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SYNOPSIS

A detailed examination has been undertaken of the influence of surface treatment on the
adhesion of ultrahigh molecular weight polyethylene (UHMW-PE) fibers to epoxy resin.
XPS, SEM, FTIR-ATR, LRS, and contact-angle measurements have been used to char-
acterize the chemical and physical changes of the fibers. The results, taken together, suggest
that the adhesion depends on three factors: (i) chemical bonding effects, after plasma
treatment, with the introduction of various kinds of oxygen-containing groups into the
surface of the nonpolar polyethylene, which greatly improve the surface energy of the
fibers; (ii) mechanical keying effects; and (iii) the nonpolar dispersion force. It is concluded
that these three factors can be regarded as additive and the contributions from each of
them to fiber/resin adhesion are different and change with increasing treatment time. The
optimum results are obtained when their respective contribution reaches about 60%, 30%,

and 10%. © 1993 John Wiley & Sons, Inc.

INTRODUCTION

The fiber-matrix interface or interphase has become
the focus of attention recently.! Much information
is now available about its chemistry and macro-
structure.?® The properties of the fiber /resin inter-
face in ultrahigh molecular weight polyethylene
(UHMW-PE) fiber/epoxy composites can play a
dominant role in governing the overall performance
of the interface.® Understanding the interactions
occurring at the interface and being able to tailor
them to give a desired composite property are of
great importance.

The fiber/epoxy resin adhesion has been greatly
reinforced by plasma treatment on UHMW-PE fi-
bers.” Several other treatments for improving the
adhesion and wettability properties of the polyeth-
ylene fibers or films have been studied and have met
with varying degrees of success.®!2 However, no one
seems to have given a comprehensive summing-up
of the mechanism of modification of surface adhe-
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sion, especially, a quantative analysis of the applied
forces influencing interfacial adhesion.

The aim of the present work is to determine the
changes of the surface and inner structure of the
UHMW-PE fibers by plasma treatment and the in-
fluence on adhesion of each of the following factors:
(i) the chemical-bonding effects; (ii) the mechanical
interlocking; and (iii) the nonpolar dispersion force.

EXPERIMENTAL

Surface Spectroscopies

XPS gives information about the variation of con-
centration over the fiber surface.”® Spectra of the
untreated and plasma-modified samples were re-
corded on an ESCA LAB MKII spectrometer using
MgKa, » (hy = 1253.6 €V) radiation. Binding ener-
gies are quoted to an accuracy of 0.2 eV and area
ratios, determined from curve-fitting procedures us-
ing a DuPont 310 Analogue Curve Resolver, to an
accuracy of =5%.

FTIR-ATR was performed using a Nicolet 5DXC
FTIR spectrometer, using germanium internal re-
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flection element (IRE) and a 45° incidence angle.
Laser Raman spectra were obtained using a TOBIN
YVON Laser Raman spectroscopy (LRS), the laser
power on the sample was kept to 2 mW to avoid
overheating the filaments, and the frequencies were
600-3200 cm ™.

Measurements of Depth of Pits

There was a decrease in the mechanical properties
of the fibers after plasma etching. This can be ex-
plained as the decrease in the effective area of the
forces applied. Nardin and Ward used the following
equation to indicate the relationship of the depth of

pits:
d 1/2
2 Op

where d is the fiber diameter, and ¢, and o, are,
respectively, the tensile strengths of pitted and un-
pitted fibers.

To obtain satisfactory values, many tensile
strength tests were conducted. Moreover, this equa-
tion is no longer valid for a filament with a cross
section that is not perfectly circular. Therefore, we
transform this equation through a simple deduction,
if the initial Young’s moduli of pitted and unpitted
filaments are designated E, and E,, respectively,
which were determined by a stress-strain instru-
ment. Thus, e is given by

(a+b) 1[(a—b)? E, 1/2
= — = + Zp
€ 4 2 4 ab E, (2)

where a and b are the lengths of major and minor
axes of the cross section of the filament, respectively,
1.e., the value of e was determined from measure-
ments of E,, E,, a, and b.

Both calculations of the mean depth e of the pits
do not take into account the stress concentration
factor, which depends on both the depth and the tip
radius of the pits.!* The value of e calculated through
these equations is therefore likely to be larger than
the true value. However, provided that the tip radius
of pits is constant, the calculations of e should pro-
vide satisfactory relative values for the damaged
depth of plasma-treated samples.

Full details of the experimental material, plasma
treatment, SEM, and surface energies by contact-
angle measurements can be found in Part I of this
work.” Here, it will suffice to say that the UHMW-
PE monofilaments with draw ratios of 10.0, 29.0,

35.8, and 39.3 were used and that the term “fiber”
appears without mentioning its draw ratio; this re-
fers to the highest draw ratio material, in which the
greatest scientific and technological interests lie.

RESULTS AND DISCUSSION

Effect of Plasma Treatment on Wetting Properties

The surface energy of the UHMW-PE fibers in-
creases after plasma treatment from 34 mJ m™? to
about 60 mJ m™2 (cf. Fig. 1). It is far greater than
that of the liquid epoxy resin (43 mJ m™?), i.e., the
treated fibers became completely wettable. As a re-
sult of plasma treatment, surface energy v, and its
polar component v¥ increased greatly, yet the change
in its dispersion component ¢ is small; therefore,
the increase in +, is dependent on the increase
in y2,

As shown in Figure 1, the surface energy increases
rapidly with treatment time and reaches a plateau
within 2 min. The surface energy of higher draw
ratio fibers is a little greater than that of the lower
draw ratio ones; therefore, the wettability of the
higher draw ratio fibers should be better and more
favorable to the fiber /resin adhesion. These results
are in agreement with the relationship between the
adhesion and plasma treatment time for different
draw ratio fibers that was discussed in the first part
of this work.”

Figures 2 and 3 show the effect of power and gas
pressure of plasma treatment and their relation be-
tween the surface energy. The value of the surface
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Figure 1 Surface free energy of monofilaments vs. mean
plasma treatment time. (O) v,, (®) 2, and (O) v?¢ are
the surface free energy of monofilaments with draw ratio
39.3, (*) 7, is the surface free energy of monofilaments
with draw ratio 29.0 (67 W, 0.03 Torr).
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Figure 2 Surface free energy vs. mean power of plasma
treatment for treated samples (300 s, 0.13 Torr).

energy is optimum under the treatment of 70-100
W and 0.1-0.2 Torr. This is also in agreement with
the fact that the highest values of adhesion are ob-
tained under the same treatment conditions.’

To observe more clearly the influence of surface
energy on the adhesion, we plotted the adhesion
against the polar component of surface energy for
different draw ratio fibers and for different plasma
treatment conditions (Fig. 4). It can be seen that
the greater the 7% the higher the adhesion. However,
SEM observations show that the treated fiber sur-
faces are heavily pitted (cf. “Surface Texture” sec-
tion below). Therefore, mechanical effects may in-
fluence the adhesion and a linear relationship be-
tween 7 and v% would not be expected. This is indeed
the case (Fig. 4), although the effect is partly hidden
by the rapid increase of + when ¥ tends to high
values.
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Figure 3 Surface free energy vs. mean gas pressure of
plasma treatment (300 s, 67 W).
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Figure 4 Polar component of the surface free energy
in relation to relative adhesion of untreated and treated
monofilaments.

Changes in Surface Chemistry

XPS was used to monitor the introduction of func-
tional groups and changes in surface chemistry pro-
duced by plasma treatment. A layer about 50 A thick
is observed.”

The great reactivity of UHMW-PE toward an
oxygen or air plasma is evident from the C,, spectra
shown in Figure 5. The spectra from the plasma-
treated samples consist of additional chemically
shifted species 0.9-5.5 eV from the main peak. Sim-
ilar —1.5 eV chemical shifts are obtained for Oy,
spectra. Detailed analysis of the Cy, line profiles (cf.
Fig. 5 and Table I) enabled components owing to

1 |
carbons in —CH (285.0 eV), —COH (286.2 eV ),
|

|
—=C=0 (288.1 eV), —COOH (289.4 eV), and

O0=C—0— (290.5 eV) environments to be iden-
tified. Assignment of the peaks of the curve-fitted
C,, spectra were made on the basis of the studies
over carbon fiber by Youxian.!®

The air plasma-treated fiber surface contains only
about 0.9% nitrogen (Table I), which is far less than
that of the oxygen-containing groups; it is therefore
the oxygen-containing groups that act as the main
factor to affect the fiber/resin adhesion. Comparing
the oxygen component groups after 600 s oxygen
treatment with that after air plasma treatment ( Ta-
ble I), we found that the contents of — COH after
the two different treatments show little difference,
but that a great difference lies mainly in the contents
of the more active oxygen-containing groups, i.e.,

—C=0, —COOH, and O=C—O— This
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Figure 5 The C,, spectra of UHMW-PE monofilaments. The curves have been fitted by
computer: (a) untreated sample; (b) treated by oxygen plasma for 120 s; (c) treated by
oxygen plasma for 600 s; (d) treated by air plasma for 600 s.

shows that the oxygen plasma treatment is more
chemically efficient in creating oxygen-containing
functional groups on the polyethylene surface.

For oxygen plasma-treated fiber, the — COH
content on the fiber surface has increased by 11.5%
from 26.1% to 37.6%, whereas the total content of

=C=0, —COOH, and O=C—0O— showed a
greater increase, i.e., 13.5% (from 2.8 to 16.3%).
Though the — COH content on untreated fibers is
high enough (i.e., 26%, it may be that this is because
the surface was oxygenated when the fiber was
formed), the fiber/resin adhesion is still poor.
It is therefore likely that keto-, —COOH, and
/

O =C— 0O — groups are more effective in promot-
ing adhesion than is the OH group.

Comparing the result of the fibers of different
draw ratios that underwent the same treatment
(Table I), we find that there are more oxygen-con-
taining groups and oxygen content in fibers of higher
draw ratio. This result is consistent with the con-
clusions that the higher the draw ratio, the higher
the surface energy and the greater the adhesion.”

The groups’ intensity changes as a function of
treatment time resulting from the analysis (Table
1) are shown in Figure 6. The concentration of all

kinds of oxygen-containing groups increases with
time and reaches a steady level very quickly. In con-
trast, that of CH group decreases greatly.

As discussed above, it appears that the plasma
(oxygen) treatment is chemically very efficient in
increasing the immediate surface concentration of
functional groups and may help to increase the
number of chemical bonds between fiber and resin.
In Figure 7, a plot of results for fiber /resin adhesion
as a function of C,,/ Oy, ratio is shown together with
a fitted curve. The fiber bondability increases with
the increase of the oxygen content and thus causes
the increase of the adhesion.

In comparison of the similar types of the rela-
tionships of C;,/ Oy, ratio and ¥4 with 7 /7, (Figs. 4
and 7), both emphasize the importance of the
chemical bonding factor on the fiber /resin adhesion.
However, mechanical effects are partly hidden by
the rapid increase of 7 /7, when v% and O,/ C, ratio
tends to high values. As shown in Figures 1 and 6,
the dramatic change in surface chemistry vs. treat-
ment time is also reflected in the increase of v with
treatment time. Therefore, as we expected, a linear
relationship is obtained between the C,,/O,, ratio
and v? (Fig. 8). Hence, the big increase of ¥ is
accompanied by a change in chemistry.

The Laser Raman and FTIR-ATR spectrometers
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Table I XPS Data for Surface Composition of UHMW-PE Monofilaments

Content (%) 0., (eV) Ny, (eV)
Time Relative Relative
D.R. (s) Gas C/0 N C 0] E, Content Ey Content
39.3 0 11.0 91.7 8.3 532.8 2800
120 0, 5.1 83.5 16.5 534.3 7100
600 0, 3.0 75.2 24.3 534.3 8200
600 Air 5.2 0.9 83.0 16.0 534.2 5500 402.0 410
10.0 0 14.8 93.7 6.3 532.9 2100
300 0, 5.4 84.3 15.7 534.3 5200
600 0, 6.9 87.4 12.6 534.3 4800
| | —Cc—o0—
—C—H —C—OH Il
| | Cy (V) =C=0 —COOH 0
E, Content E, Content E, Content Ey Content E, Content
(eV) (%) (eV) (%) (eV) (%) (eV) (%) (eV) (%)
285.0 71.1 285.9 26.1 288.1 2.0 288.5 0.8
285.0 58.6 286.2 32.1 288.2 5.2 289.5 2.8 290.5 1.2
285.2 46.2 286.3 37.6 288.2 8.6 289.4 5.4 290.6 2.3
285.0 62.2 286.2 30.3 288.1 4.6 289.4 2.4 290.5 0.6
285.0 73.4 286.0 24.7 288.2 14 289.1 0.5
285.1 55.4 286.0 33.9 288.1 7.4 289.5 3.1 290.3 0.2
285.1 53.6 286.1 36.4 288.0 7.2 289.4 2.2 290.2 0.6

allow us to observe a thicker layer!” (LRS, 1-2 ym;
FTIR-ATR, 0.3-0.8 um). However, as expected,
there are no signals of chemistry changes being de-
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Figure 6 Relationship between C,, contents of different
active groups on the monofilaments (D.R. 39.3) surface
and the time of oxygen plasma treatment: () —C—H;
(A) —C—OH; (O) =C=0; (*) —COOH; (e)

—0—C=—0.

tected. The spectra reflect only the inner structure
of the fibers. This arises because plasma treatment
alters only a very thin layer (about 20 A), and the
concentration is only of the order of a few umol/g.
It can be concluded that the plasma treatment allows
the chemistry of the fiber surface to be altered with-
out the reaction penetrating deep into the fiber, thus
avoiding too much damage and allowing the reten-
tion of beneficial mechanical properties.
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Figure 7 Pull-out relative adhesion 7 /7, vs. mean C,,/
0,, intensity ratio for monofilaments.
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Figure 8 Relationship between polar component of
surface free energy v2 and C,,/O,, intensity ratio for
plasma-treated and untreated surfaces of monofilaments.

The Effect of Plasma Treatment on Surface
Texture

A scanning electron micrograph of an untreated fiber
is shown in Figure 9 (a). It can be seen that the

surface is fairly smooth, except for longitudinal
striations that indicate the possible presence of fi-
brils.!!

Plasma treatment produces a dramatic change,
as shown in Figure 9 (b), (c), and (d). A highly
developed cellular and rhombic structure has now
replaced the longitudinal striations, with pits vary-
ing in diameter and depth in the range 0.5-5 pm.
The pits were caused by the degradation of the mol-
ecule chains on the fiber surface as a result of plasma
etching and reaction overheating. These pits result
in a great increase of the surface area and, thus,
provide more favorable conditions for various phys-
ical and chemical interactions between fiber and
resin.

Of plasma-treated fibers, the remarkable cellular
surface structure, into which resin can penetrate to
produce a mechanical interlocking between fiber and
resin, is one of the most important factors in im-
proving the fiber /resin adhesion.

As found previously, it can be observed that the
pit size of fiber with a higher draw ratio is bigger
than that of the lower one!! [Figs. 9 (¢) and (d)].

(a)

Figure 9 SEM micrographs: (a) and (b) untreated and treated (600 s) fibers of draw
ratio 39.3, respectively; (¢) and (d) fibers with draw ratios 10.0 and 35.8 after 300 s plasma

treatment, respectively.



The increase in the pit size with increasing draw
ratio allows a more effective keying between resin
and fiber, and the peel-off proceeds deeper inside
the fiber as the draw ratio increases. In addition,
the increase in tensile strength of the fibrils with
increasing draw ratio will be accompanied by a
higher failure load for the pullout system.

Next, we evaluate quantitively the mean depth e
of the pits using eq. (2). The variation of e with
treatment time, power, and pressure is shown in
Figure 10. It can be seen that the mean depth of the
pits increases rapidly within the first 120 s treatment
time, then the value of e increases slowly, with its
maximum at 300 s. This is similar to the variation
of the v and 7 /7, with the treatment time (cf. Fig.
1 here and Fig. 3 in Ref. 7). The difference lies in
the rates of v%, ¢, and 7/7, reaching their plateau
values with the increase of time, at which 2 is the
fastest, while e is the slowest and 7/7, is between
the two. It therefore implys that the increase of 7/
7o 1s the result of the combined contribution from
the chemical bonding and mechanical keying.

As shown in Figure 10 also, the effect of power
on the depth of pits was very dramatic; it suggests
that the UHMW-PE fibers are better treated with
lower power to prevent its mechanical properties
from decreasing too much. The effect of gas pressure
on the depth of the pits is insignificant.

e (um)

0 -
! 40 80 120 160 290
! Power (W) !
+—+—ttt—ttt
! 60 120 180 240 390
! Time (secs) !
004 008 012 016 020

Pressure (torr)

Figure 10 Relationship between depth of pits and (O)
plasma treatment power, (@) time, and (M) pressure for
treated samples. The smooth curve is a fitted one according
to the theory to be discussed in the following content.
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A Quantitative Analysis on the Contributions
from the Factors Affecting the Fiber /Resin
Adhesion

From the foregoing discussions, we sum up the fac-
tors affecting the fiber/resin adhesion as follows:
the interface chemical bonding, the mechanical in-
terlocking, and the nonpolar dispersion.

To clarify the contributions, respectively, of the
three factors to the adhesion, we use 7(¢) to indicate
the fiber/resin adhesion for a certain period of
plasma treatment time. 7.(t), 7,,(t), and 7,(t) are,
respectively, the components of the adhesion for the
chemical bonding, mechanical interlocking, and
nonpolar dispersion. Their quantitative relation is

7(8) = 7(8) + Tn(t) + 74(2) (3)

As shown in Figure 8, the increase of the oxygen-
containing groups is linear with the increase of the
polar component of surface energy v%. The role that
the chemical bonding, caused by the oxygen-con-
taining groups, plays in the fiber /resin adhesion can
be represented by

7(t) = ki (1) (4)

where k. is constant.

The mechanical interlocking is caused by the
gearing interface with the resin penetrating into the
pits. Its strength is influenced by the depth the resin
embeds in the pits, and it is also affected by the size
of the pits and the draw ratio of the fiber. e" is there-
fore used to indicate the effect the pits have on me-
chanical interlocking, and the experimental date will
be fitted to determine the value of n. 7,,(t) is given
by

Tm(8) = kne" () (5)

where e(t) is the mean depth of the pits after a cer-
tain period of plasma treatment time; k,, stands for
the coefficient concerning the draw ratios of the fi-
bers.

The nonpolar dispersion is less strong compared
with the above two factors and is assumed to be
least affected by plasma treatment, i.e., 74(t) = 74(0)
= constant. Since e(0) ~ 0, v2(0) ~ 0. According
to egs. (3)-(5), the fiber /resin adhesion of the un-
treated fibers is

7o = 7(0) = 74(0) = 74(2) (6)
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Combining egs. (4)-(6) with (3), we get

) | _hn

k.
e™(t) +~ v5(¢) (7)
To To To

The theoretical value of e(#) is given by

1/n
e(t>=[[’(t)—l—kwg(t)]-fﬂ] (8)
0

To T km

As shown in Table II and Figure 10, 7(300) /7,
= 7.6, ¢(300) = 7.2 um, ¥2(300) = 35.5 mJ m~2,
7(30) /79 = 4.9, e(30) = 2.2 um, and v£(30) = 28.5
mdJ m~2. Substituting them into eq. (7), we get the
values of k,,/ 7o and k./ 1, for different values of n,
respectively. Then, the theoretical lines obtained
from eq. (8) are plotted together with the experi-
mental values of e. In this case, a reasonable fit was
obtained for value of n = 2 (see Fig. 10 and
Table II).

Furthermore, the contributions from chemical
bonding, mechanical interlocking, and nonpolar
dispersion to the fiber/resin adhesion are, respec-
tively, evaluated by the following equations:

Telt) _ R 7o
SR TR A0 (9)

Tm(t) _ km 7o

. . 2
7(t) 10 T(1) e (®) (10)
Ta(t) _ 1o
(6 o (L)

The result of above equations is given in Figure
11. It can be seen that the greatest contribution to
the adhesion is from the chemical bonding, which
accounts for over 60%. 7.(t)/7(t) achieves its ex-
treme value (76% ) within 30 s treatment time.

The contribution from mechanical interlocking

Table II 1(¢)/74, v%, and e [calculated by eq. (8),
n = 2] vs. Mean Time of Plasma Treatment

Time (s) 7(t)/7o ¥2 (mJ m™?) e (um)
30 4.90 28.5 2.20
60 5.75 31.8 3.99
90 6.25 33.2 4.92
120 6.60 33.8 5.59
180 7.05 34.1 6.49
240 7.35 34.7 6.93
300 7.60 35.5 7.20

Content (%)

0 60 120 180 240 300
Time (secs)
Figure 11 Theroles 7.(t), 7,,(¢), and 7,(¢) play in the

fiber /resin adhesion as a function of plasma treatment
time.

accounts for about 30%. It gradually increases with
the increase of treatment time and reaches the ex-
treme value at 300 s. It should be noted that the
contribution from mechanical interlocking increases
with the fiber draw ratio, because fibers of higher
draw ratio are of higher shear strength and have
comparatively bigger plasma-etched pits. Thus, it
can be seen that reinforcing the shear strength of
fiber surface is one way to improve the fiber/resin
adhesion.

In contrast to the chemical bonding and me-
chanical interlocking, the contribution from non-
polar dispersion sharply decreases to about 10%
when it reaches the plateau value with the increasing
treatment time.

From the above analysis, we can tell the locus of
failure of PE/epoxy joint shifted with different
treatment time (see Part I of this work, Fig. 5).
When the treatment time is short (within 60 s), the
effect of mechanical interlocking is not significant
and chemical bonding plays a crucial role in the
adhesion; however, its effect is not strong enough to
peel off the entire treated PE layer.

When the treatment time reaches 300 s, the effect
of mechanical interlocking and the degree of peel-
off become great due to the increase of pits size. The
entire treated PE layer is peeled off.

Because of the decrease of the mechanical prop-
erties of the fiber surface and a layer of deposition
resulting from long time treatment, a weak boundary
layer between fiber and resin was formed, along
which the interface failure slides, and such a layer
causes the decrease of peel-off; hence, 7, and 7.

Moreover, the reason for the relationship between
7/70 and v% (or Cy,/O;) being a curve rather than



a linear (Figs. 4 and 7) is that the mechanical keying
effect became more and more significant with the
increasing values of v2 (or 0,,/Cy;).

CONCLUSIONS

The wettability of the UHMW-PE fibers has been
improved after plasma treatment, thus meeting the
prerequisite of the fiber/resin adhesion. Various
kinds of oxygen-containing groups are introduced
into the fiber surface and resulted in the increase of
the polar component of the surface energy. The
plasma-etched pits are found in the fiber surface.
This causes the mechanical interlocking with the
resin embedded in the pits.

The fiber /resin adhesion 7(t) can be considered
as the sum of three shear strength terms, which re-
late, respectively, to chemical bonding 7.(¢), me-
chanical interlocking 7,,(¢), and nonpolar dispersion
74(t). 7.(t) is directly related to the surface con-
centration of oxygen-containing groups; it is also
related to the polar component of the surface energy:
The two are approximately in linear with each other.
7, (t) is linear with the square of e(t); it is also
affected by the draw ratios of the fibers. The plasma
treatment has little influence on 74(¢t).

The contributions from 7.(t), 7,,(t), and 74(¢)
to fiber/resin adhesion are significantly different
and vary with the increasing of treatment time. At
a treatment time of 300 s, the optimum results of
7(t) are obtained when the contribution from each
of them are, respectively, 61%, 26%, and 13%.
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