
that had re-adhered the old fracture surfaces was not present as a pronounced
layer. Any new fracture was mainly located along the interface between the wood
and the foundation, whilst only very little cohesive failure had occurred within
the foundation layer itself.

In general, fracture propagated in a relatively stable manner in both specimen
types. Comparison of all specimens with their previous fracture surfaces (created
during initial fracture) established that after consolidation failure on average oc-
curred predominantly within the consolidant either between and/or along its in-
terfaces with the old fracture surfaces. The area covered by this failure accounted
for approximately 70% of the typeA and 80% of the typeB specimens. In set
A-01, approximately 23% of the fracture path had induced new interfacial failure
between the wood and the foundation, and around 7% of the specimen surfaces
had fractured cohesively within the unconsolidated areas of the foundation layer.
Specimens of set B-01 on average showed 20% special cohesive failure on di�erent
levels within consolidated and unconsolidated areas of the foundation layer.

Figure 7.20.: Fracture surfaces of DCB specimen consolidated with 10% isinglass
solution stained with Fast Green.

Fracture energy: The mean fracture energy measured for both specimen sets
showed a rather large scatter of 43% and 73%, reaching GIcvalues of 47 J/m2 and
58 J/m2 for specimen setA-01 and B-01 respectively. On average, isinglass solu-
tion changed the fracture energy of the foundation layer in setA-01 by a mean
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relative increase of 7%. By contrast, in setB-01 the consolidation resulted in an
overall decrease in GIc values by around 9% (Table 7.5). This implied that the
application of a 10% isinglass solution did not signi�cantly change the fracture
properties of the foundation layer. Considering the large amount of scatter in
the samples, a similar amount of energy to that used during initial fracture had
to be provided to propagate fracture during second-phase testing. Furthermore,
the appearance of the new fracture surfaces suggested that the foundation layer
was e�ectively consolidated. It showed fracture predominantly within or along
the bondline between the two previously re-adhered and consolidated old frac-
ture surfaces. This meant that the new bondline in most areas presented the
locus with the lowest toughness within the DCB specimen. However, whether or
not this was the case because of small-scale misalignment between the two old
fracture surfaces, could not be established with certainty. Deviations of the new
fracture path from the bond line into entirely new areas of the foundation layer
(be it within the foundation and/or along the wood/foundation interfaces) were
generally associated with irregular consolidant distribution and additional �aws
in the layer. As the DCB specimens had previously been fractured, they were
likely to contain many additional �aws and voids compared with their original
state before initial testing. This also explains the large scatter of the measured
GIc values recorded for the two specimen sets.

Table 7.5.: Mean fracture energy, GIc, and mean relative changes in fracture en-
ergy, ∆GIc for specimens consolidated with 10% Salianski isinglass
solution.
x

GIc ∆GIc

Set [J/m2] [%]

A-01 47 7

B-01 58 -9

Set 02 Fish Glue (class I)

Fractographic results: Four DCB specimens were tested for SetA-02. In
these specimens almost 100% of the fracture path had propagated between the
previously re-adhered fracture surfaces. No signi�cant or visibly discernible fail-
ure had occurred within the consolidated foundation layer (Fig 7.21).
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erally allowed two possible conclusions. Firstly, the cold-liquid �sh glue could
have penetrated too well into the porous foundation leaving the joint starved
of consolidant/adhesive. Alternatively, the �sh glue could merely have acted as
an extremely brittle adhesive between the two fracture surfaces which was in-
su�ciently tough to sustain even small loads. An explanation can be found by
considering the results gained from the specimens consolidated with isinglass and
hide glue: these consolidants had been applied in the same manner as the �sh
glue, and the specimens showed fracture surface topographies which were similar
to those of the specimens treated with �sh glue. However, both isinglass and
hide glue had reached much higher values for GIc, despite having been applied
to the test specimens at a much lower solution concentration than the �sh glue.
Therefore, it was considered unlikely that starved joints were responsible for the
brittle performance of specimens consolidated with �sh glue. It is more probable
that the weaker mechanical performance of this consolidant was due to its chem-
ical structure. Cold-liquid �sh glue, based on gelatin sourced from cold water
�sh skins and bones, indeed contains much shorter protein chains than isinglass
extracted from �sh bladders. It has also much lower network stabilisation by
inter- and intramolecular bonding than mammalian collagen-based glues (Simon
et al. 2003; see also Schellmann 2007).

Set 03 Bovine Hide Glue (class I)

Fractographic results All tested specimens fractured in a fairly stable man-
ner similar to those consolidated with isinglass solution (Fig. 7.23). In both
sets A-03 and B-03 approximately 80% of the fracture occurred between the
consolidated/re-adhered old fracture surfaces (in both sets, two specimens each
contributed to this average value with almost 100% failure in this area). Around
15% of the specimen area had failed with new interfacial failure between the
substrate and the foundation. Around 5% of the fracture path had propagated
through entirely unconsolidated areas of the foundation layer.

Figure 7.23.: Fracture surfaces of typeB DCB specimen consolidated with 10%
bovine hide glue solution stained with Fast Green.
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Fracture energy For two specimens of set A-03 that showed 100% failure at
the interface between the old fracture surfaces, consistent fracture energies of 22
and 23 J/m2 respectively were measured. The other two specimens of this set,
which had failed in around two thirds of their area between the consolidated/re-
adhered old fracture surfaces and partly at the foundation-wood interface, reached
higher fracture energy values, giving an overall mean fracture energy of 37 J/m2

for the entire set. In terms of relative change between the before and after con-
solidation results, this meant that a mean decrease in fracture energy by 24%
was measured.

Specimen set B-03 produced slightly di�erent results. After consolidation, a 37%
mean increase in fracture energy was established for the set, although, it should
be noted that this was mainly due to the large 4GIc of + 158% in one test speci-
men. This specimen displayed an unusually large area (> 60%) of new interfacial
failure between the wood substrate and the foundation layer. Only one other
specimen also showed a relative increase in fracture energy (the one with new
SCF in consolidated and unconsolidated areas of the foundation). The remaining
two specimens (where failure occurred mainly between the old fracture surfaces)
performed very similarly to the ones of set A-03.

Regarding the R-curves of these specimens, an attempt was made to relate
changes in fracture energy to changes in the fracture path. The latter propa-
gated either along any of the interfacial areas (either the substrate�foundation
interface or the bondline area between the re-adhered old fracture surfaces) or on
any level within the consolidated or unconsolidated foundation. However, whilst
theoretically it is very desirable to �nd typical GIc values for speci�c failure types,
in practice this approach can hardly be realised. The fractured specimens showed
that wherever the fracture paths changed, di�erent fracture types (i.e. fracture
locations) occurred simultaneously over the width of the specimens. This means
that the measured GIc values in these cases were the result of failure in vari-
ous locations, rather than of just one type or another. Specimens that displayed
greater variation in their fracture paths generally also showed greater variation in
their measured R-curves. These mixed types of failure are often observed on real
objects, too. Hence, this observation again supports the understanding that in-
homogeneities are omnipresent in pre-fractured and consolidated material, which
in�uence its fracture behaviour in the most varied way. From a practical point
of view it therefore does not seem advisable to read too much into results that
consider GIc values for very speci�c and detailed failure types.
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Set 04 Wheat Starch (shofu)/Isinglass (class I+)

Fractographic results All four specimens from both sets fractured in a slow
and considerably stable manner.

Figure 7.24.: TypeB DCB specimen consolidated with starch/isinglass showing
typical fracture surfaces with a high proportion of SCF within con-
solidated and unconsolidated areas of the foundation, as well as
some new AF and a negligible degree of failure between the old,
consolidated and re-adhered fracture surfaces.

On average, specimen set A-04 showed about 60% fracture in the bondline be-
tween the re-adhered and consolidated old fracture surfaces. Around 20% new
interfacial failure occurred between the wood substrate and the foundation layer,
whilst the same amount was observed as new SCF on di�erent levels within the
consolidated foundation layer.

Set B-04 displayed a rather di�erent behaviour: on average only 10% of the
fracture path had propagated within the bondline between the re-adhered and
consolidated old fracture surfaces, whilst the remainder had created new surfaces.
Of the latter, 61% failure was SCF on di�erent levels of the foundation layer, and
39% failure had occurred at the interface between the wood substrate and the
foundation (Fig. 7.24).

Fracture energy In set A-04 a relative ∆GIc of around 3% was established,
which denoted a change of no signi�cance. It thus appeared that the fractured
DCB specimens containing foundation only between the two wood substrates
were stabilised by the starch/isinglass mixture, and that the original overall mean
fracture energy was restored. However, even though the value for ∆GIc was very
small, individual ∆GIc values of up to ± 20% were measured for three of the
specimens. This means that the consolidant in individual cases indeed had a
signi�cant e�ect on the specimen's fracture energy. Nevertheless, no clear trend
was apparent in whether these changes were reductions or increases.
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For specimen set B-04, results seemed much more obvious at �rst sight, as an
overall increase in ∆GIc of around 79% was established. However, this overall
value was mainly in�uenced by an unusually large ∆GIc of 330% measured for
one single specimen, whilst the other three specimens showed changes not too
di�erent from sample A-04.

All in all, the specimens consolidated with wheat starch/isinglass mixture showed
on average that the original fracture energy was usually at least restored, if not
increased. The mean increases tended to be larger than those reached by the
specimens consolidated with hide glue and isinglass solutions. The gap-�lling
ability and the bonding properties of the starch/isinglass were also much more
e�ective than those of the other protein-based consolidants. Consequently, rel-
atively high levels of failure in previously unfractured regions of the foundation
layer were observed, both in unconsolidated and consolidated areas. The levels of
new failure, too, were signi�cantly higher than those recorded for pure isinglass
and hide glue.

Set 05 Mugi-Urushi (class II+)

Fractographic results Four DCB specimens were tested of which 3 fractured
in a relatively stable manner. Figure 7.25 gives an example of the typical ap-
pearance of a DCB specimen consolidated with mugi-urushi after testing. One
specimen showed unstable fracture and slight stick-slip-like behaviour.

Overall, the fracture path had created new fracture surfaces along the interface
between the wood and the unconsolidated regions of the foundation layer. On
average, these covered around 65% of the specimens' fractured area. Comparison
with the initial fracture surfaces revealed that only around 20% of the failure in
the set was located in the bondline between the re-adhered and consolidated old
fracture surfaces. The remaining 15% of the failure had occurred within the
unconsolidated areas of the foundation layer. It appeared that mugi-urushi in
this set acted as an e�cient adhesive between roughly structured fracture surfaces
inducing predominantly new failure in unconsolidated areas of the multilayered
structure. If the unstable specimen were excluded from these results, this �nding
would be even more obvious: in that case around 83% of the failure would have
occurred in unconsolidated areas. The failure between the old fracture surfaces
appeared to have been caused by a lack of gap-�lling ability of the consolidant.
This was mainly due to problematic handling properties of the consolidant, which
was diluted with a highly volatile solvent.)
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Figure 7.25.: Fracture surface of a DCB specimen consolidated with mugi-urushi.

Fracture energy Consolidation with the mugi-urushi nominally decreased the
mean fracture energy of the sample by 5%. However, the location of the fracture
path is taken into account, this result requires a rather di�erent interpretation.
The three specimens which had predominantly fractured with new AF between
the wood substrate and the unconsolidated foundation layer showed an overall
increase in ∆GIc of around 10%. Two of these specimens did not signi�cantly
change their fracture energy, but one increased by around 30% to an absolute
value of 60 J/m2. This value however is not untypical for an unconsolidated foun-
dation layer (see results of initial fracture of typeA specimens in Section 7.2.2).
As fracture had mainly occurred in entirely unconsolidated areas, this clearly
indicated that in the majority of specimens the consolidant had successfully re-
adhered the two old fracture surfaces. Furthermore, it had increased the fracture
energy in the treated areas of the structure well beyond that of the foundation
layer or the wood/foundation interface.

The fourth specimen was the only one that had shown a signi�cant decrease in
mean fracture energy by around 46%. This specimen had only failed by around
35% cohesively along the edges of the specimen in unconsolidated areas and
otherwise fractured between the re-adhered old surfaces. It has to be pointed
out that this specimen may have been slightly di�erent than the others. During
manufacture it was noticed that the solvent Exxsol DSP80/110 evaporated rather
quickly. Hence, by the time the consolidant was applied to the third specimen,
a small amount of solvent had to be added to the mugi-urushi in order to keep
its initial viscosity. However, when the fourth specimen (the one that showed
unstable fracture during testing) was about to be consolidated, the necessary
addition of even more solvent had most likely diluted the mugi-urushi too much.
Eventually, the consolidant penetrated so well into the porous foundation layer
that it left the interface between the two fracture surfaces starved of adhesive/bulk
consolidant. Therefore, a decrease in GIc was not surprising in this case. Clearly,
such a test specimen is not ideal for testing and should be rejected. However,
it was still included in this research, as it represented a typical case or problem
that may be encountered in a real-life conservation scenario. As three specimens
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gave consistent results, the fourth was primarily used to explain the e�ects of the
problematic application of the consolidant.

Set 06 Raw (Ki) Urushi (class II)

Fractographic results Fracture of four DCB specimens consolidated with ki-
urushi consistently produced fracture surfaces that displayed around 80% failure
in the bondline between the re-adhered and consolidated old fracture surfaces.
A further 17% of new AF occurred between the wood and the unconsolidated
foundation, whilst approximately 3% of new SCF was located on varying levels
within the unconsolidated foundation layer (Fig. 7.26). Three out of the four DCB
specimens tested showed considerably unstable fracture with regions of very fast
crack propagation.

Fracture energy Figure 7.27 presents the R-curve for a DCB specimen con-
solidated with ki-urushi. The variation in the GIc values was typical for the
specimens in this set. The mean fracture energies calculated for the individual
specimens after consolidation had changed on average by ± 15% compared with
their initial GIc values measured during �rst fracture testing. This gave an overall
∆GIc of around -1% for the sample. In other words this means that the consoli-
dant had neither signi�cantly strengthened nor weakened the re-adhered interface
between the old fracture surfaces beyond the original strength of the foundation.
However, regarding the bulk foundation into which the ki-urushi had penetrated,
it can only be assumed that these areas were strengthened by the consolidant; no
new cohesive failure had occurred in these parts of the specimens, only where it
had remained unconsolidated.

Figure 7.26.: Fracture surfaces of typeA DCB specimen consolidated with ki-
urushi.
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Figure 7.28.: Typical fracture surfaces of a DCB specimen consolidated with Par-
aloidB 72 (25%) in acetone stained with Solvent BlueG stain, show-
ing 100% AF between the old consolidated/re-adhered fracture sur-
faces.

The three specimen sets showed unanimous results with respect to their fracture
surfaces in that they had failed entirely between the re-adhered and consolidated
old fracture surfaces (Fig. 7.28). A distinct layer of bulk consolidant, acting as an
adhesive, could not be established on any of the specimens. It appeared that they
had all failed in these locations due to insu�cient adhesion within a starved joint.
High resin concentrations were only observed close to the specimen edges, caused
most likely by resin migration towards the specimen's surface during solvent evap-
oration. Such behaviour is well known for polymers dissolved in fast-evaporating
solvents (e.g. Payton 1984; Wang and Schniewind 1985). Figures 7.29 a�c present
details of the fracture surface and show the non-uniform distribution of Par-
aloidB 72 resin. Similar results on the qualitative performance of ParaloidB 72
have also been reported by Horton-James et al. (1991), who investigated the
consolidation of �aking paint on wood in earlier studies.

Colourless residues on the fracture surfaces of the four specimens treated with
Paraloid B 48N (set A-08) clearly suggested that these DCB specimens had failed
for similar reasons. Microscopy revealed that the residues were small, colourless
crystals which had formed all over the fracture surface (Fig. 7.30b). This con-
�rmed failure due to a lack of continuous �lm formation and insu�cient adhesion
of the polymer to the foundation layer. Crystals of this type were speci�c to
the Paraloid B 48N and were not present on any of the specimens consolidated
with ParaloidB 72. It was thus assumed that they originated from the resin for-
mulation of the B 48N, which apart from consisting of a methyl methacrylate
copolymer and polystyrene, is also known to contain plasticiser and an adhe-
sion promoter (CAMEO 2009). Also, the choice of solvent could have in�uenced
the polymer's behaviour: it was observed that when dissolved in toluene, B 48N
turned milky in its appearance once xylene was added to the solution. This in-
dicates that some coagulations may have already formed in the solution, which
upon application on the fractured DCB specimen may have formed the crystals.
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It is thus questionable whether this type of resin should at all be applied in a
solvent that does not fully dissolve it.

In all specimens consolidated with the Paraloid solutions, the areas of failure
between the wood and the (consolidated) foundation were characterised by several
phenomena:

The higher resin concentration near the specimen edges has already been de-
scribed. In addition to this, irregular uptake of the consolidant was observed
which was caused by the presence of natural resin inherent to the Québec yellow
pine wood. This resin had partly leached from the wood into the foundation layer
and thus prevented the uptake of the consolidant in the a�ected areas (Fig 7.31).

Furthermore, very �ne wood �bres had remained adhered to the foundation,
irrespective of the type of Paraloid used (Fig. 7.30a). However, it was noted that
many wood �bres had already become loose after initial testing without fully
detaching from the wood substrate. Hence, this �ne wood failure was not unique
to the consolidants used. Also, it was too subtle to be true substrate failure and
was eventually considered negligible.

Fracture energy Determination of the fracture energy of these specimens was
problematic, as several specimens had failed to give su�cient propagation points
to calculate useful values forGIc. Entirely unusable specimens were rejected. This
left three valid specimens of set A-07, two of set A-08 and another three specimens
of set B-07 for calculating the fracture energy. Almost all specimens had fractured
in a very unstable, stick-slip-like manner so that typical load-displacement graphs
recorded gave results very similar to the one presented in Figure 7.32.

The fracture energies calculated from the second-phase test data showed a unan-
imous decrease in GIc values for all specimens. On average, the mean relative
fracture energies of the specimens of sample A-07 (Paraloid B 72 in toluene) were
reduced by around 96% (GIc ≈ 2 J/m2). Set A-08 (Paraloid B 48N) showed rel-
ative decreases of 88% and the specimens in sample B-07 (B 72 in acetone) had
changed on average by -94%. Both reached absolute GIc values just slightly above
3 J/m2.

The low fracture energy values together with the fractographic results suggested
that all three Paraloid formulations neither achieved su�cient bonding between
the cohesively fractured foundation interfaces, nor between the adhesively frac-
tured foundation/wood interface. This appeared to be due to the non-uniform
consolidant distribution and starved joints.

x

187



7. Experimental: Fracture Behaviour � Results and Discussion

.

(a) Detail showing increasing consolidant concentration to-
wards the specimen edge.

(b) Detail near the specimen edge with high
resin concentration.

(c) Detail of the central area of the speci-
men with very low resin concentration.

Figure 7.29.: Fracture surface of a DCB specimen consolidated with ParaloidB 72
in acetone (stained with Solvent BlueG) showing non-uniform resin
distribution in the foundation layer.
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.

(a) Fine wood �bres adhered to foundation. (b) Detail of resin crystals on foundation.

Figure 7.30.: Fracture surfaces of DCB specimen consolidated with Paraloid
B 48N in toluene/xylene.

(a) SetA-08 specimen consolidated with
ParaloidB 48N in toluene / xylene.

(b) SetB-07 specimen consolidated with
Paraloid B 72 in acetone.

Figure 7.31.: Details of fracture surfaces of DCB specimens consolidated with Par-
aloid solutions, stained with SolventBlueG. Irregular uptake of the
consolidant is visible in areas of leached natural pine resin (details
equivalent to 60mm x 20mm).

189







7. Experimental: Fracture Behaviour � Results and Discussion

Fracture energy On average, absolute GIc were measured at around 61 J/m2

in set A-09. In terms of changes in fracture energy this denoted a mean relative
increase by 100% for the specimens.

In set B-09, this behaviour was even more pronounced. Two specimens fractured
within the bulk consolidant in the bondline between the re-adhered old fracture
surfaces, giving GIc values of 122 J/m2 and 173 J/m2 respectively. A third specimen
had shown an initial fracture energy of around 250 J/m2 at early stages of the
test. However, this specimen had subsequently failed catastrophically when the
fracture path changed from within the bulk consolidant in the bondline to create
cohesive failure in the unconsolidated areas of the foundation. Overall, a 4GIc

increase of around 180% (GIc ≈158 J/m2) was determined for specimen set B-09.
This suggested that the consolidant had penetrated well into the foundation and
had reinforced the layer almost throughout its entire thickness.

The increased fracture energy values and the reduction in bridging in set B-09
were attributed to the longer drying time of the specimens. The typeB specimens
had been kept in the humidity-controlled chamber for 51/2 months after consoli-
dation, whilst typeA specimens had only cured for 3 months (cf. Section 6.1.2).
During the pre-testing phase of this research it was noticed that aqueous disper-
sions of acrylics and polyvinyl acetate polymers changed their fracture properties
rather drastically over a much longer time period during drying compared with
the other consolidants used. The dispersions were very elastic to begin with and
showed pronounced creep during testing, manifested in the extent of bridging.
This tendency to creep decreased during the course of drying and equilibration
over several weeks. Nevertheless, these specimens did not display entirely brittle
fracture behaviour even after more than �ve months. In contrast, the aqueous
and solvent-based solutions and the lacquer-based consolidants all showed brittle
fracture after two months of equilibration.

The e�ect of bridging on can clearly be Figure 7.35 gives a typical example of the
behaviour of a DCB specimen treated with Lascaux Medium for Consolidation
after 51/2 months of equilibration. These graphs were recorded for the fractured
DCB specimen shown in Figure 7.33. From the load-displacement graph it can
be seen that fracture was relatively stable up to a crack length of around 78mm,
despite displaying some variability in the measured data and deviation from ideal
propagation in the R-curve (Fig. 7.35b). In the region between 79-82mm crack
length, the fracture surfaces of the specimen show a typical crack arrest mark.
Beyond this mark, fracture had occurred within the bulk consolidant/adhesive
located between the two old fracture surfaces. Related to the R-curve, it is
apparent that this area corresponds with a distinct increase in fracture energy.
Hence it is strongly suggested that the observed bridging of the acrylic consolidant
is mainly responsible for this behaviour.
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Set 10 Mowiol 3-83 (class IV)

Fractographic results Four specimens for each setA-10 and B-10 were pre-
pared, of which one specimen broke accidentally when handling prior to testing.
Judged by the appearance of its fracture surfaces, this specimen appeared to have
su�ered from consolidant/adhesive starvation at the interfacial joint. Failure had
occurred within the bulk consolidant/adhesive between the re-adhered old frac-
ture surfaces. After testing, the fracture surfaces of all remaining specimens also
showed predominantly this type of failure (on average above 97%). Crack prop-
agation in these specimens had developed in a considerably stable manner and
no bridging of the consolidant was observed. Figure 7.36 presents typical fracture
surfaces of a typeB specimen, also showing small areas of new special cohesion
failure in unconsolidated parts of the foundation layer.

Figure 7.36.: Fracture surfaces of DCB specimens consolidated with Mowiol 3-
83 (unstained), showing failure within the bondline between the
consolidated and re-adhered old fracture surfaces, and small areas
of SCF within unconsolidated parts of the foundation.

Initially, the typeA specimens had fractured interfacially over large areas between
the wood and the foundation. During second-phase fracture, some subtle failure
in the wood substrate was noticed, which was not seen on any other specimens.
Where the Mowiol had re-adhered the wood substrate to the foundation layer, the
fracture path had partly propagated through the uppermost layers of the wood
cells during re-testing. A very thin layer of �ne wood �bres thus remained adhered
to the foundation. This wood failure was more pronounced than in the specimens
consolidated with the Paraloid formulations. In contrast, the specimens of setB-
10 did not develop this type of fracture at all. Initial testing of these specimens
had mainly induced SCF within the foundation layer, and no failed interfaces
between the wood and the foundation were provided.

Fracture energy The stability of crack propagation during testing of the DCB
specimens consolidated with Mowiol 3-83 was re�ected in their relatively stable R-
curves (Fig. 7.37). It was established that, on average, the fracture energy values
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Figure 7.38.: Fracture surface of DCB specimen consolidated with Mowilith 50
(20%) in toluene, stained with Lugol's solution.

Staining of the fracture surfaces with Lugol's solution revealed irregular con-
solidant uptake in those areas where natural wood resin had leached into the
structure. Again, a very similar appearance of the staining pattern was reported
for the Paraloid solutions (see Fig. 7.31). In all other areas of the specimens the
Mowilith 50 solution appeared to have penetrated well into the previous fracture
surfaces. Increased concentrations of the PVAc resin (i.e. bulk resin) were neither
visible on the wood surface nor on the foundation. Figure 7.39 shows a detail of
the typical appearance of a refractured foundation layer previously consolidated
with Mowilith 50. (Note that the darker appearance of some areas does not indi-
cate higher concentrations of stained resin. It merely arose from areas of shadow
in �ne surface recesses parallel to the direction of crack propagation).

Figure 7.39.: Detail of fracture surface of DCB specimen consolidated with
Mowilith 50 (20%) in toluene after staining with Lugol's solution.

Fracture energy For specimen setA-11, overall mean fracture energy values
were measured at around 2 J/m2. Thus, all specimens had shown a consistent
decrease in fracture energy by between 93 to 95% of their original value measured
during initial fracture testing. These results, too, were similar to the values
measured for the Paraloid-treated specimens.
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Set 12 MowilithDMC2 (class Vb)

Fractographic results Fracture results were gained from three specimens. On
average, around two thirds of their fracture area (68%) showed failure in the
bondline between the re-adhered and consolidated old fracture surfaces. Ap-
proximately 27% of the crack path propagated interfacially between the wood
substrate and the unconsolidated foundation layer, whilst 5% had created new
cohesive failure within the foundation. In all fractured areas where the wood sub-
strate had previously been re-adhered to the foundation layer, many �ne wood
�bres remained adhered to the foundation layer after second-phase testing. The
same behaviour had previously been observed in the specimens consolidated with
Mowiol 3-83 (Fig. 7.41a). Despite the low solid content of the MowilithDMC2
dispersion (10% by weight), the consolidant appeared to have formed a �lm on
the previous fracture surfaces. This is illustrated in Figure 7.41a, which also sug-
gests that the consolidant has penetrated very little into the foundation, as the
foundation has not taken up much of the stain.

Figure 7.40.: Fracture surfaces of specimen consolidated with MowilithDMC2
dispersion (10% solid content), stained with Lugol's solution.

Another notable feature of these specimens was that, during testing, �ne bridging
of the PVAc polymer was observed where the crack path propagated cohesively
within the bulk polymer. This phenomenon revealed that the consolidant did
not fracture in a brittle manner, but with considerable deformation. This also
explains the variation between partly stable and partly unstable crack propaga-
tion, which was observed in the specimens whenever the path changed between
the di�erent levels of the layered structure. Similar behaviour was previously
reported for the specimens consolidated with Lascaux Medium for Consolida-
tion. Figure 7.41b shows a detail of the typical appearance of a cohesively failed
polymer that had retained a notable degree of plasticity. In such materials, mi-
crovoids grow and coalesce with increasing plastic strain into larger voids that
�nally result in total failure of the specimen (e.g. Anderson 2005, pp. 219-23).
The characteristic dimples seen in the polymer layer in Figure 7.41b were a clear
sign of such ductile fracture. The �ne bridging that occurred during testing of
the specimens is evident in Figure 7.42.
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(a) Detail showing fracture on varying lev-
els of the partly consolidated founda-
tion layer with some wood �bres ad-
hered to the consolidant.

(b) Cohesively failed Mowilith DMC2 layer
showing signi�cant plastic deformation
(ductile drawing and void coalescence)
which caused the bridging observed.

Figure 7.41.: Details of fracture surfaces of DCB specimen consolidated with
MowilithDMC2, stained with Lugol's solution.

Figure 7.42.: Detail of DCB specimen consolidated with MowilithDMC2 during
testing, viewed through travelling microscope. Very �ne bridging of
the consolidant can be observed between the two fracture surfaces
at 84mm and 88mm (marked with red arrows).

Fracture energy Fracture energy values measured for these specimens were
variable, which conformed with the observation of the partly unstable fracture
behaviour on varying levels and the bridging of the consolidant. To fracture
(or rupture) the polymer bridges whilst propagating the crack at the crack-tip,
additional energy was required, which led to the relatively high fracture energy
values. Also, true brittle fracture could not be investigated in isolation in these
areas, which is re�ected in the variability of the measured data. For the specimen
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set, a GIc value of 130 J/m2 (± 34%) was measured, which denoted an increase in
∆GIc by 72 J/m2 (± 35%). This meant that average increases in fracture energy of
around 126% were reached when specimens were consolidated with a 10% solid
content aqueous dispersion of MowilithDMC2. These were by far the highest
increases recorded for any of the consolidants tested in this series.

7.3.3. Summary of DCB fracture tests

Results for typeA and B specimens

The GIc values measured for each specimen set of typeA and B before and after
consolidation respectively are summarised in Figures 7.43 and 7.44. The �rst
light-grey bar in every chart represents the overall mean fracture energy of all
DCB specimens of the respective type during initial fracture, whilst the darker
grey bars next to each coloured one refer to the four selected specimens used in the
respective set. The overall values (coloured bars) indicate the general performance
of the consolidants, i.e. the average fracture energy for the set, assuming that
all test specimens were more or less equal in their properties before consolidation
treatment.

To eliminate the lack of randomness in these samples and to reduce the sys-
tematic error contained in the absolute mean GIc values, the relative changes in
fracture energy, ∆GIc, were also compared. An overview of the ∆GIc values for
all specimen sets are given in Figure 7.45.

In addition to the fracture energy results, the percentage of new failure created af-
ter second-phase fracture (Fig. 7.46) gave complementary information on whether
the fracture occurred within the bondline between the old fracture surfaces or in
entirely new areas of the foundation. These results helped to evaluate whether
the consolidants were e�cient bonding agents within the joints, and whether they
were likely to facilitate new failure in previously unfractured areas of the material.

From the bar graphs in Figures 7.43 and 7.45a, which show GIc and ∆GIcvalues,
it can be seen that the cold-liquid �sh glue, the three Paraloid solutions
and the Mowilith 50 all failed to strengthen the test specimens. Fracture unan-
imously occurred only in the bondline, as these consolidants penetrated too well
into the fracture surfaces and lacked su�cient gap-�lling ability. In the specimens
consolidated with �sh glue, hardly any failure occurred in previously unfractured
areas of the specimens, and in those treated with Paraloid, virtually no failure in
new loci was observed (Fig. 7.46). The ParaloidB 72 dissolved in acetone � which
was the only Paraloid solution tested on the typeB specimens � showed almost
identical results to those of the Paraloid formulations dissolved in the benzenes.
From these limited tests, the choice of solvent (whether polar or non-polar) did
not appear to have much in�uence on the mechanical performance of the consoli-
dants at the given solution concentration of 25% resin content (and provided the
consolidant was applied in a single brush application).
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imens consolidated with the starch/isinglass formulation exceptionally high levels
of new failure occurred in the typeB specimens. This behaviour was re�ected in
the signi�cantly higher fracture energy values for the typeB specimens compared
with the typeA results for the same consolidant. Considering that the fracture
energies were on average higher for typeB specimens than for typeA, the ques-
tion arose whether the longer equilibration times for these specimens played a
signi�cant role in achieving higher values during fracture testing. Unfortunately,
however, a comprehensive analysis of the in�uence of equilibration times could
not be pursued in this study, due to the limited number of tests undertaken.

The lacquer-based consolidants, which were only tested on typeA specimens
and which showed similar GIc and ∆GIc values, di�ered greatly with respect to
their failure paths. The specimens consolidated with mugi-urushi had failed by
nearly 80% failure in previously unfractured areas and thus performed similarly
to those treated with the starch/isinglass mixture with around 90% new failure.
These two consolidants achieved the highest percentage of new failure for all con-
solidants tested, which suggested that the starch content acted as a very e�cient
adhesive and gap-�ller. In contrast, the ki-urushi failed predominantly along the
old fracture path. However, despite seemingly lacking gap-�lling ability, fracture
energy values similar to those measured during initial testing were achieved.

By far the highest average increases in fracture energy were measured for the
two synthetic polymer dispersions: the Lascaux Medium for Consolidation
(acrylic) and the MowilithDMC2 (PVAc). Levels well above 100% of their
original fracture energy value were reached by both consolidants in the typeA
specimens. In the typeB specimens, the Lascaux MfC even showed mean in-
creases as high as 180%. The large increases in fracture energy in the typeB
specimens were mainly explained by the much longer equilibration time of these
specimens. Tests had shown that within the �rst few months after application of
acrylic or PVAc-based aqueous dispersions, their mechanical properties changed
signi�cantly. Extended drying increased the measured fracture energy for at least
a period of up to 31/2 months after consolidant application. Comparison between
the MowilithDMC2 and the Lascaux MfC also revealed that the specimens con-
solidated with the acrylic dispersion displayed, overall, a greater percentage of
fracture in new areas of the foundation. Hence it was concluded that the Lascaux
MfC had not only well re-adhered the fracture surfaces, but also most e�ectively
consolidated the bulk foundation layer well beyond its original strength, compared
with all other consolidants tested.

Overall mean results for DCB tests

The overall mean results of the DCB fracture tests for both specimen typesA
and B are summarised in Table 7.6. The results in the table suppose that the
given consolidant is applied to the fragile material in a single application only,
and in the speci�c formulation stated in Section 6.1.2 and Table 6.1. Such a table
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provides good support for choosing a useful consolidant for foundation material,
as fracture energy values and their changes, and the distribution of fracture loci
can be directly compared:

If a consolidant is required that re-establishes the previous fracture behaviour
of the fragile material, a polymer formulation that can induce similar fracture
energy levels during testing after application has to be chosen. This criterion is
ful�lled by the isinglass, hide glue, mugi-urushi and ki-urushi. However, di�er-
ences in their behaviour lie in the location of the fracture paths. From this point
of view the mugi-urushi performed worst, as the respective specimens showed by
far the highest degree of new fracture in previously undamaged areas. Further-
more, this failure only occurred in entirely unconsolidated areas, suggesting that
relatively greater levels of strength (or toughness) were reached in those parts of
the layer into which the consolidant had successfully penetrated. Ki-urushi per-
formed better with its specimens fracturing less in previously unfractured areas.
However, the fact that none of the new failure occurred in consolidated areas
also indicated that similar strength increases to those with the mugi-urushi were
reached. The hide glue and isinglass on the other hand merely showed 25% of new
failure or less, and the respective failure paths were shown to propagate partly
through consolidated areas of the specimens. This fracture behaviour suggested
relatively uniform fracture properties between unconsolidated and consolidated
areas. Hence, such consolidants would be desirable in cases where a fragile ma-
terial were to be stabilised with lower risk of future damage incurring in new
areas.

Consolidants applied to those specimen sets which failed at the lowest GIc values
(marked in bold red in Table 7.6, e.g. Paraloid or Mowilith 50) may not be useful
in practice in most cases, as re-fracture will occur when a low amount of energy,
i.e. a small force, is applied to the system. Such energy levels are easily reached
(and exceeded) during ordinary handling of an object. Despite achieving only
relatively low GIc values in the specimens consolidated with the Mowiol 3-83
(marked in blue italics in the Table), this PVAl consolidant may however still
have useful properties. This formulation has the advantage of failing reliably and
almost entirely within the bondline between the re-adhered old fracture surfaces.
Nevertheless, at the same time it provides some, albeit relatively small degree
of stabilisation. Thus, if reliable fracture within areas of previous damage is
categorically desired, a consolidant like Mowiol 3-83 may be an appropriate choice.

Similar considerations apply to the consolidants that greatly increase the fracture
energy of the stabilised foundation, i.e. the Lascaux MfC, the MowilithDMC2,
and to a certain degree the starch/isinglass (respective values marked in blue
italics). Strength improvements of this magnitude may be desirable in speci�c
cases, for example where layers are particularly load-bearing. However if these
consolidants fail to disperse uniformly within the structure, they pose the risk
of creating areas within the specimen with very di�erent mechanical properties,
which might be cause for further damage in the future. Therefore, the data in
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Table 7.6 give a somewhat incomplete picture unless the penetration ability of
the consolidants is added. This aspect is looked at in the following section.

Table 7.6.: Summary of fracture testing results for all DCB specimens (typeA
and B), giving average values. (Note that the results in the table
suppose that the given consolidant is applied to the fragile material
in a single application only, and in the speci�c formulation stated in
Section 6.1.2 and Table 6.1.)
x

GIc ∆GIc BL Failure New CF New AF

Material /

Consolidant

[J/m2] [%] [%] [%] cons.

areas

[%] cons.

areas

Foundation (uncons.) 046 / / 39 / 61 /

Isinglass 053 �001 I75 14 half 11 none

Fish glue 008 �085 I99 01 none 00 none

Hide glue 048 0007 I80 05 half 15 none

Shofu / isinglass 066 II041 I36 37 half 27 little

Mugi-urushi 046 �005 I21 15 none 64 none

Ki-urushi 044 �001 I80 03 none 17 none

ParaloidB 72 (tol) 002 �096 100 00 / 00 /

ParaloidB 72 (ac) 004 �094 100 00 / 00 /

ParaloidB48N 003 �088 100 00 / 00 /

Lascaux MfC 109 II140 I45 25 half 30 none

Mowiol 3-83 022 �052 I97 02 little 01 none

Mowilith 50 002 �095 100 00 / 00 /

MowilithDMC2 129 II126 I68 05 none 27 none

x

`BL' failure denotes the extent of failure within the bondline, i.e. between the re-adhered old fracture surfaces,

`CF' stands for cohesive failure within the foundation and `AF' refers to new adhesive failure observed at the

interface between the foundation and the wood surface. The column denoted `cons. areas' describes whether

some of the new failure occurred in loci that had been penetrated by consolidant. Values in bold red mark

fracture energy values that were too low for e�ective stabilisation of the layer, values in blue italics mark greatly

increased fracture energy values after consolidation.
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7.4. Examination of DCB cross-sections

7.4.1. Bondline thickness and penetration behaviour

The bondline thickness and penetration behaviour of the consolidants were as-
sessed by examining cross-sections, which were cut from the ends of the DCB
specimens before second-phase fracture. Optical microscopy under re�ected, vis-
ible light was used, following the procedure described in Section 6.3. On the
micrographs, penetration depth was ascertained by evaluating the spatial dis-
tribution of the individual stains used. Dark-coloured areas were interpreted as
containing a high consolidant concentration, and areas appearing lighter-coloured
as containing lower polymer concentrations. Examples of unstained cross-section
micrographs are presented in Fig. 7.47. Specimen typeA (Fig. 7.47a) contains
only the foundation layer sandwiched between the two wood substrates. Spec-
imen typeB (Fig. 7.47b) shows a layer of lacquer (black colour) on top of the
foundation and a layer of epoxy resin (dark-greyish appearance) between the lac-
quer and the top wood substrate. Average foundation layer thickness was 0.32mm
and 0.30mm (excluding lacquer and epoxy resin layers) before consolidation for
typesA and B respectively (cf. Table 7.3).

(a) DCB specimen typeA. (b) DCB specimen typeB

Figure 7.47.: Examples of DCB cross-section micrographs with unstained foun-
dation layers: (a) typeA contains foundation only sandwiched be-
tween the two wood substrates, (b) typeB shows a lacquer layer
(black colour) on top of the foundation and a layer of epoxy resin
(dark-greyish appearance) between the lacquer and the top wood
substrate. (As the foundation layer of the specimens is so brittle,
the variation in layer thickness between some of the specimens did
not have any e�ect on their fracture behaviour, and can hence be
ignored.)

Considering that the `sandwich' structure of the specimens represented a consid-
erably inhomogeneous, pre-fractured and consolidated composite material, sub-
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stantial variability in the appearance of the bondline and consolidant penetration
into the structure was expected. Hence, broad trends were established to give a
qualitative indication of the consolidants' performances, rather than statistically
analysing the exact bondline thicknesses and penetration depths. A table sum-
marising the reported results is given at the end of this section (cf. Table 7.7 on
page 220).

Protein based consolidants (class I)

Viewed in cross-section, the DCB specimens treated with the protein-based con-
solidants displayed overall similar results:

Fish glue, isinglass and hide glue all showed good potential to penetrate well
into the porous foundation layer and to a certain degree also into the adjacent
wood substrate. Examples of cross-section micrographs for these consolidants are
presented in Figs. 7.48 and 7.49. In the Figures, the previous fracture surfaces,
to which the consolidants were applied, are marked with red arrows.

The micrographs show that consolidant penetration varied. In many areas, the
proteins had fully dispersed throughout the entire layer thickness (Figs. 7.48 a, c
and e). These alternated with areas of more restricted penetration, where up to
one half of the layer thickness were sometimes left unconsolidated (Figs. 7.48 b,
d and f). Both full and partial penetration were about equally observed in all
these specimens. Even though visual examination of the cross-sections did not
reveal any clear explanations for this phenomenon, it was assumed that the ac-
knowledged inhomogeneity of the foundation layer was the predominant cause
for the non-uniform consolidant penetration. On average, the protein-based con-
solidants penetrated up to approximately 200 µm from the fracture surfaces into
the foundation layer. Isinglass and hide glue often showed deeper penetration,
with a penetration depth, dpf , of up to 250 and 270 µm respectively. Where the
consolidant reached the wood/foundation interface (or was directly applied to it),
an average penetration depth, dpw, of up to 50 µm into the wood substrate was
noted (cf. Table 7.7 on page 220).

Another striking feature of these protein-based consolidants was their general
ability to disperse through the foundation layer thickness without creating pro-
nounced or abrupt new interfaces in areas where penetration was incomplete.
Figures 7.48 a, d and f show typical examples of this behaviour: the green-stained
consolidant clearly appeared lighter in colour (i.e. less saturated, indicating a
lower concentration of the consolidant) with increasing distance from the sur-
face it was applied to. This suggested a more gradual transition in properties
between the consolidated and unconsolidated areas of the layer. The only ex-
ceptions in this regard were the specimens consolidated with the cold-liquid �sh
glue. Despite similar appearance of the consolidant, a further region displaying
a colour gradient could be identi�ed in these specimens in the middle of their
foundation layer in many areas (Fig. 7.48b). The cause for this lighter colour
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(a) Cold-liquid �sh glue (typeA); showing
good penetration, but leaving voids in the
bond along the old fracture surfaces.

(b) Cold-liquid �sh glue; revealing a strong
tide-line near centre of layer and voids in
bondline (�lled with polishing dust).

(c) Salianski isinglass (typeA); displaying no
visible bondline and penetration through
entire foundation layer.

(d) Salianski isinglass applied to wood/ foun-
dation interface (typeA specimen); show-
ing partial penetration.

(e) Bovine hide glue (typeA specimen); uni-
form consolidant distribution through en-
tire foundation layer.

(f) Bovine hide glue (typeB specimen);
showing faint bondline with higher con-
solidant concentration.

Figure 7.48.: Cross-sections of DCB specimens consolidated with protein-based
polymer formulations, stained with Fast Green. Red arrows mark
previous fracture surfaces to which the consolidant was applied.
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appearance is unclear, although, it may be explained as a tide line caused by
some of the additives contained in cold-liquid �sh glue. Such additives include
preservatives/bactericides (phenols), colour brighteners (titanium dioxide) and
deodorising agents (Lee Valley Tools Ltd. 2007; Kremer Pigmente 2007a).

With respect to the discernibility of the bondline between the old fracture sur-
faces, the protein-based consolidants di�ered signi�cantly. In the specimens con-
solidated with isinglass and hide glue the old fracture surfaces showed a near-
perfect �t with no visible bondline. There was also hardly any indication of higher
consolidant concentration at the interface of the old fracture surfaces (i.e. no vis-
ible bulk polymer) in the specimens consolidated with �sh-glue and isinglass.
However, faster gelation of the hide glue at room temperature may explain why
this consolidant remained at slightly higher concentrations in the bondline than
the isinglass (indicated by darker green appearance). The specimens consolidated
with the cold-liquid �sh glue showed old fracture paths that had either almost
entirely re-opened and/or still contained many large, un�lled voids (Fig. 7.48a).
In Figure 7.48b the typical voids and open fracture path are obscured by polish-
ing dust, which appears whitish on the micrograph. Voids of this kind were not
found to be present in the specimens consolidated with isinglass and hide glue.

These results support the previously reported data on the fracture behaviour
of the DCB specimens. Clearly, the �sh glue showed unsatisfactory GIc results
and almost 100% failure between the re-adhered old fracture surfaces due to
starvation of the bondline and/or the lack of bonding strength of the protein
matrix. Consolidation with isinglass and hide glue approximately re-established
the initial fracture properties of the specimens, because these polymers were not
only similar to the original binder of the foundation, but they also penetrated
relatively deeply and uniformly through the entire layer. The almost invisible
bondline and the perfect �t of the fracture surfaces also suggested that no new
interfaces were created by these consolidants. Hence, no signs were found to
assume that abrupt changes in mechanical properties within the consolidated
structure were to be expected.

Starch- and protein-based consolidant (class I+) The specimens consoli-
dated with the starch/isinglass mixture showed a very uniform bondline between
the old fracture surfaces, with dbl=10 to 20 µm. The bondline appeared to contain
a relatively high concentration of isinglass, indicated by the dark green staining
in Fig. 7.49b. Staining with iodine-potassium iodide (I2KI, Lugol's solution) re-
vealed that the starch fraction in the consolidant had entirely remained in the
bondline between the old fracture surfaces, acting as an excellent gap-�ller. Si-
multaneously, the starch served as a thickening agent for some of the isinglass
(Fig. 7.49 a), which thus remained at higher concentrations in the bondline. These
results con�rmed previous research by Breidenstein (2000), who suggested that
starch/isinglass-based consolidants formed a relatively thick adhesive layer un-
derneath re-adhered lacquer �akes. Her �ndings were based on X-ray analysis
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undertaken after the consolidant had been marked with iodine-containing con-
trast solution. In hindsight, however, this method was slightly limited in that it
was not able to show the rather di�erent penetration behaviour of the isinglass
and starch fractions contained in the consolidant. The comparatively simple
method of cross-section analysis and staining, which was used in the present
study, clearly revealed that the isinglass had penetrated deeply into the foun-
dation layer, achieving a similar distribution throughout the layer thickness as
observed for the pure isinglass or bovine hide glue solutions. The starch on the
other hand showed no penetration and remained consistently visible in the bond-
line.

These results clearly revealed the reason for the relatively higher fracture energy
of the DCB specimens consolidated with starch/isinglass: whilst the isinglass
penetrated and stabilised the foundation layer uniformly and almost through its
entire thickness, the starch e�ectively bonded the two previous fracture surfaces.
This e�cient bonding was manifested in the lowest percentage of bondline failure
(cf. Table 7.6). Lower levels were reached by the specimens consolidated with the
mugi-urushi (which alongside urushi also contained wheat �our paste).

It can thus be concluded that the addition of starch to a protein-based glue
increases the bonding ability between foundation fracture surfaces, the bondline
thickness and the fracture energy in relation to the pure protein glue. At the same
time, the starch does not signi�cantly change or limit the penetration behaviour
of the protein fraction. This is a useful �nding, which may help to improve
the performance of consolidants that so far display unsatisfactory properties.
The cold liquid �sh glue may be an example, as its specimens su�ered from
unacceptably low GIc and bondlines with poorly �lled gaps which were starved
of consolidant, when used at the concentration tested in this research.

(a) Bondline at wood/foundation interface,
stained with Fast Green and I2KI solu-
tion.

(b) Distribution of isinglass fraction stained
with Fast Green (starch unstained).

Figure 7.49.: Cross-sections of typeB DCB specimens consolidated with
starch/isinglass. Red arrows mark previous fracture surfaces to
which the consolidant was applied.
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Lacquer-based consolidants (class II and II+)

The cross-sectional examination of the specimens treated with the two lacquer-
based consolidants con�rmed the general knowledge about these consolidant for-
mulations (Matsumoto and Kitamura 2008). Both the pure ki-urushi and the
mugi-urushi diluted in hydrocarbon solvent penetrated to some extent into the
porous foundation layer. In the foundation, penetration depths of between ap-
proximately 50µm and 170 µm were recorded. They also appeared to vary de-
pending on the amount and type of solvent used in the formulations. Penetration
into the wood was limited to a maximum of 40µm. Typical examples for ki-urushi
diluted with HAN8070 are shown in Figures 7.50a�b. In this micrograph the sol-
vent can be seen to have carried di�erent fractions of the lacquer to varying extent
into the foundation layer, indicating chromatographic e�ects. This appeared to
be less the case with the mugi-urushi (Fig. 7.50c�d), which may have been due to
the much faster evaporating solvent (Exxsol DSP80-110) used in this instance.
The two lacquer-based consolidants showed rather sharp tide-lines, suggesting the
creation of new interfaces with signi�cantly di�erent mechanical properties. This
was noted in almost all specimens.

Unsurprisingly, the gap-�lling capacity of the diluted ki-urushi was rather poor.
Also, all the specimens su�ered from an unsatisfactory �t between the re-adhered
old fracture surfaces. The specimens were hence left with many voids along the
bondline, which can be seen in Figures 7.50a�b despite being slightly obscured by
white polishing dust. If these �ndings are related to the fracture energy of 44 J/m2,
which was only slightly below the value measured for unconsolidated foundation,
it may be concluded that e�ective bonding only took place where the fracture
surfaces were in close contact. Judged by the cross-sections, the level of contact
appeared to be rather limited.

The mugi-urushi seemed to have variable gap-�lling ability. In any areas where
consolidant penetration was relatively deep (Fig. 7.50d), any voids between the old
fracture surfaces were not e�ectively �lled. In those areas with little penetration,
fewer or no voids remained. The variable performance appeared to be primarily a
result of the very fast evaporating solvent used (Exxsol DSP80-100). Initially, di-
lution of the mugi-urushi was high (providing good penetration), whilst moments
later the solvent had signi�cantly evaporated, so that the consolidant was much
more viscous upon application (hence working well as a gap-�ller, but unsatisfac-
torily as a penetrant). A slower evaporating solvent, such as the HAN8070 used
for the ki-urushi, would have been a better choice in this instance.

Despite containing a wheat �our paste (starch) that e�ciently bonded the frac-
ture surfaces, the mugi-urushi did not increase the overall fracture energy of
the consolidated specimens as much as the starch/isinglass mixture. This was
mainly because second-phase fracture occurred in entirely unconsolidated areas
of the foundation. The relatively high bonding strength achieved between the
fracture surfaces after consolidation was attributed to the wheat starch paste.
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(a) Ki-urushi, showing little penetration and
a distinct tide-line.

(b) Ki-urushi, displaying deeper penetration
than in (a) but a similarly starved bond.

(c) Mugi-urushi showing little penetration,
relatively good gap-�lling ability and dis-
tinct new interface within foundation.

(d) Mugi-urushi showing extensive penetra-
tion into substrate and a starved bond-
line (�lled with polishing dust).

Figure 7.50.: Cross-sections of typeA DCB specimens consolidated with tradi-
tional formulations based on East Asian lacquer.

Although the starch fraction could not be stained with Lugol's solution due to
the very dark colour of the mugi-urushi, it was assumed that it had remained
primarily within the bondline, as for the starch/isinglass mixture. However, un-
like the isinglass, the urushi fraction had not penetrated as e�ciently through
the foundation layer, leaving signi�cant parts of the foundation unconsolidated.
Therefore, consolidation with the mugi-urushi had rendered specimen areas with
very di�erent mechanical properties, causing the specimens to fail largely in new
and unconsolidated parts of the layer structure.

Overall, the two lacquer-based consolidants performed unsatisfactorily at the
given formulations and concentrations. The HAN8070 used for the ki-urushi
was shown to be a more appropriate solvent to achieve slightly better consistency
in penetration behaviour. The maximum penetration depths were however very
similar for both formulations. The addition of wheat �our paste signi�cantly im-
proved the bonding ability between the fracture surfaces. It is thus conceivable
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that alternative lacquer-based consolidant formulations may achieve a better bal-
ance between their penetration and the strengthening behaviour. However, these
results also show that e�cient bonding of fracture surfaces in conjunction with
good consolidant penetration will most likely strengthen the consolidated mate-
rial to a level well beyond its original strength. This might well induce other
mechanical damage in its own right in the future.

Acrylate-based consolidants (class III)

Acrylic solutions (class III a) The acrylate-based consolidants dissolved in
toluene (tol.), toluene/xylene (tol./xyl.) and acetone (ac.) showed very similar
results in cross-section. These polymer solutions appeared to have penetrated
very well into the foundation layer, extending over approximately between 50%
(B72 in acetone) and up to 100% (B72 in toluene and B48N in tol./xyl.) of
the entire layer thickness. In all specimens, the old fracture paths were clearly
visible, as the polymer solutions had left large voids between the old fracture
surfaces (Fig. 7.51). The pre-stained solution of ParaloidB 72 in acetone clearly
suggested starvation of the joint: it had penetrated in such a way that the resin
concentration was visibly lower along the old fracture path than further away from
it (Fig. 7.51c). Despite these higher polymer concentrations in some areas, no
abrupt and sharp new interfaces were identi�ed. More distinct tide-lines produced
by the consolidant and irregular polymer distribution were typically visible in all
the specimens consolidated with ParaloidB 72 in toluene or B 48N in tol./xyl.
(Fig.7.51a�b). Bulk consolidant located in the bondline was generally only noted
in very few and restricted areas, such as the one shown in Figure 7.51b. The
bridging of the resin seen in the image was caused by the staining process during
cross-section examination. Exposure to the ethanol-containing dye induced the
specimen to �rst swell and subsequently dry. This caused the bondline to open
up, which consequently strained the softened consolidant. Polymer transport into
the wood substrate could not be established for the non-polar solutions, because
the staining method used was not ideal. It rendered the wood cells with remnants
of stain and thus disguised any possible polymer deposition within the cells. The
pre-stained ParaloidB 72 in acetone showed resin penetration into the wood by
up to 40µm (cf. Table 7.7 on page 220).

In the DCB specimens consolidated with the three acrylic solutions, the starved
bondline was thus con�rmed to have caused the low fracture energy values of less
than 5 J/m2. This result was similar to that of the specimens treated with ki-urushi.
It suggested that polymer solutions in hydrocarbon solvents at concentrations of
up to 25% resin content generally penetrated so well into the porous foundation
that insu�cient consolidant remained between the fracture surfaces to provide
e�ective bonding. Penetration of acrylates applied in solutions of aromatic hy-
drocarbons was almost complete, whilst acetone-based solutions penetrated only
partially into the foundation layer. This di�erence was understood to be caused
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by several factors: partly, the faster evaporation of the acetone which restricted
polymer movement due to a faster increase in viscosity. Additionally, the polar
acetone causes greater swelling of polar substrates, such as the protein-bound
foundation layer and the wood (cf. Schniewind 1998). Therefore, it would be
expected that this solvent reduced the polymer penetration in comparison with
a non-polar solutions of the same polymer.

(a) ParaloidB 72 in toluene (typeA); with
characteristic tide-lines and irregular
resin concentration in the centre of the
layer and close to the wood interfaces.

(b) B 48N in toluene/xylene (typeA); af-
ter staining, showing similar non-uniform
consolidant distribution as (a) and some
consolidant bridging in the bondline.

(c) ParaloidB 72 in acetone (typeB); show-
ing visible old fracture path and a typical
starved bondline, with higher concentra-
tion of consolidant away from the bond.

(d) ParaloidB 72 in acetone (typeB); large
voids are visible along the old fracture
path and the consolidant has penetrated
without creating sharp new interfaces.

Figure 7.51.: Cross-sections of specimens consolidated with acrylate-based con-
solidant solutions, partly stained with Solvent BlueG.

Acrylic dispersion (class III b) The results for the specimens consolidated
with the acrylic dispersion Lascaux Medium for Consolidation (MfC) contrasted
with those noted for the acrylic solutions. Lascaux MfC was very e�ective in
�lling voids within the joints, despite in some parts containing many small air-
bubbles. Bondlines were generally relatively uniform at around 20-40 µm and
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distinguishable from the surrounding foundation without staining (Fig. 7.52a).
Staining with Solvent BlueG clearly increased the discernibility of the penetra-
tion depth of the polymer. It revealed that in some areas the consolidant had
dispersed through the entire thickness of the layer, whilst in others it had pene-
trated less far. Typical penetration depths were measured to extend over around
half the foundation layer thickness, i.e. up to approximately 160 µm (Fig. 7.52b).
Penetration into the wood substrate was minimal at below 20 µm. In the founda-
tion, the interfaces between the consolidated and unconsolidated areas appeared
relatively pronounced in some parts of the specimens, whilst in others they showed
a more gradual drift. It is therefore possible that zones with abrupt mechanical
property changes were introduced into the specimens by the consolidant.

These results demonstrated similarities to those gained from the specimens con-
solidated with the starch/isinglass: both polymer formulations displayed excellent
void-�lling properties and GIc values which were signi�cantly higher than those
of the specimens during initial fracture (cf. Table 7.7 on page 220). In the
specimens treated with Lascaux MfC, almost half of the fracture paths had prop-
agated through the bondline, and approximately a further 15% through new but
consolidated parts of the foundation. Overall failure in consolidated areas was
hence very similar to that recorded for the starch/isinglass, although a higher
percentage of the Lascaux MfC specimens had failed within the bondline. This is
an interesting �nding as it demonstrates that acrylic copolymer dispersions, such
as the Lascaux MfC, can achieve similar penetration, void-�lling and fracture
results to those of traditional two-phase consolidants like the starch/isinglass.
The overall results for the Lascaux MfC also suggested that the properties of this
acrylic dispersion may be optimised by a reduction of the polymer concentration
through dilution with water. The penetration ability of the dispersion could thus
be improved whilst the relatively high fracture energy values and the bondline
thickness would be expected to be reduced.

(a) Unstained; displaying uniform bondline
with enclosed air-bubbles.

(b) Stained with Solvent BlueG, showing
typical penetration depth.

Figure 7.52.: Cross-sections of typeA DCB specimens consolidated with the
acrylate-based dispersion Lascaux Medium for Consolidation.
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Poly(vinyl alcohol) (class IV)

In the cross-section specimens consolidated with the Mowiol 3-83 the distribution
of the consolidant was clearly visualised using Lugol's solution. This showed that
the resin had penetrated typically between 20-250 µm into the foundation. In
terms of uniformity, it appeared not very di�erent from the Lascaux MfC (cf.
Table 7.7). However, in some locations the cross-sections displayed more pro-
nounced interfaces between consolidated and unconsolidated areas. An example
of this phenomenon before and after staining is presented in Figure 7.53. Staining
also revealed that in most cases the consolidant had e�ectively �lled the voids
in the bondline between the old fracture surfaces (Fig. 7.53b), reaching typical
bondline thicknesses of up to 20 µm. Interestingly, the Mowiol 3-83 was the only
consolidant tested that had fractured almost entirely within the consolidant in the
bondline, despite having displayed e�ective bonding between the fracture surfaces
and good gap-�lling properties. This meant that the GIc values measured for the
DCB specimens represented the best results that could possibly be achieved with
this consolidant formulation.

(a) Mowiol 3-83 before staining (b) As (a), stained with Lugol's solution

Figure 7.53.: TypeB DCB cross-section specimen consolidated with the
poly(vinyl alcohol) Mowiol 3-83.

Poly(vinyl acetate)-based consolidants (class V a and b)

The penetration performances of the poly(vinyl acetate) formulations showed dif-
ferences between each other, which were similar to the ones noted between the
acrylate-based solutions and dispersions described earlier. The Mowilith 50 dis-
solved in toluene penetrated similarly to the Paraloid-based solutions in aromatic
hydrocarbons. It mostly dispersed very well through the entire layer thickness in
a rather irregular manner, and created irregular tide-lines (Fig. 7.54a) and resin
concentrations in areas where many cracks had interrupted the foundation layer
(Fig. 7.54b). The joint between the old fracture surfaces was generally starved of
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consolidant, thus providing no e�ective bondline. Penetration into the wood was
limited to below 50 µm.

In contrast, the aqueous PVAc dispersion MowilithDMC2 proved to be a very
e�cient gap-�ller despite its low solid content of 10%. It �lled even large ir-
regular voids of up to 180µm width very e�ectively. However, penetration into
the foundation layer was limited to about 30-50µm (Figs. 7.55), which were the
lowest values measured for any of the tested consolidants. This meant that this
polymer formulation served more as an adhesive at the bondline than as a con-
solidant for the porous foundation layer, even when highly diluted. The lack
of penetration at this low solid content suggests that the polymer molecules in
the dispersion were generally too large for the pore sizes of the foundation layer.
Unfortunately, information on the molecular weight of the MowilithDMC2 was
not available to con�rm this. It was concluded that Mowilith DMC2 should be
considered unsuitable as a penetrant for such layers.

(a) Full penetration throughout the founda-
tion layer and distinct tide-lines.

(b) Areas of higher consolidant concentration
and voids along the old fracture surfaces.

Figure 7.54.: TypeA DCB cross-sections consolidated with the poly(vinyl ac-
etate) solution Mowilith 50 and stained with Lugol's solution.
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(a) Thin and uniform bondline with very re-
stricted penetration of the consolidant.

(b) Good gap-�lling ability, a thick bondline
and very little consolidant penetration.

Figure 7.55.: Cross-sections of typeA specimens consolidated with the poly(vinyl
acetate) dispersion Mowilith DMC2, stained with Lugol's solution.

Summary of penetration behaviour

Table 7.7 summarises the results of the penetration behaviour of the consolidants,
which were discussed in the previous section.

This Table clearly shows that the non-aqueous consolidants mostly displayed in-
su�cient adhesive bonding between the fracture surfaces and thus failed as e�ec-
tive consolidants for fractured foundation layers. The protein-based consolidants
that were applied as warm solutions, i.e. hide glue and isinglass, showed ideal
properties in that they rendered the fracture surfaces of the foundation layer with
perfect �t. This was achieved by the softening of the layer. Also, these consol-
idants did not develop visible bondlines consisting of bulk polymer that could
adversely in�uence the uniform distribution of mechanical properties in the con-
solidated layer. The starch/isinglass mixture showed both deep penetration and
a signi�cant bondline due to its two-phase composition of dissolved protein and
dispersed starch. The most e�cient gap-�llers were the Mowilith DMC2 and the
Lascaux MfC, which also achieved the highest fracture energy values. However,
despite this similarity and the much greater dilution of the PVAc dispersion, the
two dispersions showed disparate penetration behaviour.
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Table 7.7.: Summary of the penetration- and fracture behaviour of the consol-
idants. (Note that the results in the table suppose that the given
consolidant is applied to the fragile foundation in a single application
only.)
x

x x x Conc. Penetration Depth New Gap-

x x x φ dbl dpf dpw Inter- filling GIc Blf

Class Consol. Solvent [wt%] [µm] [µm] [µm] faces ability [J/m2] [%]

I Isinglass water 10 n.a. 130�270 ≤50 0 n.a. 053 I75

I Fish glue water 22.5* starved 100�200 ≤50 + (tl) poor 008 I99

I

Hide

glue water 10 n.a. 100�250 ≤50 0 n.a. 048 I80

I + Starch/is. water 13.3 10-20 130�270 ≤50 0 /+ excellent 066 I36

II +

Mugi-

urushi

Exxsol

80-100 (2:1) ? I50�170 ≤30 ++ variable 046 I 21

II

Ki-

urushi

HAN

8070 (2:1) starved I50�170 ≤40 + poor 044 I80

III a) Par.B 72 tol. 25 starved 200�320 ? + (tl) poor 002 100

III a) Par.B 72 acet. 25 starved 100�200 ≤40 0 poor 004 100

III a) Par.B48N tol/xyl 25 starved 200�320 ? + (tl) poor 003 100

III b) Lasc.MfC water 25 20�40 100�160 ≤20 0 /+ excellent 109 I45

IV Mow383 water 25 10�20 I60�250 ? 0 /+ good 022 I97

Va) Mow. 50 tol. 20 starved 200�320 <50 + (tl) poor 002 100

Vb) M.DMC2 water 10 30�180 I30 � 50 � ++ excellent 129 I68

`φ' gives the polymer concentration, where values marked with an asterisk (*) refer to the solid content of the

formulation given by the manufacturer. dbl is the typical bondline thickness, dpf the typical penetration depth

in the foundation layer, and dpw that in the wood substrate. Any `?' identi�es results that remained unclear

due to a lack in optical discernibility between the consolidant and its adjacent material. The column `Interfaces'

refers to whether new abrupt interfaces were introduced by the consolidant, ranging from no or minimally visible

interfaces (0) to very pronounced ones (++). `(tl)' indicates that such interfaces were present as tide-lines.

The columns denoted `GIc' and `BLF' give the mean fracture energy and the extent of bondline failure. Results

in red italics mark those properties that are the most undesirable for a consolidant used for foundation applied

on wood.
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7.4.2. Notes on the e�ciency of the stains used

Generally, the visualisation of the consolidant distribution was most successful
with the stains that were added to the liquid consolidant before their application
to the DCB test specimens. Both the Fast Green and the SolventBlueG used
for the proteins and the ParaloidB 72 in acetone respectively provided visibly
clear results. It was assumed that the stains had fully chemically bonded to the
polymer without leaving excess stain molecules in the aqueous or solvent solutions
that could have adulterated the true polymer distribution due to chromatographic
e�ects within the specimens. Areas of high consolidant concentration appeared in
more intense colour, whilst lighter colour shades of the stain indicated gradually
lower concentrations (see Figs 7.48a,f; 7.49a-b and 7.51d).

Staining after consolidation, which had to be performed on the starch, some of
the acrylates, the PVAl and PVAc formulations, proved to be more problematic.
Firstly, embedding of the specimens into clear casting resin was absolutely vital,
as all specimens swelled during stain application. Upon subsequent drying they
were hence prone to breakage within the foundation layer or at its interface with
the wood substrate. This e�ect was reduced by the embedding, even though
fracture within the foundation layers occurred on several occasions nevertheless.

The LascauxMfC was successfully stained with Solvent BlueG when present in
bulk and when more �nely dispersed in the foundation layer (Fig. 7.52b). How-
ever, the acrylate-based solutions of Paraloid B 72 and B48N stained less ef-
fectively and had to be kept in the staining bath for twice as long as the Las-
cauxMfC (cf. Section 6.3.2). Even after increased staining time, the dispersed
consolidant was only faintly visible as darker shaded areas within the foundation
layer (Fig. 7.51b). All the specimens that were stained after consolidation had
to be lightly polished prior to visual examination, as in some areas bulk acrylic
consolidant had leaked out of the cross-section plane. This excess polymer partly
disguised the foundation layer and the stained, dispersed consolidant and there-
fore had to be removed.

The starch was stained quickly, easily and very clearly with Lugol's solution,
which provided a blue-black appearance of the polysaccharide along the bondline
(Fig. 7.49a). In the specimens consolidated with starch/isinglass, the two-stage
staining routine worked well. Pre-staining of the isinglass showed the distribu-
tion of the protein, whilst complementary staining for starch clearly revealed the
di�erent distribution of the polysaccharide fractions of the consolidant.

The staining results for the PVAl and the PVAc, which were also undertaken with
Lugol's solution, were more challenging to interpret. In general, Lugol's solution
stained the PVAl in a very dark brownish-red and the PVAc in a lighter red to
reddish-brown colour. However after drying, the Mowiol 3-83 and to a certain
extent also the MowilithDMC2 only clearly retained this colouration in the bulk
polymer in the bondline. The stained polymer fraction that was dispersed in the
foundation became almost invisible again, as its coloured appearance faded away
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during drying (Figs 7.54c�d). Repeated application of Lugol's solution increased
the colouration of the polymer, but also caused the cross-section to swell increas-
ingly and to fracture further upon drying. In the case of Mowiol 3-83, which
remains water-soluble after drying, the PVAl leached out of the bondline once
the cross-section was repeatedly exposed to the staining solution. Examination of
these specimens under the optical microscope was therefore undertaken directly
upon the application of Lugol's solution before drying. The appearance of freshly
stained Mowiol 3-83 is presented in Figure 7.53b.

7.5. Empirical evaluation of consolidants

Before drawing the �nal conclusions regarding the performance of the tested
consolidants, the following section of this chapter brie�y considers their handling
properties. These were noted during the consolidation of DCB specimens and
empirical tests involving the arti�cially-produced lifting lacquer sample boards.
Empirical evaluation of the polymer formulations was desirable in order to gain
a more complete picture of their di�erences and similarities encountered during
practical conservation. The better conservators are able to understand whether
and to what degree the handling properties translate into overall consolidant
performance, the easier it will be in the future to choose an optimal consolidant
for a speci�c purpose.

7.5.1. Wetting and handling properties deduced from DCB
specimens

Generally, all consolidants showed suitable wetting of the fracture surfaces upon
application. Subtle di�erences were however observed for some formulations:

Paraloid, Mowilith 50, mugi- and ki-urushi The consolidants containing
hydrocarbon solvents (i.e. Paraloid, Mowilith 50, mugi- and ki-urushi) showed in-
stantaneous wetting of the wood and foundation surfaces and were mostly spread
uniformly by a single brush stroke. Slight di�culties in the uniform spreading
of the acetone and Exxsol-based formulations arose as these solvents evaporated
very fast upon consolidant application. This increased their viscosity to such an
extent that consolidant spreading and re-adhering of the fracture surfaces had to
be executed very quickly.

Lascaux Medium for Consolidation and Mowiol 3-83 Similarly e�cient
wetting was achieved by the Lascaux MfC and the Mowiol 3-83, although spread-
ing of these formulation was much easier. The very good wetting properties were
somewhat surprising as the other water-based formulations had displayed less
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ideal performance. The good wettability of the foundation and wood surfaces by
the Lascaux MfC was attributed to a small amount of non-ionic surfactants and
solvent contained in the aqueous acrylic dispersion. These are speci�cally added
by the manufacturer to promote wetting and uniform �lm formation (Hedlund
and Johansson 2005). The aqueous solution of the pure PVAl resin owes its good
performance to its chemical nature: Mowiol 3-83 has a relatively low molar mass
of 14 000 (for comparison, pig gelatin has a molecular weight of ≈ 110 000) and
its molecules contain many polar hydroxyl (�OH) groups. Both these properties
promote good wetting and penetration ability of polar materials, such as wood
or foundation (KSE Kuraray Specialities Europe 2002, Clariant 1999, p.G17).

Isinglass, hide and �sh glue, starch/isinglass The protein-based formula-
tions showed relatively good wetting, although the action of several brush strokes
was required to spread the consolidants uniformly. This was necessary as other-
wise some little air-bubbles remained entrapped between the foundation surface
and the liquid consolidant �lm (particularly where the consolidant covered small
voids that were contained in the fracture surfaces, such as the ones shown in
Fig. 7.8 on page 160). In this group, the starch/isinglass mixture showed slightly
better wetting than the isinglass and hide glue, whilst �sh glue was marginally less
easy to apply uniformly. The better performance of the polysaccharide/protein
formulation could be explained by its higher solid content which resulted in a
greater abundance of hydroxyl groups that have an a�nity to polar surfaces.
However, the veri�cation of the exact reason for the slightly varying behaviour
of the pure protein glues was beyond the scope of this research. Possible expla-
nations include the varying chemical nature of the proteins and additives in the
�sh glue or variations in pH. It is known that pH has an e�ect on the surface
tension of proteinateous solutions, although its e�ect is somewhat inconsistent
(Sauer and Aldinger 1939, Pitzen 1991).

MowilithDMC2 The wettability of the MowilithDMC2 was adequate, but
uniform spreading of the diluted aqueous dispersion required slightly more ac-
tion of brush strokes to remove tiny bubbles trapped on the fracture surfaces.
Technical data on MowilithDMC2 is scarce, and again reasons for this less opti-
mal wetting performance could not be established. Nevertheless, it can be safely
stated that strong dilution of the MowilithDMC2 from originally 50% down to
10% solid content does not render a dispersion with wetting properties as good
as those of the Lascaux MfC. It may be presumed that this is partly caused by
the relative reduction of surface active agents that are contained in the original,
undiluted dispersion.
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Summary

Failing foundation layers are best wetted with consolidants that contain hydro-
carbon solvents. These are closely followed by aqueous consolidants that contain
small polymer molecules with polar side groups or additives such as surfactants.
Pure protein-glues also work well, but may leave small areas unwetted unless
spreading is aided with mechanical action, i.e. brushing motion. Strong aqueous
dilution of polymer dispersions may be disadvantageous for achieving optimum
wetting results. Furthermore, solvent evaporation from the consolidants contain-
ing Exxsol DSP80-100 and acetone was found to be very fast and disadvanta-
geous, as it increased the viscosity at inconvenient rate. Fast solvent evaporation
rendered the consolidants di�cult to spread uniformly on the fracture surfaces,
unless they were applied in generous amounts.

7.5.2. Consolidation of lifting lacquer specimens

The consolidation and �attening of the arti�cially-produced lifting lacquer spec-
imens under comparable conditions proved to be more di�cult than anticipated.
Due to the extremely limited number of test specimens available, which left only
a single specimen for each consolidant, the most appropriate application method
for each consolidant could not be established individually. This, however, would
have been necessary to compensate for the diverse handling properties of the poly-
mer formulations. Application was mostly in�uenced by the di�erent evaporation
rates of their solvents, but also by the very variable states of lifting of the coating
reproduced on the sample boards. Some of the lifting areas would have required
softening of the lacquer before they could be �attened. Others were su�ciently
�exible and did not call for special treatment. Nevertheless, all consolidants were
applied in a similar manner and at generous amounts. This aimed to facilitate
softening of the lacquer and to prevent consolidant starvation within the bond.
The consolidated layers on the specimen boards were left to dry in a shimbari
frame pressed down with bamboo sticks according to the procedure described in
Section 6.1.4 on page 142.

Surface appearance

The use of one and the same application method for all test specimens is gener-
ally a necessary prerequisite for the comparability of test results. However, the
method chosen in this study � unsurprisingly � rendered consolidated test speci-
mens with very unsatisfactory appearance. In a real conservation application this
appearance would have been unacceptable:

Generally, too much consolidant was applied on the specimens, causing the lac-
quer coating to soften excessively and to develop irregular and dimpled surfaces.
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Two typical examples of the consolidated test specimens are presented in Fig-
ures 7.56a�b which clearly show this problematic appearance. To a certain ex-
tent, both the water- and solvent-based polymer formulations had induced this
unwanted e�ect. However, no general trends could be established as to whether
these e�ects were typical for a particular solvent, diluent or consolidant type. It
was therefore concluded that the uniform application method used for �attening
and consolidating the rather varied lifting lacquer layers on the test specimens
was after all inappropriate. Neither did this preparation and treatment method
produce very useful nor truly comparable test specimens. The attempt of fur-
ther evaluating the consolidant performance by surface appearance was therefore
abandoned.

However, despite the problems regarding the surface appearance, the specimens
were nevertheless investigated in more detail to deduce some useful observations
with respect to specimen shrinkage and consolidant failure.

.

(a) Specimen consolidated with
Mowiol 3-83 in the areas towards the
rear and the front end of the board.

(b) Test specimen consolidated with
hide glue in the area of the upper
half of the board.

Figure 7.56.: Lifting lacquer test boards after consolidation showing uneven ap-
pearance of the lacquer surface. (Board size 35 x 60mm)
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Dimensional changes of coating and substrate

On all specimens it was noticed that after consolidation the coating was protrud-
ing by up to 1mm over the edges of the wood substrate. This was only the case
on those sides of the specimens that were cut parallel to the wood grain, and it
was more predominant the larger the consolidated area of the previously lifting
lacquer coating (Fig. 7.57a). The end-grain sides did not show any such protru-
sions (Fig. 7.57b). This suggested that the dimensional changes in the specimens
were not caused by swelling and expansion of the coating induced by the intro-
duction of water or solvent during consolidation. It was induced by shrinkage
of the wood substrate during the production process of the lifting lacquer, i.e.
during initial RH-cycling of the specimens. Indeed, it had been shown by Miura
(2000) that urushi coatings show less dimensional change than Japanese cypress
(hinoki) wood when exposed to RH changes. In the case of the lifting lacquer
sample boards, the shrinkage of the wood substrate relative to its coating was in-
creased, as the coating had lifted from the substrate during RH-cycling and thus
did no longer pose any restraint for the wood. Subsequent wood shrinkage further
increased the delamination of the coating. The example presented in Figure 7.58
clearly shows this phenomenon. The specimen with the coating protrusion of
almost 1mm (Fig. 7.57a) had substantially lifted before consolidation in exactly
the respective coating location (seen in the right half of the image). At the same
time, the wood did not show any shrinkage in the areas where the coating was
still attached to the substrate. This was explained by the fact that the intact and
well attached coating posed a restraint to the wood, which prevented the latter
from excessive dimensional changes during cycling RH conditions and thus from
developing large-scale permanent shrinkage.

(a) (b)

Figure 7.57.: Back side of lifting lacquer specimen board consolidated with Lee
Valley �sh glue. The formerly lifting coating is protruding over
the edge of the substrate (a), whilst the specimen sides along the
end-grain show no such coating protrusion (b).
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Figure 7.58.: Side view of lifting lacquer specimen shown in Fig. 7.57a before con-
solidation. A large area of the coating is lifting.

Failure of consolidants during drying and RH-cycling

The main reason for cycling the lacquer boards after consolidation was to assess
the polymers' ability to �rmly secure the �attened �akes in their position. On
other words it was tried to �nd whether the consolidants had a tendency to
develop brittle failure or creep in changing environmental conditions. However,
this assessment was di�cult, due to the limited number of specimens available,
the rather incomparable extent of lifting of the lacquer coatings, and the uneven
surface appearance of the consolidated specimens. Therefore, only a few results
could be deduced:

Observation on �rmly re-attached coatings The specimens consolidated
with isinglass, hide glue, �sh glue, ki-urushi, Lascaux MfC, Mowiol 3-83, Mowilith
50 and MowilithDMC2 all successfully �attened the lifting lacquer (mugi-urushi
and the Paraloid solutions in toluene and tol./xyl. were not tested). The tested
consolidants also stabilised the previously lifting areas well in their �xed posi-
tion even after RH-cycling (including eight wet-dry cycles over a period of two
months). No changes were recorded after the cycling. If present, any irregulari-
ties along the bondlines appeared to have been solely induced by the application
method and by uneven pressing during drying. Problems with uneven pressing
had occurred as some specimen boards were distorted in shape. The distortions
had developed during initial cycling. It was clear that the pronounced curvature
of some of the boards had prevented uniform pressure in some areas close to the
edges of the panel ends, which resulted in some small gaps along the re-adhered
fracture surfaces. Hence, the irregularities along the edges were clearly found not
to be caused by later creep or failure of the consolidant.

Observations on failed coatings Only two specimens su�ered failure of the
adhesive bond between the re-adhered old fracture surfaces: �rstly the one consol-
idated with ParaloidB 72 in acetone (other Paraloid-based formulations were not
tested due to their poor performance in the DCB tests), and secondly, albeit to
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a much lesser extent, the specimen consolidated with Mowiol 3-83. Even though
these specimens had been kept in the press for 7 days after consolidant appli-
cation, re-lifting of the lacquer coating occurred shortly after removal from the
press and during further drying at 53% RH and room temperature (Fig. 7.59b).
This failure however only a�ected selected areas of the previously lifting coating.
In the Paraloid sample, the failed areas were the ones which had previously lifted
the furthest away from the wood substrate. This can be seen in Figure 7.59a,
which shows the specimen's state of lifting before consolidation. No additional
or increased failure was observed during or after the RH-cycling.

Failure of ParaloidB 72 Examination of the re-lifted coating using the op-
tical microscope showed that consolidant distribution was similarly irregular as
observed in the respective DCB specimens (Fig. 7.59c, and see Figs 7.29). Fig-
ure 7.59d further revealed that the consolidant had failed whilst developing very
�ne polymer bridges, which still remained visible on the rough fracture surfaces.
This con�rmed that the Paraloid had retained su�cient acetone solvent to dis-
play signi�cant creep even after one week of clamping, and to cause failure of
the bond. (Solvent retention in acrylic polymers has previously been discussed
by Carlson and Schniewind (1990) and Hansen et al. (1991) amongst others.)
Nevertheless, the remaining and successfully �attened areas of the coating sug-
gested that it was still possible to apply the polymer solution in a manner that
rendered the consolidation treatment e�ective. Thus, this example demonstrated
again that application techniques during consolidation are as vital as the choice
of polymer formulation in the �rst place. Some consolidants � even if they have
the tendency to fail during drying � may actually be applied in a way that avoids
their immediate failure.

Last but not least these observations also con�rmed that the e�ect of consolidant
migration towards the outer edges of the specimen was not only speci�c to the
DCB specimens used in this study, but appeared to be the general behaviour of
the ParaloidB 72 in acetone even under mimicked conservation applications.

Stability of Mowiol 3-83 The Mowiol 3-83 sample had only shown some slight
detachment of the re-adhered coating in the centre part of the specimen (cf.
7.56a). This failure, however, was not as signi�cant as the one reported for
ParaloidB 72. The slight detachment had solely occurred in areas of the specimen
which had previously been di�cult to consolidate, due to restricted accessibility
with a brush. During consolidant application it was noted that consolidant uptake
in these areas was very limited. Hence it was not surprising that further lifting
occurred after specimen removal from the press. All other fracture surfaces that
had been well accessed by the consolidant had remained stable even during RH
cycling.
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(a) (b)

(c) (d)

Figure 7.59.: Lifting lacquer specimen board (23mm x 30mm) consolidated with
ParaloidB 72 in acetone (stained with Solvent BlueG). (a) Specimen
before consolidation, and (b) after consolidation and 1 month drying
(before RH-cycling). (c) Detail of the previously re-adhered �ake
(reverse side) that is shown to be lifting in (b). It reveals irregular
consolidant distribution with higher resin concentration towards the
outside edge of �ake. (d) Detail from the lighter-coloured founda-
tion area of the same �ake with remnants of �ne resin bridges that
had developed during failure of the re-adhered/consolidated fracture
surfaces.

Summary

The empirical consolidation tests showed that all tested polymer formulations
had su�ciently good wetting and handling properties to be used as possible con-
solidants. The solutions based on the solvents Exxsol 80-100 and acetone were
less easy to apply due to very fast evaporation rates that rapidly increased the
viscosity of the consolidants. For practical purposes, these solvents are there-
fore not ideal, unless used at lower resin concentrations. Principally, all tested
consolidants were capable of stabilising previously lifting and re-adhered areas
of the coatings �at in place. Only the specimen consolidated with ParaloidB 72
in acetone showed inconsistent bonding ability. Despite providing some e�ective
bonding that remained intact even after the RH cycling, this consolidant displayed
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signi�cant bond failure by �ne bridging, i.e. cohesive failure of the consolidant
induced by creep. Paraloid in other solvents was not tested on lifting lacquer
sample boards and was thus not available for comparison. The two synthetic
polymer dispersions Lascaux MfC and Mowilith DMC2, had rendered test spec-
imens with stable bonds, despite having shown signi�cant creep and consolidant
bridging during the DCB fracture tests. It is assumed that failure was prevented
mainly due to the well-�lled bondlines and the high fracture energies which had
been previously established.

Whilst this empirical test method generally showed that some useful informa-
tion on consolidant behaviour could be gained, adjustments to this approach
would be required if similar tests were to be undertaken again in the future.
More meaningful and representative results on consolidant performance could be
achieved if more specimens with simulated damage were available. In this way
specimens could be chosen that show very similar areas of lifting, and generally
more areas could be consolidated. This would enable a better understanding of
whether a consolidant generally performs acceptably or not. As pointed out in
Section 6.1.4 this would however require further research into the reliable manu-
facture of boards with lifting lacquer coatings. In this study, this manufacture
had caused signi�cant problems, and it was beyond the scope of the project to
address this issue in more detail.

7.6. Discussion of experimental results and

conclusions

The observations made during and after the consolidation of the lifting lacquer
samples con�rmed again that the strengthening of such damaged multilayered
coatings is a complex undertaking that involves the simultaneous control of many
parameters. Choice of adhesive, solvent/diluent and concentration of the consol-
idant formulation are one set of factors that in�uence the success of the stabili-
sation treatment. The degree of lifting, the size of the area and the thickness of
the delaminating layer are further parameters, and they matter greatly. Flakes
that are hard and brittle and curl away from foundation layers or the substrate,
must be softened and rendered compressible to facilitate �attening. To success-
fully achieve this, the direct softening action of a consolidant can be employed if
carefully controlled. However, the tests on the lifting lacquer boards have shown
that excess consolidant can easily cause extensive harm to the surface appear-
ance. In such cases, multi-stage methods involving pre-softening � for example
by raised RH or exposure to solvents and/or heat � would be a more appropriate
choice. Suitable methods of coating softening and alternative ways of consolidant
application are clearly a topic that would merit further research and practical
experiments. Here, it would have gone beyond the scope of this work to address
these issues in more detail.
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Disregarding the problem of reversing the spatial distortion of the lifting coating,
the main aim of this chapter was to investigate the behaviour of consolidants that
may be used to stabilise fragile coating layers that are assumed to have relatively
undistorted fracture surfaces. The consolidants have to serve two functions si-
multaneously: to re-adhere the �akes in the desired position and to strengthen
the surrounding material structure. E�ective stabilisation of a coating structure
thus stands and falls with the ability to form a stable and su�ciently strong bond
in the joint, and to restore or improve the cohesive strength of the weakened ma-
terial. The experiments reported in this study have revealed the extent to which
the tested consolidants were capable of achieving these requirements.

7.6.1. State of bondline and accuracy of joint �t

The DCB fracture tests and the cross-section analysis showed that the foremost
problem with e�ective consolidation of delaminating coating layers is the lack of
suitable �t between the two surfaces resulting from fracture. Several polymer
formulations tested displayed undesirable fracture properties mainly because the
joint between the re-adhered fracture surfaces was starved of consolidant (i.e.
adhesive) and contained many un�lled voids. It is therefore essential that the
consolidants used have either su�cient gap-�lling ability or provide other means
of improving the �t of the joint.

Two factors signi�cantly improved the e�ectiveness of a bond and the accuracy of
joint �t: �rstly, the use of water-based polymer formulations and/or secondly, the
presence of a su�ciently large consolidant fraction that remained on the fracture
surfaces to �ll any voids.

Except for the cold-liquid �sh glue, which already failed under very small tensile
loads most likely due to the chemical nature of its gelatin molecules, all the water-
based consolidants showed overall e�ective consolidation results. This was not
very surprising, as the presence of water caused the protein-bound foundation
layers to swell and soften. Even though swelling is often not desirable during
consolidation, as it induces additional stresses to the material and may lead to
unevenness of the surface, this action does have great bene�ts: it generally enables
better accuracy of �t between the fracture surfaces of protein-bound foundation.
A near-perfect �t in the joints was thus noted for all water-based consolidants
that were applied warm (isinglass and hide glue). In the cross-sections of these
specimens, the original fracture surfaces could hardly be identi�ed visually. Good
�t was also achieved with the �sh glue and the Mowiol 3-83.

In contrast, the non-aqueous polymer formulations (acrylics, PVAc and lacquer in
ketone or hydrocarbon solvents) contained many voids between the old fracture
surfaces. Whilst displaying hardly any e�cient gap-�lling and bonding ability
due to starved joints, these polymer formulations only achieved unsatisfactory
results.
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Signi�cant accumulations of bulk consolidant (serving as an adhesive layer) were
observed in several specimens. In these cases, irregularities in the joint were �lled
with polymer, which provided very e�ective bonds. During second-phase fracture,
these specimens either showed relatively little failure within the bondline, or
displayed higher fracture energies than during initial fracture. This behaviour
applied to the specimens consolidated with the starch/isinglass mixture, mugi-
urushi, Lascaux MfC, or Mowilith DMC2. The PVAc dispersion Mowilith DMC2
was most e�ective in �lling any voids, as the polymer almost entirely remained in
the joint. It thus served primarily as an adhesive between the fracture surfaces.
Its penetration ability very limited. The Lascaux MfC, on the other hand showed
much more e�ective penetration despite also forming an e�ective adhesive layer in
the joint. It clearly showed that the acrylic dispersion contained polymer fractions
that were able to penetrate deeply into the porous foundation layer, whilst some
other fractions remained on the surface. From the point of view of ful�lling both
e�ective adhesive action and good penetration ability, the Lascaux MfC showed
almost ideal properties, albeit with too little failure within the bondline.

Consolidant formulations that contained more than one polymer phase clearly
displayed outstanding properties. Examples for these were the starch/isinglass
and the mugi-urushi. Both contained a starchy phase in addition to a protein
solution or a lacquer emulsion, respectively. In both cases, the dissolved polymer
penetrated deeply into the foundation, whilst the dispersed starch remained in the
joint and contributed signi�cantly to improved adhesion between the re-adhered
surfaces. Of all consolidants tested, these two formulations showed the lowest
extent of bondline failure. This was partly attributed to more e�cient gap-
�lling properties of the starch and partly to improved adhesion due to a greater
abundance of polar hydroxyl groups provided by the starch molecules. In contrast,
both the diluted ki-urushi and the pure isinglass solution had not shown visible
accumulation of bulk polymer between the re-adhered fracture surfaces. They
had also failed to a much higher extent within the bondline. Therefore, if more
reliable failure within the bondline were required for a speci�c task, the addition
of starch-containing pastes to consolidants should be avoided.

7.6.2. Implications of Penetration Depth

Whilst the formation of an e�ective bond between the fracture surfaces is one
prerequisite for e�ective consolidation, uniform consolidant application and pen-
etration into the composite laminate are another. Any non-uniform distribution
leaves the risk of creating new interfaces between consolidated and unconsolidated
material with markedly di�erent mechanical properties. In the tests reported in
this work, the consolidants had shown rather varied penetration ability, not only
amongst the di�erent formulations, but more importantly also within single test
specimens, i.e. for individual consolidants. This may have been partly due to the
application technique of using a brush. Despite having applied generous amounts
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of consolidant, non-uniform application can never be ruled out entirely. Special
application techniques, such as vacuum infusion, might reduce this problem and
could in some cases facilitate or at least encourage more e�cient consolidant dis-
tribution. Nevertheless, brush application is one of the most common methods
and hence it provided a realistic testing scenario. Even if the most suitable ap-
plication techniques were employed, aged and damaged composite material may
by itself still prevent ideal consolidant distribution. The fracture testing of the
DCB specimens clearly showed that failure in the composite sometimes developed
on several levels simultaneously. Despite the fracture path propagating in two
locations parallel to each other, only one of these paths represented the princi-
ple failure locus. Any secondary path often merely remained as �aws and voids
enclosed by material matrix. During consolidation, such �aws can remain inac-
cessible to a consolidant unless further damage occurs. The high likelihood of
irregular consolidant penetration is therefore a problem inherent to the nature of
deteriorated composite materials. In practice, ideal consolidation of these struc-
tures � be it on test specimens or on real objects � is unlikely. In this respect,
the pre-fractured and consolidated DCB specimens constituted a very suitable
representation of the situation encountered by conservators on real objects.

7.6.3. Level of strengthening and signi�cance of GIc

The aim of stabilising a damaged coating layer beyond its original mechanical
strength properties is generally to be approached with careful and critical consid-
eration. This is particularly the case given the di�culties with achieving uniform
consolidant penetration. In conservation, therefore, tough adhesives and consol-
idants are not necessarily desirable for many applications. If it is expected that
new interfaces are introduced to a material inbetween unconsolidated and consol-
idated areas, then consolidants should be avoided which give rise to signi�cantly
higher fracture energies than that of the original material. They can induce new
stresses in the composite, and potentially cause even further damage with time.
Consolidants to which these characteristics may apply were the Mowilith DMC2,
or the Lascaux Medium for Consolidation at the concentration tested in this
study. Certainly the mugi-urushi is a problematic consolidant in this respect,
which showed only negligible failure in consolidated areas of the specimen.

In many conservation-related cases, low toughness adhesives are deliberately cho-
sen in view of this possible future damage to the object. This may somewhat
be counter-intuitive to the more common expectations of engineers and material
scientists, who usually try to improve the strength properties of materials by
using stronger adhesives and more e�cient bonding techniques. In conservation
applications, failure is mostly preferred to occur in the same locations as before,
i.e. within the bondline between the consolidated and re-adhered old fracture sur-
faces, rather than in previously undamaged areas of the original material. Such
failure is best achieved with consolidants that allow fracture to occur at relatively
low GIc values in the material they are applied to.
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From this point of view, a low fracture energy consolidant, such as the Mowiol 3-
83, may indeed have desired properties for certain applications, where reliable
bond-failure is required. The fracture tests showed that this PVAl's inability
to restore the original fracture resistance of the test specimen ensured exclusive
fracture in the bondline. Furthermore, the low fracture energy of the Mowiol 3-
83 bonds (which was lower than that of the unconsolidated foundation) implies
that abrupt, great changes in mechanical properties are less likely expected at
newly created interfaces between unconsolidated and consolidated foundation.
The relatively limited penetration depth observed for this consolidant in some
areas can therefore be considered unproblematic. Overall, Mowiol 3-83 gave the
most uniform results of all consolidants during fracture testing and showed very
good wetting and handling properties. It thus appeared to be a very consistent
stabilising agent, albeit one with only moderate strengthening ability. The em-
pirical consolidation test on the lifting lacquer boards certainly showed that this
polymer solution, if uniformly applied, was capable of successfully consolidating
and re-adhering lifting lacquer coating and foundation of approximately 0.22mm
thickness. It even sustained exposure to RH cycling over two months.

Knowing the level of fracture energy at which a consolidated material fails does
greatly help in choosing a suitable consolidant, although clearly, it cannot be the
only criterion upon which a consolidant is chosen. It is rather required to make
choices on the basis of the most appropriate balance of properties.1 When tables
are consulted that list consolidant properties (e.g. Tables 7.6, 7.7 and 7.8), other
relevant aspects have to be kept in mind: for example whether an undesired prop-
erty can be compensated for by other means and whether multiple treatments are
possible. Sticking with the example of the Mowiol 3-83, its rather low fracture
energy could be altered by adding some Mowiol of higher polymerisation grade.
Of all available Mowiol grades Mowiol 3-83 has the lowest molecular weight at
14 000 (for comparison, pig gelatin ≈ 110 000) (Clariant 1999; Simon et al. 2003).
It can thus be assumed that grades with a higher degree of polymerisation, i.e.
higher average molecular weight, would improve the bond strength between the
re-adhered fracture surfaces. Assuming that di�erent fractions of Mowiol grades
would penetrate to varying extent into the porous foundation layer (similar to
the starch/isinglass), higher bonding strength could be achieved whilst retaining
some degree of consolidant penetration. Considering the aspect of re-treatability
and multiple applications, polymers with properties such as those of the Mowiol
also have a further advantage. Mowiol 3-83 is a recommended base for wood
primers that provides a good key for subsequent paint coats of various composi-
tions (Clariant 1999, p. G17). Polymers with such properties have the additional
bene�t of allowing future application of further consolidants, should they be re-
quired.

1Note that, as discussed earlier in this work, important properties such as the consolidants'
chemical stability, aging properties and appearance were deliberately omitted from the
present research in order to focus on the determination of mechancial properties and fracture
behaviour.
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7.6.4. Suitability of consolidants for protein-based
foundations in lacquer coatings

The performance of the consolidants as adhesives between the fracture surfaces,
penetrants and overall toughening agents is summarised in Table 7.8.

Table 7.8.: Summary of the consolidant performance for protein-bound founda-
tions of East Asian lacquer coatings. (Note that the results in the
table suppose that the given consolidant is applied to the fragile foun-
dation in a single application only. The toughening e�ect refers to
the performance of the entire specimen, rather than to an individual
layer)
x

Class Consolidant Solvent

Concentr.

[wt%]

Effective

adhesive

Effective

penetrant

Toughening

effect

I Isinglass water 10 ! ! 0

I Fish glue water 22.5 x ! �

I Hide glue water 10 ! ! 0

I + Starch/isingl. water 13.3 !! ! +

II + Mugi-urushi Exxsol 80-100 ∼ 46 ! ! 0 (+)

II Ki-urushi HAN 8070 ∼ 46 ! ! 0

III a) ParaloidB 72 toluene 25 x !! � �

III a) ParaloidB 72 acetone 25 x ! � �

III a) ParaloidB 48N toluene / xylene 25 x !! � �

III b) LascauxMfC water 25 !! ! ++

IV Mowiol 3-83 water 25 ! ! �

Va) Mowilith 50 toluene 20 x !! � �

Vb) Mow.DMC2 water 10 !! x ++

x

Fields marked with `!' and `!!' specify whether adhesive properties and penetration ability are good or

very good, respectively. In the same columns, `x' indicates the lack of e�ective adhesion or penetration. The

toughening e�ect is distinguished by `0' (more or less unchanged), `+' (increased), `++' (much increased), `�'

(reduced), and `� �' are for starved joints which gave low GIc values under these conditions.

Protein-based consolidants

Apart from the cold-liquid �sh glue, the protein-based consolidants were shown
to be very e�ective stabilising agents for the type of fragile foundation layer
and lifting multilayered lacquer coating tested. Both isinglass and hide glue
more or less restored the previous fracture properties of the foundation, whilst
also penetrating relatively well and uniformly. Consolidation with the starch
paste/isinglass mixture tended to result in slight increases in the fracture energy of
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foundation layers, but predominantly di�ered from the other two protein solutions
in that it induced more failure in previously unfractured areas of the consolidated
specimen. From the point of view of restoring the original fracture properties of
protein-bound foundation layers, the common use of protein-based consolidants
at a concentration of 10% solid content generally appears to be an appropriate
choice. Cold-liquid �sh glue that is also commonly used for re-adhering lifting
lacquer clearly displayed insu�cient adhesive properties when diluted to half
of its original solid content (22.5%). It was found that the �sh glue solution
at this level of dilution does not su�ciently strengthen a delaminating export-
type lacquer coating, despite having successfully re-adhered the coating of the
replicated lifting lacquer boards and having sustained some RH cycling without
bond failure.

Lacquer-based consolidants

Ki-urushi diluted with a non-polar hydrocarbon solvent did not appear to have
any mechanical advantage over a consolidation treatment with isinglass and hide
glue solutions, both of which produced similar fracture surfaces and negligible
changes in the fracture energy of the foundation. As opposed to the protein-based
consolidants, ki-urushi displayed ine�cient gap-�lling ability, which explained the
consistent failure in the bondline between the old fracture surfaces. The mugi-
urushi , on the other hand, clearly acted as an e�ective gap-�ller and adhesive,
and thus solely induced fracture in unconsolidated areas of the foundation. As a
consequence, no data could be gained on the increase in fracture energy within
the consolidated areas. This implied that the areas of the specimen into which
the consolidant had penetrated were signi�cantly strengthened.

The use of lacquer-based consolidants has been a controversial choice for many
conservators in the Western hemisphere. They may be a very good choice for
lacquer-based foundations and layer structures that have an overall high lac-
quer content. However, for protein-based foundations this study showed that
these consolidants had no mechanical advantage over other polymer formulations
tested. Indeed, uniform consolidation with lacquer-based consolidants was shown
to be di�cult to achieve and they tended to create new, pronounced interfaces
in the foundation. These can induce detrimental stresses to the structure in the
future. In the case of mugi-urushi such stresses are likely to be higher than those
induced by raw ki-urushi , as shown by Thieme (2001). Taking into account the
insolubility of lacquer matrix after polymerisation, re-treatment will hardly be
possible, in case it should be required in the future. The use of these consolidants
for typical export-type lacquer coatings may after all not be the most appropriate
choice.
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Acrylic and PVAc solutions

The Paraloid solutions and the Mowilith 50 in hydrocarbon solvents and ketone
all fractured in the joint between the re-adhered fracture surfaces. As the joints
appeared to have failed entirely due to consolidant starvation and lack of adhe-
sive, no e�ective bonding was achieved. Subsequently, the fracture energy values
measured were only those of the weak bond. Polymer penetration into the founda-
tion layer was very successful for all these consolidants, although, no fracture data
could be obtained for the consolidated areas. Hence, no true toughening e�ect
could be established for these polymer solutions. The results strongly suggested
that both the Paraloids and the Mowilith 50 solutions at the given concentrations
are a problematic choice, when a lifting coating with protein-bound foundation
is to be consolidated in a single application. Options for multi-stage applications
might however be worth considering for further testing in the future, considering
the excellent and good polymer penetration achieved with the non-polar and polar
solutions respectively. In any case, solvent-containing polymer formulations show
signi�cant propensity for creep due to prolonged solvent retention. Consequently,
they have to be clamped or pressed for much longer times than the water-based
consolidants used in this study. Despite long clamping, bond failure between the
re-adhered fracture surfaces remains a realistic problem, as was shown for the
ParaloidB 72 in acetone. In wood consolidation, multi-stage applications with
acrylic solutions have proven to be useful (e.g. Lencz 2005). However, it remains
to be investigated in more detail whether successful application techniques can be
found for these consolidants that render them useful for delaminating export-type
lacquer coatings.

Acrylic and PVAc dispersions

Both polymer dispersions tested showed large increases in fracture energy and
signi�cantly ductile behaviour of the bulk consolidant during crack propagation.
Ductility was shown to decrease with drying time over several months, whilst the
fracture energy increased signi�cantly. Large GIc increases were shown for the
Lascaux MfC and similar increases can be assumed for the Mowilith DMC2, too
(the latter was tested after shorter drying time). Mowilith DMC2 had given the
highest GIc values for all the typeA specimens. Considering that the Mowilith
dispersion hardly penetrated into the foundation layer, it cannot be regarded
as a suitable consolidant for such material. However, the Lascaux MfC showed
very good penetration, and �lm-forming ability in the bondline, making it a very
e�cient consolidant. The high fracture energy level that results from consolida-
tion with this acrylic co-polymer may be disadvantageous in some cases, as it
can strengthen parts of the material far beyond their original state, i.e. when
it was new. On the other hand, this may be a desired property. Nevertheless,
the performance of this dispersion might be improved if it were used at a lower
solution concentration. Accumulation of bulk polymer in the bondline between

237



7. Experimental: Fracture Behaviour � Results and Discussion

the fracture surfaces would most likely be reduced this way, whilst polymer dis-
tribution within the foundation layer could possibly be improved. Considering
that it is recommended by the developer and manufacturer to dilute the Lascaux
MfC (Hedlund and Johansson 2005; Lascaux 2007b), this consolidant promises
to have very good properties at a lower solution concentration. Further testing
of its fracture energy and overall fracture behaviour at diluted concentrations is
therefore endorsed.

7.6.5. Remarks on the DCB test method

Overall, the test results have shown that the fracture mechanics approach is useful
for analysing the mechanical performance of various consolidants for delaminat-
ing multilayered coating layers. The DCB method was suitable for replicating
specimens that showed similar damage to that observed on real objects. At the
same time, it provided baseline values of their fracture properties and overall
fracture behaviour during initial testing.

Unsurprisingly, the retesting of the consolidated specimens gave more variable
data than the initial testing. These resulted from more unstable crack growth
caused by increased specimen inhomogeneity This is the natural behaviour ex-
pected of a damaged, porous material that was stabilised with a consolidant by
brush-application. For mechanical properties testing, the presence of such irreg-
ularities in both aged objects and test specimens usually implies that any data
measured or collected will always show great scatter. This is why for most me-
chanical test methods large numbers of samples are required in order to render
the measured data statistically valid. The great advantage of using a fracture
mechanics approach and the DCB method for testing is that specimens can be
tested twice; once to create the initial fracture damage, and a second time after
the specimens were consolidated. The direct comparison between the same test
specimens enables the direct evaluation of every single consolidant application.
This simulates well the situation encountered when consolidating a fractured area
on a real object. The results supply information of whether a speci�c consolidant
application has worked or not, and why. Uniformity of the consolidation can be
evaluated with the same specimens, because fracture is repeatedly observed over
a long distance in a single specimen. A further advantage is that only very few
test specimens are required by the standard test method, as a large number of
data are gained from each specimen. In contrast, this is not the case for many
conventional mechanical strength test methods, which usually only generate one
value per test specimen. In the DCB tests, validity of the data is ensured by test-
ing a set of minimum 4 specimens. Comparison between these specimens enables
the evaluation of whether a consolidant acts consistently.

Instead of trying to perform elaborate statistical analyses on the measured data, it
appeared much more useful and meaningful to establish whether a few trials were
su�cient to achieve consistent results with regards to overall specimen behaviour
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after consolidation. After all, this is one of the essential challenges of practical
consolidation on real objects. A treatment is required to work, ideally with simple
application and usually on limited and inhomogeneous areas. It was shown in this
chapter that this aim was achieved by combining the DCB test method with the
cross-section analysis and by adding some practical trials on replicated damaged
coating structures. The tests undertaken revealed clear trends in the e�ects
of polymer formulations on the fracture properties of the degraded and �awed
composite specimens. Despite the scatter of the data, the information gained
on well de�ned criteria � such as the independent material property fracture
energy, the locus of failure and the penetration behaviour of the consolidant in
the �awed structure � gives a greatly improved understanding of the consolidant
performance in situ. This information can provide the means to choose and/or
modify a suitable consolidant for a speci�c material.

Applicability of methodology for practical conservation

Even though in this study most of the analysis was undertaken with sophisticated
laboratory equipment, the presented test methodology has a wide scope for use
even in more modestly equipped work environments.

DCB test specimens are relatively easy to manufacture and the fracture tests
can be performed even without access to highly technical equipment: instead of
employing a universal testing machine, DCB specimens can be fractured either
by hand or using a simple construction that involves for example a bench vice,
which is commonly available in many conservation studios. Fig. 7.60 shows a
simpli�ed model for a possible setup. The vice grips are equipped with holders
for steel bolts (e.g. made from ≥ 1mm thick sheet metal), which are used to
mount the end blocks of the DCB specimen. Once mounted, the vice grips are
gradually opened by turning the vice handle. Crack propagation on the specimen
is observed using a loupe, whilst the displacement of the wood substrates can
be measured with Vernier callipers. Even though fracture energy values cannot
be precisely established in this way, the measured values for displacement to
failure can be compiled. Larger displacement upon fracture implies a greater
fracture energy of the failing specimen. From these data, relative di�erences
in fracture energies can be estimated for di�erent specimens. Furthermore, the
overall fracture behaviour of the specimen may be observed. This reveals whether
a crack develops rapidly, or in a steady and slow manner. Conservators can thus
develop a comparative idea of the di�erences between the mechanical behaviour of
the tested specimens. Whether or not crack length and displacement are recorded,
the fracture surfaces in any case provide qualitative information about the exact
location of the fracture paths. Also, information can be gained on whether the
consolidants achieve a desired stabilising e�ect or not in the areas required.

Cross-section specimens cut from the ends of the DCB specimens prior to second
phase fracture serve as a useful means for establishing the consolidant distribu-
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produce suitable test specimens for further consolidation tests. Typical GIc val-
ues for the foundation were measured at around 47 J/m2 and were established
to be independent of the foundation layer thickness in the specimens. The test
method was further demonstrated to be suitable for characterising and analysing
the mechanical performance of consolidants that were used to stabilise the pre-
fractured specimens. Changes in GIc were successfully measured for di�erent
specimens consolidated with polymer formulations based on proteins, lacquer,
acrylics, poly(vinyl alcohols) or poly(vinyl acetates). Additional information on
the mechanical properties of the material and the uniformity of the consolidation
treatment were provided by a comparison between failure loci on the fracture sur-
faces, and the stability and rate of crack growth. The tests revealed measurable
di�erences in the fracture behaviour of specimens treated with the consolidants,
despite increased inhomogeneity in the consolidated specimens.

With respect to restoring the mechanical fracture properties of protein-bound
foundation layers of export-type lacquer coatings, the most promising results
were achieved by the isinglass and hide glue solutions. Addition of starch to isin-
glass strengthened the foundations as it provided very e�ective bonding in the
joints. Mowiol 3-83 showed some degree of strengthening, but provided only half
of the original fracture energy of the foundation in the bondline between the old
fracture surfaces, thus inducing failure entirely in the bondline. All consolidants
based on polymers dissolved in hydrocarbon solvents failed at very low loads
in the bondline between the re-adhered old fracture surfaces due to consolidant
starvation. They thus proved to be unsuitable for consolidating fractured founda-
tion layers, when used in a single application at the given solution concentration.
The lacquer-based consolidants restored the original toughness of the foundation
in the bonded joint, however showed no mechanical advantage over the protein-
based consolidants tested. Mowilith DMC2 and Lascaux MfC demonstrated very
e�ective bonding between the re-adhered fracture surfaces. Furthermore they
induced large increases in resistance to fracture in the foundation and at its in-
terface with the wood. Mowilith DMC2 however is unsuitable for consolidation of
the foundation layer due to the lack of penetration ability. Lascaux MfC showed
very promising strengthening potential, but requires further investigation into its
mechanical performance at lower solution concentrations.

The tests also showed that when dealing with inhomogeneous materials, such as
lacquer coatings with protein-bound foundation layers on wood, it is of great ad-
vantage to use the same specimens for pre- and post-consolidation fracture tests.
This facilitates direct comparison between individual specimens and signi�cantly
reduces the scatter of values measured for a complete specimen set. It also more
realistically simulates the material behaviour on real-life objects. Suggestions
of how the presented methodology can be adapted for use without access to so-
phisticated analytical equipment demonstrated the great potential of the fracture
mechanics approach for the �eld of conservation.
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The primary aim of this work was to investigate the mechanical performance of
consolidants used for the stabilisation of delaminating and �aking multilayered
decorative coatings on wooden substrates. A new systematic approach to con-
solidant testing was presented by considering the fracture properties of the least
tough layer in this structure and the changes induced by selected consolidants.
Using the example of East Asian lacquer coatings with gesso-type foundation lay-
ers, a comprehensive research methodology was developed. This started with the
identi�cation of the main fracture loci and failure causes for a group of badly dam-
aged lacquer objects, and was followed by a discussion of the aspects that enable
and in�uence their consolidation. Once the materials were selected for testing,
suitable test methods were chosen for investigating the fracture properties of test
specimens and the penetration ability of the consolidant. Dummy specimens with
delaminated coating layers were produced to gain additional information on the
handling properties of the consolidants, and to assess their performance in situ
when applied to a structure that resembled a real object.

8.1. Failure causes in export-type lacquer coatings

To clarify which layers are most prone to failure, a small survey was undertaken,
which examined East Asian lacquer objects that showed severe delamination and
�aking coating layers. The layered structure of these coatings was revealed by
cross-sectional analysis under the optical microscope. The binding media in the
foundation layers were identi�ed with the aid of chemical stains and optical mi-
croscopy under incident visible and blue light. A cross-check of the analysis results
was performed using Fourier-transform infrared spectroscopy (Herm, 2009a) and
pyrolysis-gas chromatography/mass spectrometry (Schilling, 2010a). The cross-
check con�rmed that analysis by optical microscopy in combination with chemical
staining is a useful method for the identi�cation of component binding media in
export-type East Asian lacquer coatings. The results gave clear indications of
typical failure types that occur in such coating structures, and helped to explain
the probable causes of the deterioration mechanisms involved in the development
of severe and progressive �aking. The group of objects most a�ected by this
type of damage was shown to be export-type lacquer ware and more common-
quality Japanese and Chinese lacquer objects. It was found that cohesive and
some adhesive failure were the most prevalent failure types. Failure occurred pre-
dominantly at or near the interface of lower foundation layers which were bound
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with a low lacquer concentration or cheaper surrogates. Most commonly, the
binding medium of the failing layer was based on protein or starch. Changes in
humidity clearly appeared to be the driving force for inducing fracture of these
foundation layers, which hence resulted in the delamination of the multilayered
coating structures.

8.2. Fracture behaviour of foundation layers

8.2.1. Initial fracture behaviour

The survey had speci�ed East Asian export-type lacquer coatings with protein-
bound foundation layers as the most susceptible to delamination failure. Based
on the results, the fracture properties of unconsolidated and consolidated foun-
dation layers were investigated. The standardised double cantilever beam (DCB)
test method, used in fracture mechanics, was adapted and newly applied to de-
termine the independent material property fracture energy, GIc, and the fracture
behaviour of brittle, protein-bound (gesso-type) foundation layers on wooden
substrates. Initial fracture of DCB specimens, which contained foundation and
lacquer layers between wood substrates, successfully replicated fracture damage
that had been observed on the objects of the survey. The initial testing provided
base-line values for the fracture energy and the fracture behaviour of the test
specimens. Furthermore, the fracture energy was shown to be independent of the
foundation layer thickness used between the DCB substrates.

Once fractured, the specimens were consolidated with di�erent polymer formula-
tions. Twelve consolidants were selected from di�erent polymer classes, including
protein-based glues, East Asian lacquer, poly(vinyl alcohol), poly(vinyl acetates),
and acrylates. Both solutions and dispersions of the polymers were included in
the tests. The choice of the polymer, the solution/dispersion concentration and
the solvent or diluent was based on common practice in the conservation of deco-
rative coatings, as well as on their handling properties. The principal aim was to
cover a wide range of consolidants which were thought to induce varying levels of
strengthening on the test specimens. A few formulations were also included that
were expected to perform not too dissimilarly to others of the same class. This
was intended to test the scope of the DCB method, and whether this method was
capable of distinguishing between the mechanical performance of test specimens
consolidated with the various polymer formulations.

8.2.2. Fracture behaviour after consolidation

The re-fracture of the DCB specimens after consolidation provided data for direct
comparison with those measured during initial testing. Measurable di�erences
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induced by the consolidants could be established, despite an increased inhomo-
geneity within the consolidated layer. The latter was noted during second-phase
fracture. Additional details on both the mechanical properties of the material
and the uniformity of the consolidation treatment were gained by comparing the
failure loci on the fracture surfaces and the stability and rate of crack growth
produced during both test phases. Complementary information regarding the
consolidant distribution and penetration ability was provided by cross-section
microscopy of specimens cut from the DCB specimens. To visualise consolidant
distribution, the polymers contained in the cross-section specimens were coloured
with various stains (Fast Green, Lugol's solution and SolventBlueG) and exam-
ined under visible light. The results on the consolidant distribution agreed well
with the determined fracture properties of the DCB specimens.

With respect to restoring the mechanical fracture properties of protein-bound
foundation layers of export-type lacquer coatings, the most promising results
were achieved using the isinglass and hide glue solutions. Consolidant distribution
within the foundation layers was uniform throughout the specimen. The addition
of starch paste to isinglass solution increased the toughness of foundations that
were consolidated with this mixture, as it provided improved adhesion in the
joints. Mowiol 3-83 showed some level of strengthening, but provided only half
of the original fracture energy of the foundation within the bondline between
the old fracture surfaces. Hence, failure in these specimens occurred entirely in
the bondline, despite the fact that the PVAl had only shown partial penetration
into the foundation layer. All the consolidants based on polymers dissolved in
hydrocarbon solvents (Paraloid and Mowilith 50) failed at very low loads within
the bondline between the re-adhered old fracture surfaces. Penetration of these
consolidants was ideal, but adhesive starvation occurred within the bondline,
leading to exclusive failure in this location. These polymer formulations thus
proved to be unsuitable for consolidating fractured foundation layers when used
in a single application and at the given solution concentration. The lacquer-
based consolidants restored the toughness of the bond in the joint, but showed
no mechanical advantage over the protein-based consolidants that were tested.
Uniform penetration was di�cult to achieve, and the tested formulations tended
to introduce areas with markedly di�erent mechanical properties within the layer.
Mowilith DMC2 and Lascaux MfC demonstrated e�ective bonding between the
re-adhered fracture surfaces and induced large increases in resistance to fracture,
both within the foundation and at its interface with the wood. Nevertheless,
Mowilith DMC2 is considered unsuitable for the consolidation of the protein-
bound foundation layer due to its lack in penetration ability. Lascaux Medium for
Consolidation, on the other hand, showed very promising strengthening potential
and polymer distribution within the specimens.
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8.2.3. Advantages of test methodology

The DCB tests reported in this work further demonstrated that lacquer coat-
ings with protein-bound foundation layers on wood are relatively inhomogeneous
composites. When dealing with such materials, it was shown to be advantageous
if the same specimens were used for pre- and post-consolidation fracture tests.
This facilitates direct comparison between individual specimens and signi�cantly
reduces the scatter of values measured for complete specimen sets. Furthermore,
the process of consolidation on real-life objects and subsequent material behaviour
are more realistically modeled than in previous methods. To date, details of the
mechanical behaviour of unconsolidated and consolidated coatings could not be
easily and reliably obtained by conservators. The proposed application of the
fracture mechanics approach o�ers a mechanical test method that can provide
these data. In addition, the method can be adapted for use without access to
sophisticated analytical equipment, and hence has great potential and wide scope
for use in the �eld of conservation. The presented test methodology promises to
be a signi�cant step towards a better understanding of the fracture behaviour of
fragile coatings and the strengthening potential of consolidant formulations.

8.3. Future Work

The investigations into the mechanical properties of consolidants reported in this
work have demonstrated that the methodology used can give vital and new in-
formation on the fracture behaviour of consolidated coating layers. Furthermore,
they are a valuable starting point for further research in a �eld that still poses
many unanswered questions.

Choice of consolidants

It was beyond the scope of this work to test more than twelve di�erent polymer
formulations at more than one speci�c concentration. However, the test results
suggested that alterations to the formulations of some consolidants might improve
their physical and mechanical performance when acting as stabilising agents for
fractured foundation layers. Modi�cations to some of the tested consolidants
would hence be useful to investigate. Additionally, other polymers that have been
employed successfully for the consolidation of �aking lacquer coatings or similar
materials in the past should be considered. These include for example other
poly(vinyl acetates), poly(vinyl butyrals) or cellulose ethers. Particular attention
should be paid to the performance of consolidant formulations at di�erent polymer
concentrations and viscosities. These parameters are known to have signi�cant
e�ects on the penetration behaviour of some polymers, and thus also signi�cant
repercussions for the fracture properties of the stabilised material or structure.

246



8.3. Future Work

Fracture energy of consolidated layers

The fracture energy values reported in the graphs and tables of the results section
were based on overall results for an entire specimen. No distinction was made
whether or not the specimen had fractured in consolidated or unconsolidated re-
gions of the layer structure. Hence, true fracture energy results had to be put
into perspective by considering the loci of the fracture paths. In addition, several
specimens failed entirely within bonds that were starved of consolidant/adhesive,
where the measured fracture energy was only that of the insu�ciently bonded
joint. Consequently, no information was gained on the toughness of those areas
which were actually well penetrated by the consolidants (and thus assumed to be
stabilised). Further DCB tests are required to understand the level to which con-
solidants such as the Paraloid solutions change the fracture energy of a stabilised
layer, and how they could perform in a multi-stage application. The latter would
involve �rstly stabilisation of the porous layer through e�ective penetration, and
secondly re-adhering of the fracture surfaces. Following this approach, modi�ed
test specimens and test series could be developed that would ensure fracture in
either purely consolidated areas or within bulk consolidant in the bondline be-
tween fracture surfaces. In this way, the ability of the consolidants to strengthen
a porous material and to bond two fractured surfaces could be investigated sepa-
rately. The fracture energy of standard materials commonly used in conservation
could thus be compiled in a database, which in the future could help conservators
choose consolidants by their fracture properties.

Improvements for adapted DCB method for bench
applications

The simpli�ed DCB test set-up proposed in Section 7.6.5 for bench application in
conservation studios could also be further improved. To render the test setup most
useful for consolidant evaluation, it would be helpful if this method were combined
with independently established data that relate the measured displacement and
crack length with the resulting fracture energy. Using standardised materials and
substrates, a look-up table could be compiled that would allow a rough estimate
of the fracture energy to be read o� for any known displacement and crack length.

Replication of lifting lacquer

The replication of dummy-specimens with lifting lacquer coatings in a repro-
ducible manner was shown to be di�cult to achieve. The exact failure mecha-
nisms that were experienced by the coating of the sample boards are still not
fully understood, and hence reliable manufacture of useful specimens was unsuc-
cessful in this work. However, the testing of potentially suitable consolidants on
dummy-specimens with lifting lacquer coatings was shown to contribute valuable
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information on their handling properties and fracture behaviour. Therefore, more
research is encouraged in this �eld, to �nd a more reliable reproduction method
for lifting coating layers on sample boards. Moreover, the controlled applica-
tion of consolidants on such dummy specimens merits further investigation, in
order to �nd ways to alleviate problematic side-e�ects encountered during the
consolidation process, such as the over-softening of coating layers.

Interlaminar failure

This work concentrated on determining the fracture energy values that can be
achieved by individual consolidants, once they are applied to a fragile material.
However, it was beyond the scope of this study to investigate the magnitude and
nature of the forces that the coating on a real object is exposed to, which can lead
to its failure. To relate these forces to the fracture energy values achieved by the
consolidants, the forces exerted on each individual layer need to be understood.
A parametric study can be conducted to investigate the various environmental
factors responsible for failure, and the corresponding e�ects on the stress/strain
behaviour of the materials. Therefore, if one quanti�es the forces that the fragile
layer has to sustain, then truly informed choices can be made on an ideal con-
solidant that will e�ectively strengthen the fragile composite to a level that is
required for the prevention of further damage.
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A. Staining Assays

Ponceau S (for proteins)

(Schramm and Hering 1988, p. 216)

Concentrated Ponceau S (Acid Red 112, C.I. 27195, sodium salt of a diazo com-
pound) in 1% aqueous acetic acid solution.

1. Soak sample in 1% aqueous acetic acid solution for 1-5 minutes (depending on
how much the sample soaks up the liquid).

2. Stain sample in Ponceau S solution for 5 minutes.

3. Rinse with a few drops of deionised water.

Amido Black AB2 (for proteins)

(Martin 1977)

1g Amido Black 10B (Naphthol blue black, C22H14N6O9S2Na2, C.I. 20470)

450 ml 1N acetic acid (CH3COOH)

450 ml 0.1 M aqueous sodium acetate (Na(CH3COO) + 3H2O) solution

100 ml glycerine

1. Soak sample in 1% aqueous acetic acid solution for 5 minutes.

2. Stain sample in Amido black solution for 15 minutes.

3. Rinse with 1% aqueous acetic acid solution.

Sudan Black B (for oils)

(after Schramm and Hering 1988, p. 216)

Concentrated solution of Sudan Black B (C.I. 26150) in isopropanol. The solution
should be �ltered before staining.

1. Soak sample in deionised water/ethanol (1:1) for 5 minutes.

2. Stain sample in Sudan Black B solution for 5-15 minutes.

3. Rinse with deionised water/ethanol (1:1) solution.
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A. Staining Assays

Nile Blue sulphate (for oils)

(after Schramm and Hering 1988, p. 216)

5 ml of 0.5% sulphuric acid (H2SO4)
50 ml of concentrated Nile BlueA (C.I. 51180) solution in water
(boiled and �ltered)

1. Soak sample in deionised water/ethanol (1:1) for 5 minutes.

2. Stain sample in bath of Nile Blue sulphate for 15-30 minutes.

3. Rinse thoroughly with hot water for 1-2 minutes.

Lugol's / I2KI solution (for starch, PVAc and PVAl)

(e.g. Lehmann 2004)

Lugol's solution, i.e. aqueous solution of 0.01mol/l iodine-potassium iodide, I2KI.

1. Apply one drop on the cross-section and leave to soak for 30 seconds.

2. Remove (soak up) excess stain with soft tissue.

Solvent Blue G (for acrylics)

(after Lehmann 2004)

0.2wt% solution of SolventBlueG (C.I. 61554) in ethanol.

1. Soak sample in ethanol/water (2:1) for 3 minutes.

2. Immerse sample in staining bath for 3-5 minutes for LascauxMfC, and up to
10 minutes for Paraloid types.

3. Rinse thoroughly under running warm water.
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B. Wood Speci�cations

Japanese

cypress

(hinoki)

.

Reference . Quebec

yellow

pine

Reference

. . . . .
Elastic

modulus

8�10 GPa Sugiyama

1983;

Obataya 2009

. 8�10 GPa Center for

Wood

Anatomy

Research;

Chapter

section 7.2.4

.

Modulus

of

rupture

x

75 MPa Kishima
et al. (1983)

. 65 Quebec
Wood Export
Bureau

Density 410 /
480 kg/m3

Bucur (2006,
p.167)
Murakami
et al. 2002
x

. 420kg/m3 Moss & Co.

Timber

Merchants
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C. List of Materials and Suppliers

Category Product Name Product No. Supplier

Polymers

Acrylics Lascaux Medium for

Consolidation

81012

x

Kremer Pigmente GmbH Co. KG

88317 Aichstetten, GERMANY

www.kremer-pigments.com

Paraloid B 48N

Paraloid B 72

Primal B60A (Rhoplex

B60A)

SY48N

SY7

SY29C

Conservation Resources UK Ltd.,

Oxford, UK

www.conservation-resources.co.uk

Cyanoacrylate

adhesive

Loctite SuperGlue gel Henkel Loctite Ltd., IRELAND

www.loctiteproducts.com

Epoxy resin Araldite 2015 Huntsman Advanced Materials

Americas LLC, USA

www.huntsman.com

Lacquer Ki-urushi (Standard raw

lacquer of Chinese origin,

processed in Japan)

A01 Watanabe-Shoten, Ueno, Tokyo,

JAPAN

http://www1.odn.ne.jp/j-

lacquer/home_eng.html

j-lac@par.odn.ne.jp

Poly(vinyl

acetates)

Mowilith 50

MowilithDMC2

67040

76582

Kremer Pigmente, GERMANY

Poly(vinyl

alcohol)

Mowiol 3-83 2517100 De�ner & Johann

Roethlein-Schweinfurt, GERMANY

www.de�ner-johann.de

Protein glues Hide glue in cubes (from

bovine hides, 230 - 270

Bloom)

63020 Kremer Pigmente, GERMANY

High tack �sh glue 56K60.01 Lee Valley Tools Ltd.

Ottawa, CANADA

www.leevalley.com
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C. List of Materials and Suppliers

Category Product Name Product No. Supplier

Salianski isinglass (from

sturgeon bladder)

63110 Kremer Pigmente, GERMANY

Wheat starch Shofu for Restoration Paper Nao

4-37-28 Hakusan Bunkyo-ku Tokyo

112-0001, JAPAN

Cross-section

specimens

Casting resin Clear casting resin AM

Liquid hardener

405-210

405-810

Tiranti, London, UK

www.tiranti.co.uk

Stains Amido Black 10B

(C.I. 20470)

Fast Green (C.I. 42053)

101167

104022

Merck, Darmstadt, GERMANY

www.merck-chemicals.de

Nile Blue A (C.I. 51180) N5632 Sigma-Aldrich Co. Ltd.,

Gillingham, Dorset, UK

www.sigmaaldrich.com

Lugol's solution

Ponceau S (C.I. 27195)

109261

115927

Merck, Darmstadt, GERMANY

Solvent Blue G

(C.I. 61554)

Town End (Leeds) Plc.

Leeds, UK

www.dyes.co.uk

Sudan Black B (C.I. 26150) 199664 Sigma-Aldrich Co. Ltd., UK

Thickening agent Colloidal silica/

Silicon dioxide

(amorphous)

406 West System Inc., Bay City, MI, USA.

www.westsystem.com

Polishing Micro Mesh

(grit # 240 - #1200)

DICTUM GmbH, Metten,

GERMANY

www.more-than-tools.de

DCB

specimens

Brushes ProArte Series 28 Wash
(soft)

Skyists Japan Series 632 1�

(bristle)

50608607 CASS Art, London, UK

www.cassart.co.uk

Tanaka bake (�at urushi

brush)

Watanabe-shoten

6-5-8 Ueno, Taito-ku, Tokyo 110-0005,

JAPAN, j-lac@par.odn.ne.jp
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Category Product Name Product No. Supplier

Clay powder Tonoko 716362 DICTUM GmbH, Metten,

GERMANY

Gauze �lter 15 den - 17dtex ladies'

rayon tights (colourless)

715949 NUR DIE GmbH, Rheine,

GERMANY, www.nurdie.de

Grindstone King, 800 grit (Japanese

water stone)

711001 DICTUM GmbH, Metten,

GERMANY

White paint Snopake Hi-Tech

correction �uid

13139 Snopake, London, UK

Wood Québec Yellow Pine Moss & Co (Hammersmith) Ltd.,

London, UK

www.mosstimber.co.uk

Solvents

Acetic acid (glacial)

Ethanol

Glycerine

Toluene (methylbenzene)

Xylene (dimethylbenzene)

DBH Laboratory Supplies, Poole, UK

Tel: +44 202 669700

Exxsol DSP80-100

HAN 8070

ExxonMobil Chemical Belgium

c/o ExxonMobil Chemical Ltd,

Mailpoint 77 Cadland Road, Hardley,

Southampton SO45 3NP Hampshire,

UK

Hydrochloric acid

Isopropanol

Sulphuric acid

DBH Laboratory Supplies, Poole, UK

RH control

Humidity

chambers

Lock and Lock boxes 812.00122

812.00123

John Lewis, London, UK

Tel: +44 20 7629 7711

Computer case fans,

DC plugs and sockets,

Hexagonal tap spacers

ZT88V, L49AY,

JK10, QT90

Maplin Electronics

Rotherham, UK

www.maplin.co.uk

Salts Magnesium nitrate

Potassium acetate

Silica gel (self-indicating)

291064Y

295814P

30062

DBH Laboratory Supplies, Poole, UK
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C. List of Materials and Suppliers

Category Product Name Product No. Supplier

Sodium acetate 27653.235 VWR International, 3001 Leuven,

BELGIUM

https://uk.vwr.com/app/Home

uksales@uk.vwr.com

Sodium chloride (table salt

with anti-caking agent

sodium ferrocyanide)

Tesco, London, UK
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