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The virizes of chemienl fnertmem and low surface esergy which make polyteiraflooroethylecns (PTFE) a valeabls
engineering polymer also sccoont for the diffienlty in ackieving structural sadbesive boads. While plesms surface
freaiment has proven to be the most effective meass of maximising strength and permasesce of adbosive bonds
with the mest inert of engincering pelymers, a simple plasma treatment has proven elosive for PTFE. The follow-
ing siudies evaluste twe very different plasma processes, activaticn and deposition, ss & meaps to achieve relinble
and high-sirength siroctural adhesive bonds. Sodinm naphtbelene-ciched PTFE [5 med a5 0 control. Presested are
ESCA detn wihich sopport o theory that isnprovement is limited by 2 weakesed bousdary layer of the PTFE.

BACEGROUND

Plasmas (electrically charged gases) make up 99% of
our universe, but until the second half of the twentieth
century plasmas were not of much commercial value.
Since 1970, plasmas have found growing use in the
modification of plastics to enhance adhesive bond
strength and the permanency of decorative nnd func-
tional coatings.

Plasmas occur over a wide range of temperatures and
pressurcs, but all plasmas have approximately equal
concentretions of positive and negative charge carriers,
so the net space charge approaches zero. Within the
plasma exist many species: ions, electrons and various
neutral specics at many different energy levels, as well as
photons. These encrgetic particles collide with the sur-
faces of materials placed in the plasma chamber,
causing njolecular disruptions. This leads to drastic
modifications of the structure and properties of surfaces.

The chemistry of the reaction determines the effect a
plasma has on a polymer. The plasma process causes
changes only to a depth of several molecular layers. In
addition, plasma surface reactions change the molecular
weight of the surface layer by scissioming (reducing
molecular length), branching and cross-linking. The
type of surface change depends on the composition of
the surface and the pas used. This work reporis on
attempts to develop an effective plasma process to facili-
tate adhesive bonding of polytetrafluorocthylene
(PTFE) without the need to cm£]uy corrogsive materals,
such as solutions of Telra-Etch™.

EXPERIMENTAL

Both plasma activation and plasma deposition were

cxamined as & means of mproving adhesion. The acti-

vation studies were conducted by using a Taguchi
* Author to whom comespondencs shoukd be addressd.
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experimental matrix design to investigate the four perti-
nent process variables (gas chemistry, power, gas flow
rate and process time). The evalvation of plasma depo-
sition was of limited scope {a full Taguchi matrix was
not explored).

Minterials

Polytetrafluoroethylene sheets 3.175 mm (f inch) thick
were purchased from Furon Corporation, who provided
a certificate of analysis attesting to the content as 100%
PTFE. All samples were cleaned in an isopropyl alcohol
ultrasonic bath for 5 min prior to use.

Tetra-Etch®, a commercial sodium etch solution, was
purchased from its manufacturer, W. L. Gore & Asso-
ciates, Inc., Flagstaff, Arizona. It was used in strict con-
formance to the manufacturer's recommended
procedure. Tetra-Etch® is a solution of a sodium naph-
thalene complex (25%) in ethylene glycol dimethyl ether
{73%).

Miller Stephenson 907 adhesive, a Iwo-part epoxy
adhesive system, was used in accordamce with the
manufacturer's recommendations for stoichiometry and
cure schedule.

Sodiom etch

The PTFE sheets were washed in an [PA ultrasonic
bath prior to treatment in the sodivm etchant solution.
Ftching was done for 10 s in Tetra-Etch® solution, fol-
lowed by rinsing in boiling water, washing by [PA and
air drying.

Plasma modification was done in a Plasma Scicnce
Model PS 0500 plasma system, a primary plasma with
13.56 MHz rf excitation, under the following conditions

NH, flow raie = 44 sccmf

tf Input power = 1200 W
Process time = 1.0 min
Process pressure = 0,100 Torr

+ Standard cubic centimeters per minute. A Oow rate of |

socm = 446 % 10°? mol min ™ L
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me sheets, in addition to the plasma modification
atment, were also exposed to a proprictary plasma
lymerization process using a hydrocarbon gas. In
der 1o promote adhesion between the hydrocarbon
ating and an epoxy resin system, the deposited thin
v was oxidized by a post-treatment in an 0, plasma
follows

), flow rate = 100 scom
Tnput power = 230 W
rocess time = 1,10 min
rocess pressure = {0,100 Torr

his third sample will be referred to as the polymerized
mple in subsequent discussion,

esting methodology

pneumatic adhesion tensile (est instrument, PATTI®
{odel 24, manufactured by SEMicro, Rockville, Mary-
nd, was used to evaluate adhesion. Test procedures
llowed manufacturer's recommended procedures and
nform to ASTM Dd541. In this 1est method, an alu-
inum stub is bonded to the test surface and the force
armal to the surface required to debond it from the
iface is recorded. Bonding of the Al stub to the
cated PTFE surface used a two-part cpoxy adhesive,
ic Epoxy 907 Adhesive System (manufactured by
filler Stephenson Chemical Co., Inc.. of Danbury, CT).
'he epoxy was air-cured for 24 h al room temperature
rior to testing. Figure | is a schematic of the specimen
onfiguration prior to tensile testing. After testing,
5CA analysis was performed at thres Jocations: Lhe
1odified surface outside of the bonded area, the PTFE
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“jgure . Cross-section schematic of  puill-stub attached to
gating (tap} and piston attached to pull-stub (battom),

surface at the site of the bond failure, and the debonded
surface of the bolt.

The ESCA measurements were performed using a
Surface Science Instruments S5X-100 spectrometer with
an Al Ko x-ray source (v = 1486.6 eV} ina 1 » 107"
Torr vacuum. The energy scale was calibrated using the
Au 4f;; and Culp,, signals at B39 and 9325 eV,
respectively. Surface neutralization during the ESCA
measurements was achieved using a flux of low-Kinetic-
energy electrons (2-7 V) and an electrically grounded
90%, transmission nickel screen positioned | mm above
the sample surface.

Sensitivity factors for the §i 2p, 8i2s, C 15, O Is and
F 1s signals were determined using high-molecular-
weight dimethyl silicons and Teflon® plumber’s tape.
Sensitivity factors for other elements were determined
by interpolation, assuming that the combined effect of
cscape depth and instrument transmission function is an
exponential function of kinetic energy. For each of the
calibrated signals, the ratio of the seasitivity factor to
the photoionization cross-section was calculated. These
standard ‘correction factors’ were used to estimate cor-
rection factors for other signals, assuming the exponcn-
tial function of kinetic cnergy.

The spectral data were quantified by measuring the
area under the signals and using the sensitivity factors
to calculate relative abundances. The high-resolution
data were peak-fitted using 80% Gaussian and 20%
Lorentzian peak shapes (o resolve the presence of mul-
tiple species. For a given element, the abundance of
each specics was estimated from its relative peak area,

RESULTS

Plasma activation is a process employing a gas not
capable of polymerization. The intent of the plasma
process is to replace a portion of the non-functionalized
moictics on the polymer backbone with functional
groups related (o the process gas. In this specific case,
ammonia was selected as the process gas with the intent
of incorporating amino and/or amine groups on the flu-
oropolymer backbone. The ESCA data shown in Table
| show that nitrogen has been incorporated inte the
surface of the PTFE as a result of the NH, plasma acti-
vation. Maoreover, the high-resolution ESCA scans
{Table 2) show that this nitrogen is in the form of amine
(M) or amino {N,) groups. The ESCA data in Tables |
and 2 also show considerable incorporation of oxygen
functionality, probably the result of oxygen in the air
combining with free radicals on the surface of the
PTFE.

The results of Table 3 indicate that extended treat-
ment time appears to provide minimal benefits. Such
rapid pleateauing is surprising because in prior studies
with other engincering resins,” a strong dependence on
process time, cspecially over the first 120 seconds, is
normally noted.

Plasma polymerization is a process in which the
process gas undergoes polymerization when excited 1o a
plasma state, Since many free radicals are present, it is
generally accepted that the initial molecular layer of the
deposited film is likely to be grafted to the substrate.”
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Table 1. ESCA elemeninl composition data (at.%)

Sampls dascription [ 8 Mg Ca M o F Ma s
PTFE virgin 1 -— e - — — B7 o Lo
Totra-Etch®

Treated surface ral 0.4 1.2 0.8 19 17 79 — —

PTFE side 1) - - — 1.2 1.0 B1 0.2

Bolt side 40 .= —_ — 22 28 53 21 —
Plesma activation

Trasted surlaca 46 — — _— 6.4 63 39 —_ —

PTFE side 33 -— - _— — — a7 - —

Bolt zids a6 —_ — -_ 07 0.4 64 — —_
Plasma-polymerized

Tranted surfeca &9 0.2 .- -_ 43 24 — 0.6 1.6

PTFE side 33 - — — a8 1.3 B4 —_ S

Bolt side 40 — -_— — a7 a7 54 — 0.8

The absence of fluorine {Table 4) and the type of carbon fluorine in the PTFE bulk from ESCA detection (Le.
identified in the ESCA data (Table 5) support the con- =100 A).

tention that a fitm with a carbon backbone was depos- The sodium-etched PTFLE surface has a radically dil-
ited. The film was of sufficient thickness to mask the ferent composition from either of the two plasma-

Tauble 2. High-resolution ESCA nitroges and oxygen identification®
Ssmpla desaription M, M M, o, 0, a,
PTFE controt

Binding snergy (oW} - = — — — s
Atomic per cent — —_ —_— - — —

Sodium stch surface

Binding energy (aY) WM MM T 631.3 5328 —

Atomic per cant 10 MM MR 8.0 11 -
Sodium eich, PTFE side

Binding energy (aV) MM M MM §31.2 5328 5

Atomic par cent A T MR 0.8 0.6 —
Sodium etch, bolt skda

Binding onergy {8V} 398.2 400.8 - 531.2 5326 _—

Aromic por cent 1.6 0.6 e 1.3 1.5
Plosma-polymerized surface

Binding enargy {oV) 399.7 4011 — 531.3 5326 —_

Atomic per cont 23 1.8 —_ T3 17 —
Plaama-polymerazod, PTFE side

Binding enargy {aV) MM MM 0] 531.3 B32.6 _—

Atomic par conl L] MM N 0.7 0.7 —
Ploeme-polymarnzad, bolt side

Binding esnemgy (eV} 3908 - - 5314 632.7 —

Atommic par cont 0.7 — — 20 1.7 -
Ammonia plasmo-activated

Binding snerqgy {2y AD0.0 — 401.5 — 5323 533.8

Abomia por cant 4.3 — 2.1 - 4.3 2.0

Ammonie plasma-sctiveted, PTFE sida
Binding energy (aV) — - — = e —

Alomic per cant —_ oy - — — =
Ammania plesma-activated, boil sida

Binding energy (a¥) 094 401.0 — 531.9 — 534.1

Atomic per cent 0 0.3 — 0.3 — 0.2

* Ginding enargles wers corpcted 1o the binding energy of tho C 18 (—{CH,),—) signal a1 2B4.6
g or the F tz (CF,) signal st B89.2 V. Atomic parcentages woro calculated from the high-
resolution data. Pesl assignments were based on the binding enorgies of referance compourds.
Peak pssignments: N, ks NR,; N, s NAy; Ny is NR,"; D, is C=0; D, is C—0, C=0: O, is C—0.
WM. not measuned,
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able 3. Effect of plasma process time on  WH; plasma activa-
tion"

Procoss fimo Ayursge pull soanpch®

(min] {psi}
0.0 245 £ BB
0.26 340+ 51
.60 318 +£68
1.00 360 £ 23
2.00 329 £15
4.00 309 + 20
8.00 219+12
8.00 267 + 26°
16,00 251 22
32,00 243+ 29

Sodium-etched 1871 £ 50

Plasma Science 0500 plasma system at 1200 W and 0,100 Tarr,
FATTI® toster: procedures conform to ASTR D4547; Millor
taphonson 207 adhesive (two-part spoxy).

Aapeat of measuremant at B min process time,

able 4. High-resolution ESCA Auerine identification”

Sample descnaton F, Fs F,

*TFE control

Binding anargy (a4) — — GB9.2

Atomic per cant — — 67
sodivm atch surface

Binding enargy (a¥) GB4.8 = G298

ALOMIC par coent 1.5 - 6.4
Sadium etch, PTFE side

Binding enorgy {oV) — o 6397

Atomic per cont — -— 61
Sodium etch, bolt side

Binding energy (eV) 684.5 = G89.3

Atomic per cont 14 - 52

Flasma-palymerized surface
Binding enargy (ay) — — ==

Argrmic por cent —_— - -
Plasma-polymerized, PTFE sida

Binding energy {8V} — — GG

ALomic per cent —_ - G
Plasma- polymenzed, bolt side

Binding enorgy {aV) — - GA9.0

Atomic percont = e 54
Ammonia plasma-activated

Binding snergy [e¥) 655 687.4 GA9.2

Atamic per cant 4.8 4.4 o
Ammeonia plasma-activated, PTFE side

Binding energy (8%} — —_ GED.5

Algmic per cent - - 67
Ammonta plasma-activated, bolt side

Binding anargy {2%) - — G89.4

AtOMmIc pir cont — - i)

Binding enorgies were corrected ta the binding energy of the
18 (=(CH,),—) signai &t 224.6 &V or tha F1s {CF;) sipnal a1
89,2 eV, Atomic porcontages wore colculated from the high-
prolution data. Peak assignmants were basad on the binding
norgies of referonce compounds. Peak assignmments: F, is ionic F
r C—F; F,is CF,; F,is CF,.

treated samples. The sodium dehalogenation establishes
a surface nearly devoid of fluorine, as evidenced by the
reduction in —CF, carben from 31% to <3% and
—CF, Nuorine from 67% to 6.4%.

The PTFE side under both the plasma-activated and
the plasma-polymerized PTFE surfaces exhibit high-
resolution ESCA scans very similar to virgin PTFE.
Analysis of the area of debond from the sodium-etched
sample shows neither pure PTFE nor the sodium-
ctched surface prior to bonding. CF; carbon (Table 5,
labeled as C,) at the debonded area is 27% vs. 31% and
2.6%, respectively, for virgin and sodium-etched PTFE,
and CF, fluorine (labeled F; in Table 4) is 61% at the
debonded surface as compared to 67% and 6.4%,
respectively, for virgin and sodium-ctched PTFE.

DISCUSSION

Chemical moedification

The commonly accepted mechanisms for the modifi-
cation of PTFE surfaces by sodium ctchants are dehalo-
penation, leaving unsaturated sites (producing NaF),
and the subsequent oxidation of these unsaturated sites
to form carbonyl and other groups. This mechanism is
supporied by ESCA data, which show the absence of
fluorine and the presence of oxygen when PTFE is
modified by an Na/NH, etch.! This oxidized surface is
apparcntly unstable because exposure to heat and light
may remove some of the layer to expose the underlying
unmodified Ruoropoelymer,®

As seen in the high-resolution ESCA scans, the
sodium etching process removes fluorine from the
PTFE and results in the presence of a high atomic per-
centage of carhon peaks at 2846 ¢V (C), due to C—R
bonds, where B could be either H or C atoms). This is
consistent with considerable cross-linking of the PTFE
during the etching process, since C—R amounts to 48%
of the surface composition of the etched sample. This
cross-linking could account for the high adhesion
strength of the sodium-etched samples. The sodium-
ctched samples appear to fail in adhesion at the tran-
sition zone between the etched surface and the virgin
PTFE underneath.

Plasma moedification

A number of researchers™® have reported both
ammonia and nitrogen/hydrogen mixtures (o be cffec-
tive in making the PTFE surface hydrophilic, although
the resuiting epoxy adhesive bond strength was disap-
pointing. One study® used sophisticated analytical tech-
nigues o investigate PTFE modification by various
plasmas. Their work showed that with ammonia plasma
the surface was modified, as evidenced by the appear-
ance of covalently bonded nitrogen. In contrast, air
plasma caused degradation of the PTFE surface to form
volatile products. Since the C—F bond is considerably
more stable than C—C bonds, the predominance of
chain scission vis-d-vis fluorine abstraction would be
anticipated, Thus, the facile incorporation of nitrogen to
the PTFE surface with ammonia plasma is surprising,
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Table 5. Hﬁmmmw

Samnpls description G, c,
PTFE contral
Binding enengy {aV} 284.6 2859
Atorlc per cant 1.2 0.4

Sodlum stch surface

Binding snergy (oV) 846 2864
Alomic par cent 48 16

Sodium eich, PTFE side

Binding energy (V) 28486 288.3

Atombc per cent 14 1.9
Sodlum etch, boli sida

Binding enargy {a\) 2846 2860

Atomic par cant 12 4.4
Plasma-polymerized surlaca

Binding onergy {eV) 2846 288.3

Atomic peér cent 46 17

Plasma-polymerizad, PTFE side
Binding energy (aV) 2846 2863
Atomic per cant 1.7 11

Plesma-polymerizad, bolt side
Binding energy (aV} 284.6 286.8
Atomic per cant 12 24

Ammonis plasma-aciivated
Binding enargy {eV) 2848 287.0
Alomic per cent 14 10

Ammonia plasma-activated, PTFE sida
Binding anergy. (V) 284.6 286.3
Atomic per cant 0.4 0.2

Ammaonis plasma-activeted, bolt sido

Binding energy {e\) 2846 2860
Alomic par cant 18 0a

Ly €, T Cu &

292 —

— 2881 —_— 928 —
- a8 - 28 —

29256 —_

— 2922 —

280.2
— 6.1 3.0 13 15

2923 =
- — -_— a2 —

= Binding cnergies were comecied to the binding energy of the C 1s {—{CH,}.—} signal ar 2B4.6
eV or the F1s (CF,) signal at 689.2 eV. Atomic percenieges werns calculated from the high-
rezolution dets. Peak assignments wers based on the binding enorgies of reference compounds.
Peak assignments: C, iz C—A {A=C, H}: C; s C—0R or C—N: Cyis R—C=0; L, is R—C=0 ar
O==C—0R; C, is C—F or CF,; Cgis CF,: G s CF;.

This study investigated whether plasma poly-
merization would provide a modified adherable layer to
PTFE which eliminates problems reported by previons
rescarchers, The rapid plateaving in the ammenis acti-
vation study supports the hypothesis that an equi-
librium is rapidly achieved in which backbone chain
scission elimipates ‘activated or modified’ chain seg-
ments almest as soon as they are formed. Similar results
have been found when pnlymnthglm:thacr}rlale
{PMMA) is treated in an oxygen plasma.® Plasma poly-
merization was investipated as a means of placing a
covalently bonded coating onto the PTFE surface. It
was hypothesized that even il PTFE chain frapmenta-
tion occurred, the frapments created in the plasma poly-
merization would stabilize the PTFE bulk, Tt is
particularly surprising that ammonia plasma pretreat-
ment improved the adhesive performance of the plasma-
polymerized coated PTFE (Table 6). The mechanism
which permits the observed performance improvement
is not understood. The plasma-polymerized surface was
functionalized via conventional plasma sctivation treat-
ment prior to adhesive bonding.

Any model that is to be proposed must accommaodate
the following results obtained from this study:

{1) The sodium-eiched PTFE shows a much higher
adhesion strength than cither of the two plasma-
modificd samples: 1871 psi vs. ~400 psi (12.9 vs.
18 MPa).

{2) The adhesion strength of the plusma deposition
sample is roughly comperable to that of the
ammonia plasma-activated sample: 402 ps. 360 pa
(28 vs. 2.5 MPa).

Table 6. Effect of plasem prefrestmest on plaema deposition®

Pri-tresamant Pl praneh®
plzrma® =
Mona 1M
Argon 182
Ammonta 386
Armmonia 402 = 7o
Bodium-etched 1871 £ 60

* Propristary hydrocerbon doposition process.

b Plapme Science 0500 piasma system ot 1200 W and 0.100 Tom.
cPATTI® tester: procedures conform to ASTM DASAT; Miller
Stephenson 907 sdhesive {two-part apoxy ).

“ Rapaat g6t of five samples.
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3 All three samples show comparable carbon chem-
istry on the PTFE side of the debonded surface,

4} The sodium-etched sample contains 7.4 at.% C—R
groups (where B = C or H), which iz a much higher
percentage than either of the plasma-treated samples
or virgin PTFE.

The ESCA data of Table | show that the failure mecha-

1ism in the plasma-activated case is cohesive within the

ulk PTFE. Analysis of the failed surfaces after debond-
ng was found by ESCA to be essentially pure PTFE.

Both  the plasma-deposited and the Tetra-Etch®

:amples fail mostly by cohesive failure, with some cvi-

fence of islands of adhesive failure. This conclusion is

supported by the fact that more C—R groups are found
wn the bolt side of the debonded surface for the larter
wor specimens (Tahle 5). The C—R groups are believed

10 be epoxy resin.

CONCLUSION

Prior researchers reported that sodium etch penclrates
microns in depth, providing a porous or spongy struc-
ture  that facilitates adhesion bonding. The high-
resolution ESCA analysis reported herein suggests that
sodium etching also results in cross-linking which may
stabilize  Lhe modified PTFE interface. The high-
resolution ESCA data also show that ammonia plasma
treatment caused chain scission. Probably any plasma
treatment is likely to cause chain scission because the

C—C bond is weaker than the C—F bond. Small
amounts of chain scission are likely to cause a reduction
of bulk tensile properties, causing a weakened interface.
The tensile adhesion results, as well as the chemical
structure information from ESCA scans, support the
theory that a modified and weakened PTFE transition
layer is cstablished at the interface between bulk PTFE
and the fully modified surface, accounting for the low
adhesion strength of the plasma-treated samples com-
pared to Tetra-Etch®-treated samples. Although the
improvement in adhesion is significantly less than that
achieved with the sedium etchant, the plasma process
does provide some enhancement in structural bonds,

The plasma process is both safe in the workplace and
environmentally clean. [n addition, the cconomics of the
plasma process as comparcd to conventional sodivm
etch processes justifics examination of joint design io
take advantage of the reduced but reliable bonds
achievable with the plasma process, While a plasma
process to provide comparable results to a sodium etch
still eludes definition, the plasma process is an effective,
consistent and reliable adhesive pretreatment for struc-
tural bonding of polytetrafluorocthylene,
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