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Synopsis 

Adhesion of glow discharge polymers to metals and polymers in an adhesive joint was measured 
by lap-shear test and immersion in hot water of 7OoC for an extended time. A glow discharge polymer 
was deposited onto polymers [polyethylene and poly(tetrafluoroethylene)] and metals (aluminum 
and stainless steel) prior to when the polymer and metal were joined. It is found that the lap-shear 
strength is enhanced by coating the surfaces of these substrates with plasma film produced from 
methane, ethylene, and acetylene, and that deterioration of the adhesive bonding part, when im- 
mersed in hot water of 7OoC, is strongly dependent on the gas used as well as operational conditions 
where a polymer film is formed. The adhesion of a polymer produced from methane on the polymer 
and metal is strong enough to apply for durable, adhesive joints. 

INTRODUCTION 

Glow discharge polymerization is unique in the capability of producing a highly 
crosslinked, pinhole-free, thin film of organic polymers. In addition, when the 
plasma film is deposited on the polymer, the properties of the polymer surface 
are able to be widely varied without changing the bulk properties of the polymer. 
This distinguished process has already been attempted for some application such 
as improvement of blood compatibility and permeability of gas and liquid. 

Adhesive bonding of an inert polymer such as polyethylene, poly(tetraflu0- 
roethylene), or metal such as stainless steel is difficult unless a special surface 
treatment with, for example, flame or chromic sulforic acid,l is done. The at- 
tempt by Schonhorn et a1.,24 who demonstrated the surface treatment of a 
polymer with the activated species of inert gas created by radio frequency dis- 
charge for improvement of adhesion, is suggestive. Bonding strength is strongly 
dependent on the thickness of a crosslinked layer created by interaction with 
activated species, indicating that a uniformly crosslinked layer at  the surface 
is important to obtain strong adhesion. 

We have already reported the manner by which any substrate is able to be 
uniformly, in respect to film thickness, coated over with plasma films.5 This 
technique, in this study, was applied for improvement of adhesive bonding, and 
adhesion was examined as a function of the material, the gas used, and the op- 
erational conditions where plasma film was formed. 
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EXPERIMENTAL 

Substrates provided for the measurement of adhesive strength were high- 
density polyethylene(pr0vided from McMaster-Carr., 8624N12 type), poly(te- 
trafluoroethylene) (Teflon) (McMaster-Carr., 8546K12 type), aluminum (from 
Metal Good Co., 1100-F), and stainless steel (from Metal Good Co., 304 type), 
and their dimensions were 9.5 (3/8 in.) X 23 X 4.8 (3/1~ in.) mm as shown in Figure 
1. The surface of these substrates was sanded, washed with acetone, methanol, 
and distilled water for 10 min using an ultrasonic cleaner, and then stored in a 
desiccator over a silica gel. Prior to plasma-polymer coating the substrates were 
further cleaned by argon etching for 10 min using the same apparatus as that 
for plasma polymerization, and then coated with plasma polymers. 

Plasma polymerization was carried out by an apparatus which utilized capa- 
citive coupling of a 10-kHz audio frequency (af) source and a magnetic en- 
hancement. The basic plasma polymerization system and the experimental 
procedure were the essentially same as those reported el~ewhere.~ An aluminum 
plate [12 in. (30.5 cm) diameter] capable of rotating around an axis placed on the 
top of the electrodes was positioned midway between aluminum electrodes [6 
in. (15.2 cm) square] the separation of which was 6 in. and on which substrates 
were mounted, and then kept rotating at approximately 60 rpm by the inductive 
force of a magnet placed out of the bell jar during glow discharge polymeriza- 
tion. 

Monomer gases used in this study were methane, ethylene, and acetylene which 
were commercially provided from Ideal Gas Products and Matheson, and their 
purities were above 99.5%. For all polymerization, unless otherwise noticed, 
the monomer flow rate of approximately 2.0 cm3(STP)/min, the total pressure 
before glow discharge of 30 mtorr, and the constant current of 250 mA were 
employed. These operational conditions maintained the most stable glow dis- 
charge without arcing. The pressure changes in the system and the voltage level 
between electrodes were continuously recorded during polymerization with a 
MKS Baratoron pressuremeter and a Hewlett-Packard digital multimeter 3435A, 
respectively. The deposition rate was measured with a thickness monitor (Veeco 
model QM-31) positioned midway between the electrodes. The deposition rate 
(r in mg/cm2) on the substrate mounted on the aluminum plate was directly re- 
lated to a thickness monitor reading (8, in KA), and calculted by the following 
empirical equation which has been reported elsewhere5: 

r = 0.434 X 10-2R - 0.243 X 

A, B: SUBSTRATE(ALUMINUM, STAINLESS 
STEEL, POLYETHYLENE, TEFLON) 

C: PLASMA F I L M  
D: EPOXY GLUE 

Fig. 1. Shema of specimen for measurement of adhesion; unit: mm. 
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For the measurement of adhesive strength standard composite test pieces 
consisting of substrate/plasma polymer/adhesive/plasma polymer/substrate, 
as shown in Figure 1, were prepared for bonding with a special device designed 
to maintain a 10-mm overlap. The specimens were lightly weighed and allowed 
to cure for 24 h a t  60°C in an air-circulating oven. The adhesive used was a 
mixture of epoxide and harder (Conap Inc., Easy Poxy) at a ratio of 1:l by weight 
without filler material. The bonding strength was evaluated by lap-shear 
strength using an Instron universal testing instrument at  a peeling speed of 5 
mm/min and immersion in hot water of 70 f 0.5"C for the extended time nec- 
essary for the specimen to separate itself. 

Contact angles of water, glycerol, formamide, diiodomethane, and tricresyl 
phosphate were measured by a drop-on plate method using a cathetometer with 
a goniometer eyepiece. The contact angle data were analyzed according to 
Kaelble's method: and the dispersive contribution, T:, and the polar contri- 
bution, T:, were calculated. 

RESULTS AND DISCUSSION 

Lap-Shear Strength 

Results for lap-shear strength are listed in Table I. Gases used for glow dis- 
charge polymerization were methane, ethylene, and acetylene which had a dif- 
ferent deposition rate of polymers created by plasma. Under operational con- 
ditions employed in this study the deposition rate was 1.55 X lo3 A/h for methane, 
2.52 X lo3 for ethylene, and 3.56 X lo3 for acetylene. By coating substrate sur- 
faces with these plasma polymers of approximately 2000 a thickness, as shown 
in Table I, lap-shear strength was markedly increased. The lap consisting of 
polyethylene/plasma polymer/epoxy adhesive/plasma polymer/aluminum as 
well as stainless steel increased to approximately 50 kg/cm2 in lap-shear strength. 
The improvement seems to be almost independent of the gases used for poly- 
merization. Similarly, in the case of the lap consisting of poly(tetrafluor0eth- 
ylene) instead of polyethylene and aluminum as well as stainless steel, the lap- 
shear strength improvement by coating substrate surfaces with plasma film was 
also observable. The bonding strength, regardless of the gases used for poly- 
merization, increased to approximately 40 kg/cm2. Failure always occured a t  
the cohesive layer of plasma polymers rather than the adhesive layer. 

The feasibility of forming strong adhesive joints between an epoxy adhesive 
and a fluorocarbon polymer such as poly(tetrafluoroethy1ene) and poly(ch1o- 
rotrifluoroethylene) as well as polyolefine such as polyethylene and polypro- 
pylene, which are very inert for adhesive bonding, has been already demonstrated 
by Schonhorn et  a1.24 Their technique, called CASING (crosslinking by acti- 
vated species of inert gases), is a treatment of polymer surfaces by exposing to 
activated species of inert gases generated by radio frequency discharge, and re- 
sults in the formation of a crosslinked surface layer which has a strong, cohesive 
strength. Hall, et al.7 have also investigated surface treatment with activated 
species of inert gases, and then recognized there was a significantly different 
improvement of lap-shear strength with respect to the type of polymer as well 
as gas and the period of the treatment. These results seem to indicate the dif- 
ferent susceptibility of polymers to plasma when exposed to activated species 



3336 INAGAKI AND YASUDA 

TABLE I 
Lap-Shear Strength* 

Location a 

b 

d Ff Substr te B 

Construction Lap-shear strength (kg/cm2) 
of adhesive joint CHI CHz=CH2 CHzCH 

Substrate A Substrate B Uncoated (ZOOO)+ (2000) (2060) 

PEi PE 5.89(b)n 24.z(b) 24.4(b) 20.7(b) 
PE ALt 16.6(b) 47.6(f) 49.5(f) 48.2(b) 
PE STI 28.5b) 45.i(D 47.s(D 46.5(b) 
T’ T 2.4db) 17.db) 1 7 . m  17.8(b) 
T AL 15.8(b) 36.s(f) 40.4(f) 41.6(b) 
T ST 3.80(b) 38.009 39.8(f) 40.db) 

* Operational conditions: flow rate, 2.0 cm3(STP)/min; current of af power, 250 mA. 
t Film thickness, in A. 

7 Location of failure, the symbol defined as follows illustrates the location of failure: 
P E  polyethylene; T poly(tetrafluoroethy1ene); A L  aluminum, S T  stainless steel. 

a: interface between substrate A and plasma polymer. 
b cohesive failure of plasma polymer layer on A side. 
c: interface between plasma polymer on A side and adhesive. 
d: cohesive failure of adhesive. 
e: interface between plasma polymer on B side and adhesive. 
E cohesive failure of plasma polymer layer on B side. 
g: interface between substrate B and plasma polymer layer. 

of inert gases. If organic gases such as methane, ethylene, and acetylene which 
are a so-called polymer-forming plasma, instead of inert gases, are used as a 
plasma gas; the formation of polymer films created by plasma over substrate 
surfaces and ablation involving crosslinking and unsaturation will occur simul- 
taneously. Also in such a system the balance between the polymer formation 
and ablation must be dependent on the nature of gases and conditions under 
which the polymer is formed. 

The comparison between inert gas plasma and organic gas plasma in treating 
polymer surfaces by glow discharge can be visualized in Table I. The first column 
marked as “uncoated” in Table I, as described in the experimental part, repre- 
sents the bonding strength of lap when treated with argon etching for 5 min, and 
the other columns represent the strength of lap when first treated with argon 
etching and then coated with plasma polymers of approximately 2000-A thick- 
ness. The table evidently indicates that the surface treatment with polymer- 



ADHESION OF GLOW DISCHARGE POLYMERS 3337 

forming plasma is more effective for the adhesive joint than the treatment with 
the nonpolymer-forming plasma. 

From the measurement of the lap-shear strength, Dynes and Kaelble8 have 
studied adhesive and cohesive properties of plasma film which is produced from 
styrene and epichlorohydrine by glow discharge polymerization and covers over 
surfaces of metal such as aluminum. The lap-shear strength decreases as film 
thickness deposited onto metal surface increases, and levels off over a film 
thickness of 1600 A, where the lap-shear strength decreases to approximately 
53% of the original strength. In this experiment, an arbitrarily chosen thickness 
of 2000 A was used for all experiments. Consequently, the results may not 
represent the maximum adhesive strength obtainable by this technique; i.e., by 
applying thinner coating layer, the overall adhesive strength may increase fur- 
ther. 

Deterioration of Adhesive Joint in Hot Water 

To evaluate deterioration of adhesive joints consisting of substrates coated 
with plasma films and epoxy adhesive, the time necessary for these joining parts 
to peel off of themselves when immersed in hot water of 70 f 05°C was measured. 
Substrates used here were polyethylene, poly( tetrafluoroethylene), aluminum, 
and stainless steel, and the construction of the joints was exactly the same as that 
used for measurement of lap-shear strength, but widely varied conditions where 
plasma were formed were employed. 

Results for the deterioration of adhesive joints in hot water are listed in Table 
11. Unexpectedly, the deterioration seems to be entirely dependent on gases 
used for polymerization as well as operational conditions where the polymer is 
formed. 

The lap without coating of plasma films but subjected to argon etching stripped 
off readily within the period of 20 h in hot water of 70 f 0.5OC, but the lap con- 
sisting of substrates coated with polymer produced from methane prior to 
forming adhesive joints, as shown in Table 11, retained for approximately ninefold 
as long a time. The improvement was outstanding in the case of coating with 
polymer produced from methane, and polymer from ethylene followed. How- 
ever, there was no advantage in treating substrate surfaces with polymer from 
acetylene. 

Operational conditions where plasma film is formed seems to influence dete- 
rioration of adhesive joints. The ratio of WIFM, where W ,  M ,  and F represent 
af power supplied to maintain glow discharge, molecular weight, and flow rate 
of the gas introduced into a reactor, respectively, is thought to be a factor con- 
trolling glow discharge polymerization.gJO In operating at  a low ratio of WIFM, 
plasma-induced polymerization, which is triggered by reactive species that are 
created in an electric in an electric discharge, may be predominant; at  a high ratio 
of WIFM plasma polymerization which propagated stepwise by combination 
between reactive species involving an ion, an excited molecule or a free radical 
produced in a plasma state may occur and a higher ratio ablation may be pre- 
vailing. Therefore, generally in glow discharge polymerization, competitive 
plasma-induced polymerization, plasma polymerization, and ablation occur si- 
multaneously, and the balance among these reactions may be determined by 
operational conditions as well as gas introduced.ll It is, of course, in consider- 
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SUBSTRATE PLASMA GLUE PLASMA SUBSTRATE SHEAR STRENGTH, KG/C$ 
r u  c (A) F I L M  FILM (B) 

PE (AR)  G (AR)  PE 
PE CH4 G CH4 PE 
PE CH2CH2 G CH2CH2 PE 
PE CHCH G CHCH PE 

PE (AR) G (AR) AL 
PE CHq G CHq AL 
PE CH2CH2 G CH2CH2 AL 
PE CHCH G CHCH AL 

PE (AR)  G ( A d  ST 
PE CH4 G CHq ST 
PE CH2CH2 G CH2CH2 ST 
PE CHCH G CHCH ST 

0 SHEAR STRENGTH 

TIME NECESSARY TO PEEL OFF 
I N  HOT WATER 

w .  o c  o <  
r.l 
0 0 

c 0 0 
0 

TIME NECESSARY TO PEEL OFF 
I N  HOT WATER, HR 

3339 

Fig. 2. Lap-shear strength and deterioration in hot water as a function of material and gas used 
for polymerization: PE, polyethylene; AL, aluminum; ST, stainless steel; (AR), argon etching; CHI, 
plasma polymer from methane; CH2CH2, plasma polymer from ethylene; CHCH, plasma polymer 
from acetylene. 

ation of the fact that properties of the deposited polymer strongly depend on 
operational conditions as well as the gas introduced. 

The comparison shown in Table I1 seems to visualize accurately the influence 
of properties of the polymer caused by altering the conditions on deterioration 
of the adhesive joints; but, although changes in properties of deposited polymer 
are quantitatively undetermined, these changes are preceptible from the change 
in color of the deposited film. The color of the deposited film varied from col- 
orless to light yellow as the ratio of WIFM increased, indicating that ablation 
became gradually predominant. There seems to be an optimum condition where 
the polymer is produced, and a moderate ratio of WIFM seems to be favorable 
for durable adhesive joints. 

Consequently, durable adhesive strength improvement by coating substrate 
surfaces with plasma films prior to forming adhesive joints with epoxy adhesive 
is summarized in Figures 2 and 3, where the bonding strength is evaluated by 
two different manners. 

TABLE I11 
Surface Energv for Plasma Film 

Surface Dispersion Polar 
Plasma film energy contribution contribution 

from yS (dyn/cm) d(dyn/cm) yi’(dyn/cm) 

41.5 
36.0 
45.4 

4.3 
5.2 

12.2 
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T (AR) G (AR) T 
T CHq G CHq T 
T CH2CH2 G CH2CH2 T 
T CHCH G CHCH T 

T (AR) G (AR) AL 
T CHq G CHq A L  
T CH2CH2 G CHZCH2 A L  
T CHCH G CHCH A L  

T (AR) G (AR) ST 
T CHq G CHq ST 
T CHZCHZ G CH2CH2 ST 
T CHCH G CHCH ST 

0 SHEAR STRENGTH 

TIME NECESSARY TO PEEL OFF 

I N  HOT WATER 

P 
I I I I 10 W 

0 
0 O :  

0 I- 

0 0  0 

TIME NECESSARY TO PEEL OFF 
I N  HOT WATER, HR 

Fig. 3. Lap-shear strength and deterioration in hot water as a function of material and gas used 
for polymerization; T, polytetrafluoroethylene; AL, aluminum; ST, stainless steel; (AR), argon 
etching; CHI, plasma polymer from methane; CHzCH2, plasma polymer from ethylene; CHCH, 
plasma polymer from acetylene. 

The adhesion of the polymer produced from methane on substrates is strong 
enough to apply for a treatment of inert surfaces such as polyethylene, poly- 
(tetrafluoroethylene), and stainless steel for adhesive bonding. Inferior adhesion 
of the polymer from acetylene on substrate, when immersed in hot water, may 
be due to the facile invasion of water into an interface between the substrate 
surface and the plasma film, because of high surface energy contributed by polar 
groups, as shown in Table 111. The fact that failure occurred at  the cohesive 
rather than the adhesive layer may assist in understanding our speculation 
concerning failure of adhesive joints. 

It is important to point out that the adhesive strength measured under a dry 
condition may not represent the successfulness of the joint since water vapor 
always penetrates to the interface of joints. In this sense, the simple immersion 
test such as described in Table I1 may provide more important and useful in- 
formation on the adhesive strength, although the method provides only relative 
and semiquantitative data. The fact that there is no correlation between the 
lap-shear strength and immersion failure indicates that the adhesive strength 
is highly dependent on the extent of water penetration into the interface and the 
competitive role of water-surface interaction versus adhesive-surface interaction 
(adhesion). According to these data, it may well be speculated that the combi- 
nation which yielded longer time, in the immersion test and lower lap-shear test 
strengthis more useful than the combination which yielded higher lap-shear test 
strength but shorter time in the immersion test. This judgment seems to be 
particularly important in certain applications of materials where contact with 
liquid water cannot be avoided, such as in the biomedical application. 
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