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ABSTRACT: In the present study C/PLA composites with different fiber surface condi-
tions (untreated and with nitric acid oxidation for 4 h and 8 h) were prepared to
determine the influence of surface treatment on the interfacial adhesion strength and
mechanical properties of the composites. A chemical reaction at the fiber–matrix
interfaces was confirmed by XPS studies. Nitric acid treatment was found to improve
the amount of oxygen-containing functional groups (particularly the carboxylic group,
—COOH) on carbon fiber surfaces and to increase the surface roughness because of the
formation of longitudinal crevices. The treated composites exhibited stronger interface
adhesion and better mechanical properties in comparison to their untreated counter-
parts. There was a greater percentage of improvement in interfacial adhesion strength
than in the mechanical properties. The strengthened interfaces and improved mechan-
ical performance have been mainly attributed to the greater extent of the chemical
reaction between the PLA matrix and the carbon fibers. The increased surface rough-
ness also has had a slight contribution. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 80:
367–376, 2001
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INTRODUCTION

It is well known that the properties of composites
are significantly controlled by the interface region
between the reinforcing fibers and the matrix.
Most early work on the development of composite
considered the fiber–matrix interfaces to be crit-
ical for ensuring good composite mechanical prop-
erties. Therefore, many studies have been carried
out on the interfacial adhesion between the rein-
forcing fibers and the matrix.1–3 However, most of

the studies focused on the system of carbon or
glass fibers and engineering polymers.4–6 There
have been very few attempts to evaluate the in-
terfacial adhesion between carbon fibers and
resorbable polymers such as polylactide (PLA),
polyglycolide (PGA), and polydioxanone (PDS)
and their influence on the mechanical perfor-
mance of the composites.

Biocompatible and resorbable poly(hydroxy ac-
ids) like PLA, PGA and so on have frequently
been used as materials for internal fixation of
bone fractures. However, nonreinforced PLA (or
PGA or PDS) has low bending stiffness and shear
strength and is not sufficient for fixing a long bone
fracture. Accordingly, PLA composites reinforced
with randomly oriented, chopped, or continuous
carbon fibers are used to produce high-strength
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osteosynthesis devices.7 Nevertheless, little infor-
mation is available regarding the fiber–PLA in-
terface and its influence on the performance of
PLA-based composites.

A great deal of research has been devoted to
surface treatment of carbon fibers in order to en-
hance the surface chemical reactivity, and thus
improve their bonding to the matrixes. In the case
of a carbon fiber–reinforced polymer matrix com-
posite system, one of the most effective surface
treatments is liquid-phase oxidation, including
oxidation in nitric acid and anodic oxidation in an
aqueous electrolytic.8 The former is simple with-
out requiring a complex apparatus and can pro-
duce homogenous modified surfaces.9 In this work
C/PLA composite systems reinforced by carbon
fibers with different fiber surface conditions were
investigated to identify the surface chemistry of
carbon fibers after an oxidation treatment using
nitric acid and its the influence on fiber–PLA
adhesion and thus the performance of the com-
posites. Concentrated nitric acid was employed to
oxidize carbon fiber surfaces throughout this in-
vestigation.

EXPERIMENTAL

Raw Materials

The medium-strength polyacrylonitrile-based
(PAN-based) carbon fibers used in this experi-
ment were supplied without a sizing finish and
had the following characteristics: tensile

strength, 2000 MPa; tensile modulus, 196 GPa;
diameter, 6–8 m; density, 1.75 g/cm23. The ma-
trix material, PLA, synthesized by ring-opening
polymerization, was obtained from the Institute
of Medical Devices of Shandong Province (Jinan,
China). The PLA was of an amorphous nature
with a glass-transition temperature of 56°C and a
molecular weight of 100,000 (determined by vis-
cosity measurement). The PLA was reinforced
with three different carbon fibers: untreated fi-
bers, nitric acid–oxidized fibers for 4 h, and nitric
acid–oxidized fibers for 8 h. Hereafter these three
fibers will be designated as UT-C, T4-C, and T8-C
fibers, respectively, and the corresponding com-
posites are denoted as UT-C/PLA, T4-C/PLA, and
T8-C/PLA composites, respectively.

Oxidation of Carbon Fibers with Nitric Acid

Nitric acid (65 wt %, analytical grade) was pre-
heated and maintained at about 115°C in a
1000-mL beaker. Carbon fibers (10 g) wound onto
a glass drum were immersed in the nitric acid for
periods of 4 and 8 h. The oxidized fibers were then
refluxed in acetone (analytical grade) for 12 h,Figure 1 Arrangement for interlaminar shear test.

Figure 2 Arrangement for shear strength test.
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followed by rinsing with distilled water until the
pH of the resulting wash water attained a con-
stant value (pH ;6). The nitric acid–oxidized fi-
bers were subsequently dried in an oven at 110°C
for about 8 h.

Extraction of Treated Carbon Fibers

T8-C/PLA composite specimens were selected to
determine the reactivity between the carbon fi-
bers and the PLA. The PLA matrix was removed
by extraction with acetone for 72 h until a con-
stant weight. The extracted fibers were then res-
ined with distilled water until the pH of the re-
sulting wash water attained a constant value.
The fibers were finally dried in a clean oven at
80°C for 24 h. The resulting fibers were denoted
as EX-T8-C fibers.

Preparation of Unidirectional C/PLA Composite
Samples

The prepreg sheets were prepared by a similar
method to that employed by Zimmerman et al.10

Briefly, a fiber tow was drawn through a PLA
solution bath and wound onto a cylindrical man-
drel to form a single layer prepreg. The fiber
volume fraction (Vf) in the C/PLA composite was
controlled by both the solution concentration and
the pulling velocity of the fibers. After being in a
ventilating cabinet for 24 h to allow the solvent to
evaporate, the prepreg was cut into sheets and
hand-laid in a metallic mold, keeping all sheets in
one direction. The unidirectional C/PLA compos-
ite samples were compression-molded under a
pressure of 2–3 MPa at 110 6 5°C for 20 min. The
heating rate was 5 K/min and the cooling rate was

approximately 4 K/min (furnace cooled). The pure
PLA samples were prepared by the same proce-
dure as that utilized for the C/PLA composites.
All specimens had a thickness of 2 mm. All re-
sulted samples were stored in a dessicator in or-
der to prevent the absorption of moisture until
use.

Figure 3 Influence of Vf on mechanical properties for
UT-C/PLA composites symbols: E Flexural strength, l
Flexural modulus, L Impact strength, F Shear
strength.

Figure 4 Fracture surfaces of UT-C/PLA composites:
(a) Vf 5 25%, (b) Vf 5 40%.
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Measurement of Interface Adhesion

Many test techniques for interface adhesion have
been reported, including the fragmentation test,11

single-fiber pullout,12 fiber-bundle pullout,13 mi-
crocompression,14 transverse tensile,15,16 T-peel,17

interlaminar shear strength (via a short-beam
three-point bending test),18 transverse flexural
tests,19 and others. As an alternative method,
here we introduce a method to determine the
fiber–matrix adhesion by measuring the inter-
laminar shear strength, which is considered to
directly indicate the fiber–matrix adhesion
strength by keeping a constant Vf via an inter-
laminar shear test according to Chinese National
Test Standard GB 1450.1-83. The test arrange-
ment is shown in Figure 1. The interlaminar
shear strength, t, was calculated by

t 5
P

BH (1)

where P is the applied load at the moment of
fracture, B is the width of the test specimen, and
H is the height of the plane subjected to shear
force.

Measurement of Mechanical Properties

The static mechanical properties of the compos-
ites were measured by doing a three-point flex-
ural test on an DL-1000B electronic testing ma-
chine at a temperature of 25°C. Three-point flex-
ural tests were carried out with a span-to-depth
ratio of 16:1 at a crosshead speed of 1 mm/min.
The flexural strength (s) and modulus (E) were
obtained with the following equations:

s 5
3Pl
2bh2 (2)

where P is the applied load at the moment of
fracture, l is the span length, b is the width of the
test specimen, h is the thickness of the test spec-
imen; and

E 5
Pl3

4bh3d
(3)

where P is the load at a chosen point on the initial
linear portion of the load-deflection curve and d is
the deflection corresponding to the load, P.

The shear strength was measured with an DL-
1000B electronic testing machine at a crosshead
speed of 1 mm/min. The shear strength was mea-
sured with the help of a tool similar to that used
by Kettunen et al.20 and Majola et al.21 Its test
arrangement is depicted in Figure 2.

A XCJ-500 Impact Tester was used in this
work to measure the impact properties of the
C/PLA composites. Unnotched 80 3 6 3 2 mm
bars were used at a span of 50 mm to measure the
impact strength.

A minimum of five specimens was tested for
each set of samples, and the average values are
reported.

SEM Observation

The surface morphology of each filament before
and after nitric acid treatment was examined
with a Hitachi X-650 scanning electronic micro-
scope (SEM). The fracture surfaces of the speci-
mens were also examined to help identify the
failure modes and to provide a qualitative assess-
ment of the fiber–matrix adhesion.

XPS Analyses

The UT-C, T4-C, and T8-C fibers were character-
ized with X-ray photoelectron spectroscopy (XPS).
Analyses were performed on a PHI 1600 model
surface analysis system with a 250 W MgKa X-

Table I Interfacial Adhesion Strength and Mechanical Properties of
Different Composites

Materials UT-C/PLA T4-C/PLA T8-C/PLA

Flexural strength (MPa) 248.0 252.6 280.0
Flexural modulus (GPa) 35.3 41.5 43.0
Impact strength (kJ/m2) 34.9 35.8 40.1
Shear strength (MPa) 155.8 160.4 180.2
Interlaminar shear strength (MPa) 18.1 25.1 29.5

370 WAN ET AL.



ray (1253.6 eV) source at a base pressure in the
1028–1029 Torr range. All XPS spectra were av-
erage results from a surface area equal to 0.8
mm2. All spectra of XPS were collected and fitted
using PHI–MATLAB data-processing software.
The surface group content was determined from
the XPS peak area after subtraction of a linear
background.

RESULTS AND DISCUSSION

Influence of Vf on Mechanical Properties of
Untreated Composite System

A typical plot of Vf versus flexural strength and
modulus, impact strength, and shear strength is
shown in Figure 3 for untreated composite sys-

Figure 5 Tensile fracture surfaces of C/PLA compos-
ites: (a) UT-C fibers, (b) T8-C fibers.

Figure 6 SEM micrographs of carbon fiber surfaces
(a) before oxidization and (b) after 8 h oxidization in
nitric acid.
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tem. It is obvious that all mechanical properties
(flexural strength and modulus, impact strength,
and shear strength) initially increase with Vf,
reach maximum values, and then decrease with
Vf. The optimum Vf for flexural strength, modu-
lus, and impact strength is 25%, but the shear
strength exhibits its maximum value at Vf 5 30%.
The increase of these mechanical properties with
Vf is anticipated and can be easily explained by
the rule of mixtures. An interpretation of the re-
ducing trend above the optimum Vf is provided by
Figure 4, which shows that a higher Vf (40%)
leads to fiber contacts, as shown in Figure 4(b). Of
course, this lower value of the optimum Vf may
reflect that improvements are needed in the com-
posite preparation process, particularly, the fiber
dispersion technique.

Influence of Surface Treatment on Mechanical
Properties of C/PLA Composites

The interfacial adhesion strengths obtained from
the interlaminar shear test are listed in Table I.
The interlaminar shear strength for nitric acid–
oxidized composite systems was found to be
higher than that of the untreated one. The inter-
laminar shear strength for the treated system
increased by 38.7% and 63.0% after 4 h and 8 h,
respectively, of oxidization in nitric acid com-
pared with that of the untreated one. This sug-
gests that surface treatment substantially im-
proves the fiber–matrix adhesion and therefore
improves the mechanical properties of the com-
posites (Table I). Nevertheless, because of the
surface treatment the percentage increase of
these strengths is much lower in comparison to
that of interlaminar shear strength, suggesting
that the interlaminar shear strength, whose mea-
surement was derived from the interlaminar
shear test, is sensitive to the fiber–matrix adhe-
sion. Similar to other fiber–matrix adhesion-con-
trolled parameters such as transverse tensile
strength and interlaminar shear strength (from
the short-beam three-point bending test), this in-

terlaminar shear strength can also be used to
indicate the interfacial adhesion strength. Fur-
ther, the interlaminar shear test may be applied
to assess the relative interfacial adhesion
strength in other fiber composite systems.

It can be observed in our experiments that all
strength values rise after nitric acid oxidation,
and the longer the oxidation time, the higher the
strength values. It should be noted that too long
an oxidation time—beyond 8 h—is not suitable
because of excess fiber degradation during the
oxidation process.

Interlaminar shear strength is a matrix- and
interface-dominated mechanical parameter, im-
plying that the observed improvement in inter-
laminar shear strength for the treated composite
systems is only attributable to the strengthening
of the fiber–matrix interfaces because the matrix
is unchanged.

Interface adhesion quality can also be assessed
qualitatively through SEM fractography. For ex-
ample, Ibarra and Panos22 interpreted their ex-
perimental results in terms of the fiber–matrix
interface, which was characterized by SEM. Frac-
ture surfaces of the C/PLA composites clearly
demonstrate the effect of nitric acid oxidation on
the interfacial adhesion. Different failure modes
can be observed in Figure 5. The fiber surfaces
from the UT-C/PLA composites are clean, indicat-
ing extensive interfacial failure; while for T8-C/
PLA composite specimens, the failure mode is
mainly matrix failure since some adhering PLA
are observed on fiber surfaces. This result indi-
cates that treated composites exhibit stronger in-
terfaces than untreated ones, which is in agree-
ment with the result from interlaminar shear
test. Similar observations and analyses were re-
ported elsewhere.23,24

SEM Observation of Fiber Surfaces

Typical surface topographical features of carbon
fibers, with and without nitric acid oxidation, are
shown in Figure 6. The surfaces of UT-C fibers
seem to be smoother, with no pits and crevices
found, as shown in Figure 6(a). After 4 h of sur-
face treatment, some longitudinal crevices are ob-
vious. With a long treatment time (e.g., 8 h), the
crevices on fiber surfaces seem to deepen [Fig.
6(b)] because of the continuous etching effect of
nitric acid. That is, the fiber surfaces become in-
creasingly rough in the form of crevices when the
treatment time is extended. It is believed that the
increased fiber roughness and thus the improved

Table II Elemental Composition of Different
Fiber Surfaces

Fibers C O N

UT-C 93.7 5.3 1.0
T4-C 86.1 12.0 1.8
T8-C 75.8 22.0 2.2
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surface area should promote the mechanical in-
terlocking effect between the fibers and the ma-
trix. In addition, removal of oily contaminants
and other organic species may also have a slight
effect in improving fiber–matrix adhesion since
the fiber surfaces that have been cleaned, a con-
dition confirmed by the increased electrical con-
ductivity measured with the fiber bundles,25 are
believed to enhance the wettability between the
fibers and the matrix. This is thought to permit a
more intimate fiber–matrix contact and therefore
to enhance the van der Waals and/or dipole–di-
pole interactions.

XPS Results

In principle, good adhesion of most matrix mate-
rials with carbon fibers mainly comes from a

chemical interaction between the matrix materi-
als and functionalized carbon fiber surfaces dur-
ing composite synthesis process because van der
Waals and dipole–dipole interactions are rela-
tively weaker than chemical bonds.

In order to further determine the mechanisms
of adhesion promotion by nitric acid treatment,
UT-C, T4-C, and T8-C fibers were studied by XPS.
A summary of the surface elemental analyses is
given in Table II. Comparisons of the results for
T4-C and T8-C with untreated fibers indicate that
surface treatment yields a significant increase in
the oxygen level. Apparently, the concentration of
oxygen measured on the surfaces of T4-C and
T8-C fibers is, respectively, more than 2 and 4
times greater than the level measured on the
untreated counterparts. The increase in the sur-
face nitrogen content resulting from an oxidation

Figure 7 XPS spectra of C1s region: (a) UT-C fibers, (b) T4-C fibers, and (c) T8-C
fibers; for each: (1) C—C, (2) C—OH, (3) —COOH, and (4) new functionality.
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treatment in nitric acid is also obvious. The sur-
face nitrogen content of T8-C fibers is twice that
measured for the untreated ones.

It may be more important to detect the varia-
tions in functionality on fiber surfaces before and
after oxidation. We do not show an overall spec-
trum for any of those fiber samples because they
are all essentially similar, showing C1s, O1s, and
N1s. Rather, we show the curve-fitted spectra of
an individual region. The curve-fitted C1s spectra
for carbon fibers under different conditions are
illustrated in Figure 7. The surface functional
groups and their contents are listed in Table III.
The surface functional groups have been deter-
mined to be C—C, C—OH and —COOH groups
for both untreated and treated (T8-C) fibers,
which is consistent with previous results obtained
by Jones and Sammann for PAN-based carbon
fibers.26 As expected, a significant increase in the

amount of —COOH and C—OH was observed for
an oxidation treatment in nitric acid. Similar ob-
servations have been made by other research-
ers.27 Obvious differences clearly exist in the
spectra between T8-C and EX-T8-C fibers. The
C—C and C—OH groups are present on those two
fibers, but their contents differ. More important,
it can be seen that after synthesizing with the
PLA matrix, the —COOH group disappears and
is substituted for by a new group—that is, the
—COOH functionality has in some way been con-
sumed and converted into another functional
group during composite synthesis process, possi-
bly through an esterification reaction.28 The exact
reaction mechanism will have to be determined
by other surface analyses, including Fourier
transform infrared (FTIR) spectroscopy, nuclear
magnetic resonance (NMR), and Raman spectros-
copy, but without a doubt a chemical reaction

Figure 7 (Continued from the previous page)

374 WAN ET AL.



does occur at the fiber–PLA interfaces. Therefore,
it is reasonable to deduce that a chemical reaction
that has occurred at the fiber–PLA interfaces is
the main contributor to improvement in the in-
terfacial adhesion strength and the overall per-
formance for C/PLA composites.

There is greater reactive functionality
(—COOH) on the treated fiber surfaces than on
the untreated ones. In other words, more sites

exist to form chemical bonds per unit of surface
space for the treated fibers than exist for their
untreated counterparts, causing the treated com-
posites to exhibit stronger interfaces. As men-
tioned above, since van der Waals forces and di-
pole–dipole interaction are much weaker than
chemical bonds, the significant improvement in
interfacial adhesion strength and the obvious en-
hancement in overall mechanical properties for
the treated systems can be mainly attributed to
an increased level of chemical reaction.

CONCLUSIONS

1. XPS analyses demonstrate that a chemical
reaction between the carbon fibers and the
PLA matrix occurs during the composite
synthesis process.

Figure 7 (Continued from the previous page)

Table III Functional Groups of Different
Carbon Fiber Surfaces and Their Contents

Fibers COC COOH OCOOH New Group

UT-C 65.9 27.5 6.6 0
T8-C 63.9 21.1 15.0 0
EX-T8-C 54.8 23.1 0 22.1
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2. The degree of fiber-surface roughness in-
creases as the duration of oxidation treat-
ment increases. Increased roughness in the
form of crevices helps to a limited extent to
enhance fiber–matrix adhesion.

3. When treated with nitric acid, surfaces of
the carbon fibers exhibit an increased con-
centration of the reactive group (—COOH),
that is, the number of the bonding sites,
which significantly improve the adhesion of
carbon fibers to the PLA matrix via an in-
terfacial chemical reaction.

4. Surface treatment improves the overall me-
chanical properties of the C/PLA compos-
ites, which can be directly attributed to im-
provement of the fiber–matrix adhesion.
The improved interfacial adhesion strength
and the overall mechanical properties for
the treated C/PLA composite systems can be
mainly attributed to the increased chemical-
reaction level.
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