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The recent development in the field of superhard materials with Vickers hardnes$0oGPa is
reviewed. Two basic approaches are outlined including the intrinsic superhard materials, such as
diamond, cubic boron nitride, #8,, carbonitrides, etc. and extrinsic, nanostructured materials for
which superhardness is achieved by an appropriate design of their microstructure. The theoretically
predicted high hardness o8, has not been experimentally documented so far. Ceramics made of
cubic boron nitride prepared at high pressure and temperature find many applications whereas
thin films prepared by activated deposition from the gas phase are still in the stage of funda-
mental development. The greatest progress has been achieved in the field of nanostructured
materials including superlattices and nanocomposites where superhardnessOoGPa was
reported for several systems. More recentyg; TiN/SiN, nanocomposites with hardness of 105
GPa were prepared, reaching the hardness of diamond. The principles of design for these mater-
ials are summarized and some unresolved questions outlined.99® American Vacuum Society.
[S0734-210(9902205-9

[. INTRODUCTION Superhard materials can be divided into intrinsic, such as
diamond H,~70-100 GPa cubic boron nitride(c-BN,
Figure 1 shows the Vickers hardness of selected hard ma4,,~48 GPa and possibly some ternary compounds from
terials including the heterostructures and nanocrystallinghe B—N—Ctrianglef‘ and extrinsic, whose superhardness
compositeq“nanocomposites) to be discussed in this re- and other mechanical properties are determined by their mi-
view. By definition, “superhard” means materials whose crostructure. The example par excellence for the latter class
Vickers hardnessHy,, exceeds 40 GPa. The search for su-(extrinsig of superhard materials is heterostructufesiper-
perhard materials is driven by both the scientific curiosity ofjattices”), artificial, man-made periodic arrangements of ep-
researchers to explore the possibilities of synthesizing a mataxial, several nanometer thin layers of two different mate-
terial whose hardness could approach or even exceed that gils as originally suggested by Koehleand later on
diamond and the technical importance of hard and superhargktended to polycrystalline heterostructures. More recently,
materials for wear protection of, e.g., machining tools. Innanocrystalline iic) composites, such as
most of the machining applications, hardness is only one ofic-M,N/a-Si;N, (M)=Ti,W,V and other hard transition
many other properties, such as high hot hardness and toughetal nitridesa-Si;N, being an amorphous silicon nitrige
ness(up to =800 °O), oxidation resistance, chemical stabil- nc-TiN/BN, nc-TiN/ TiB,, and others were developed whose
ity and a low coefficient of friction against the material to be hardness exceeds 50 GPa, and in the casecefiN/SiN,
machined, high adherence, and compatibility with the subreaches 105 GPa. Because of the large variety of possible
strate and low thermal conductivity, which such a materialmaterial combinations that yield superhardness, superhard
has to meet:? The importance of hard wear protective coat- nanocomposites hold the best promise of meeting all the
ings for the machining application is illustrated by the factcomplex demands on technically applicable superhard mate-
that today more than 40% of all cutting tools are coated byrials.
wear resistant coatings and the market is growing fast. Wear The remarkable property of nanostructured superhard ma-
resistant, superhard coatings for high speed dry machininterials is the fact that their hardness significantly exceeds that
would allow the industry to increase the productivity of ex- given by the rule of mixture. According to the “rule of mix-
pensive automated machines and to save on the high codige,” the hardness of a mixturel(A,By)=[a-H(A) +b
presently needed for environmentally hazardous coolants.H(B)]/(a+b). For example, the hardness of titanium car-
Depending on the kind of machining, the recycling costs ofbonitride, TiN,_,C,, which is miscible within the whole
these coolants amount to 10%—-40% of the total machiningange of the C:N composition follows this rule: Within-
costs. For example, in Germany alone these costs approacheasing from 0 to 1 the hardness monotonously increases

one billion $ U.S. per yeat. from that of TiN to that of TiC(see Fig. 8 in Ref. 6 for
plasma chemical vapor definition films with a low compres-
dElectronic mail: veprek@ch.tum.de sive stress 0K0.5 GPa. A similar relationship applies for
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100 TiN/SiN,, 1999 Il. MEANING AND MEASUREMENT OF HARDNESS

1 . The hardness of a material is a measure of its ability to
804 Diamond [ 1998 resist deformation upon a lodd. The nature of that load

. defines various kinds of hardness. “Theoretical” hardness is
ne-TiN/BN the resistance of a material to deformation under isostatic
60- 1997 pressure. It is proportional to the reciprocal value of the bulk
. modulusB. From Hooke’s lawB=dao/de(where o is the
_c-BN muItilayersI TiN/SigN, 1995 applied stress andthe resulting elastic strairand the rela-

404 s tionship between the strega force and the first derivative

of the binding energ¥,, versus bond distanaeat the equi-
-—SiC CaN, librium position ag,0c=(dEy/da),, one obtains B
20{~—a-Al,O, | TiN : =(d?E,/da?),.° Thus, a high curvature of the interatomic
a-C:H ] potential curve at the equilibrium bond distanag i.e., a
high bond energy and small bond length result in a high
0 theoretical hardness. A high bond energy means a high elec-
Fic. 1. Vickers hardness of selected materials in comparison with that offON density between the atoms, as is found for a nonpolar,
heterostructures and nanocrystalline composifes numbers on the right-  covalent bond between atoms of small radii of the first pe-
hand side indicate the year when the hardness given was achi®laite riod. Obviously, a high coordination number is required in

that the hardness of diamond depends on the quality and purity of the cryst L
and the ultrahard nanocomposites withy=100 GPa have a substoichio- ﬂrder to maximize the value @. For these reasons carbon

metric SiN, (see the text in its metastable, fourfold coordinatesip® hybridization,
diamond polymorph, is the hardest material known, followed
by cubic boron nitridec-BN.8
Based on such general considerations and a semiempirical
the elastic modulus and fracture strength. For a given supeformula Sung and Sung predicted in 1984 thaNgshould
lattice period or for a given fraction of the nanocrystalline ave a hardness compa_rgble to that of d|am€bhd.ter on,
and amorphous phases the superhardness reaches a m&@hert” and co-workers derived formula(1) which re-
mum which exceeds that of the both phases by a factor 0t?rod.uced very well .thfe bulk moduli of many matena_ls and
3-5. Whereas much theoretical understanding of the meconfirmed the prediction of Sung and Sung regarding the
chanical properties of superlattices has been achieved durirffjeoretical hardness of;l,.
the last 20 years, there are many challenging questions re-
maining as to the understanding of the properties of super- B= M
hard nanocomposites. 4
In this review we summarize the present status of the
research and technological development in the field of supeHere,(N¢) is the average coordination number ands the
hard materials with emphasis on the nanostructured ongsolarity of the bond;B is in GPa anda, is given in
which are prepared as thin protective coatings. The reason angstians? For a nonpolar, covalent bond in diamoket0
twofold: First, many papers and excellent reviews have beewhereas in other compounds, such @8N, SiN, and
published recently on the preparation and properties of poly€;N,, A>0. The expected high theoretical hardness of
crystalline diamond and-BN and, therefore, there is no C;N, is based on the small bond distance and the relatively
need to repeat them. Second, in spite of the long term resmall polarity\ of the C—N bond.
search and technological development in this field, practical As we shall see later, this prediction has not been con-
applications of thin films made of polycrystalline diamond firmed by experiments thus fat-°® However, “fullerene-
andc-BN are still rather limited. The reason is the high solu-like,” cross-linked carbon nitride thin films CN(x
bility of carbon in steel, silicon, and other alloysarbide ~0.25-0.35) deposited by reactive dc magnetron sputtering
formation in the case of polycrystalline diamond, and tech-at temperatures above 200 °C can reach a high hardness of
nological difficulties in deposition of sufficiently thick and 40—-60 GP&/~%! This is an example of the well known rule
adherentt-BN coatings, which so far has limited the appli- that the microstructure determines the practically achievable
cability of this material toc-BN based ceramics? strength(and hardnegsof engineering materials which is
In Sec. Il we shall discuss the meaning of hardness fronorders of magnitude smaller than the theoretical strength
both the theoretical and practical point of view. In Sec. lll o;(theor)=G/2m, whereo, (theo) is the theoretical critical
we briefly summarize intrinsic superhard materials. In Secfracture stress an@ the shear modulu¥®2-%4The reason for
IV the present status of the research and understanding of thieis is that the deformation and fracture of materials occur by
nanostructured materials are described; Sec. 1V is subdividetthe multiplication and movement of dislocations in crystal-
into Secs. IV A and IV B which are devoted to heterostruc-line materials and growth of microcracks in glasses and ce-
tures and nanocomposites, respectively. In the latter, severedmics, all of which require a much smaller stress than the
questions that remain will be addressed and briefly distheoretical valuer, (theoh mentioned abové®?®*There-
cussed. fore, the practical strength and hardness of materials is de-

hardness [GPa]

1=—steel

(1971-220\)a, *°. (1)
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termined by the microstructure which hinders the multiplica- oaf T T o T T
. . . . nc-TiN/a-SigN, coating

tion and movement of dislocations and the growth of the He945GPa

microcracks. [ £ _4792GPa

Obviously, the theoretical hardnef&q. (1)] is of little
use in considering a material for an application. Instead, on
has to consider the practically measured type of hardnes
depending on the particular applications. At least three cat
egories of hardness have to be distinguished: scratch har
ness(e.g., the Mohs scale used by mineralogisssatic in-
dentation hardness(e.g., Brinell, Vickers, or Knoop
measurementand rebound or dynamic hardness. In the last
measurement the indenter is usually allowed to fall in the
gravity from a given height which, together with the indenter ool o . . . . .
mass, defines the impact energy. 0 10 20 30 40 50 60 70

The static indentation measurements using the Vickers o (a) load [mN]

Knoop technique are the only ones that can be relatively
simply applied to the measurement of superhard materials | no-diamond coating
Therefore, they are being used for the characterization o H,= 81.9 GPa
materials by the majority of researchers. The Vickers in- _, 0251 £' .4s62aPa
denter is a regular pyramid made of diamond with an angle € [ HU = 1581 kg/mm?
of 136° between the opposite faces. The choice of this angl g 020 T
is based on an analogy with the Brinell test because botl &
methods yield similar values of hardnéssr relatively soft
materials withH=<1000 kg/mmni. During the measurement,
the diamond pyramid is pressed into the material to be teste
under a defined load (kg) and, after unloading, the average
value of the two diagonald (mm) of the plastic deformation
remaining is measured under a microscope. The Vicker:
hardness is proportional to the ratio of the applied load anc oo00t—>r—2t—2 bt Lo L 1
the area of the plastic deformatih=constL/d? and given 0 5 10 15 20 25 30
in units of kg/mnf or giga pascal(1000 kg/mmi=9.807 () load [mN]

GPa.”® The Knoop hardness is measured in a similar way, 0.25
but the diamond pyramid has two different angles, 172°30 ' -
and 130°, thus yielding an elongated plastic deformation 1 ..[ljll
The hardness is calculated from the longer diagonal whereeg 0.204 " hn .

the shorter one vyields information on the elastic 2 1 L
properties.®6° £ 0.151 L L -

Modern indentometers for the measurement of the hard_c | R '.'-" L H=69 GPa
ness of thin films use a computer cpntrolled stepwise in-g - " E/(1-v2)=585 GPa
crease of the load up to a chosen maximuy, followed by
stepwise unloading®~"* Instead of measuring the diagonal
of the plastic deformation, the indentation deftlis mea-
sured electronically and the indentation curve evaluéfegl ) 1
2). The “plastic hardness” is calculated from the maximum 0.00 e e ey
load L, and the depth of the plastic indentatibpgic as 0 5 10 15 20 25 30
H piastic= Lmax26.430pjasid . The “universal hardnessH,  (c) load [mN]
is obtained from the same formulahf,,, is used instead of
hpiasic: The universal hardness includes both elastic and
plastic deformation. The linear part of the unloading curve
corresponds to the elastic recovery when the diamond pyrd=c. 2. (8) Example of the indentation curve measured on a b thick
mid is in constant area contact with the material. Therefore &Y OfnG-TIN/SIN,. The lower curve is the loading, and the upper one the

unloading part.(b) Indentation curve measured on a Iuf thick single
represents Hooke’s law and allows one to calculate the COlshase nanocrystalline diamond coatifig. Indentation curve measured on
responding “elastic modulusE/(1— v?), v being the Pois- about 3um nc-TiN/BN coatings deposited on WC—Co cemented carbide
son ratio. For superhard materials, the elastic deformation dfhard metal”) by a combined plasma PVD and CVD technigtig. means
the diamond has to be accounted for and the measurdhf fese MEKes hadnesst e inberse) nariess, aine S
E/(1-v?) value correcte’ " Details of the apparatus, the SiN, coating was measured at a higher maximum load of 70 mN where the
measuring procedure, and possible errors are given in Refgieasured hardness of the-diamond has already decreagdede Fig. 4

| HU = 1738 kg/mm?
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66-71. If done correctly, the plastic hardness measured bipadL ., for at least 60 s, and measure the hardiiaksays

the indentation agrees within about 10%-20%, reasonablyt a different position on the layess a function of the maxi-
well with that fbfgm the classical Vickers method in the rangemum applied load(Repetitive indentations at the same place
of H<12 GPa’’ However, for superhard films deposited on may provide interesting information on the material’s prop-
a tough substrate we have found that the value determineghties. However, in many cases it can result in “work hard-
from the indentation curve is typically about 30%-40% ening” which falsifies the real value of the hardness of the
smaller than that determined by the classical Vickers techmaterial. For example, we have found that superhard
nique from the diagonal o_f the remaining plastic i_ndentation.n c-TiN/a-SisN, nanocomposites with a carefully measured
For example, for a 4um thick nc-TiN/a-SisN, coating on a - hardness of about 50 GPa show, after several repetitive in-
stainless steel substrate the indentation yields a load indepefgntations at the same place, an “apparent hardness” of
dent “plastic” hardness of 45 GP&he maximal load is =150 GPg. Only load independent values of the hardness
35-70 mN \2/vhe_reas the classical Vickers technique yieldsyhich do not show any creep can be considered as reliable.
60—80 GPd? This reflects a fundamental problem associatedy, example of such measurements and evaluation can be

with the hardness measurement of superhard coatings: In %und in Fig. 2 of Ref. 74. Unfortunately, many papers do
der to exclude the effects of the deformation of the substratqmt follow this measuring procedure and, therefore. the re-

the indentation depth should not exceed 5% of the film thick
ness.[Various papers report a higher valde.g., up to
10%),%” but our experience has shown that in the case of

superhard coatings 5% of the coating thickness is a Saf%und in coatings deposited by plasma induced chemical va-

up-per.I|m|t. Of course, this rule of thumb is only_ a rough por deposition(CVD) or physical vapor depositiotPVD),
guideline for measurements on superhard coatings and [t . . .
: . such as sputtering or vacuum arc evaporation under high
should be carefully checked in any particular measurerent. . ;
. . . . . energy ion bombardment, increases the apparent hardness by

This means that, even with relatively thick coatings qir, . L

: . . : T a value which may be significantly larger than that corre-
the maximum indentation thickness is limited to less than : .
sponding to the stress. Thus, too high values of the hardness
about 250 nm. Therefore the value of the hardness measur

by the automated indentation technique may be subjected ol much more than 10 GPa can be incorrectly measured and
reported(see Sec. Il ¢

a number of possible errors unless many corrections are care- £ it takes int t all th bl
fully done and the whole indentation curve is carefully ven 1t one takes Into account af these problems one
should keep in mind that the Vickers technique, which was

dS7,69,71
evaluated. iginally developed f tional all d material
Many possible errors are even more likely to occur by the?" M@ty deveioped for conventional alloys and matenars

so called “nanoindentation” technique which is frequently With hardnesses<20 GPa, is up to its limit when measuring
used to measure very thin films and the indentation depth jg'aterials whose hardness approaches that of diamond. Thus,
in the range of<10—-20 nmf®7* For example, when mea- the; values of hardnes; of 70—80 GPa which are often found
suring soft materials, such as aluminum or pure iron with &/Sing the apove75cj<7a7s,cr|bed careful procedure in nanocrystal-
small load and indentation depth, the dislocations are pinnelf!® composite should be taken as a relative measure
in the surface contaminant layéxides, carbidesand, con- of the' hardness only. For a critical review of the indentation
sequently, unrealistically high values of hardness are foundechnique see Refs. 67 and 69-71.

The plastic deformation may also need a certain time to AS already emphasized, hardness is only one of many
reach equilibrium under the given load because of a finitd’roperties which are important for applicatior’s’® The
velocity of dislocation movement and crack growth. This canVickers indentation technique enables one in principle to
be seen as credpn increase of the indentation deptthen also determine the fracture toughness of a material from the
a constant load is applied for a period 60 s. An inden- critical load which is needed to initiate radial cracks which
tation depth of 20 nm is comparable with the flattened part ofypically ~ propagate  from the corners of the
the indenter tip which has a typical radius of 200 nm andindentation’*"*-** However, experience with superhard
emphasizes the need for a careful correcfiohast but not nanocomposites has shown that, because of their high elas-
least, an indentation depth of the order of 20-100 nm idicity and high toughness, only circular cracks within the
comparable to the surface roughness of the majority of th€rater but no radial ones are formed even if the indentation
coatings which again falsifies the measured §4f&’® depth is larger than the thickness of the coatings so that the
Therefore, such measurements have to be carefully checkéadenter penetrates into the substrétindentation into 10.7

for all the possible errors that have been discussed in them thick nc-TiN/a-Si;N, nanocomposites with a load of

‘ported values of the superhardness may be subjected to er-

Furthermore, compressive stress which is frequently

literature®6-67:69-71 1000 mN resulted in no crack formation thus indicating the
In order to obtain reliable results of the hardness of suhigh toughness of such coatinfs.
perhard materials, one should always used at ledstum These problems with measurements of superhard coatings

thick films with small surface roughness, make sure that thenay possibly be resolved by using the concept of hardness as
maximum indentation depth,,,, does not exceed 5%—10% the increase of energy density upon deformafigh®® This

of the film thickness, check for possible dynamical responsapplies to both the theoretical as well as the practical hard-
of the material by sustaining the indenter at the maximunmess. The latter has recently been elaborated on by Rother
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and co-workef*~®® The basis of this approach is the rela- nitrides like, e.g., L{BN.8” Worldwide production of dia-
tionship, mond andc-BN amounts to several hundred td#€®
W, =ey-h3+e,-h?, 2) For conventional cutting tools, small diamond crystallites
i i prepared by high-pressure and -temperature synthesis are im-
whereW, is the total deformation energy produced by thepeqqeq into an appropriate metal. The high solubility of car-

indenter in the material under testingy and e, are the bon in iron and in many other metals limits the application of

specific energy der?s“ies due_ to dgnsificatipn and shear diffﬁamond tools to aluminum alloys, ceramics, glasses, wood,
placement, respectively, ardis the indentation depth. The etc. Compared to diamond:BN does not dissolve in most

slope of the plot of the second derivative\&f, i.e., of the . S T .

. L : . . metals and is stable to oxidation in air to high temperatures

first derivative of the applied load, versus the indentation R . :
. o . of >1000 °C. Therefore, ceramics fabricated fras¥yBN

depth yields the specific energy, . The results published so

far suggest that this meaning of hardness may be more urQ:_ry:stalhtes by hot sintering with appropriate binders are used

versal than that of Vickers or KnodP.Preliminary study or a wide range of cutting tools because of their hardness

supports this approach as also being more appropriate f(?rnd thermal stability which are superior to conventional
- L .~ WC—-Co “hard metal.*?

superhard materiaf.In a similar way, the area of the in- _ :

dentation curve(see Fig. 2 can be used to calculated the ~— Diamond anct-BN can be also prepared by CVD, at rela-

total work of the indentatidii and its elastic and plastic tively low pressure and temperature, using kinetically con-

components? trolled growth in the metastable regi8hAs early as 1959
Eversole filed a patent for low pressure growth of diamond
I1l. INTRINSICALLY SUPERHARD MATERIALS by CVvD from hydrocarbons and from a mixture of

CO/CO,.*° This technique was further developed by Angus
and co-worker®and by Deryagiret al*°~1%' Schmellen-
There are only two confirmed phases of intrinsic supersmeier was probably the first researcher who reported on low
hard materials, diamond ar@dBN. Diamond, a metastable, pressure, glow discharge plasma induced deposition of car-
high pressure, high temperature modification of cafb&h  bon films that contained diamond crystallit®@é!%® Aeisen-
with a hardness ranging between about 70 and 100 (@®a berg and Chabdf*'% Spenceret al,’*® and Strelnitskii
GPa is a more realistic valtje is the hardest material be- et al!®” deposited polycrystalline diamond films from an ion
cause of its fourfold covalent bond and small atomic sizebeam containing Ar and C" ions. Later on several CVD
which result in a strong, short, nonpolar bond. The hardnesgchniques including hot wire, microwave discharge, plasma
depends on the quality of the crystétee, for example, Ref. jets, and flames were developed which allow one to deposit
89, and references thergiDepending on the content of ni- polycrystalline diamond films at atmospheric or low pressure
trogen and other impuritie@riginally, the color and trans- 4t temperatures between about 600 and 1000 °C.
parency were the basis for this categorizatias well as on  These techniques are based on kinetically controlled pref-
dislocations, several types of natural diamonds are distingrential nucleation and growth of diamond crystallites and
guished; here only the most important are mentioned: type Igyster etching of the simultaneously formed graphite nuclei.
diamond contains up to 0.1 at. % nitrogen incorporated ag, orger to facilitate such conditions the deposition is per-
pairs of N atoms, whereas in the type Ib isolated N atoms arg  med close to the solubility of carbon in the gas phase

present._Type Il diamonds have virtuqlly no nitroger_1 andwhich contains typically hydrogen and/or oxygen. This is
type lla is colorless, whereas type Ilb is blue due to incor-

> . ; e summarized in aC—H-O diagram by Bachmanet al1%®
porated boron.(With increasing analytical sensitivity the . . . .

; ; : . Nanocrystalline, single phase diamond films were also de-
number of such diamonds shrink<rystals with nitrogen . . ) . )
doping of about X 101° N atoms/cri(about 0.02 at. have posited from various gas mixtures including a hydrogen-free

; 9
the highest hardness which decreases for both, a higher an x.ture of argon apd fqllerenég. Compgred to th? coarse
lower nitrogen conteri® grained polycrystalline films that are typically obtained from

Cubic boron nitride,c-BN, is the second strongest and &—H=O gasmixturesnc-diamond films offer many advan-
hardest material{~48 GPa. In 1961 Wentorf determined t2ges. The high thermal-expansion mismatch between the
the equilibrium diagram showing thatBN is a metastable, diamond and the WC-Co hard metal substrate, the low
high pressure, high temperature ph¥skiis data were con- hucleation density of diamond on WC-Co, and the high
firmed and improved upon in several later pagéféRecent  Solubility of carbon in cobalt prevented the coating of
calculations suggest thatBN may be the stable modifica- WC—Co cemented carbide cutting tools. This adhesion issue
tion under standard conditiond bar, 298 K, see Ref. 93, has recently been solved by the application of appropriate
and references therginWhereas diamond occurs in nature, interlayers and several companies are now selling cutting
only syntheticc-BN is known. Both diamond and-BN are  tools coated with CVD polycrystalline diamortiFor fur-
industrially prepared by high pressure 6 GPa and tem- ther details on the development and applications of polycrys-
perature =1600 °C metal-catalyzed solution growth tech- talline CVD diamond films we refer the reader to the recent
niques. Diamond growth utilizes a higher solubility of graph- reviews! %111
ite in metals, such as Fe, Ni, and others, compared to Much research effort has been devoted to plasma CVD of
diamond. Cubiac-BN is grown from a melt of quasibinary c¢-BN films (e.g., see Refs. 36 and 112, and references

A. Diamond and cubic boron nitride
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therein. In a way similar to the deposition of amorphous A large number of papers have reported on the “synthesis
hard carbor(see below, the formation of the fourfold coor- of carbon nitride” but these “carbon nitride” films are
dinated network of thee-BN phase requires energetic ion highly substoichiometric, having a large nitrogen deficiency
bombardment. Both plasma PVD and CVD were used in &ven below that of paracyanogen and a lower hardfesd.
large number of studies. However, BN films with a high [Paracyanogen is a (CNpolymer consisting of six-member
fraction of the cubic phase have high compressive stress QIC—N—C—N—C—N—rings with alternating double bonds,
several GP4Ref. 112 or even up to 25 GPeRef. 113 asa e fourth valence of carbon being used for the bond to the
result of energetic ion bombardment. This causes Sevelgeighboring ring® It can be prepared by polymerization of
peeling of when the fjlm thickness exceeds about 300 NMyjicyanogenCN), or by plasma CVD(see Refs. 14 and 88,
Work on the preparation and properties®BN by plasma  ,nq references thersih The reason for the failure to ap-

activated de;il)écisition techniqgléuifzwas sgmmarized in Severaoach the stoichiometry of {8, is the obvious neglect of
:g;(ejztr papers® and reviews™* to which we refer the the above mentioned simple principles for its synthesis by
' means of activated depositidh.Indeed, all the techniques

Worth mentioning also is hard amorphous carlae@:H . ; . . '
[sometimes called “diamond like” hard carbofDLHC)] which were used in these papers were lacking either a suffi-
ciently high flux of low energetic atomic nitrogen towards

which is obtained by plasma induced CVD from hydrocar- : . . .
the surface during deposition, or a high temperature or suit-

bons at a low pressure of typically0.5 mbar and bombard-
o ypically nable medium energy ion bombardment. Computer simulation

ment with energetic ions of about 100 eV. The first report o o
its preparation was by Holland and Off&*'7and was fol- and measurements clearly show that energetic ion bombard-

lowed by extensive research in many laboratofiEEe e.g. ment, which is needed to promote the carbon into the meta-
Refs. 118—12) lon bombardment promotes the formation Stable fourfold coordiqati%(zps hybrid), also leads to a loss

of fourfold coordinated carbon because of the difference off nitrogen from the filnf®“° thus making the synthesis of
the displace- the stoichiometric GN, by means of techniques such as

ment energy for the graphitisp? (about 20 eV and the Sputtering, energetic ion beam deposition, arc evaporation,
diamondlikesp® (50-80 eV C atomsi?512” Although the  etc?*®unlikely.

hardness of this material reaches only about 20 GPa, its very This has been summarized in several papers and we refer
low coefficient of friction of<0.1 (Ref. 121 makes it inter- the reader to Refs. 49-55 for further details. Of particular
esting for many applications including lubricant-free bear-interest are the critical papers by De VAgand the excellent
ings, magnetic storage hard disk, various cutting tools, andritical review by Korsounskii and PepeRitwhich also con-

machine parts(see, Refs. 128 and 129, and referencegains a suggested phase diagram of the expected stability of

therein). C3N, at high pressures and temperatures.
Efforts to prepare N, by exposing carbon and nitrogen
B. C5N, and CN, containing organocompounds to high pressure have resulted

so far in the formation of diamond and nitrogen. The reason
Like diamond andc-BN, C3N, is a thermodynamically  for this is most probably the high thermodynamic instability
unstable compound whose preparation requires rather e%f c,N, 1 with an estimated Gibbs free energy of formation
treme conditions. In th_e case of plasma CVD several condigs AGY=170-227 kJ/mol& Accordingly, GN, should be
tions have to be met simultaneousfy: stable only at a pressure that is higher than that of the
(1) a high degree of dissociation of nitrogen which providesgraphite-to-diamond transformation, e.g:40-60 GPa for
a high flux of low energy atomic nitrogen of the order of temperatures of 2000—-3000 K, respectivébee Fig. 2 in
10°-10°° N atoms/cris towards the surface of the Ref. 53. Therefore, a carbon and nitrogen containing com-
growing film in order to achieve the desired stoichiom- pound, when exposed to high pressure, will decompose into

etry; diamond and Munless the activity and activation energy of
(2) a medium energy ion bombardment to promote the carnitrogen are sufficiently increased, e.g., by an appropriate
bon into the metastable fourfold coordination; and metallic solvent. The recent publication by Eeal > reports

(3) a relatively high temperature of aboet800 °C in order  on a successful preparation of microcrystalline and -
to evaporate the paracyanogen(GNyvhich is always C,N, at a high pressure of 7 GPa and temperature of 1400 °C
formed during the deposition of stoichiometrighly (see  with nickel-based alloy and cobalt as catalysts. This paper by
Ref. 14 for further details He et al. does not report on the mechanical properties of the

However, the Vickers hardness reported for stoichio-material.
metric amorphous £\, films reached only about 30 GPa,  One remark should be made regarding a number of papers
which is much less than that of diamond and many othethat reported on the preparation of Gth a “high nitrogen
superhard materials. Using similar synthetic principles, othegontent” from various nitrogen-rich organo- or azidocom-
authors succeeded in the deposition of crystalline, stoichiopounds(see, e.g., Ref. 130 The materials obtained may
metric GN, films'®>?°but they could not measure the hard- have had a relatively high content of nitrogen, but these ma-
ness because of the insufficient density of the polycrystallinderials were of a polymeric nature and had nothing in com-
films.1® mon with “superhard” GN,. This is easily seen by compar-

J. Vac. Sci. Technol. A, Vol. 17, No. 5, Sep/Oct 1999



2407 Stan Veprek: The search for novel, superhard materials 2407

ing the reported infrared spectra of these products with thatess of=60 GPa was also reported farBN doped with
reported**2 and predictetf for C;N,. about 7 mol % of BC,*** or with about 3.5 wt % of QRef.
Substoichiometric CNthin films may nevertheless find 142) at high temperatures of 1900—-2000 °C and pressure of
some applications such as protective, low friction coatings5 GPa. The relatively soft hexagonal boron carbon nitride
e.g., on magnetic storage diéks”® or as field emission prepared by CV&* could be transformed into a hard cubic
tips*” In order to provide high memory density the thicknesspolymorph by a high temperatuf8000 °Q and pressurél4
of the overcoat on the magnetic disks must be in the range atPg treatment3? Also, incorporation of silicon into the bo-
10 nm. The hardness of GNilms with nitrogen contents of ron carbon nitride resulted in promising materigf&How-
10-30 at. % is less than 30 GPa. This is, however, higheéver, more research is needed.
than the hardness of hydrogenated hard cafed:H, typi- In that context it is also worth mentioning the high hard-
cal Hy=7-15 GPawhich is used presently for magnetic ness of amorphoua-B,C of =50 GPa which was prepared
disk overcoats. Beside the higher hardness, the overcoagy very high frequency plasma C\M31#4with a negligibly
have to also have good sliding resistance, low wear, angyy stress or by reactive magnetron sputterifigAlthough
chemical stability. CNl overcoats have shown superior prop- in the latter case the compressive stress<6t7 GPa may
erties compared to these afC:H*'"%° have enhanced the measured apparent hardnesgaGPa,
However, these films are not superhard. In order to reackhese amorphous films were in the range of superhardness.
a superhardness of 40-50 GPa the deposition of thg CNop, the other hand, crystalling,8 shows a lower hardness of
films has to occur at elevated temperaftifé The proper-  apout <30 GP&:*® Stoichiometric single crystalline boron
ties of these films prepared by magnetron sputtering in nitrog,hide has the exact stoichiometry ofs8s. It consists of

gen are a complex function of deposition temperature, nitrop o jcosahedra which are connected by carbon and boron
gen pressure, and the concomitant compressive stress. Fillgg, 1188147 Therefore amorphous,B may be regarded as a
grown at 350°C show the highest hardness ang,mposite consisting of the icosahedral boron quasicrystals
elasticity”>>" This materials, also called “fullerenelike,” re- imbedded in an amorphous matrix. There appears to be a
semble a disordered, cross-linked graphite-like structure Wit ain similarity in the hardness and strength enhancement

odd-membered rings in which the relative low concentration,p <o ed in nanocrystalline/amorphous composisee be-

of nitrogen, CN»s_g35 causes undulation of the graphitic | I in alumi I
basal planes. The high hardness combined with high elastic(-)w) as well as in aluminum alloys &3_,CrsCeCoy (x

: . . . . =1%-2%) consisting also of quasicrystals, where very
ity and self-lubricant properties may open up interesting ap-high enhancement of the strength by a factor of 7 was
plications.

found1*8 Although boron carbide suffers from relatively low
oxidation resistance in air due to fast oxidatior=a450 °C,
C. Miscellaneous superhard materials the occurrence of the superhardness is challenging.

We shall now summarize various other intrinsic superhard -I(;Ih?j g}]crez?]t potehnual of ths_C;N triangle can be ex- q
materials. TheB—C—N system is rich in hard and superhard tended further when ternary and quanternary compounds

materials, the majority of them being refractory ceramics With silicon are ;%IUdeq For exqmple;SiC has a hardness
Boron carbon nitrides can form a relatively soft graphite-like©f @P0ut 26 GP&,>but it can be increased up to 40 GPa by

(“hexagonal”) phase or a superhard cubic or amorphous®” admi>.<tur'e of small amounts of boron to form strong grain
phase. The first report of the deposition of the ternaryMC boundaries in hot-pressed SiC ceraitsBadzianet al. re- _
films by thermal CVD was by Badziast al**! who also ported high hardness of about 63 GPa for crystalline
used microwave plasma for this process and obtained depo812C2.8e5i.3s @nd 65 GPa for gN; ,C; 16 Silicon carbon

its with a cubic modification as was seen by x-ray diffractionNitride appears to be a very promising material. _
(XRD).}32 The plasma activated CVD was also used later on Knotek and co-workers reported on superhard Ti-B—
by Montasseet al,333Levy et al,'% and by Besmanii® ~C—N coatings deposited by magnetron sputtefiht” in

who achieved a hardness between 4 and 33 GPa dependiiich & maximum hardness of about 55 GPa was found.
on the deposition conditions. Further work has shown thatAlso, TiB; coatings prepared by magnetron sputtering were
similar to the deposition of hard-C:H diamond-like hard reported to have a hardness of up to 70 &GPd;?and simi-
carbon(DLHC) and¢-BN, the high hardness of the BIS, lar superhardness was reported for other plasma PVD sys-
films requires an appropriate ion bombardment and an etems(e.g., T-B—N and Ti-B—C}>"**?and in some other
evated deposition temperatdré.More recently Riedel and papers that will be discussed in Sec. IY.B

co-worker$®¥-14% prepared superhard BS coatings by However, it is not quite certain whether such high values
plasma CVD from single source organometallic precursorsf hardness reported for plasma PVD coatings are indeed
pyridine borane (EHsNBH3) and triazaborabicyclodecane intrinsic properties of these materials. As already mentioned
[BN3H,(CH,)s]. The coatings were amorphous and thein Sec. Il A, plasma CVE® and PVD®™ films deposited
hardness showed a large variation depending on the deposinder high energy ion bombardment have, typically, a high
tion conditions which have not been adequately charactelcompressive stress of 5-10 GPa which can be annealed out
ized so far. The highest hardness of 64 GPa, which waat 600-700 °C. These films show a high hardness which,
reported by these researchers, clearly shows thaL#®&-N  upon annealing, decrease much faster than the stress. Herr
triangle is worth being elucidated in more detail. Superhardand Broszeif® reported recently, for example, a decrease of
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the apparent hardness of TiN films from 36 to 27 GPa whertations and the growth of microcracks. This can be achieved

the compressive stress decreased from 6.7 to 2.1 GPa upanvarious ways known from metallurgy, such as the solu-

annealing at 650 °C. Similar results were found for all filmstion, work, and grain boundary hardenitgge, e.g., Refs. 9,

studied in that work. In the case of HfRleposited at the 64, and 148 In this way, the strength and hardness of a

lowest pressure of 0.5 Ravhich yields the highest compres- material can be increased by a factor of 3-7, i.e., superhard

sive stress in the coatingghe apparent hardness decreasednaterial should form when such enhancement can be

from about 72 to about 17 GPa upon such an annealingachieved starting from a hard materid (=20 GPa.

These examples give us a warning that extreme care has to The solution and work hardening do not operate in small

be exercised when measuring and reporting such high haraianocrystals about10 nm because solute atoms segregate

ness values. to the grain boundary and there are no dislocations. There-
Badzianet al.reported on superhard boron suboxidg® fore we consider the possibilities of extending the grain

which “easily wore the (001) surface of diamond and boundary hardening in poly- and microcrystalline materials,

scratched th¢111) face.”®® The material was prepared by described by the Hall-Petch relationsff5*% Eq. (3),

solid-state reaction from a stoichiometric mixture of borondown to the range of a few nanometers.

and BO; at 1600—2000 °G%’ The reported hardness was K

about 60 GPa. Thus, the wear of f@®1) and scratching of o=yt _gb_ 3

the (111) faces of diamond were due to a different crystallo- \/a

graphically anisotropic wear mechanism rather than due to . . o

higher hardness. These surprising properties gDBwere Here o is the critical fracture stress] the crystallite size,

attributed to the presence of interstitial oxygen within the2Nd 7o andkg, are constants. Many different mechanisms

. . 4-166
boron lattice!®® These researchers also reported on the depd"d theories describe Hall-Petch strengthefiffg:”

sition of boron suboxide films with oxygen contents of 5_30Dislocations pileup models and work hardening yield the

-1/2 H
at. % by magnetron sputtering, but no hardness was me&. ~_ dependence but different formulas fof, and kg

sured. More recently Tswt al1%® prepared boron suboxide Whereas the grain.—grain boundary composite models also
in a similar way with about 11 at. % oxygen and measured &1V€ @ more complicated dependenceoef on d.

hardness of only=28 GPa. Thus, this material remains a The strength of brittle materials, such as glasses and ce-
challenge for further resea;ch ' ramics, is determined by their ability to withstand the growth

Sapphire, with about 21 GPa, is the hardest stablé)f microcracks|Brittle materials do not undergo any plastic
oxide 159 Reé:ently Leer et al 16 repo,rted on the high pres- deformation up to their fracture. Their strengignd hard-

sure synthesis of stishovite high pressure modification of N€S$ iS prﬁ_portional to the elastic modurllasSupeLhird
silica), with the highest hardness of 33 GPa found for sto-nanocrystalline compositesee Sec. IV B show such be-

ichiometric oxide materials so far. Since high pressure modiaVior, but they have also a very high toughng$te criti-

fications have higher density, one may ask if there is a posc@! Stress which causes the growth of a microcrack of&ize
sibility of obtaining even harder oxides. Because sufficientI))S given by a general formula,

large crystals(which one needs for the hardness measure- \/ﬂ 1

mentg are rarely available, one can estimate if a material gc=Kg e\ ——*—=. (4)
may become superhard by a comparing its bulk moduhe T8ag JE

bulk modulus of small crystals can be measured, e.g., frorr|1_|
the pressure dependence of the lattice constant by XRD in
high pressure ce)l.The hardness of bulk moduli of various

materials show a fairly good correlatid®: A high value of

ere E is the Young’s modulus;y the surface cohesive
gnergy, and,c IS a constant which depends on the nature
and shape of the microcrack and on the kind of stress
. applied® Thus, thed Y2 dependence of the strength and
399 GPa was reported for the high press(pressure=12 hardness in a material can also originate from the fact that

H = H 161,162 H
GP3 cubic modification OT Ru@ Lgndm etal. have ... the sizea, of the possible flaws, such as voids and microc-
calculated the bulk moduli of several high pressure modifi-

Hi d obtained hiah val th tina that th racks which are formed during the processing of the material,
cations and obtained high values, thus suggesting that €., 4o reases with decreasing grain size. For these reasons,

phases may also be superhard. In particular, they obtaine[ e Hall-Petch relationship, E¢8), should be considered as

for thg high pressure modification c.)f Ry@ value:‘ of 434 a semiempirical formula which is valid down to a crystallite
GPa, in a reasonable agreement with the experimentally r ize of 20-50 nm(some models predict an even higher
ported one, and 411 GPa for a high pressure modification 9 mit 166167

0s0,.163 . L : o
With the crystallite size decreasing below this limit, the

fraction of the material in the grain boundaries strongly in-
IV. NANOSTRUCTURED SUPERHARD MATERIALS creases which leads to a decrease of its strength and hardness

As mentioned in Sec. Il, the strength and hardness Ogue to an increase of grain boundary slidifig.""°A simple

. . ) , henomenological model describes the softening in terms of
engineering materials are orders of magnitude smaller than . : : .
X . . -an increasing volume fraction of the grain boundary material
the theoretical one. They are determined mainly by the mi- : L : )
: . : f ., With the crystallite size decreasing below 10—6 Hh:
crostructure which has to be designed in such a way as tc®

efficiently hinder the multiplication and movement of dislo- ~ H(fg,)=(1—fg)Hc+fgHgp, 5)
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with fg.0c(1/d). Due to the flaws present, the hardness of theThus, the strength of such multilayers would be much larger
grain boundary materidtl g, is smaller than that of the crys- than that expected from the rule of mixtui@hich was de-
tallites H,. Thus the averagémeasurefl hardness of the fined in Sec. ).

material decreases withdecreasing below 10 nm. The first ~ Koehler's prediction was further developed and experi-
report of reversdor negative Hall-Petch dependence was mentally confirmed by Lehoczky who deposited Al-Cu and
by Chokshiet al!’® Later on it was the subject of many Al-Ag heterostructures and measured their mechanical
studies, with controversial conclusions regarding the criticaproperties-®®?%° According to the rule of mixture, the ap-
grain size where “normal”’ Hall-Petch dependence changeglied stresso, which causes elastic strainis distributed

to the reverse ont»!73179-18Ganderst al’®*°have re-  petween the layers in proportional to their volume fractions
cently shown that if nanocrystalline Cu and Pd samples PréVyx and elastic modulEyy . Lehoczky has shown that
pared by inert gas condensation were compacted at elevatgige tensile stress—strain characteristics measured on multi-
temperature, this critical grain size decreased to almost 1Qyers consisting of two different metals displayed a much
nm. The improvement of the compaction was documented byigher Young's modulus and tensile strength, both of which

small angle neutron diffractiol?” Musil and Regertf* re-  increased with decreasing thickness of the double layer
ported softening of dense nanocrystalline NiCr thin fiImS(|ayer period. For layer thicknesses 0£70 nm the vyield
prepared by argon ion sputtering to occur below 7 nm. gtress of Al/Cu multilayers was 4.2 times larger and the ten-

Various mechanisms of grain boundary creep and slidingjie fracture stress was 2.4-3.4 times larger than the values
were discussed and are described by deformation mechanls&\,en by the rule of mixture.

maps in terms of the temperature and stféS8-***Theories This work was followed by work of a number of research-

of grain boundary sliding were critically reviewed in Ref. o5 \yho confirmed the experimental results on various me-
166. Recent computer simulation studiéxonfirm that the  ,jic multilayer systemge.g., Cu/Ni, (Refs. 201—208 as

negative Hall-Petch dependence in nanocrystalline metals {§o a5 on superhard epitaxial and polycrystalline superlat-
due to the grain boundary sliding that occurs due to a Iarg‘ﬁces of nitrides such as TiN/VRP4 TiN/NbN 205-207

number of small sliding events of atomic plains at the grainTiN/V Nb, N, 28211 TiTiN, HF/HN, and W/WN 22
boundaries without thermal activation and, therefore “will Oxidesx213—21)éand superlattices consisting of transition metal
ultimately impose a limit on how strong nanocrystalline met-itride ,and CN .216-22L| 5|l these cases, an increase of the
als may become.'"® Although many details are still not YN hardness by a factor of 2—4 was achie7ved when the lattice

derstood, there is “ttl.e d.OUbt. that grain bolundary sliding ISperiod decreased to about 5-7 nm. In the case of heterostruc-
the reason for softening in this crystallite size range. There;

fore, a further increase of the strength and hardness Withures prepared from materials with a hardness=a0 GPa,

decreasing crvstallite size can be achieved onlv if rainsuch as transition metal nitrides, an increase by a factor of 2
g cty y 1T 9raifg o fficient to reach superhardness=e40 GPa. The maxi-

boundary sliding can be blocked by appropriate design of thg um hardness reported for TiN/NbN superlattice with a lat-

material. This is the basis of the concept for the design of. . 5 . .
superhard nanocomposites which will be discussed in Seg(‘:e period of 4 nm was 50 GP& for TIN/WN it was about

5 GP&2% This work on heterostructures was summarized in

IV B. X > 223 ;
As mentioned in Sec. I, another possible way togxcellent review& .to which we refer the reader and also
cluded early theories.

strengthen a material is based on the formation of muItiIayerg1 E | latti iod. where the dislocati ltioli
consisting of two different materials with large differences in -or a large 1aftice period, where the disiocation multipli-
cation source can still operate, the increase of the hardness

elastic moduli, sharp interface, and small thicknéagtice )
period of about 10 nn?. Because this design of nanostruc- and the tensile strengtmost researchers measured the hard-
ss because it is simpler than the measurement of tensile

tured superhard materials was suggested and experimentae%‘? an the :
confirmed before superhard nanocomposites were developedt€ngth done by Lehoczky*") with decreasing layer

we will deal with heterostructures in Sec. IV A. thickngss is d_ue to the increase of the gritical stress needed to
multiplicate dislocationsr.=Gb/l,, (G is the shear modu-
A. Heterostructures lus, b the Burgers vector, anig,, is the distance between the

In a theoretical paper published in 1§7Koehler sug- dislocation pinning sit€s. Usually one finds strengthening
gested a concept for the design of strong solids which aréependence similar to the Hall-Petch relationship but with a
nowadays called heterostructures or superlattices. Originalljomewhat different dependence on the layer pexiod [in-
he suggested depositing epitaxial multilayers of two differenstead of the crystallite sizd in Eq. (3)] with n=1/2 for
metals, M1) and M(2), having as different elastic constants layers with different slip systems amd=1 for layers with a
as possibIe ;> Ey ) but a similar thermal expansion and similar slip system$?* More recent theoretical discussion of
strong bonds. The thickness of the layers should be so smdihe Hall-Petch relationship for superlattices was published
that no dislocation source could operate within the layers. by Anderson and Lf?* According to their calculations,
under applied stress a dislocation, which would form in thestrong deviations from continuum Hall-Petch behavior oc-
softer layer M1), would move towards the M)/M(2) inter-  curs when the thickness of the layers is so small that the
face, elastic strain induced in the second lay€2)Mvith the  pileup contains only one to two dislocations.
higher elastic modulus would cause a repulsing force that In brief: In thin layers where no dislocation source can
would hinder the dislocation from crossing that interface.operate and the Koehler and Lehoczky model applies, the
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maximum value of the critical shear strasg\) which can In a remark added in proof, Koehler mentioned that the
cause movement of a dislocation from weaker layer 1 intddeas described in his paper would also be valid if one of the
stronger layer 2 is given By°92% layers is amorphous. In spite of that, the researchers were
i studying only epitaxial and, later on, polycrystalline hetero-
Gme—Gue Gu(ri—4b)sin ¢ (6)  structures. Recently, several papers appeared in which one of
Guat+tGuway  8m(Ni—2b) the layers consists of, e.g., amorphous,GNe other of a
transition metal nitride such as Ti?17~219r ZzrN 214216
However, with decreasing layer thickness the layered struc-
ture vanished and a nanocrystalline composite structure
appeared'*216-21%gch films also show a high hardness of

o(N)=

Here Gy are the shear moduli of the two materials, is
the thickness of the softer laydy,is the Burgers vector of
the dislocation, andp is the angle between the dislocation
slip plane in layer M1) and the interface K1)/M(2). This
theory predicts that the strengtfand hardnegsdepends ab<|)_|ut 30 GPa% bout40 GP ted by Holleck and
mainly on the relative difference between the shear moduli araness ot abo a was reported by Holleck an

co-workers also for various multilayers consisting of TiN,
- + . ) ;
(Guz = Gmw)/(Gmig + Guy) and the angle. For a small TiC, B,C (more exactly, B,C;), and metastable TiBC and
period but still A;>4b the enhancement reaches an_. . ) 35 236 L
asymptotic value of TiBN solid solutions>**#3¢ The basic idea of Holleck was

similar to that of Koehler, i.e., to increase the strength of the
Guyin—G GuiSin coatings by introducing a large number of coherent
o(max) = GM(2)+GM(1) M(é)w ? (") interfaces®237-238owever, Holleck was following a more
M@ M practical approach in which the emphasis was on the selec-
as experimentally confirmed by Lehoczky for Al-Cu andtion of materials for practical applications. Such multilayers
Al-Ag heterostructure§?***®However, in superhard hetero- are presently used predominantly to match coating properties
structures consisting of transition metal nitrides and Cu—Ni ao the substrate and to the machining conditiofi$® En-
decrease of the hardness was found when the lattice periodhancement of the hardness is only one of many aspects in the

decreased below about 5-7 nm. improvement of coating performance including high tem-
The decrease of the hardness experimentally observed pérature toughness, mechanical stress, adhesion, friction co-
small lattice periods can be due to two effects. efficient, and others which are important for machining

i 1-3,78

(1) For\; smaller than about 15—-20 times the Burgers Vec_appl|cat|on§. .
tor b the repelling mirror forces induced by the strain in Heterostructures. as well as multllayer§ are prepared by
the layer of stronger materials on both sides of Iayerplasma PVD techniques, such as sputtering or vacuum arc
M(1) begin to cancel each other ofthese forces have evaporation, from two different material sources. The major-
opposite signs with respect to each ojfend, therefore ity of researchers uses reactive sputtering where either the
enhancement of the strength decreases ’ " two sources are periodically switched on and (@ff., using

(2) The other effect is the roughness of the interface due téh;ttergzz) or th;s?bs;rféeszag mountedl ona rg{;:lltjing turn-
interdiffusion during the preparation. This effect was @ e(see, e.g., Refs. —2ll@ecause plasma oper-
discussed in a number of papésee, e.g., Refs. 205 and ates at low pressure where the sputtered or evaporated mate-

223-225. Chu and Barnett have shown that an interface’ial is transported from the source to the substrate without

roughness of about 1 nm will cause a strong decrease iﬁcattering in the gas phase, complex planetary motion of the
hardness and it probably dominates the experimentall)§UbStrates is necessary in order to coat nonplanar substrates.
observed softening for<5—7 nm??° Recent experimen- In summary, great progress has been achieved in the
tal data on superlattice with high immiscibility, which preparation and understanding of the hardness and strength
form sharper interfaces, support this concluﬁ%ﬁﬁ’mln enhancement in heterostructures. Also, the application of the

9,240 ; 5,236 :
nonisostructural epitaxial Mo/NbN and W/NbN superlat- heterostructurés and multilayers’ for cutting tools

tices only a relatively small decrease of the hardness Wagas been fairly well developed. Cutting tools coated with

found for a superlattice period 6f2—3 nm. Even for the multilayers with superior properties as compared to tools
smallest period near 1 nm the hardness of the heterov_\/ith single layer coatings are available from several compa-

structures was significantly higher than that for the rule'es:

of mixture.
) ) ) . B. Nanocrystalline composite materials
TiN/AIN superlattices of equal TiN and AIN thickness are

interesting because of the “template effect” that is imposed!: ¢oncept for the design

on the hexagonal wurzite structure of AIN which changes to Grain boundary hardenifgee Eq(3)] and the discussion

the high pressure cubic phase when the superlattice periaaf the Hall-Petch relationship could in principle yield super-
decreases te&=3 nm?3%%!The hardness increased to 40 GPahard materials if grain boundary sliding could be avoided in
for that superlattice period. Such a template effect also aphard polycrystalline materials with grain sizes in the few
pears in TiN/AIN nanocomposité$?~>**which will be dis- nanometer range. Based on an understanding of these mecha-
cussed in Sec. IV B. Some other examples of the templataisms one can expect that appropriate design of nanocom-
effect which include TiN/NbN, TiN/CrN, and TiN/ CNhet-  posites with strong grain boundaries such as nanocrystalline/
erostructures were discussed by SprofiEt® amorphous fic-/a-)%?41-246 or nanocrystalline biphase
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(nc-/nc-) composites with coherent grain boundaffes critical stress for the growth and deflection of microcracks
(similar to that suggested for the multilayefs) can avoid [see Eq.(4)]. The size of microcraclay, i.e., of a possible
grain boundary sliding. Thus, the hardness of such a materidlaw and voids, is in a well compacted material always
should continue to increase even for grain sizes below 6—18maller than the size of the nanocrystag=d. With this
nm. When designed of strong materials with a hardness gfimple model in mind, many mechanical properties of nano-
=20 GPa, essentially all such nanocomposites should reachc@mposites that were studied so far can be fairly well ex-
superhardness o£40 GP&’7:241-243.247.24% e the hard- plained. However, one has to keep in mind that this model is
ness of diamond represents an increase by only a factor ory simplified and our understanding of nanocomposites is
3-4 compared with conventional hard materials, such a# its infancy. The mechanism of the toughening of nano-
transition metal nitrides, carbides, and borid&s. composite ceramics is probably much more complex, includ-
However, one has to keep in mind that the appearance dfg switching from intergranular cracking to transgranular
grain boundary sliding depends on the temperatsee the cracking and fracture surface roughenfiwhich provides
literature on deformation mechanism map$%. Thus, ample possibilities for crack deflection, meandering, and
sliding, which is absent at room temperature, may occur aplastic zone shielding.
elevated temperatures ef800 °C, which is reached, e.g., at ~ The obvious firstbut by far not the only onechoice of
the edge of cutting tools. For these reasons, the behavior UCh anc-/a- system that meets the above discussed criteria
the material’s properties at elevated temperatig., hot fpr achieving superhardnefss is straightforward: Many transi-
hardness and structural stabilityepresents an important is- tion metals MN, such as Ti, Zr, val \254Nb’ Ta, and Cr form
sue in the field of nanocomposites and it has to be investiStable, refractory, hard nitride$*'=*** which crystallize
gated in great detail. upon de%gszgulggz even at' relatlvely low temperatures of
An idealized microstructure of such a composite sug-= 100 °C->=""=*Silicon nitride, on the other hand, grows
gested in Fig. 1 of our earlier pafeis based on isolated @morphous even at 1100 °C and it possesses the desirable
nanocrystalge.g., nc-TiN) imbedded in a thin matrixe.g., structural flexibility due to the fourfold coordination of sili-

a-SisN,). Alternatively, one might also evoke an interwoven SO combined with the threefold coordination of nitrogen.
biphase system as observed by Milligatnal. for nc-Au/a-Si TiN-Si3N, is immiscible up to a relatively high temperature
(see Fig. 6 in Ref. 24%r a bicontinuous two-phase system.

of 1000 °C*251:253.2\oreover, silicides of transition met-
In nc-TiN/ a- Si;N, nanocomposites which were investigated als are refractory materials with a high Gibbs free energy of
in some detail thus far, detailed high resolution transmissio

r(ormation comparable to that of borides and carbides, and
electron microscopic study revealed only isolated nanocrysEiY%N}zr_gsei Ncoir:tzor?:g;n?ls gfngg t-clj—hebreef(;[ﬁi‘icizzhnil
tals imbedded within the amorphous mat%;**®in agree- 374 P y

ment with the nanostructure suggestemh order to form strong in order to avoid grain boundary sliding. A simple

such a biphase system, both materials must be immisciblthermOdynamIC estimaté® shows this similarly applies to

(i.e.. they must display thermodynamically driven segre a_t%e majority of the transition metal nitrides mentioned
I-€., they Isplay yhal y 998 hove 77254-256 order to reach superhardness, the concen-
tion during depositionand the cohesive energy at the inter-

face between the both phases must be fAffA-?**Last, but tration of the SN, phase shouild be about 16-23 mol e

. reason will be discussed lajer
not least, the amorphoufsr a second nanocrystallinphase )

i hiah structural flexibility in order t An even better choice of the amorphaies nanocrystal-
MUSt possess high structural exibility in order 1o acCommMOy;,q) hhase in combination with a nanocrystalline transition

date the coherency strain without forming dangling bonds oo nitride would be boron nitride because boron atoms

voids, or other flaws. Both materials should be refractory sq.,, he three- and fourfold coordinated and the B—N bond is
that the operational temperature of the tools will be smallerStronger than the Si—N one. Because of the great stability
than half of the melting or decomposition temperature. 1Ny the compositional and structural flexibility of borid&s,
this case the nanostructure would be stable and grain bounghe interface should also be strong. However, the problem in
ary sliding may be avoided. the preparation of thec-TiN/BN nanocomposite is associ-

It is important to note that, although the strengtheningateq with formation of the soft hexagonal phase h-BN which
caused by the decreasing dislocation activity due to decreagagits in a strong decrease of the hardness of the composite
ing crystallite size finally reaches a saturation due to thgyhen the nitrogen content is increased from that of the com-
absence of dislocations in ultrasmall nanocrystals, thegsition of TiN/TiB, towards that of TiN/BN.27 This prob-
strength and hardness of such a material may still increasgm was solved recently and superhardTiN/BN nanocom-
upon further decrease of the crystallite size in the range ofosites with hardnesses between 60 and 80 GPa were
<10 nm when another strengthening mechanism becomegported’’ > Because silicon dissolves in many metals, the
dominant. In the absence of dislocations and grain boundaryhoice of boron nitride, aluminum nitride, and other materi-
sliding the nanocomposites show brittle behavior whichals as the grain boundary material offers potential advantages

means that the fracture strengtind hardnessis propor-  with respect to many applications in, e.g., machining.
tional to the elastic modulus of the material. This behavior

has been confirmed in several nanocrystalline superhard Preparation of the nanocomposites
composites made of different materi&®&!-2**The fracture In order to assure that thermodynamically driven segrega-
stress of such a material should then be determined by th#on and formation of the nanostructure occur during deposi-
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tion the activity of nitrogen must be sufficiently high and the ciple and a large excess of nitrogen and hydrogesTiN/a-
substrate temperature relatively low, yet high enough to alSi;N, films deposited at 500—-550 °C contai0.5 at. %
low diffusion during film growth. For stable transition metal chlorine, which is fairly tolerable. The same also applies to
nitrides such as TiN and others this applies for nitrogen presether nitrides.
sures above about 1 mbar and temperatures below about Plasma PVD has the advantage of being a halogen-free
600—700 °C*6241-2437 similar estimate shows that the seg- process, but it is more difficult to achieve the sufficiently
regation should be much stronger in the TiN/BN and manyhigh chemical activity which is needed for the phase separa-
other M,N/BN systems compared to the TiN4Si, one/’  tion and formation of the nanocomposite. This results in the
Therefore, the appropriate preparation technique should asleposition of homogeneous metastable solutions, such as
sure high nitrogen activity and sufficient activation energyTi;_,Al,N (Refs. 273—27p or Ti(BN).1>%5227® Other au-
for the thermodynamically driven segregation of the phasethors have found phase segregation with the formation of
to occur at a temperature of 400—550 °C which is compatibldinary nanocomposite phases of TiN and JiB Ti—-B—N
with the majority of engineering substrate materials. coatings with relatively little nitrogef’?’"=24From the

Activated chemical or physical vapor deposition tech-published data it appears that higher substrate temperature
nigues such as plasma CVD and PVD are most suitableand bias promote phase segregation which results in higher
Because plasma CVD usually operates at a higher pressuhmardness. The hardness of the films depended on the compo-
of about 1-5 mbar whereas a lower pressures@d 3 mbar  sition, showing a maximum for a composition of about
is used in plasma PVD, plasma CVD was used in the initialTi;Bg s_iNg 5 Where the coatings had a very fine, almost iso-
work 5:241-244259t 3150 provides somewhat better flexibility tropic, nanocrystalline microstructuf&28°The value of the
regarding the choice of thec-M,N/a-A,N, system. How- ~maximum hardness depended on the substrate temperature
ever, plasma CVD still suffers from problems of scaling and the negative basis applied. Fof psirae0f 300—400 °C,
from a small experimental reactor to large scale productionon energy of 126 eV, and a ratio of the ion to atom flux to
units. Also, the use of volatile transition metal halides asthe substrate of 0.7 the hardness reached about 50 GPa or
sources of those metals makes it less attractive for industrialightly more for nitrogen content c£15 at. %. In general,
applications because of the problems associated with the cothe hardness as a function of the composition did not follow
rosive nature of the chlorine to the vacuum pumps and théhe rule of mixture(defined in Sec.)lbut displayed a maxi-
hydrophilic nature of the deposits at the reactor walls and irmum at a given composition where the microstructure of the
the vacuum tubings. The use of organometallic precursors ifilms was very uniform(no columnar growthand the crys-
plasma CVD results usually in the incorporation of largetallite size was a few nm. With increasing nitrogen content,
amounts of carbon in the deposit due to the poor chemicalvhen the h-BN phase was formed, the hardness of the films
selectivity of the process. For these reasons, a combinestrongly decreased to 15—20 GPa for an overall composition
plasma PVD and CVD techniqlfe®®?® or reactive of TiB,N,.25"283284This decrease was attributed to the for-
sputtering®® is more appropriate for future industrial appli- mation of soft h-BN.
cations but plasma CVD will probably remain the prepara- If, however, much higher temperature, high plasma den-
tive tool for basic studies on a variety o€-/a- andnc-/nc- sity, and negative bias were used, the formation of the h-BN
systems. Both high frequen¢iiF)®?4*-2*4and direct current was suppressed and superha@TiN/BN nanocomposites
(dc)76:77:259.262.26%|0\y discharges were used for the deposi-were obtained by a combined plasma PVD and CV/£88260
tion, yielding essentially the same coatings if the ion bom-This example shows the importance of the plasma param-
bardment were kept relatively low. If the discharge is oper-eters for achieving the above discussed thermodynamically
ated in the abnormal glow regini&-2%the negative glow driven segregation. As in all other systems, the optimum
covers the whole surface of the cathode and follows théardness and morphology are achieved at a BN phase con-
shape of a curved surface. This applies also to the HF diszentration of about 20 mol %. There is no sign of any,TiB
charge at sufficiently high power density where the high im-or h-BN seen in the XRD of the films. The BN phase is
pedance of the space charge sheath near the electrode hasither amorphous or “cubic” or a mixture of botkiThis is
similar function as that in the abnormal dc glé®:?®In  difficult to see in XRD due to the relatively small fraction of
such a way, nonplanar substrates mounted at the electrodeat phase and the small x-ray scattering factor of boron
can be uniformly coated. As already mentioned in Sec. IV Acompared to that of Ti, which scales with the atomic num-
plasma PVD techniques which operate at a much lower predser) In contrast to the softening of the material with the
sure of the order o 10~ 2 mbar require planetary motion of nitrogen content increasing from that of TiN/ TiBowards
the substrates. the TiN/BN observed by Mollard and co-workers;?83:284

TiN prepared from TiCJ usually suffers from a relatively the hardness of these-TiN/BN coatings with an average
large chlorine content, which for thermal CVD films depos-TiN crystallite size in the range of a few nm exceeds 60
ited at 1000 °C, can approach almost 1 at. % and is mucksPa’’ Figure Zc) shows a more recent example of the mea-
higher in films prepared by means of plasma CVD at lowersurements on newc-TiN/BN coatings with hardness in ex-
temperature4®®2’°|t was shown that the chlorine content of cess of 60 GPa. Even taking a sober view with regard to the
TiN deposited at 500 °C can be significantly reduced by in-meaning of the measured values of hardness in this range
creasing the discharge current dendity?’2Using this prin-  (see Sec. Il A a comparison of the indentation curve in Fig.
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2(c) with that of diamondFig. 1(b)] shows that the hardness
of these coatings approaches that of diamond. Most convinc- LA
ing is the small area of indentation between the loading and
unloading curves which is a measure of the energy of the
plastic deformation. These coatings are deposited in an in-
dustrial unit which allows one to simultaneously coat a larger
number of cutting tools?°82°made of, e.g., “hard metal”
(Co-cemented WEwithout any noticeable problems regard-
ing the adhesion. Scratch tests using a Rockwell diamond tip
(with a speed of 10 mm/min and load increase of 1.5)N/s
and acoustic detection of the delamination with a subsequent
measurement of the delamination under a microscope reveal
an adhesion o&70 N which is fairly good for applications.
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Several researchers have also reported an increase of the 0?. I P I P PR P PR P PR P W

hardness of various hanocomposites if they were, after depo- 0123456 7 89101112
sition at a relatively low temperature, postannealed. This has initial crystallite size [nm]

been reported fofTiZr)N coatings deposited by sputterffiy

or vacuum arc evaporatiéif—28and attributed to spinodal
decomposition of the as deposited homogeneous alloy. .
Gissler and co-workef&’2%°deposited a Ti/BN multilayer ne-(TIAISIN, P PVD

which was initially soft H,, about 10 GPrbut after anneal- ¢ ncTIN/BN, P PVD

ing at=400 °C the hardness increased to more than 40 GPg. 3. Recrystallization temperature ofo-TiN/a-SigN, and (TIAISi)N
Similarly (TiAISI)N coatings of composition  nanocomposites vs the average crystallite size. The hardness of the coatings
(Tig 0sAl 9.4Sip 09N prepared by vacuum arc evaporation at aremains unchanged up to recrystallization.

deposition temperature ¢£600 °C (Ref. 289 show an in-

crease of hardness upon subsequent anneZfrt’

To summarize: The simple thermodynamical consider-Ref. 287. Gissler and co-workef reported the
ation shows that thermodynamically driven segregationmaximum hardness of their ¥B—N coatings for a compo-
which is a prerequisite for the phase separation necessary fsition of about TiBN 4_g gwhere also a finely grained nano-
nanocomposite formation, should occur in a large number o$tructure with a crystallite size of a few nm was found. The
systems, particularly those consisting of nitridds.can be  highest hardness of thee-TiN/BN coatings is also achieved
easily estimated that the same applies also to many oxideghen the BN fraction is around 20 mol %2>
and carbide$. The formation of a nanocomposite requires In earlier work onnc-TiN/a-SisN, (Refs. 241, 242, 245,
high plasma density and temperature as was demonstratéeid 246  and on nc-W,N/a-SigN,  and
for various systems. To achieve superhardness a certain ratie-VN/ a-SigN,,624324 this maximum of hardness corre-
of the fractions(typically close to 80:20 mol %of the two lated with a minimum crystallite size of about 3—4 nm for a
phases is necessary in order to provide the driving force foBisN, content of 17-23 mol %. This has been attributed to
the segregation and resultant formation of the nanostructurdie percolation threshale® when the structurally flexible
(Ref. 263. and less polar gN, wet the surface of the TiN nanocrystals
thus decreasing the Gibbs free energy of the system by the
formation of a strong interfa@d’?43-245.263This may also
answer the question as to why these systems segregate into

To achieve superhardness a certain concentration ratio éfie nanocrystalline composite and not into a coarsely grained
the two phasegmentioned aboveis necessary. This has one which should be, in general terms of thermodynamics,
been shown in some detail for more stablgsee Ref. 263 for further discussijorin a more
nc-TiN/ a- SigN,,241:242:245.246.259 o \W,N/a-SigN,,>*® and  recent work, where a more intense ion bombardment was
nc-VN/a-SizN,, (Refs. 6 and 244 nanocomposites which applied during deposition at a higher discharge current den-
reach the highest hardness-680 GPa when the concentra- sity of =2.5 mA/cnt, the crystallite size showed a monoto-
tion of the a-SiN, phase is about 17—-23 mol %. This is nous decrease with increasing®¥j content, but the maxi-
accompanied by a characteristic development of the nananum hardness was again obtained for a content of about 20
structure. The typical columnar structure of plasma depositechol %."7+262:263
TiN vanishes with increasing additions afSisN, and an Although the available data on other systems do not allow
isotropic finely grained nanostructure develops when a conene to make any final conclusion, there seems to be a clear
centration of 17—23 mol % is achievétf:?*>24Andrievski  tendency in all these systems to spontaneously form a super-
reported a similar evolution of the microstructure of hard nanostructure due to phase segregation during deposi-
TiB,/TiN, coatings where a finely grained isotropic nano-tion or due to spinoidal decomposition upon postannealing if
structure and high hardness &40 GPa were found for a the composition is close to the percolation threshold and the
composition of 75 mol % TiB25 mol % TiN (see Fig. 1 in  conditions are such as to allow segregation to occur. The fact

® nc-TiN/a-Si;N,, P CVD, 1mA/cm?
O nc-TiN/a-SigN,, P CVD, 2.5mA/cm?
=

?,280,284

3. Properties of nc -M,N/a-Si;N, composites
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that the systems form a nanocomposite instead of a coarsefverbach analysié®® Therefore it may be a possible expla-
grained segregated two-phase system suggests that theration. However, the strong increase of the recrystallization
must be some kind of a stabilizing effect for the nanocom-temperature shown in Fig. 3 seems to be too high to be
posites, possibly due to a strong interface. The coherencygxplained by such an effect. Therefore, one should also con-
strain which is the origin of disperse order in nanocrystallinesider the possibility of the stabilization of the interface due to
metal$®*?**can hardly explain the surprisingly high thermal 3 quantum confinement phenomenon as was hypothesized
stability of these nanocompositésee below. This is one of recently’”*** However, more likely appears to be a stabili-
the challenging questions to be clarified in the near future. ;a40n of the nanostructure in a two- or three-phase system

Figure 3 shows the dependence of the recrystallization hich undergoes a strong, thermodynamically driven segre-

tempergture ohc-TlN/a-S|3N4 hanocomposites on the crys- fgation. Such a segregation causes a reduction of the grain
tallite size determined from the XRD pattern by means o

W Averbach |y SFE2.263 Averbach : boundary specific energy which results in a metastable state
varren—Averbach anaiysts. arren—/verbach analy” - pich is stable with respect to a variation of its total grain
sis allows one to separate the contribution to Bragg pealé . .

. o . . oundary area. Such a two-phase system is stable against
broadening due to the finite crystallite size and random

stress). The crystallite size was controlled by the Composi_recrystalllzatlon up to a high temperature Wherg the solubil-
ity increaseqsee Ref. 263 and references theyein

tion of the films and/or by the ion bombardment as men- _ . o
tioned above. The films were annealed under 5-10 mbar of '€ Nigh thermal stability of the smallest grain size nano-

forming gas(~95% N,/5% H,) for 30 min. The hardness of cgmposites is -ver.y important from the practicall point of
the films did not change up their respective recrystallizatiorYi€W, because it will allow one to tailor the properties of the
temperatures which are determined by the correspondingPatings to the given application. As mentioned in Sec. |, the
crystallite sizes in Fig. 3. Upon recrystallization the hardneséemperature at the edge of the cutting tool can reach a tem-
decreased. This clearly shows that the stability of the hardPerature in excess of 800 °C and room temperature high
ness is controlled by the stability of the nanostructure and itiardness is only one of many properties to be optimized. The
is not influenced by the fairly small biaxial compressive choice of the small grain size k4 nm will provide the
stress of<0.4 GPa%2263 coatings with sufficient thermal stability against recrystalli-
One notices that the recrystallization temperature inzation. The question however that remains is whether these
creases with decreasing crystallite size. Important is the faaoatings will also be stable against oxidation at such high
that the hardness of the films in this series correlates with theemperatures. Data available so far for the
crystallite size in the way reported earfi&r?4224°2%%nly  1c-TiN/a-SisN, 242 ne-(TiIAISHN, 282 andne-TiN/BN, (Refs.
for the low ion energy bombardment in the HF discharge but77 and 258 coatings showed that they are oxidation resistant
it decreased monotonously with increasingN\gicontent for  in ajr up to =800 °C like the Tj_,Al,N coatings. A poten-
fllmS deposited at the Ca'[hOde Of the dC diSChargezﬁ.lS tiostatic po|arizati0n measurement on th%.S.EO.5NO.5 coat-
mA/cn?. This means that the stability of the nanostructure iSngs showed that they are, under such conditions, more oxi-
determined by the crystallite size irrespective of the hardyation resistant than TiN and even more so than stainless
ness. An annealing temperature of 1100 °C corresponds iQee[278 A systematic investigation of the oxidation resis-

- . 254

0.76 Tgec Of the decomposition temperature OflS. tance at high temperatures as a function of the grain size is

Thus, the absence of recrystallization(Ostwald o efore needed

ripeningd®32°J due to slow diffusion seems to be unlikely - . , .
Relatively little work has been published so far regarding

ieg ?Sllj_se thz%5 2||ffu5|rcr)1n IS rs?n“dzt str;) tnhgly dilf?crs,?tse;-r;t the performance of the coatings in machining tests. The su-
e mdec S0, measurements ol the drfiusivity € perhard T+B-N coatings from the “zone 4" of the Ti—

TiN/Si3N, and TiN/Si systems support this conclusi@ee, B . . . . :
Refs. 74 and 262, and references thereithe fact that the B N phase d|.agrarm.e., TiB,/TiN,) displayed a shorter
lifetime than TiN (probably due to a lower value of the ad-

(TIAISi)N nanocomposites fit in the data of Fig. 3 lends fur- | . )
ther support to the hypothesis that such behavior may be 'Aes"’e strengthbyt higher flank .wear(see Ref. 279, and
references therein The expectation that the h-BN phase

universal phenomendi?263 _ : _ _ _
would provide coatings with self-lubricant properties was

It will be important to perform such study on other nano- rmeded i i i
composites in order to see if such behavior is a general phé/SC not confirmed.” However, implantation of carbon into

nomenon. An important parameter to be considered is th&uch coatings reduced the coefficient of friction significantly
coherence of the interface between the two phases. Cohdfom 0.8 for the T+-B—N coatings to about 0.2 for the carbon
ence stress and composition gradients at the interface camplanted ones™ The (TisoAlo.4sSioodN Nanocomposite
influence the diffusion coefficieff®2°”and also change the coatings have only slightly lower adhesi¢of about 60—70
melting point?®”?%¢-3%Both an increase and a decrease ofN) than TIAIN (60—-80 N and TiN (75-95 N which does

the diffusion coefficient and,,, are possible depending on not affect their performance in cutting tests. Compared with
the exact conditions and properties of the syst&ti®’ The  the uncoated WC—-Co indexable inserts and those coated
increase of the stability up t=1100 °C for the small grain  with TiN and TiAIN, the (Tig sAl g 445,09 N coatings showed
size nanocomposites in Fig. 3 correlates with a similar inthe smallest flank we&f® More recent data on the cutting
crease of the random stress determined from Warrenperformance of these amt-TiN/BN are very promising>®
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4. Other superhard nanocomposites 140+
. nc-TiN/a-Si;N,

Hultman and co-workers reported on the formation of 1204
nanocomposites due to spinodal decomposition JAl,N ]
(0=x=<0.4) at elevated temperatures during depositin34 S 100- Pl A B S
The template effect caused the Alldr AIN-rich) phase to [« B \\\ T
crystallize in the metastable, high pressure NaCl cubic struc- % so-. hS
ture. No hardness was reported in these papers. A similar 8 R
template effect was observed also by Sproul, Chung, and § 1 \
co-workers during the deposition of TiN/GNRefs. 217— § 60+ nc-Diamond
219 and ZrN/ CN, (Ref. 216 heterostructures at a relatively o 1
low temperature 0&200 °C. As mentioned in Sec. IV A, the o 404
hardness of the superlattice increased to about 40 GPa when &
the superlattice period decreased to 4 nm. However, 204
upon a further decrease of the period of 2 nm the layered
structure vanished and a superhard TiN/Cdt ZrN/CN, 0 ———r——r
nanocomposite formed. XRD showed(all) film texture 0 20 40 60 80 100
and high resolution transmission electron micrographs re- L max. [mN]

vealed that the material consisted oha-M,N/CN, nano-
composite(M=Ti and Zn with CNx pseudomorphic growth Fic. 4. Hardness of a 3.m thick nc-TiN/a-Si;N, coating deposited on
- stainless steel in comparison with the hardest single phase nanocrystalline
,On the MN t.emplate. _The formation of t,hese nanO.C_Ompos_diamond 1.5um thick film (Ref. 109 plotted vs the maximum applied load.
ites was attributed to ion bombardment induced mixing dur-
ing film growth. However, a critical reader will ask why the
mixing should lead to the formation of a nanocomposite if
TiN and TiC as well as ZrN and ZrC form a stable solid

; s 143302 303
solution within the whole range of the compositith: posite consisting of boron quasicrystals.

It is interesting to compare these TiN/¢Neterostruc- The significant limitation regarding the applicability of

tures and composites prepared by reactive sputtering at @ese carbon containing superhard nanostructured materials
relatively low pressure of about 0.01 mbar and temperaturg; he high solubility of carbon in ferrous alloyBowever,

of <200°C with the results obtained by plasma CVD atpqq in Al alloys and the low thermal stability of transition

signil‘icgmtly higher pressure of 1-5 mbar and temperature gfe(a| and boron carbides against oxidation in air. The stabil-
560 °C. Because carbon can substitute for nitrogen in thqty of B1sC is limited by the oxide’s low melting point of

TiN crystal lattice, TIGN,_, forms a homogeneous solid 45t 460 °C, which allows fast diffusion of oxygen and
over the whole range ofex<1. The higher deposition tem- g jts in oxidation of the film. In the case ®(C:H and CN
perature and high activation energy provided by the '”te”SEontaining composites one has to keep in mind that these

glow discharge plasma during plasma CVD resulted in thgghoneous materials decompose at a temperature of 300—

formation of a well mixed titanium carbonitride, Till,_x. 500 °C. Therefore, all these materials may find application
The hardness of the films plotted versus the composmo%my at relatively low temperatures.

parameterx did not show any extremum, but followed mo-
notonously the rule of mixture, increasing from a hardness of . )
TiN of about 20 GPa to that of TiC of nearly 40 GPa. 5. Hardness of diamond achieved

In course of their studies of the multilayer  After writing this review but before it was published, the
coatings$®*2%6—2%Holleck and co-workers also reported on hardness of thac-TiN/SiN, nanocomposites was able to be
TiB,/TiC coatings whose hardness approached 40 GPa foriacreased further, reaching a value of 105 GPahis was
composition of 20 mol % TiB'80 mol % TiC3** These coat- achieved by an appropriate balance between the deposition
ings also showed a high hot hardness. rate, temperature, and ion bombardment. Figure 4 shows an

Knotek’® prepared “superstoichiometric” carbides, example of the hardness of the coating measured in compari-
MC, ., by reactive sputtering which, in fact, consisted of son with that of single phase nanocrystalline diar8twer-
nanocrystals of stoichiometric carbides imbedded ®@H  sus the maximum applied load. The nanocrystalline diamond
matrix. With increasing excessof the carbon, the hardness was the hardest diamond sample that we could obtain from
of the films increases, reaches a maximum of about 40 GPaarious laboratories, the hardness of the others varied be-
and, afterwards, decreases again upon a further increase ofween about 70 and 80 GPa or less. One can see that the
in a similar manner as imc-MnN/a-SisN nanocomposites. hardness of thec-TiN/SiN, coatings is at least as high as
Voevodin and Zabinski reported recently a maximum hard+hat of the best nanocrystalline diamond. In order to carefully
ness ofnc-TiC/a-C films with a total carbon content of 65 check and support these results, the size of the remaining
at. 5% to be 32 GP¥®37 Although these composites are indentation was measured by means of scanning electron mi-
not superhard, the high toughness of 70 N and low coeffieroscopy(SEM) and the hardness calculated according to the
cient of friction of 0.15(Ref. 307 are important for various standard Vickers procedufezor a load of 100 mN a hard-

wear applications. The superhard amorphowS ®hich was
briefly discussed in Sec. Ill C can be regarded as a nanocom-
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(a) (b) ()

Fic. 5. SEM micrographs of the indentations remaining in iieeliN/SiN, coatings:(a) 3.5 um thick coating with an applied load 500 mib) the same
coating as in(a) but with a load of 2000 mN¢c) 10.3 um thick coating after indentation with a load of 2000 mN.

ness of=91 GPa was obtained, in agreement with the indennanocrystsals. The plastic deformation observed under the
tation measurement. Also, the values of universal hardnesadentation is due to a brittle fracture, such as is observed in
of about 18—20 GPa and elastic moduli of 450—-500 GPa arglasses. The high toughness can be qualitatively understood
similar for nc-TiN/SiN, coatings and the diamond. The in- in terms of ample possibilities for the deflection, meander-
dentation curves showed a close similarity in the areas coling, and plastic zone shielding in the randomly oriented
responding to the energy of the plastic deformation. An ennanocomposite, as well as the high critical stregscd ™ %°
hancement of the measured hardness due to compressiwhich is needed to initiate the propagation of a nanocrack, a
biaxial stress in the film$as discussed aboyean be ruled flaw which may be present within the thin grain boundary
out because the stress is less than 0.4 GPa and the hardnesstrix after deposition. We refer the reader to a forthcoming
remains unchanged after 0.5 h annealing up to the recrystapaper for further detail®2%3
lization temperaturésee Fig. 3262263

Figure 5 shows examples of SEM micrographs of inden-
tations at high loads. In the case of the g thick coating V. CONCLUSIONS
and a load of 1000 mN the coating is pressed almogtrb Intrinsic superhard materials include diamond, cubic bo-
deep into the soft steel substrate. Yet only circular, but naoon nitride, and other materials from the C—B-N triangle,
radial, cracks are seen. In the case of a somewhat softer bbnbron carbide and boron suboxide. Diamond and probably
much thicker(10.7 um) coating, shown in Fig. &), neither  also cubic boron nitride are metastable polymorphs. There-
radial nor circular cracks are seen. This shows that the tougHere, they are prepared either by high temperature high pres-
ness of these coatings is very high, and not measurable witsure transformation catalyzed by appropriate metal or as
the conventional indentation technig{fe’®-8! coatings for an appropriate substrate by kinetically controlled

The hardness of about 105 GPa reported here fonthe activated deposition from the gas phase. The great progress
TiN/SIN, coatings is about a factor of 4-5 higher than thatwhich has been achieved in the diamond deposition process
of TiN and about a factor of 5-5.5 higher than that of\Gi during the last 10 years still results in rather limited applica-
This is within the usual range of strengthening of engineertions of it as hard coatings on cutting tools because of the
ing materials by appropriate tailoring of their microstructurehigh solubility of carbon in ferrous alloy and various other
(see above Therefore the superhardness of these nanoconmaterials. The deposition of cubic boron nitride requires in-
posites in the range of the hardest diamond is a simple cortense ion bombardment of the growing film during deposi-
sequence of the appropriate design of their nanostructure arighn in order to reduce the concurrent formation of the stable
of the TiN/SIN, interface which avoids grain boundary slid- hexagonal soft h-BN. This results in large compressive stress
ing. The experimental results clearly indicate that this is avhich limits the practically achievable thickness oBN
result of an interplay between the deposition rate and theoatings. For these reasons ochBN based ceramics find
temperature as well as appropriate dosing of the ion bomwider applicationC—B—N superhard coatings are emerging
bardment. More work is needed to quantify this relationshipas an interesting class of new superhard materials.
and to identify the exact nature of the interface. Our prelimi- Most promising superhard materials for a wide range of
nary results indicate that it consists mainly of Ti—Si bondsapplications appear to be the nanostructured materials, such
and, in some cases also of TiSirecipitates? as heterostructures and nanocomposites. Great progress in

The high elasticity and toughness are also a logical conthe preparation of heterostructures and understanding of their
sequence of the nanostructure: The high elasticity followsproperties has been achieved during the last 25 years. Het-
from the absence of dislocation activity |10 nm small erostructures and multilayers are finding increasing numbers
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of applications as wear resistant and protection coatings. S“EM' L. Cohen, Solid State Commu82, 45 (1994.

perhard nanocomposites are at the beginning of their develhg"\&égskh%”'v'\\/"eﬁge;miﬁ'ﬁ Ea”n%'f%gl'a%z({]g?éc S TechndlaA2914
opment. The last few years have shown that the concept for (1'995_ " ’ ’ T

their design should be valid for a large number of different 15y, zhang, Z. Zhou, and H. Li, Appl. Phys. Le8, 634 (1996.
ternary and quaternary materials. This opens up many possii—jY- Zhang (private communication, 1997

bilities for tailoring the desirable properties, such as hot 18$- %ﬁiﬂ '-L- GG“& a;ng'EGéw\??;ﬁ M‘jd-PF;]hf; t‘;‘;ﬁ%nﬁsﬁhﬁ‘gﬁ@és
hardness, toughness, adhesion, and compatibility with the (1'99@' n ' T g, Py '
substrate and with the material to be machined. The faste, chen, L. Guo, and E. G. Wang, Philos. Mag. L&, 155 (1997.
growing number of research groups working in this field will ®D. J. Johnson, Y. Chen, Y. He, and R. H. Prince, Diamond Relat. Mater.
surely result in fast progress in the near future. There aremgv 10798(1t_997)- oLy on JC s Bhatia 3. Trid
many questions remaining regarding the nature of the inter- . ('lggéfmgco’ - L Y-W. Chung, and C. S. Bhatia, J. Tribtl8
faces which hinder grain boundary sliding in nanocompositesz2a khurshudov, K. Kato, and S. Daisuke, J. Vac. Sci. Technotl4:
with grain sizes of 2—10 nm, and the formation and the high 2935(1996.

; \ :
More recentlync-TiN/SiN, nanocomposite coatings with 4R'9(;'8Hs'a°' D. B. Bodgy, and C. S. Bhatia, |EEE Trans. Maifh.1720
a hardness of 105 GPa, i.e., equal to the hardest diamondsg p. ot T. w. Scharf, D. Yang, and J. A. Barnard, IEEE Trans. Magn.

were prepared. Future research will be directed towards the 34, 1735(1998.
understanding of these materials as well as to their industriaf® K. Yap, S. Kida, T. Aoyama, Y. Mori, and T. Sasaki, Appl. Phys. Lett.

applications. The world of nanocrystalline materials is fasci-z{f'glg&gn%&énd P. T. Murray, J. Vac. Sci. Technol16, 2093(1998

ngting, not only with respect to their mechan.ical properties'st. F.Lu, Z. M. Ren, W. D. Song, and D. S. H. Chan, J. Appl. PI8.

discussed here, but also for their optoelectronic and magnetic 2133(1998.

properties which are receiving the growing interest of 29R’. Soto, P. GonZes, X. Redondas, E. G. Parada, J. Pou, B.r.ed.

scientist248:308-311 Paez-Amor, M. F. da Silvia, and J. C. Soares, Nucl. Instrum. Methods
.dd di f . . . . Phys. Res. BL36-138 236(1998.

Note added in proofOur more r_ecent Investigation into 30 N. Mihailescu, E. Gyorgy, R. Alexandrescu, A. Luches, A. Perrone, C.
the ultrahard nanocomposites witH,=100 GPa have Ghica, J. Werckmann, I. Cojocaru, and V. Chumash, Thin Solid Films
shown that the grain boundary matrix is substoichiometric 323 72 (1998. _ .

SiNx, and it can even be like Tigmx_ Therefore we prefer X. Q. Meng, Z. H. Zhang, H. X. Guo, A. G. Li, and X. J. Fan, Solid State

L . . . Commun.107, 75(1998.
to write it asnc-TiN/SiNx. See Ref. 82 for forthcoming a5 Takai, Y. Taki, and T. Kitagawa, Thin Solid Filn&17, 380 (1998.

details. 3E. Q. Xie, Y. F. Jin, Z. G. Wang, and D. Y. He, Nucl. Instrum. Methods
Phys. Res. BL35 224 (1998.
ACKNOWLEDGMENTS 343, Hartmann, M. Schreck, T. Baur, H. Huber, W. Assmann, H. Schuler, B.

Strizker, and B. Rauschenbach, Diamond Relat. Mate899 (1998.
The author would like to thank his co-workers for their °G. Dinescu, E. Aldea, G. Musa, M. C. M. van de Sanden, A. de Graaf, C.
enthusiastic collaboration and his colleagues and friends, Ghica, M. Gartner, and A. Andrei, Thin Solid Filn#25 123(1998.

36 i
Professor Li Shizhi, and Professor J.-E. Sundgren, and manyﬂ' ge;:(t;zneé, Jkigchszé;ae;gn%]ﬁolr?sfn(ég? 8éasaki Jpn. 3. Appl

others for illuminating discussions. Special thanks are due to phys., part 87, L746 (1998.

his wife, Dr. Maritza G. J. Vemk-Heijman, for her great

help with the literature search and critical reading and cor-
rections of the manuscript. Thanks also to Dr. D. M. Gruen

and Dr. A. R. Krauss for providing him with the hardest
nc-diamond films. Partial financial support of this work by
the German Science FoundatigpFG), by the Bavarian
Ministry for Education and Science and by the NATO SFP
Programme No. 972379 are gratefully acknowledged.

W. SchedlerHartmetall fur den Praktiker(VDI, Dusseldorf, 1988

2Metals Handbook10th ed., edited by J. R. Davis, P. Allen, S. R. Lamp-
manet al, (ASM International, Metals Park, OH, 1990/0l. 2, pp. 950
ff.

3T. Cselle and A. Barimani, Surf. Coat. Technd6-77, 712 (1995.

“Phase Diagrams of Ternary Boron Nitride and Silicon Nitride Systems
edited by P. Rogl and J. C. Schust&SM International, Metals Park,
OH, 1992.

5J. S. Koehler, Phys. Rev. B 547 (1970.

6S. Vepek, M. Haussmann, S. Reiprich, L. Shizhi, and J. Dian, Surf. Coat.
Technol.86-87, 394 (1996.

’D. Tabor, The Hardness of MetalClarendon, Oxford, 1951

8C.-M. Sung and M. Sung, Mater. Chem. Ph¥8, 1 (1996.

°R. W. HertzbergDeformation and Fracture Mechanics of Engineering
Materials 3rd ed.(Wiley, New York, 1989.

10M. L. Cohen, Phys. Rev. B2, 7988(1985.

A, Y. Liu and M. L. Cohen, Sciencg45, 841 (1989.

JVST A - Vacuum, Surfaces, and Films

%L. C. Chen, T.R. Lu, C. T. Kuo, D. M. Bushari, J. J. Wu, K. H. Chen, and
T. M. Chen, Appl. Phys. Lett72, 3449(1998.

39C.-Y. Hsu and F.C.-N. Hong, Jpn. J. Appl. Phys., PaB72L675 (1998.

4OA, Czyzniewski, W. Precht, M. Pancielejko, P. Myslinski, and W.
Walkowiak, Thin Solid Films317, 384 (1998.

41, Nobili, P. L. Cavallotti, G. Coccia Lecis, G. De Ponti, and C. Lenardi,
Thin Solid Films317, 359(1998.

423, Yoshida, T. ltoh, N. Takada, S. Nitta, and S. Nonomura, J. Non-Cryst.
Solids 227-230, 650 (1998.

43X.-A. Zhao, C. W. Omg, Y. C. Tsang, K. F. Chan, C. L. Choy, P. W.
Chan, and R. W. M. Kwok, Thin Solid Film322 245(1998.

4A. Wei, D. Chen, N. Ke, S. Peng, and S. P. Wong, Thin Solid Fi23
217 (1998.

“N. Tsubouchi, Y. Horino, B. Enders, A. Chayahara, A. Kinomura, and K.
Fujii, Mater. Chem. Physb4, 325(1998.

463, M. Mendez, A. Gaona-Cuoto, E. Andrade, J. C. Pineda, E. P. Zavala,
and S. Muhl, Nucl. Instrum. Methods Phys. Resl®-138 231(1998.

47E. J. Chi, J. Y. Shim, D. J. Choi, and H. K. Baik, J. Vac. Sci. Technol. B
16, 1219(1998.

483, S. Todorov, D. Marton, K. J. Boyd, A. H. Al-Bayati, and J. W. Rabal-
ais, J. Vac. Sci. Technol. A2, 3192(1994.

4D, Marton, K. J. Boyd, and W. Rabalais, Int. J. Mod. Phys9,B3527
(1995.

503, C. De Vries, Diamond Relat. Matet, 1093(1995.

5lc.-z. Wang, E.-G. Wang, and Q. Dai, J. Appl. Phg8, 1975(1998.

52C. Ronning, H. Feldermann, R. Merk, H. Hp$sa P. Rienke, and J.-U.
Thiele, Phys. Rev. B8, 2207 (1998.

53B. L. Korsounskii and V. I. Pepekin, Russ. Chem. R&6, 901 (1997.



2418 Stan Veprek: The search for novel, superhard materials

5D. He, F. Zhang, X. Zhang, M. Zhang, R. Liu, Y. Xu, and W. Wang, Sci.

China, Ser. A41, 405(1998.

55D. Li, E. Cutiongco, Y.-W. Chung, M.-S. Wong, and W. D. Sproul,

Diamond Films Technol5, 261 (1995.
56M. R. Wixom, J. Am. Ceram. So&3, 1973(1990.

57H. Sjostrom, S. Stafsfrm, M. Boman, and J.-E. Sundgren, Phys. Rev.

Lett. 75, 1336(1995; 76, 2205(1996.

58, Sjostram, L. Hultman, J.-E. Sundgren, S. V. Hainsworth, T. F. Page,

and G. S. A. M. Theunissen, J. Vac. Sci. Technoll4 56 (1996.
SW. T. Zheng, H. Sjetram, I. Ivanov, K. Z. Xing, E. Broitman, W. R.

Salaneck, J. E. Greene, and J.-E. Sundgren, J. Vac. Sci. Techdd|. A

2695(1996.

80E. Broitman, W. T. Zheng, H. Sgirom, 1. Ivanov, J. E. Greene, and J.-E.

Sundgren, Appl. Phys. Let?2, 2532(1998.

2418

1024, schmellenmeier, Exp. Tech. Phy8erlin) 1, 49 (1953.

1034, Schmellenmeier, Z. Phys. Cheltheipzig) 205, 349 (1956.

1045 Aeisenberg and R. Chabot, J. Appl. Ph4&.2953(1971).

1055, Aeisenberg and R. Chabot, J. Vac. Sci. Techb@l.104 (1973.

106, G. Spencer, P. H. Schmidt, P. H. Joy, and F. J. Sansalone, Appl. Phys.
Lett. 29, 118(1976.

0%/, E. Strelnitskii, I. I. Aksenov, S. I. Vakula, and V.G. Padakula, Sov.
Phys. Tech. Phy23, 222(1978.

108 Bachmann, D. Leers, and H. Lydtin, Diamond Relat. Maferl
(199).

109D, M. Gruen, MRS Bull.23, 32 (1998.

10, R. Patel and K. A. Cherian, Indian J. Pure Appl. PHy8.803(1981).

1IMRS Bull. 23, 16 (1998.

1121 Yoshida, Diamond Relat. Mate5b, 501 (1996.

®N. Hellgren, M. P. Johansson, E. Broitman, L. Hultman, and J.-E.1135 yirich, J. Scherer, J. Schwan, I. Barzen, K. Jung, and H. Erhard,

Sundgren, Phys. Rev. B9, 5162(1999.

52Ch. Kittel, Introduction in Solid State Physi¢sViley, New York, 1971.

5%E. Hornbogen and H. Warlimonk/etallkunde(Springer, Berlin, 1996

84A. Kelly and N. H. MacMillan, Strong Solids3rd ed.(Clarendon, Ox-
ford, 1986.

5. G. Schmitt-ThomasMetallkunde fu das Maschinenwese(Springer,
Berlin, 1990, Vols. | and II.

%M. F. Doerner and W. D. Nix, J. Mater. Rek. 601 (1986.

57H.-H. Behnke, Heeri Technische. Mitteilungeds, 3 (1993.

58 Neumaier, Metalloberfthe 2, 41 (1989.

8°T. F. Page and S. V. Hainsworth, Surf. Coat. Tech6a).201(1993.

°G. M. Pharr, W. C. Oliver, and F. R. Brotzen, J. Mater. Rés613
(1992; W. C. Oliver and G. M. Pharibid. 7, 1564(1992.

71G. M. Pharr, Mater. Sci. Eng., 853 151 (1998.

72A. Niederhofer, P. Nesladek, and S. Veki(unpublishedl

7D. A. Dietrich and B. Rother, Materialpfung 37, 9 (1995.

74S. Vepek, inHard Ceramic Materialsedited by R. RiedelWiley—VCH,
Weinhein, in press

78S, Vepek, Thin Solid Films317, 449 (1998.

83, Vepek, A. Niederhofer, P. Nesladek, and F. Glatz, Electrochem. Soc

Proc.97-25 317(1997.

7S, Vepek, P. Nesladek, A. Niederhofer, F. Glatz, M. Jilek, and M. Sima

Surf. Coat. Technol108/109 138(1998.
8. M. Hutchings, Tribol. Int.31, 5 (1998.
K. Tanaka, J. Mater. ScR2, 1501(1987.
80C. B. Poton and R. D. Rawlings, Mater. Sci. TechrI865 (1989.

81p. Chantikul, G. R. Anstis, B. R. Lawn, and D. B. Marshall, J. Am.

Ceram. Soc64, 533 (1981); 64, 539 (1981.

82A. Niederhofer, K. Moto, P. Nesladek, and S.Velpr Phys. Rev. Bsub-
mitted).

83B. Rother and D. A. Dietrich, Phys. Status Solidil42, 389 (1994.

84B. Rother, J. Mater. ScB0, 5394 (1995.

85B. Rother, Mat. -wiss. u. Werkstofftec26, 477 (1995.

88B. Rother, Mat. -wiss. u. WerkstofftecB7, 487 (1996.

87K.-Th. Wilke and J. BohmKristallzichtung (Deutsch, Frankfurt/Main,
1988.

88N. N. Greenwood and A. Earnsha@hemistry of the Element®erga-
mon, Oxford, 1984 German TranslatiofVCH, Weinheim, 1990

8% . NassauGemstone Enhanceme@nd ed.(Butterworth-Heineman, Ox-
ford, 1994.

90G. B. Bokii, N. F. Kirova, and V. I. Nepsha, Sov. Phys. DoRY, 83
(1979.

91R. H. Wentorf, Chem. Engs8, 177 (1961).

9. Vel, G. Demazeau, and J. Etourneau, Mater. Sci. Engl0B149
(1992,

%K. Albe, Phys. Rev. B55, 6203(1997).

943, E. Buttler and H. Windischmann, MRS Bu#i3, 22 (1998.

9W. G. Eversole, U.S. Patent Nos. 3,030,187 and 3,030(1862.

9%J. C. Angus, H. A. Will, and W. S. Stanko, J. Appl. Phy&9, 2915
(1968.

97D. J. Poferl, N. C. Gardner, and J. C. Angus, J. Appl. PHis.1428
(1973.

%3, P. Chauhan, J. C. Angus, and N. C. Gardner, J. Appl. RIysi746
(1976.

9B. V. Deryagin, L. L. Builov, V. M. Zubkov, A. A. Kochergina, and D.

V. Fedoseev, Sov. Phys. Crystallogd, 449 (1969.
1008, v. Deryagin and D. V. Fedoseev, Russ. Chem. F38/.783(1970.
1018 V. Deryagin and D. V. Fedoseev, Sci. A@33 102 (1975.

J. Vac. Sci. Technol. A, Vol. 17, No. 5, Sep/Oct 1999

Diamond Relat. Mater4, 288 (1995.

19\M. Sueda, T. Kobayashi, T. Rokkaku, M. Ogawa, T. Watanabe, and S.
Morimoto, J. Vac. Sci. Technol. A6, 3287(1998.

19, Holland and S. M. Ojha, Thin Solid Film38, L17 (1976.

1185 M. Ojha and L. Holland, Thin Solid Film40, L31 (1977).

1175 M. Ojha and L. Holland, Proceedings of the 7th International Vacuum
Congress and 3rd International Conference on Solid Surfaces, Vienna,
1977, edited by R. Dobrozemsky, F. &nauer, F. P. Viehlot, and A.
Breth (F. Berger & Stue, Horu, Austria, 1997 p. 1667.

118 . p. Anderson and S. Berg, Vacuuzs, 449(1978.

11%5 Berg and L. P. Anderson, Thin Solid FilrB8, 117 (1979.

1201 J. Moravec, Thin Solid Filmg0, L9 (1980.

12K, Enke, H. Dimigen, and H. Hubsch, Appl. Phys. L&6, 291 (1980.

122, Weissmantel, Thin Solid Films8, 101 (1979.

125, Weissmantel, J. Vac. Sci. TechnB, 179 (1981).

1247, Bubenzer, B. Dischler, G. Brandt, and P. Koidl, J. Appl. PHy4.
4590(1983.

12, Dischler, A. Bubenzer, and P. Koidl, Appl. Phys. Let?, 636(1983.

126). Robertson, Pure Appl. Chei®6, 1789(1994.

1273, Robertson, Diamond Relat. Mat&;.361 (1994).

1287, A. Voevodin and M. S. Donley, Surf. Coat. Techn8R, 199 (1996.

" 129y, Jacobs, Thin Solid Film826, 1 (1998.

130, Falk, J. Meinschien, K. Schuster, and H. Stafast, Car®@&n765
(1998.

B¥IA. R. Badzian, T. Niemyski, and E. Olkusnik, in Proceedings of the 3rd
International Conference on Chemical Vapor Depositi&alt Lake City,
April 1972), edited by F. A. Galski, p. 747.

1327, R. Badzian, MRS Bull16, 1385(1981).

13%. Montasser, S. Hattori, and S. Morita, Thin Solid Film47, 311
(1984).

13%. Montasser, S. Morita, and S. Hattori, Mater. Sci. For6#i55 295
(1990.

13%R. A. Levy, E. Mastromatteo, J. M. Grow, V. Patari, and V. P. Kuo, J.
Mater. Res10, 320(1995.

136T M. Besmann, J. Am. Ceram. Sot3, 2498(1990.

1373, Leffler, F. Steinbach, J. Bill, J. Mayer, and F. Aldinger, Z. Metallkd.
87, 170(1996.

138D, Hegemann, R. Riedel, W. Dressler, C. Oehr, B. Schindler, and H.
Brunner, Adv. Mater. Chem. Vap. Depositi@ 257 (1997).

13D, Hegemann, R. Riedel, and C. Oehr, Thin Solid FiB84, 154(1999.

14D, Hegemann, R. Riedel, and C. Oehr, Adv. Mater., Chem. Vap. Depo-
sition 5, 61 (1999.

MIN. N. Sirota, M. M. Zhuk, A. M. Mazurenko, and A. |. Olekhnovich,
Vesti. Adak. Nauk BSSR, Ser. Fiz.-Mat. Naak, 111 (1977); Chem.
Abstr. 87, 59009j(1977).

1427, K. Butylenko, G. V. Samsonov, . I. Timofeeva, and G. Makarenko,
Pis’'ma Zh. Tekh. Fiz3, 186(1977; Chem. Abstr.86, 175831z(1977.

14335, Vepek and M. Jurcik-RajmanProceedings of the 7th International
Symposium on Plasma Chemisteglited by J. Timmerman&indohoven
University of Technology Press, Eindhoven, 1885 90.

1445, Vepek, Plasma Chem. Plasma Proceis®.219(1992.

1453, Ulrich, T. Theel, J. Schwan, and H. Erhardt, Surf. Coat. Tectol.
45 (1997).

18R, Riedel, Adv. Mater4, 759 (1992.

147G, Will and K. H. Kossobutzki, J. Less-Common Méf, 43 (1976.

148 Inoue, H. M. Kimura, K. Sasamori, and T. Matsumoto, Japan. Inst.
Metals Mater. Trans35, 85 (1994.



2419 Stan Veprek: The search for novel, superhard materials

149V, Dressler and R. Riedel, Int. J. Refract. Met. Hard Mats5, 13
(1997.

150A. Badzian, T. Badzian, W. D. Drawl, and R. Roy, Diamond Relat.
Mater. 7, 1519(1998.

1510, Knotek, R. Breidenbach, F. Jungblut, and Fffle, Surf. Coat. Tech-
nol. 43/44 107 (1990.

1520. Knotek and F. Lffler, J. Hard Mater3, 29 (1992.

1535, Vepek, F.-A. Sarott, and Z. Igbal, Phys. Rev.3B, 3344(1987).

1544, Oettel, R. Wiedemann, and S. Preissler, Surf. Coat. TechHddT5
273(1995.

1559V, Herr and E. Broszeit, Surf. Coat. Techn®¥, 335(1997).

15€A. R. Badzian, T. Badzian, and L. Pilione, Int. J. Refract. Met. Hard
Mater. 9, 92 (1990.

157A. R. Badzian, Appl. Phys. Let63, 2495(1988.

158T Y. Tsui, G. M. Pharr, W. C. Olivier, Y. W. Chung, E. C. Cutiongco, C.
S. Bhatia, R. L. White, R. L. Rhoades, and S. M. Gorbatkin, Mater. Res
Soc. Symp. Proc356, 767 (1995.

5%, Holleck, J. Vac. Sci. Technol. 4, 2661(1986.

2419

1973, W. Edington, Metall. Trans. A3, 703(1982.

193, C. Lim, Tribol. Int.31, 87 (1998.

1995 . Lehoczky, J. Appl. Phys19, 5479(1978.

2005 |, Lehoczky, Phys. Rev. Let#1, 1814(1978.

20lc. A. O. Henning, F. W. Boswell, and J. M. Cobert, Acta MetaB, 193
(1975.

202R. F. Bunshah, R. Nimmagadda, H. J. Doerr, B. A. Movchan, N. I. Gre-
chanuk, and E. V. Dabizha, Thin Solid Filn7g, 261 (1980.

2035 Menezes and D. P. Anderson, J. Electrochem. $8¢.440 (1990.

204y, Helmersson, S. Todorova, S. A. Barnett, J.-E. Sundgren, L. C. Mark-
ert, and J. E. Greene, J. Appl. Phg, 481(1987.

205. Shinn, L. Hultman, and S. A. Barnett, J. Mater. R&s901 (1992.

206x . Chu, M. S. Wong, W. D. Sproul, S. L. Rohde, and S. A. Barnett, J.
Vac. Sci. Technol. A0, 1604(1992.

207\, Larsson, P. Hollman, P. Hedenqvist, S. Hogmark, U. Wahistrand

- L. Hultman, Surf. Coat. Techno86/87, 351 (1996.

208¢, M. Hubbard, T. R. Jervis, P. B. Mirkarimi, and S. C. Barnett, J. Appl.
Phys.72, 4466(1992.

1603 M. Leger, J. Haines, M. Schmidt, J. P. Petitet, A. S. Fereira, and J. A209 B Mirkarimi, L. Hultman, and S. A. Barnett, Appl. Phys. Lef,

H. da Jornada, Naturg_ondon 383 401 (1996.

1613 M. Leger and B. Blanzat, J. Mater. Sci. Let3, 1688(1994.

1623 Haines and J. M. iger, Phys. Rev. BI8, 13344(1993.

163y, Lundin, L. Fast, L. Nordstnm, B. Johansson, J. M. Wills, and O.
Eriksson, Phys. Rev. B7, 4979(1998.

1642, 0. Hall, Proc. Phys. Soc. London, SeB64, 747 (1957).

185N. J. Petch, J. Iron Steel Inst., Lond@i4, 25 (1953.

1667, Lasalmonie and J. L. Strudel, J. Mater. Se1, 1837(1986.

167E, Arzt, Acta Mater.46, 5611(1998.

1687 1. Gusev, Usp. Fiz. Nauk1, 49 (1998.

6% M. Lehockey, G. Palumbo, K. T. Aust, U. Erb, and P. Lin, Scr. Mater.
39, 341 (1998.

10N, Hansen, Metall. Trans. A6, 2167(1985.

171y, F. Koks, Metall. Trans. AL, 1121(1970.

12R. W. Siegel and G. E. Fougere, Mater. Res. Soc. Symp. B6%.219
(1995.

IR, W. Siegel and G. E. Fougere, Nanostruct. Mae205 (1995.

174, Hahn and K. A. Padmanabhan, Philos. Mag7® 559 (1997).

1783, Yip, Nature(London 391, 532 (1998.

1783, Schiotz, E. D. Di Tolla, and K. W. Jacobsen, Nat(irendon 391, 561
(1998.

1773, E. Carsley, J. Ning, W. W. Milligan, S. A. Hackney, and E. C. Aifantis,
Nanostruct. Maters, 441 (1995.

787, H. Chokshi, A. Rosen, J. Karch, and H. Gleiter, Scr. Me@®,. 1679
(1989.

179G. W. Nieman, J. R. Weertman, and R. W. Siegel, Scr. Me24/|.2013
(1989.

1803, S. C. Jang and C. C. Koch, Scr. Metall. Mat&t, 1599(1990.

181, Lu, W. D. Wie, and J. T. Wang, Scr. Metall. Maté4, 2319(1990.

182G. W. Nieman, J. R. Weertman, and R. W. Siegel, Scr. Metall. Mater.
145(1990.

183G, W. Nieman, J. R. Weertman, and R. W. Siegel, J. Mater. K12
(1991.

184G. E. Fougere, J. R. Weertman, R. W. Siegel, and S. Kim, Scr. Metall
Mater. 26, 1879(1992.

185R. Z. Valiev, F. Chmelik, F. Bordeaux, G. Kapelski, and B. Baudelet, Scr.
Metall. Mater.27, 855(1992.

1887, M. El-Sherik, U. Erb, G. Palumbo, and K. T. Aust, Scr. Metall. Mater.
27, 1185(1992.

2654 (1990.

2100, B. Mirkarimi, S. A. Barnett, K. M. Hubbard, T. R. Jervis, and L.
Hultman, J. Mater. Re®, 1456(1994).

2113 -E. Sundgren, J. Birch, G. Hakansson, L. Hultman, and U. Helmersson,
Thin Solid Films193-194, 818(1990.

21%. K. Shih and D. B. Dove, Appl. Phys. Letbl, 654 (1992.

213y, D. Sproul, J. Vac. Sci. Technol. A2, 1595(1994.

214y, D. Sproul, Surf. Coat. Techno86/87, 170(1996.

215, D. Sproul, Scienc®73, 889 (1996.

218\, L. Wu, X. W. Lin, V. P. Dravid, Y. W. Chung, M. S. Wong, and W.
D. Sproul, J. Vac. Sci. Technol. A5, 946 (1997).

27D, Li, X. Chu, S. C. Cheng, X. W. Lin, V. P. Dravid, Y. W. Chung, M.
W. Wong, and W. D. Sproul, Appl. Phys. Le7, 203(1995.

218, Li, X. W. Lin, S. C. Cheng, V. P. Dravid, Y. W. Chung, M. S. Wong,
and W. D. Sproul, Appl. Phys. Let68, 1211(1996.

2% _W. Chung, Surf. Rev. Lett3, 1597(1996.

2204, Jensen, J. Sobota, and G. Sorensen, Surf. Coat. Ted¥#65 174
(1997.

224, Jensen, J. Sobota, and G. Sorensen, J. Vac. Sci. Techri@,. 2880
(1998.

2223 A. Barnett, inPhysics of Thin FilmsVol. 17 Mechanics and Dielectric
Properties, edited by M. H. Francombe and J. L. Vosg&ctademic,
Boston, 1993 p. 2.

2%, M. Anderson and C. Li, Nanostruct. Matér.349 (19995.

2243 E. Krzanowski, Scr. Metall. MateR5, 1465(1997).

225¢. Chu and S. A. Barnett, J. Appl. Phy&7, 4403(1995.

2267, Madan, X. Chu, and S. A. Barnett, Appl. Phys. L&8 2198(1996.

22T, Madan, P. Yashar, M. Shinn, and S. A. Barnett, Thin Solid Fisag
147 (1997).

22865 Barnett and A. Madan, Phys. World, 45 (1999.

227, Madan, Y.-Y. Wang, S. A. Barnett, C. Enrgsip H. Ljungcrantz, L.
Hultman, and M. Grimsditch, J. Appl. Phy84, 776 (1998.

20\, Setoyama, A. Nakayama, T. Yoshioka, T. Nomura, A. Shibata, M.

Chudou, and H. Arimoto, Sumimoto Electr. Inb46, 91 (1995 (in Japa-
nese.

M. Setoyama, A. Nakayama, M. Tanaka, N. Kitagawa, and T. Nomura,
Surf. Coat. Technol86/87, 225(1996.

233 . Hultman, G. Hakansson, U. Wahlsimo J.-E. Sundgren, 1. Petrov, F.

187> G. Sanders, C. J. Youngdahl, and J. R. Weertman, Mater. Sci. Eng., A Abidi, and J. E. Greene, Thin Solid Filn205, 153 (1991.

234, 77 (1997).
8% G. Sanders, J. A. Eastman, and J. R. Weertman, Acta M&et019
(1997).

233, petrov, F. Adibi, J. E. Greene, L. Hultman, and J.-E. Sundgren, Appl.
Phys. Lett.63, 36 (1993.
Z34F, Adibi, 1. Petrov, J. E. Greene, L. Hultman, and J.-E. Sundgren, J. Appl.

18%C. J. Youngdahl, P. G. Sanders, J. A. Eastman, and J. R. Weertman, Scr. Phys.73, 8580(1993.

Mater. 37, 809 (1997).

199 G, Sanders, J. A. Eastman, and J. R. Weertman, Acta Mi#et195
(1998.

1913 Musil and F. Regent, J. Vac. Sci. Technol18, 3301(1998.

192\, F. Ashby, Acta Metall20, 887 (1972.

194, Lithy, R. A. White, and O. D. Sherby, Mater. Sci. Ergp, 211
(1979.

194F. A. Mohamed and T. G. Langdon, Metall. Trans5A2339(1974.

1983, Crampon and B. Escaig, J. Am. Ceram. $8;.680 (1980.

19R. C. Gifkins, Metall. Trans. A7, 1225(1976.

JVST A - Vacuum, Surfaces, and Films

233\ Stiber, V. Schier, and H. Holleck, Surf. Coat. Technti-75, 833
(1995.

2384, Holleck and V. Schier, Surf. Coat. Techn@b—77, 328(1995.

2374, Holleck, Ch. Kihl, and H. Schulz, J. Vac. Sci. Technol. 3\ 2345
(1985.

2384, Holleck and H. Schulz, Surf. Coat. Techn8b, 707 (1988.

2395, A. Barnett, TSM Annual Meeting, San Antonio, TX, February 1998
(private communication L

2407 L. Selinder, M. E. Sjetrand, A Ostlund, M. Larsson, S. Hogmark, and
P. HedenqvistProceedings of the 14th International Plansee Seminar



2420 Stan Veprek: The search for novel, superhard materials

edited by G. Kneringer, P. Rihammer, and P. Wilhardit®Plansee AG,
Reutte, Austria, 1997 p. 44.

2413 Vepek, S. Reiprich, and L. Shizhi, Appl. Phys. Le86, 2540(1995.

2425 Vepek and S. Reiprich, Thin Solid Filnm268 64 (1996.

2433 Vepek, M. Haussmann, and S. Reiprich, J. Vac. Sci. Techndl4A
46 (1996.

2443 Vepek, M. Haussmann, and L. Shizhi, Electrochemical Soc. Proc.

96-5 619(1996.

2453 Vepek, S. Christiansen, M. Albrecht, and H. P. Strunk, Mater. Res.

Soc. Symp. Proc457, 407 (1997).
2483 Christiansen, M. Albrecht, H. P. Strunk, and S. Y&prJ. Vac. Sci.
Technol. B16, 19 (1998.

2420

274 patscheider, L. Shizhi, and S. ek, Plasma Chem. Plasma Process.
16, 341(1996.

2725, Vepek, C. Brendel, and H. Scfe, J. Cryst. Growtt, 266 (1977).

2770, Knotek, M. Bdimer, and T. Leyendecker, J. Vac. Sci. Technol,A
2695(1986.

2747 Leyendecker, O. Lemmer, S. Esser, and J. Ebberink, Surf. Coat. Tech-
nol. 48, 175(1992).

275, Tanaka, T. M. Gu M. Kelly, S. B. Hagstrom, T. Ikeda, K. Wakihira,
and H. Satoh, J. Vac. Sci. Technol.1®, 1749(1992.

2760, Knotek, A. Schrey, J. W. Schultze, and B. Siemensmeyer, Werkst.
Korros. 43, 511(1992.

277C, Mitterer, M. Rauter, and P. Rdammer, Surf. Coat. Technell, 351

2475 Vvepek, M. Haussmann, and S. Reiprich, Mater. Res. Soc. Symp. Proc. (1990.

400, 261 (1996.
2483 Vepkek, Thin Solid Films297, 145 (1997.

2. W. Milligan, S. A. Hackney, M. Ke, and E. C. Aifantis, Nanostruct.

Mater. 2, 267 (1993.
2504, Tan and W. Yang, Mech. MateB0, 111 (1998.
251G, W. SamsonowNitridi (Naukova Dumka, Kiev, 1969in Russia.

2781, Tamura and H. Kubo, Surf. Coat. Technb#/55 255 (1992.

219 Gissler, Surf. Coat. Technd$8/69 556 (1994.

2% Hammer, A. Steiner, R. Villa, M. Baker, P. N. Gibson, J. Haupt, and
W. Gissler, Surf. Coat. Techna$8/69 194 (1994).

28T P, Mollart, M. Baker, J. Haupt, A. Steiner, P. Hammer, and W. Gissler,
Surf. Coat. Technol74/75 491 (1995.

224, Fischmeister and H. Jehmjartstoffschichten zur Verschleissmind- 28%p_ |osbichler, C. Mitterer, P. N. Gibson, W. Gissler, F. Hofer, and P.

erung (DGM Informationsgesellschaft, Stuttgart, 1987
2535 Sambasivan and W. T. Petuskey, J. Mater. Re8362(1994.
24JANAF Thermochemical Table3rd ed., edited by M. W. Chase, C. A.

Warbichler, Surf. Coat. Techno®4/95 297 (1997.
23V, Gissler, M. A. Baker, J. Haupt, P. N. Gibson, R. Gilmore, and T. P.
Mollart, Diamond Films Technol7, 165(1997.

Davies, J. R. Downey, D. J. Fruip, R. A. McDonald, and A. N. Syverud, 284C. Mitterer, P. Losbichler, F. Hofer, P. Warbichler, P. N. Gibson, and W.

J. Phys. Chem. Ref. Dati4 (1985.
255T Hirai and S. Hayashi, J. Mater. Sdi7, 1320(1982; 17, 3336(1982;
18, 2401(1983.

Gisler, Vacuumb0, 313(1998.
28%0. Knotek and A. Barimani, Thin Solid Film&74, 51 (1989.
28R, A. Andrievski, I. A. Anisimova, and V. P. Anisimov, Thin Solid Films

256 0or the TiN/SiN,, similar thermodynamic calculations were also done by 205 171 (1991).

A. G. Dias, J. H. Breda, P. Moretto, and J. Ordelman, J. Phys2,\Z,5

28R, A. Andrievski, J. Solid State Cheri33 249 (1997).

(1995. However, the reported hardness was similar to that of TiN, pre-2%8R. A. Andrievski, J. Mater. Sci32, 4463(1997.

sumably due to the high content of about 66 mol %YN\Si(cf. Refs. 210
and 21).

2577 P. Mollart, J. Haupt, R. Gilmore, and W. Gissler, Surf. Coat. Technol.

86/87, 231(1996.

289\1. Jilek, P. Klapetek, and M. Sim&roceedings of the 14th International
Seminay edited by G. Kneringer, P. Ribammer, and P. Wilharit@lan-
see AG, Reute, 1997p. 294.

290R. Zallen, The Physics of Amorphous Solitl&/iley, New York, 1983.

280 Holubar, M. Jilek, and M. Sima, 26th International Conference on?°*H. Warlimont and H. P. Aubauer, Z. Metallk64, 484 (1973.
Metallurgical Coatings and Thin Films, San Diego, April 1999, Surf. 2%H. P. Aubauer and H. Warlimont, Z. Metallké5, 297 (1974).

Coat. Technol(in press.
259, Shizhi, S. Yulong, and P. Hongrui, Plasma Chem. Plasma Prot2ss.
287(1992.

260SHM Ltd. Company, Masarykovo Nam. 3, CZ-78701 Sumperk, Czech

Republic.

261M. Diserens, J. Patscheider, and FvieSurf. Coat. Technol108/109
241(1998.

2623 Vepek, P. Nesladek, A. Niederhofer, H. Miling, and M. Jilek Sur-
face Engineering: Science and Technologgdited by A. Kumar, Y.-W.
Chung, J. J. Moore, and J. E. Smugeregklzge Minerals, Metals & Ma-
terials Society, 1999 p. 219.

2637 Niederhofer, P. Nesladek, H.-D. Maing, S. Vepek, and M. Jilek,

293, schmalzriedChemical Kinetics of Solidé/CH, Weinheim 1995

294, SchmalzriedSolid State Reaction®erlag Chemie, Weinheim, 1981

29%piffusion Phenomena in Thin Films and Microelectronic Materjas-
ited by D. Gupta and P. S. HiNoyes, Park Ridge, NJ, 198&. 43.

29, L. Greer, Appl. Surf. Scig6, 329 (1995.

297, L. Greer, inMechanical Properties and Deformation Behavior of Ma-
terials Having Ultra-Fine Microstructuresedited by M. Nastasi, D. M.
Parkin, and H. GleitetKluwer Academic, Dordrecht, 1993p. 53.

2984, W. Sheng, J. Xu, L. G. Yu, K. K. Sun, Z. Q. Hu, and K. Lu, J. Mater.
Res.11, 2841(1996.

2994, W. Sheng, G. Ren, L. M. Peng, Z. Q. Hu, and K. Lu, J. Mater. R2s.
119 (1997.

International Conference on Metallic Coatings and Thin Films, San Di-3%H. W. Sheng, K. Lu, and E. Ma, Nanostruct. Mat&6, 865 (1998.

ego, April 1999, Surf. Coatings Techndin press.

2647, von Engel,lonized Gases2nd ed.(Clarendon, Oxford, 1965

2655 C. BrownIntroduction to Electrical Discharges in Gaség/iley, New
York, 1966.

266G, Francis, lonization Phenomenon in Gasé&8utterworth, London,
1960.

S0IT_ P, Mollart, J. Haupt, R. Gilmore, and W. Gissler, Surf. Coat. Technol.
86/87, 231(1996.

392 | E. Toth, Transition Metal Carbides and NitridegAcademic, New
York, 1971).

303a F. Wells, Structural Inorganic ChemistryClarendon, Oxford, 1994

3044, Holleck and M. Lahres, Mater. Sci. Eng., 70, 609 (1991).

2673, Vepek, J. Th. Elmer, Ch. Eckmann, and M. Jurcik-Rajman, J. Elec-3%°0. Knotek (private communication

trochem. Soc136, 2398(1987.

308A. A. Voevodin and J. S. Zabinski, J. Mater. S8B, 319 (1998.

26835 Vepek, Ch. Eckmann, and J. Th. Elmer, Plasma Chem. Plasma Pro®’A. A. Voevodin and J. S. Zabinski, Diamond Relat. Maf&r463(1998.

cess.8, 445(1988.
269 Arai, H. Fuijita, and K. Oguri, Thin Solid Film465, 139 (1988.
21D, Hoon, J. J. S. Chun, and J. G. Kim, J. Vac. Sci. Technolz, 81
(1989.

J. Vac. Sci. Technol. A, Vol. 17, No. 5, Sep/Oct 1999

3087 P. Alivisatos, Scienc@71, 933(1996.

S0% -R. F. Fan and A. J. Bard, Scien2&7, 1791(1997.

31D, L. Feldheim and Ch. D. Keating, Chem. Soc. R2¥V, 1 (1998.
31y | Tsybeskov, MRS Bull23, 33(1998.



