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Surface Characterization of Plasma 
Treated Carbon Fibers and Adhesion 
to a Thermoplastic Polymer 

P. COMMERCON and J. P. WIGHTMAN 

Chemistry Department, Virginia Institute for Material Systems, Virginia Polytechnic Institute 
and State University, Blacksburg, VA 24061, USA 

(Received June 7,  1991; in final form January 28, 1992) 

The surface chemistry of IM7 carbon fibers was characterized by x-ray photoelectron spectroscopy 
(XPS). The fiber surface energetics were determined from a two-liquid tensiometric method. The adhe- 
sion between as-received and plasma-treated carbon fibers and polyethersulfone (PES) was measured 
by the microbond pull-out test. 

The surface characterization techniques showed that the effect of any plasma treatment is attained 
within less than 15 seconds. It was found that both argon and air plasmas increased the oxidation state 
of the fiber surface and that they reduced the dispersive component (7: )  of the fiber surface free energy 
considerably. The ammonia plasma treatment resulted in a cleaning of the surface. This plasma treat- 
ment was also effective in improving the fiberlmatrix adhesion of quenched samples. A similar adhesion 
enhancement between as-received fibers and PES is obtained by annealing the samples above the Tg of 
the polymer. The air plasma treatment did not have any significant effect on the fiberlmatrix adhesion. 

KEY WORDS Carbon fibers; plasma treatment; fiber-matrix adhesion; thermoplastic matrix; micro- 
bond pull-out test; dynamic contact angle; x-ray photoelectron spectroscopy. 

INTRODUCTION 

The understanding of the fiber-matrix interaction is of fundamental importance in 
the design of new fiber reinforced plastics. The interphase between the two compo- 
nents plays a key role in the overall mechanical properties of the composite through 
load transfer mechanisms. Historically the emphasis has been put on epoxy matrix 
structural composites and numerous studies have been published. The development 
of engineering thermoplastics, which are tougher than epoxides, and exhibit better 
chemical resistance, opens the way to a new family of high-performance composites. 
In addition to their interesting intrinsic mechanical, thermal and chemical proper- 
ties, these polymers, when used as matrices in composites, have processing advan- 
tages such as short cycles, scrap recovery and indefinite shelf-life. ' But thermoplastic 
matrix/carbon fiber interactions have not been as well documented as those in 
epoxy-matrix composites. 

There are numerous ways to modify the surface chemistry and the surface ener- 
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56 P. COMMERCON A N D  J .  P. WIGHTMAN 

getics of carbon fibers.2 But the development of air-to-air plasma equipment raises 
new interest in plasmas as fiber surface pretreatments. Plasmas have been used to 
increase the polarity2*' and to introduce specific functional groups on the surface of 
carbon  fiber^.^-^ Fibers with high surface energy are more readily wetted by the 
matrix polymer and stronger adhesion between the fibers and the polymer is 
expected. Surface treatments can also affect the fiber acidity, as measured by inverse 
gas chromatography (IGC) and, therefore, the adhesion between acidic carbon 
fibers and basic  thermoplastic^.'^^ 

The purpose of this work is to study the influence of plasma treatments of the 
surface of reinforcing carbon fibers on the adhesion between the fibers and a ther- 
moplastic resin. 

BACKGROUND 

Dynamic Contact Angle: Two-Liquid Method 

The two-liquid method has been used by Donnet and Schultz to measure the disper- 
sive component of the surface energy of cleaved muscovite In this tech- 
nique a high surface energy solid is immersed in a nonpolar solvent, usually a linear 
alkane. The advantage of this method is that a polar liquid such as water or for- 
mamide, immiscible with the hydrocarbon, gives a non-zero contact angle. The 
technique was adapted to surface energy characterization studies of small diameter 
 fiber^.'^^'^ Figure 1 shows a schematic diagram of a fiber immersed in two immiscible 
liquids L1 and L2. 

Assuming that the equilibrium spreading pressure we is negligible so that ys = ysv 
the expression of the work of adhesion at the first interface (fiber/Ll/air) can be 
written as: 

w,1= ys + y1- ys1= 2[?6" Y;1I1'* 

'3 ys = ys1 -y1+ 2[ys y11 

(1) 

( 1 4  d d 1/2 

since there are no non-dispersive interactions. 

Load cell L-rl 

Hydrocarbon: n-hexane, 
n-octane. n-decane or 
n-hexadecane 

Formamide 
FIGURE 1 
L1-Hydrocarbon; L2-Formamide 

Schematic diagram of the fiber/Ll/air and fiberlLlIL2 interfaces. 
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ADHESION OF CARBON FIBERS 57 

ys, $, y1 and yf‘ are the surface free energies, and their dispersive component, of 
the fiber and the liquid L1, respectively. ysl is the interfacial surface tension between 
the fiber and the liquid L1. At the second interface (fiber/Ll/L2) Young’s equation 
and the work of adhesion can be written as: 

Young’s equation: 

which can be rearranged into: 

and 

W a 2  = y s  + y2 - ys2 = 2hS1 y Y 2  + I& (3) 

(4) 

Substituting ( la)  and (2a) into (3) and rearranging leads to 

y2 - y1 + yI2 cos (es21)= 2(y~1)~/2 [(y;)1/2 - (y7)1/21+ 

y2 and y$ are the surface free energy, and its dispersive component, of the liquid 
L2. y12 is the interfacial surface tension between the two liquids. OsD1 is the contact 
angle at the triple phase line. is the contribution to the work of adhesion, WaZ, 
which accounts for all the non-dispersive interactions. 

If the liquid L1 is a hydrocarbon (suffix “H”) and L2 is formamide (suffix “F”), 
equation (4) takes the final form: 

Y F - Y H  +T=2(yS1)”2[(y~)1n-(ydH)1/2]+I~F ( 5 )  
where yH = y; for hydrocarbons. 

and 

YH 
(7) 

where yHF is the interfacial surface tension between formamide 
and the hydrocarbon 
C is the circumference of the fiber 
f is the net force recorded by the balance 

The forces measured by the microbalance are the apparent weight of the liquid 
raised by capillary forces at the air/hydrocarbon/fiber interface (fHA) and at the 
hydrocarbon/formamide/fiber interface (fHF). The dispersive component, yt, is 
calculated from the slope of the straight line obtained by plotting the left term of 
equation ( 5 )  versus the term in brackets on the right-hand side of this equation. The 
intercept gives the nondispersive term IgF. Equation (5) assumes that the formamide 
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58 P. COMMERCON AND J .  P. WIGHTMAN 

displaces the hydrocarbon during the immersion of the fiber and that the hydro- 
carbon displaces the formamide during the emersion stage. The displacement 
criteria have been derived by Shanahan et al. l4 and are reproduced below: 
Advancing criterion: 

1;,>2[(YY - (YH)l/zl [(YH)lIZ - ( Y W 2 1  

1;F<2 [$-[(Yf)1/2-(yd F) ’/’ 1 [(YdF)1/2 - (YH)1/21 

(8) 

(9) 

Receding criterion: 

These criteria are based on the hypotheses that the equilibrium spreading pressure, 
re, of both liquids on the fiber is negligible and that the surface is perfectly homoge- 
neous and smooth. 

Microbond Pull-Out Test 

In a pull-out test a given amount of resin surrounds a single fiber. The resin bead 
is slid along the fiber and the interfacial shear strength is calculated by dividing the 
measured debonding force by the contact area between the fiber and the resin. In 
order to observe a sliding of the resin along the fiber, the shearing force has to be 
less than the tensile strength of the fiber, otherwise the fiber breaks first. Therefore, 
there is a critical contact area (or, for fibers of constant diameter, “d,” a critical 
embedment length, “Ic”) for which the shearing force is equal to the tensile strength 
of the fiber. Thus: 

uf P dZ /4=7 P d 1, 

1, = (uf d)/(4 T )  

(10) 

(11) 

or 

where T is the average shear stress along the bonded area 

A major problem encountered with this test when using small diameter fibers such 
as carbon fibers is that the critical length 1, is usually very small. Consequently, it 
is difficult to make test specimens. Miller and co-workers proposed an original 
procedure to prepare samples in the case of small fibers.15-19 The method was first 
applied to epoxy/glass fibers, epoxy/Kevlar@ fibers and epoxy/carbon fibers15 sys- 
tems but has also been used for carbon fibedthermoplastic resins systemslg and a 
Kevlar@/polycarbonate system.” Stress and force distributions in the microbond 
pull-out test as well as fatigue behavior have been studied theoretically. 16.’0 

uf is the fiber tensile strength or normal stress. 

EXPERIMENTAL 

The carbon fibers used in this study were unsized IM7, from Hercules. The thermo- 
plastic polymer was polyethersulfone (PES) from ICI, Tg-220°C by DSC. 
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ADHESION OF CARBON FIBERS 59 

Plasma Treatment 

A bench top Tegal Plasmod@ plasma chamber was used for the surface treatment 
of the IM7 carbon fibers. The radio frequency (13.56 MHz) generated plasma was 
operated at 50 W. An oxygen plasma appeared to be too corrosive and completely 
burned single fibers within a few seconds. Air was substituted for oxygen as the 
oxidative gas. Argon was chosen as a model for a neutral gas. Ammonia was chosen 
in order to introduce nitrogen functionalities. A constant reduced pressure (0.1 
torr) was maintained during the treatment by a combination of continuous evacua- 
tion and gas inlet through a microleak. The fibers were treated for 15,30,60 or 120 
seconds. 

Dynamic Contact Angle Analysis 

The surface free energy, ys, of as-received carbon fibers was generally greater than 
40 mJ/m2. For this reason the IM7 carbon fibers have been considered, a priori, to 
be high energy solids and a two-liquid tensiometric technique has been used to 
measure surface free energy. 

A single fiber was attached to a 100 Frn diameter wire with a cyanoacrylate adhe- 
sive. The wire was suspended from the measuring arm of a Cahn DCA 322 electro- 
balance. The fiber was immersed in a system consisting of two immiscible liquids: 
formamide and a hydrocarbon. The less dense alkane formed the top layer, which 
was the first layer encountered by the fiber. The series of hydrocarbons used were: 
n-hexane, n-octane, n-decane and n-hexadecane. The beaker containing the liquids 
rested on a vertical translator. The stage displacement speed was set at 20 pm/sec. 
The increase in the weight of the fiber observed after immersion was measured by 
the balance. The data were collected and analyzed by a personal computer. Both 
advancing and receding curves were recorded. 

XPS Analysis 

As-received and plasma treated tows of carbon fibers were cut into 2 cm long 
sections. Three or four of these small bundles were placed on the XPS sample 
holder. The fibers were maintained in place with an aluminum ring that was screwed 
onto the sample holder. The fibers were analyzed in a 5400 Perkin Elmer x-ray 
photoelectron spectrometer. The XPS spectrometer was operated in the fixed 
analyzer mode with the use of Mg Ka1,2 x-ray radiation (400 W, 15 kV). The gold 
4f7/2 (83.8 eV) and copper 2 ~ 3 1 2  (932.4 eV) peaks were used for the energy calibra- 
tion of the instrument. The intensity calibration was made on the silver 3d5/2 (367.9 
eV) peak, according to the Perkin Elmer standard procedure. The sample holder 
was oriented at 45" with respect to the analyzer. The collecting time was 5 min. for 
a wide scan (0-1100 eV) as well as for each narrow scan. The curve fitting program 
uses a weighted least squares fit with integrated background and a Gaussian func- 
tion. The full width at half maximum (FWHM) was kept constant for all curve 
fittings with the following values: FWHM = 1.5 eV for the main graphitic peak, 
FWHM = 1.6 eV for the functionalized carbon peaks, and finally FWHM = 1.7-1.8 
eV for the IT-IT* shake-up satellite peak. 
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60 P. COMMERCON AND J .  P. WIGHTMAN 

Surface Morphology 

SEM micrographs of the surface morphology of the fibers were obtained from a IS1 
SX 40 scanning electron microscope. The acceleration voltage was 10 kV and the 
magnification varied between 5 0 0 0 ~  and 1 5 0 0 0 ~ .  A Philips EM-420T scanning 
transmission electron microscope was also used where higher magnifications were 
desired: 5oooO x and 1OOOOO x . 

Fiber Tensile Strength 

The fiber strength was measured in tension for various fiber gauge lengths: 10,20, 
27,45 and 80 mm. Single filaments were attached to two aluminum tabs with a two- 
part epoxy adhesive. The distance between the tabs defined the gauge length. The 
upper tab had a hole which allowed it to be suspended under a PM 300 Mettler 
balance. The lower tab, that weighed only 0.22 g, was secured between the jaws of 
a microvise mounted on a vertical translator that moved at a speed of 5 pm/sec. 
Care was taken that no initial tension was applied to the filament prior to the test. 
The breaking force was recorded by a personal computer. The mean value, p, of 
the tensile strength for a given gauge length and the standard deviation, cr, were 
calculated by assuming a 2-parameter Weibull distribution 

and 

p= xf(x) dx=a-lmI‘( l+l /b)  i 0 

1/2 .=[I (x- p)’f(x) dx] 
0 

=a-lIb[I‘(1 +2/b)-[I‘(l +l/b)]2]1/2 (14) 
where f(x) is the probability density function and the parameters “a” and “b” are 
computed by using a maximum likelihood approach, i .e. by solving: 

n = O  i = l  

f: xp 
i = l  
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ADHESION OF CARBON FIBERS 61 

- 4 

ALoad T g<lOOClm 

cut and spread 
apart 

+I 
2 mm 

embedded length 

*elt 

FIGURE 2 Schematic diagram of the sample preparation: deposition of a resin droplet on a single 
filament. (from Reference 15) 

where L was the log likelihood function of the sample of “n” experimental measure- 
ments “xi.” 

Microbond Pull-Out Test 

The experimental procedure followed in this work has been described 
and will be only briefly summarized here. Single fibers were laid across an aluminum 
fixture of rectangular donut shape. Small strips of polymer film were notched and 
put on the fibers as shown in Figure 2. The fixture was then introduced in a muffle 
furnace equilibrated at 454°C. A muffle furnace was necessary to reach the high 
temperatures required to melt the polymer used. In preliminary experiments it was 
observed that PES on IM7 carbon fibers did not melt completely when put in the 
furnace at 413°C for less than 15 minutes. However, initial furnace temperatures 
between 450 and 500°C proved to be optimal for the melting of PES in 2 minutes. 
The polymer strips (2 mm x 12 mm) were cut out of 75 p,m thick extruded PES films 
(StabarB S100) provided by ICI Films. All samples were prepared by melting the 
polymer strips in 2 minutes in the furnace at the initial temperature of 454°C. Fig- 
ure 3 indicates that the actual temperature experienced by the samples does not ex- 
ceed 370°C. The samples were subsequently quenched by rapid exposure to room 
temperature. These samples were referred to below as “quenched” or “Q.” After 
the initial quench (Q) some samples were re-heated for one hour in the furnace 
equilibrated at 240°C or 280°C. These samples were referred to as “annealed” or 
“A.” After annealing, the samples were either quenched a second time (a’) by 
rapid cooling to room temperature or slowly cooled to room temperature in the 
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62 P. COMMERCON AND J .  P. WIGHTMAN 

- 
I 

500 

Furnace equilibrated at 454°C 

I I I 

1 
400 

100 

0 

I 8 

take samples out of furnace 

FIGURE 3 Sample temperature profile: temperature of the fibers and polymer as a function of 
when the specimens are introduced into the muffle furnace equilibrated at 454°C. 

2 min in furnace set at 454OC. 
(maximum sample temperature: 370%) 

Annealing 

Quenched samples Samples reheated in furnace 
set at 24OOC or 280°C. 

cool? 

Annealed samples Annealed samples then 
then quenched slow furnace cool 

FIGURE 4 Annealing procedure flow chart. 

400 

time 
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ADHESION OF CARBON FIBERS 63 

muffle furnace (SFC or slow furnace cooling). The experimental procedure is 
summarized in the flow chart shown in Figure 4. In the following discussion, the 
above procedure will be referred to “annealing at 240°C or 280°C.” It must be 
emphasized that these temperatures correspond to the equilibrium temperature of 
the furnace. It will be seen later that the actual temperature experienced by the 
samples is much lower. The sample temperature profiles are shown in Figures 16a 
and 16b. 

The fiber was suspended under a Mettler PM 300 balance which was used to 
measure the debonding load. Each filament was attached to an upper tab as de- 
scribed for the fiber tensile strength test. 

The samples were tested in shear in a custom-made microvise, as shown schemati- 
cally in Figure 5. The microvise is fixed on a motorized stage that moved downward 
at  5 km/sec. The readings were transmitted from the balance to a personal com- 
puter. 

RESULTS AND DISCUSSION 

Scanning Electron Microscopy 

SEM photomicrographs of the IM7 carbon fibers show the smooth longitudinal 
striations resulting from the spinning process. The photographs do not indicate any 
appreciable roughening or dimensional changes, no matter which plasma treatment 
was used. The surface of the 2 min. air plasma treated fibers was identical in appear- 
ance to those of the as-received fibers. As a consequence, the value of 5.5 pm 
for the fiber diameter was used in all calculations. This value measured on SEM 
micrographs was in good agreement with results of wetting experiments made in 
n-hexane on as-received fibers: 5.3 50 .5  krn (average of six samples). 

Load cell I 

t 
Microvise -717 1 1 

FIGURE 5 Schematic diagram of the microbond pull-out test. 
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64 P. COMMERCON AND J.  P. WIGHTMAN 

TABLE I 
XPS analysis of IM7 carbon fibers before and after plasma treatments. 

Atomic concentrations expressed in percent 

NH3 plasma Ar plasma Air plasma 
Plasma treatment As-received (15 sec.) (15 sec.) (15 sec.) 

Carbon 85.021.3 84.820.7 79.5 20.5 76.022.2 
Oxygen 9.9 2 0.8 8.0 f 0.3 15.820.4 19.82 1.2 
Nitrogen 5.120.6 7.2 2 0.7 4.7k0.1 4.1 2 1.3 

X-ray Photoelectron Spectroscopy 

XPS analysis indicated that both argon and air plasmas increase significantly the 
surface oxygen content, as indicated in Table I. The oxidation of the surface of the 
fibers treated in an argon plasma was attributed to post-treatment reaction with 
atmospheric oxygen and water vapor as the fibers were exposed to air. This explana- 
tion was substantiated by the almost constant oxidation level, measured by the O/C 
ratio, as the treatment time was increased, as shown in Figure 6a. Traces (<1%) of 
sodium were observed on air plasma treated fibers but it was unclear whether the 
sodium comes from the wall of the plasma chamber or from within the bulk of the 
fiber. It was observed that the air plasma was the only treatment that increases 
significantly the fiber surface oxygen content with time. Figure 6b shows that the 
nitrogen content remains almost constant over time for both air and argon plasmas. 
In the case of an ammonia plasma, the nitrogen concentration reaches a plateau 

0.3 

0.2 

0.1 

4 
+ 
+ 

1 OK= Ar 
OK= Air 
OK= NH3 

0.0 1 
0 50 100 150 

Treatment Time (seconds) 
FIGURE 6a Influence of the treatment time on the fiber surface composition. Oxygen to carbon ratio 
of atomic concentrations obtained by XPS. 
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after an initial increase. Except for the air plasma, any surface modification was 
completed within the first 15 seconds of the treatment. 

Figures 7a and 7b show representative deconvoluted Cls spectra of as-received 
and ammonia plasma treated (15 sec.) fibers. The assignments of the curve fitted 
Cls peaks for as-received and plasma-treated fibers, based on literature data,2'-26 

Q NKAr 
+- NKAir 
+ NKNH3 

I 1 

Binding Energy (eV) 

FIGURE 7a Carbon Cls curve-fitted spectrum of as-received fibers 
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66 P. COMMERCON AND J .  P. WIGHTMAN 

Binding Energy (eV) 
FIGURE 7b Carbon Cls curve-fitted spectrum of ammonia plasma treated (15 sec.) fibers. 

are summarized in Table 11. Although C-N and C=N species are expected to 
appear closer to the main carbon peak, C1, than C-0 species, i.e. with a + 1.0 eV 
shift instead of + 1.5 eV, they have been assigned to the same portion, C2, of the 
Cls curve-fitted spectrum. XPS analysis of polymer films containing C-N and 
C=N moieties showed that these groups give rise to a C2 peak shifted at about 
+ 1.5 eV (from Cl), similar to C-0 groups. The goodness of the fit of the deconvo- 
luted Cls spectra shown in Figures 7a and 7b suggests strongly that no significant 
peak can be fitted between the C1 and C2 peaks without reducing noticeably their 
FWHM. Table I11 shows that all plasma treatments reduce the overall importance 
of the main graphitic peak, C1. This observation explains, in part, the lower 7:' 
measured by contact angle, as noted in Table VI. 

Argon and air plasmas treated fibers were characterized by high C4 and C5 peaks 
which explains the increase in surface polarity. The ammonia plasma increases the 
total nitrogen surface atomic concentration on the fibers. The deconvolution of the 
nitrogen Nls spectra obtained with as-received and ammonia plasma treated fibers 

TABLE I1 
Identification of the peaks from a curve-fitted Cls spectrum 

Curve fitted peak c1 c 2  c 3  c 4  c 5  

BE/chem. shift (eV) 285.0 = +1.5 2 +3.0  = +4.5 = +6.0 
Origin of the peak C-C, C-H C-0,  C-N, C 4 ,  O-C=O O-CO-0, 

C=N N-C=O m+m* 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
0
7
 
2
2
 
J
a
n
u
a
r
y
 
2
0
1
1



ADHESION OF CARBON FIBERS 67 

TABLE 111 
Curve fitting of the XPS Cls spectra. Atomic concentrations expressed in 

percent of the total composition 

NH3 plasma Ar plasma Air plasma 
Plasma treatment As-received (15 sec.) (15 sec.) (15 sec.) 

c1 
c 2  
c 3  
c 4  
c5 

58.850.8 50.82  1.1 50.4 24.2 42.5 2 2.5 
13.1 2 1.3 21.8 2 1.7 16.52 1.8 11.4 20.3 
7.1 20.6 6.4 20.4 7.52 1.2 8.220.4 
4.220.3 4.4 20.1 5.0?1.1 8.620.5 
1.6 2 0.2 1.4 20.4 2.220.4 3.920.2 

are very similar, as shown in Figures 8a and 8b as well as in Table IV. This suggests 
that the ammonia plasma did not create new nitrogen functionalities but enhanced 
the presence of those already present in or on the fibers through a “cleaning” 
process. 

Tows of treated carbon fibers stored in a desiccator for two weeks (air plasma) 
or one month (ammonia plasma) were analyzed by XPS. The equivalence of the 
surface atomic composition of freshly treated fibers (D + lday) with those of fibers 
treated and stored (D + 30days and D + 16days), see Table V, suggest that these 
treatments were very durable. 

4 0 4  4 0 2  4 0 0  3 9 8  
Binding Energy (ev) 

FIGURE 8a Nitrogen Nls  curve-fitted spectrum of as-received fibers. 
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68 P. COMMERCON AND J. P. WIGHTMAN 

4 0 2  400  3 9 8  
Binding Energy (ev) 

FIGURE 8b Nitrogen Nls curve-fitted spectrum of ammonia plasma treated (15 sec.) fibers. 

TABLE IV 
Curve fitting of the XPS Nls spectra. Atomic concentrations expressed in percent 

of the total nitrogen 

NH3 plasma 
Fiber surface treatment As-received (15 sec.) 

N1 (398.3-398.7 eV) 
N2 (399.5-400.0 eV) 
N3 (400.8-401.1 eV) 
N4 (402.3-402.7 eV) 

6.1k0.5 
43.1 k4.4 
39.3 k2.9 
11.5k1.3 

6.8k 0.9 
43.321.7 
39.2t2.4 
10.6k0.5 

TABLE V 
Durability of plasma treatments. Atomic concentrations expressed in percent 

Ammonia plasma Air plasma 

D + l  day D + 30 days D + l  day D + 16 days 

Carbon 85.1 85.0 78.0 78.2 
Oxygen 7.9 8.3 18.6 18.2 
Nitrogen 7.0 6.7 2.8 3.2 
Sodium I I 0.6 0.4 
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DCA 

Two characteristic traces observed during a contact angle experiment were repro- 
duced in Figure 9a for as-received IM7 fibers and Figure 9b for argon plasma treated 
fibers. 

The first step in the curves corresponds to the wetting of the fiber by the hydro- 
carbon. The force recorded by the electrobalance is related to the contact angle 
through the following equation: 

f = p yL cos (e) - B-p yL cos (e) (18) 
where p is the fiber perimeter 

yL is the n-alkane surface tension 
8 is the contact angle 
B is a buoyancy correction factor which is negligible for these small fibers. 

Because the n-alkane wets the fiber completely, 8 = 0  and the force measured 
depends only upon the surface tension of the solvent used. The perimeter was 
assumed to remain constant for all fibers. 

Figure 9a shows a hysteresis loop during the second step in the case of the as- 
received fiber. The hysteresis phenomenon can be tentatively attributed to chemical 
heterogeneities on the fiber ~urface.~’  This section of the trace corresponds to the 
wetting of the fiber by the polar liquid, i.e. the formamide. The disappearance of 
the hysteresis after plasma treatment of the fiber seen in Figure 9b is due to better 
wetting of the formamide because of stronger non-dispersive interactions (see Table 
VI). 

2 3 4 5 6 7 8  
-0.01 ! 

0 1  
STAGE POSITION (mm) 

FIGURE 9a DCA trace of as-received IM7 carbon fibers immersed the n-hexadecane/formamide 
system. 
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FIGURE 9b DCA trace of IM7 carbon fibers treated 15 sec in an argon plasma and immersed the 
n-hexadecane/formamide system. 

Plots such as those reproduced in Figure 10, for as-received fibers, result from 
the application of equation ( 5 )  to various n-alkane /formamide systems, as described 
previously. 

The advancing and receding lines correspond to the advancing and receding contact 
angle traces, respectively. The slope of each line leads to the dispersive component, 
$, while the intercept is equal to IgF. Some authors calculate the polar term $, 
from 

(21) P P 112 
I;F=2[YS YF] 

This assumes that Fowkes' derivation for the dispersive interactions2* applies also 
to non-dispersive interactions despite his own proof of the contrary.29 Table VI 
summarizes the surface energy results. 

All plasma treatments decrease y:' and increase the non-dispersive interaction 

TABLE V1 
Surface free energy (in mJ/m2) of IM7 carbon fibers before and after plasma treatment 

NH3 plasma Ar plasma Air plasma 
Plasma treatment As-received (15 sec.) (15 sec.) (15 sec.) 

7:' 49 41 11 11 
&F 36 45 58 56 
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FIGURE 10 Advancing and receding curves calculated from equation (5). 

term, IgF. Argon and air plasmas give similar results for both y:‘ and IgF. The signifi- 
cant increase in the surface “polarity” due to the argon and air plasmas can be 
correlated to the corresponding increase in the surface oxygen content (see Table 
I) and, in particular, to the highest oxidized carbon functionalities, C4 and C5 as 
shown in Table 111. The gain in surface “polarity” after ammonia plasma treatment 
can be correlated to the increase in the C2 peak. 

Fiber Strength 

It has been shown above that the plasma treatments used affected the surface chem- 
istry and, therefore, the surface energy of the fibers. The surface morphology was 
not altered to any appreciable extent. The plasma treatments also have a significant 
effect on the fibers’ strength. Figure 11 shows how the average tensile strength, p, 

6000 

p“ 5500 
I - 5000 
r ‘6 4500 
C 
2 4000 

3500 

3000 

2500 

A 

3i 
t 
LL 

0 20  40  60 8 0  100 

Gauge Length (mm) 
FIGURE 11 
different surface treatments. 

Variation of the fiber tensile strength ( k  in MPa) versus gauge length (GL in mm), after 
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12 P. COMMERCON AND J. P. WIGHTMAN 

varies with the gauge length, GL. It is expected that p decreases as GL increases 
because of the higher probability of finding a flaw, or defect, big enough to initiate 
failure at longer lengths. Because of the large scatter in the data, only the overall 
trend was considered in this analysis. The error bars were shown only for as-received 
fibers in order to keep the graph readable. The length of each error bar was equal 
to 2a.  

The decrease in p is most severe for the air plasma treatment. The highly oxida- 
tive air plasma creates a high concentration of defects of critical size not seen in 
high resolution SEM. All the curves seem to converge at high gauge lengths (GL>80 
mm) since then the probability of finding a critical size defect was close to 1 ,  regard- 
less of the fiber treatment. 

Microbond Pull-Out Test 

The microbond pull-out test was used in this study as a tool to compare the effect 
of different plasma treatments on the polymer (PES)/carbon fiber adhesion. It was 
not the authors’ intention to interpret the results in terms of interfacial shear forces. 
The experimental procedure (PES melting temperature and time, and testing condi- 
tions) was the same for all treatments, therefore the results may be compared. 

It must be emphasized that the amount of resin deposited on each fiber was of 
paramount importance to obtain a single symmetrical droplet. Any excess of 
polymer results, after melting, in the formation of a string of droplets as shown in 
Figure 12. Single droplets, such as the one shown in Figure 13, requires that “g,” 
as noted in Figure 2, is less than 100 km. 

FIGURE 12 
(g=240 prn. see Figure 2) of resin is deposited on the fiber. 

Scanning electron micrograph of a string of droplets of PES obtained when an excess 
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FIGURE 13 
pm, see Figure 2) amount of resin is deposited on the fiber. 

Scanning electron micrograph of a single droplet of PES obtained when a small (g<lOO 

Figure 14 shows the different types of debonding curves observed during the 
microbond pull-out experiments. Curves of type 1 were found to be associated with 
the slicing of the polymer droplets as well as, in some cases, the debonding with or 
without slicing of the droplet. The debonding loads (DL) observed with type 1 
curves were usually smaller than the DL corresponding to other types of debonding 

A- 
A A 

FIGURE 14 Schematics of the debonding curves observed during microbond pull-out experiments. 
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curves. No correlation was found between the debonding curves and the debond- 
ing loads or the mode of failure. It is interesting to note the variety of the shapes 
of the debonding curves, whereas other authors report only one typical pull-out 

SEM observations after pull-out testing showed little evidence of polymer left on 
the fibers. The analyzed spot size by XPS was too large for a surface analysis of 
single fibers after polymer debonding. It was, therefore, not possible to conclude 
positively that the failure occurs at the fiber/polymer interface. 

The following results and discussion will focus only on samples which gave type 
2-7 debonding curves, with the exclusion of type 1 because of the ambiguity 
concerning the slicing or debonding associated with this type. Figures 15a and 15b 
show that DL was independent of the size of the PES droplets as represented by 
the embedded length, L. This observation was true for all sets of data including more 
than 8 samples, regardless of the fiber surface treatment and annealing conditions. 
It can be seen also that, as a result of the experiment procedure followed, most val- 
ues of L varied within a relatively short range, i .e. between 45 and 80 pm. This 
happened to be the case in all experiments, no matter what the fiber surface treat- 
ment or the annealing conditions of the PES droplets. 

The mean values ( 2  1 standard deviation) of DL are reported in Table VII for 
the different fiber plasma treatments and polymer annealing conditions. The 
average DL of air and NH3 plasma-treated fibers and quenched (a) PES were 
greater than for non-treated fibers. An analysis of variance at the 95% confidence 
leveP2 (ANOVA95) indicates that the only significant difference between the means 
is between as-received and NH3 plasma-treated fibers. The annealing process had 
a different effect on DL depending upon the fiber plasma treatment. Annealing at 

curve. 15.18.30.31 

0 

n B  n n n  0 0  
0 

B 0 

IM7 as-received (Q) 

I 1 I 1 I I 

5 0  6 0  70 80 90 100 110 120 
Embedded length (pm) 

FIGURE 15a Variation of the debonding load (in grams) as a function of the droplet embedded length 
(in pm) for as-received IM7 carbon fibers and quenched PES. 
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0 

40 50 6 0  70  
Embedded length (pm) 

80 

FIGURE 15b 
(in pm) for as-received IM7 carbon fibers and annealed PES (A240SFC). 

Variation of the debonding load (in grams) as a function of the droplet embedded length 

240°C decreased DL of as-received samples (A240SFC) but annealing at 280°C 
(A280SFC) increased DL of the same samples compared with quenched samples 
(a). An ANOVA95 tells us that the DL of A280SFC samples is significantly greater 
than the DL of both Q and A240SFC samples. Annealing had no effect on NH3 
plasma-treated fiber samples. Samples annealed at 240°C (A240SFC) showed no 
significant (ANOVA95) variation of D L  depending on the fiber treatment, but if 
the annealing temperature was raised to 280°C (A280SFC) air plasma-treated fibers 
gave lower DL than as-received fibers. During the annealing at 240°C the samples 
were, in fact, heated only up to a maximum temperature of 224"C, as shown in 
Figure 16a, while the annealing at 280°C took the samples up to 260°C. A240SFC 
specimens were maintained at a temperature slightly above Tg for about 30 minutes. 
A280SFC specimens experienced a higher temperature for a longer period of time, 
about 100 min., as shown in Figure 16b. 

The higher DL observed with as-received fibers samples annealed at 280°C can be 

TABLE VII 
Debonding load (in grams) as a function of the fiber surface treatment and 

the annealing conditions of the samples 

Surface treat.+ Air plasma NH3 plasma 
annealing As-received (15 sec.) (15 sec.) 

Q 
A240SFC 
A280SFC 
A280Q' 

8.1 20.8 
7.1 2 1.0 
9.221.1 
8.220.6 

8.72 1.0 
7.22 1.3 
7.820.7 

nd 

9.420.8 
8 .42  0.5 
8.620.5 

nd 

nd: not determined. 
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n 

I- 100 - 5 

I 

0 

I 

I 1 I I 

explained by the ‘fact that in this condition the polymer is re-heated at a temperature 
significantly above its Tg. The PES molecules can minimize their energy state by 
adopting “preferred low energy adsorbed conformations.” The comparison of 
A280SFC and A280Q’ samples for as-received fibers indicates that the more time 
the polymer chains are held at a temperature above Tg the greater the adhesion. 
In the case of NH3 plasma-treated fibers the PES molecules must have anchored 
themselves in adsorbed conformations which maximized the work of adhesion 

300 

6 
0 50 100 150 

Time (mln) 
FIGURE 16b Temperature profile of the samples during a one-hour annealing at 280°C. 
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during the melting step that led to the formation of the droplets. The additional 
thermal energy put into the fiber/matrix system during the annealing stage had no 
further effect on the adhesion. Bulk shrinkage may occur as a result of the annealing 
but it cannot explain by itself the increase in adhesion observed with as-received 
fibers. If shrinkage were the only mechanism, air- and NH3 plasma-treated fibers 
should also show a stronger adhesion to PES when the samples are annealed at 
280°C. 

The lack of sufficient data corresponding to smaller L (L<40pm) and to larger L 
(L>80km) precludes further interpretation of the results. 

CONCLUSION 

Plasma treatments have been used successfully to modify the energetics of carbon 
fibers surface by either introducing specific functional groups onto the surface of 
the fibers (air and argon plasmas) or “cleaning” the surface (NH3 plasma). It was 
found that the plasma effect was obtained very rapidly, in less than 15 seconds, and 
that the plasmas did not modify the surface morphology to any appreciable extent 
but that the fiber strength was affected. The microbond pull-out test has been used 
effectively to determine the influence of plasma treatments and annealing on the 
adhesion between PES and IM7 carbon fibers. It has been shown that an annealing 
treatment of the polymer droplets at a temperature high enough above Tg can 
improve the polymer/fiber adhesion for untreated fibers. It was found that in the 
case of IM7 carbon fibers and PES the ammonia plasma treatment enhanced the 
adhesion of quenched samples. 
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