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Abstract

High-strength carbon fibers were treated with nitric acid and periodically analyzed by several different methods to
develop an understanding of overall property changes and how they relate to composite design. Fiber diameter, tensile
strength, surface morphology, surface chemistry and surface energy were all evaluated as a function of treatment time
and two distinct stages of change were identified; the first characterized by surface modification and the second by carbon
material loss. Initially, the tensile strength, degree of surface oxidation and surface energy all increased. The surface
oxidation consisted primarily of carbonyl and carboxylic acid types. Then in the second stage, both the tensile strength
and surface oxidation reached stable levels and the fiber diameter began to rapidly decrease. The surface morphology
and energy were the only properties that showed no obvious changes from one stage to the next. The surfaces were
found to be smooth through all treatment times and the energy increased steadily throughout. It is believed that the
variation of all of these properties is related to the fiber microstructure and how it varies through the cross-section of
high-strength fibers. Specifically, high-strength carbon fibers are known to have better microstructural organization and
alignment in the near-surface layer than within the interior.
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Introduction

Carbon fibers exhibit exceptional properties, such as
high stiffness and high specific strength, that make
them excellent reinforcements for composite materials.
However, the use of carbon fibers in composites is
problematic because their native surface is relatively
unreactive, leading to poor fiber/matrix interfacial
bonding.' > One method that is often implemented to
improve the reactivity of carbon fibers is oxidation,
which affects their surface morphology, tensile strength,
surface functional chemistry and surface energy.
Several different approaches are used to effect surface
oxidation and can be categorized into either dry oxida-
tion,*” wet chemical oxidation® ' or plasma treat-
ment.'" " In the following paragraphs, we consider
the effects of various oxidative treatments on the differ-
ent properties of carbon fibers.

Changes in surface morphology affect both fiber
strength and fiber/matrix mechanical bonding and in
turn, these changes lead to composite property changes.
High-strength carbon fibers, being very brittle,

are sensitive to material defects, both in their interior
and on the surface. Different oxidative treatments affect
the fiber surface morphology of carbon fibers in differ-
ent ways and to different degrees. For example, using
scanning electron microscopy (SEM) and atomic force
microscopy (AFM), Nohara et al. evaluated the sur-
faces of high-strength (Toray T-300) carbon fibers
after treatment with hydrochloric acid (HCI), nitric
acid (HNO3), as well as argon and oxygen plasmas.
They found that while HCI had a smoothing effect,
the other treatments roughened the surface by way of
longitudinal striations.'® Jain et al. also observed
changes in high-strength carbon fiber (Toray T-300)
roughness with HNO; treatment time as the fibers
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first became smoother and then exhibited pitting with
extended HNOj5 treatment times of up to 10h."

In addition to treatment type and exposure time,
changes in the surface properties also depend on how
the fiber is produced. High-modulus fibers, which are
heat-treated at higher temperatures, generally have
more organized microstructures than high-strength
fibers and respond to surface treatments differently.
Jain et al. showed differences in the response of the
two fiber types to HNO; treatment in terms of changes
in fiber tensile strength, surface roughness and compos-
ite material strength. Their high-modulus fibers (Toray
X-340) exhibited little strength change, while their high-
strength fibers (Toray T-300) exhibited a strengthening
during initial treatment times that was followed by sig-
nificant weakening with further HNOj; treatment times.
Overall, the high-strength fibers were much more
responsive to the HNO; treatment and they attributed
the initial observed strengthening to a smoothing of the
fiber surface and the subsequent strength losses after
prolonged treatment times to surface pitting."
Nohara et al. also observed fiber weakening with
increased HNO; treatment time on high-strength
(T-300) fibers but did not observe any strengthening
during the initial stages of treatment.'® Furthermore,
not only does the microstructure vary between fiber
types, it also varies within the fibers themselves. For
example, Diefendorf and Tokarsky showed that for
high-strength carbon fibers, the microstructure was
better organized and aligned near the outer surface,
or sheath, than it was in the interior regions.'® This
means that the material at the surface would be
expected to respond differently to treatments than the
inner material would if it was exposed.

The surface chemistry of a carbon fiber is also
important from a composites viewpoint because it
affects fiber interactions with the composite matrix
resin. Chemical fiber/matrix bonding allows for the
matrix to transfer loading to the stronger fibers, affect-
ing both composite strength and toughness. Because
fiber/matrix bonding is intimately dependent on the
nature of the chemical bonding, it is imperative to
know what functional groups are present on the surface
of the fiber and in what concentrations. X-ray photo-
electron spectroscopy (XPS) is commonly used to ana-
lyze carbon fiber surfaces as it provides an indication of
the extent of oxidation. For example, Nohara et al.
determined that wet chemical treatment with HNO;
produced a higher level of oxidation compared to
either hydrochloric acid, oxygen plasma or argon
plasma treatments.'® In theory, XPS can also be used
to discriminate between different surface group types by
using spectral deconvolution of the C(ls) region.
However, the unambiguous identification of different
functional groups on a fiber surface is often not

possible because the C(ls) binding energy peaks of
the different functional groups (e.g. hydroxyl, carbonyl
and carboxylic acid groups) lie too close together for
most XP spectrometers to fully resolve them. As a
result, different oxides that exhibit similar binding ener-
gies are often grouped together when C(1 s) regions are
deconvoluted. For example, Jang'” and Chang'® ana-
lyzed carbon fibers after oxygen plasma treatment and
found that the overall level of surface oxygen increased
significantly. The use of XPS peak-fitting techniques
was used to divide the spectral envelope into three dif-
ferent groups (hydroxyl/quinine, carboxylic acid/ester
and a COj/n—n* shakeup peak), but they did not
have sufficient resolution to quantify the individual
oxides.

In the formation of a robust composite, fiber wett-
ability also plays a vital role. If the matrix resin does
not completely wet the fibers, the composite suffers
from internal voids that reduce the amount of fiber/
matrix interfacial contact and this in turn creates
stress concentrations. Estimates of fiber wettability
can be ascertained by using individual fiber contact
angles to determine surface energies in accordance
with the methods described by Kaelble et al.'” In gen-
eral, it is believed that increases in surface energy lead
to improved fiber wettability. Surface energy, which is
composed of polar and dispersive components, has
been observed to change as a result of different fiber
treatments. For example, after oxygen plasma treat-
ment, Jang'” and Chang'® found that the polar surface
energy generally increased while the dispersive energy
decreased. The total surface energy, which is a linear
combination of the polar and dispersive components,
increased significantly, although they did observe
a slight reduction after prolonged plasma treatment,
a phenomenon they attributed to fiber pitting. Based
on the overall surface energy increase, they deduced
that the oxygen plasma treatment made the fibers
more wettable and that this increased single-fiber wett-
ability would translate into improved fiber/matrix wet-
ting in composites. A similar analysis is applied in the
present investigation for fibers treated with HNOj,
where the polar and dispersive contributions to the sur-
face energy are calculated by measuring contact angles
in different liquids.

Amongst these various treatment strategies, immer-
sion in heated HNOj; is known to be a very effective wet
chemical oxidation method,® '° but its exact effects on
fiber properties have not been fully elucidated, includ-
ing the effect of treatment time. Before a modified fiber
type is incorporated into a composite, it is important
that all of the treatment effects are understood and
quantified. Without developing this information, it is
difficult to understand the underlying causes of com-
posite property changes or develop improved fiber
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modification strategies. To address this issue, the focus
of this study has been to investigate the effects of HNO3
treatment time on the mechanical and surface proper-
ties of carbon fibers.

Materials

Two types of carbon fibers were analyzed. The first was
Hexcel Company’s unsized AS4 and the second was
Toray Industries’” T700, which came pre-coated with
type FOE sizing. The FOE designator describes the
sizing type, surface treatment and sizing amount.
Specifically, an oxidizing surface treatment was applied,
this sizing is compatible with vinyl ester and epoxy, and
the amount applied is 0.7%. Both fiber types qualify as
high-strength (Type II) and exhibit similar physical
properties (tensile strength, tensile modulus, strain at
break and density). By comparing similar fibers from
two different manufacturers, it helps to demonstrate
that the behaviors observed are not specific to one manu-
facturer’s fiber. The sized fiber (T700) represents what
can be commonly attained from manufacturers, while
unsized fibers are much more difficult to find. By com-
paring as-received sized fibers to HNOs-treated fibers,
one can ascertain whether advantages are gained over
what is typically acquired from manufacturers. Both
fiber types were subjected to oxidizing surface treatments
from the manufacturer, but due to diameter reductions
resulting from the treatments applied herein, the manu-
facturer treatments were not believed to have an effect on
the subsequent treatments applied in this study.
Concentrated HNOj (70%, NF grade) was used as the
oxidant. To quantify surface functional group concen-
trations, five chemicals were used in the three chemical
derivatization reactions: trifluoroacetic anhydride
(TFAA), trifluoroethyl hydrazine (TFH), trifluoroetha-
nol (TFE), di-tert-butylcarbodiimide (DTBC) and
pyridine.

Experimental methods
Fiber surface oxidation

Acid treatment was accomplished by wrapping fiber
tows around glass frames and securing them on the
ends with PTFE tape. To prepare the fibers for oxida-
tion, they were first subjected to a 2-h distilled water
wash at room temperature, followed by a 2-h drying
period at 120°C. Fibers were then oxidized to differing
degrees by immersing them in refluxing HNO; at
120°C. The degree of oxidation was controlled by vary-
ing the length of acid exposure time, which spanned
from 0 to 160min. After acid exposure, the fibers
were again washed repetitively in refreshed baths of
distilled water, until the pH of the wash water had

stabilized between successive water changes and was
within 0.1 of that of the pure distilled water.
Following the final wash, the fibers were subjected to
another 2-h drying period at 120°C and then stored
under vacuum with a silica gel desiccant until the trea-
ted fibers were characterized.

Fiber surface morphology and diameter

Fiber surface morphology and diameter were analyzed
by viewing and measuring fibers in a Quanta 200 (FEI
Company) SEM at 5000 times magnification. Images
were first acquired by SEM and measured with
Scandium® SEM image analysis software. Both fiber
types were analyzed in the same way and at least
10 samples were used to determine an average fiber
diameter for each HNOj; treatment time.

Fiber tensile strength

Fiber tensile strength was determined by testing single
filaments in accordance with ASTM D 3379-75 proto-
cols to determine the load at break. Average fiber diam-
eters for each treatment time were then measured by
SEM and the strengths were calculated by dividing the
loads by the average diameters. Both fiber types were
evaluated in the same way and at least 20 fibers were
tested for each HNOj; treatment time.

To test the tensile strength of an individual fiber, it
was first glued to a fixture, as shown in Figure 1. The
fixture was cut from paper and cyanoacrylate (super)
glue was used to attach the fiber. After allowing the
glue to dry, the fixture was placed into the grips of a
tensile-testing machine (aligning the grip ends with the
cross-hatched markings to assure alignment) and the
sides of the paper fixture were cut away so that only
the fiber was stressed during testing. A MTS 2N load
cell, mounted on a MTS Insight 1kN test stand, was
used at a crosshead speed of 0.5mm/min, which
resulted in a test time of approximately 1 min (as rec-
ommended by ASTM D 3379-75). ASTM D 3379-75
allows for gage lengths from 20 to 30 mm to be tested.
The 20 mm length was chosen because calibration tests
performed at this length provided the closest agree-
ment between untreated fiber strengths and the

4mmr | | —

Fiber

Figure |. Single-fiber tensile test fixture.
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manufacturers’ reported values (0.2 and 12 percent
variation for the AS4 and T700 fiber types,
respectively).

Fiber surface chemistry

Fiber surface chemistry was evaluated by a combin-
ation of XPS and chemical derivatization. XPS was
used to determine the overall amount of surface
oxygen, nitrogen and carbon on the fibers and chemical
derivatization was applied to quantify specific func-
tional groups (hydroxyl, carbonyl and carboxylic
acid). Both types of untreated fiber were analyzed, as
well as HNOs;-treated AS4 (unsized) fibers after 5, 20,
40, 80 and 160 min of treatment.

XPS analysis was carried out in a PHI 5400 (Ppas &
1 x 10" Torr). All XP spectra were acquired with a
non-monochromatic Mg K, (1253.6eV) X-ray source
operating at 15kV and 300 W. Elemental scans were
acquired using a pass energy of 178.95eV and a reso-
lution of 0.250eV/step. Binding energies were refer-

Vapor-phase chemical derivatization was conducted
in accordance with Langley et al.*’ TFAA, TFH and
TFE were used in separate reactions as derivatizing
reagents to determine the concentration of surface
hydroxyl, carbonyl or carboxylate groups, as described
in Figure 2, in conjunction with XPS compositional ana-
lysis. In each derivatizing reaction, fluorine-containing
reagents were chosen because of the high XPS cross-
section of fluorine atoms and the fact that fluorine in
not an indigenous element present on carbon fibers.

Fiber surface energy

Fiber surface energy was determined by the micro
Wilhelmy plate technique, as described by Kaelble
et al., which involves inserting and extracting single
fibers through test liquids and measuring the contact
forces.!” With these forces, contact angles were calcu-
lated using the equation described by Neumann and
Tanner* and Mozzo and Chabord?:

enced to the C—C/CH, component of the C(1 s) region 0_. Mg 1
centered at 284.5¢V.%° — arceos Cyry M)
o
]
/c\
OH o o CF,
| I —> |
= NN =0
NN Fe” 0~ TCF NS
hydroxyl Trifluoroacetic
Anhydride
(o] N CH,
v/ v/ 7/
\c/ H,N CH, \c/ \NH \CF3
& * \NI-I/ » CF &
N ’ 2
carbonyl Trifluoroethyl
hydrazine
O OH o CF
N\ /. CH, ptBc W\ O\
Cc Ve ~N ON — > c CH,
F.C Pyridine
S ¥ SN
carboxylic Trifluoroethanol
acid

Figure 2. Target surface oxides, derivatizing agents and surface products of the three derivatization reactions.
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where 6 is the advancing contact angle, M is the contact
force, C is the fiber circumference, y;; is the liquid-
vapor surface tension and g=980.6dyn/gm. The
micro Wilhelmy plate method is depicted in Figure 3.

Once 6 was determined, the Young-Dupre equation
was then applied to obtain the reversible work of adhe-
sion (W,):"°

W, = yry(l 4+ cosb) (2)

Using W, and the known polar (Kesesom-p) and
dispersive (London-d) properties of the test liquids, a
plot was generated whose slope and intercept corres-
ponded to the polar and dispersive energy components
of the fiber surface.'® For such analysis, at least two
different liquids that differ significantly in terms of
their polarity are required to assure that measurements
reflect the different contributions to the surface energy.
In light of this requirement, water (polar) and diiodo-
methane (non-polar) were chosen as test liquids in the
present investigation.

The fiber/liquid contact force was measured using a
CAHN DCA-322 Dynamic Contact Angle Analyzer
with WinDCA32 software. Five to ten separate fibers
were analyzed for each fiber surface condition (sized,
unsized and treated) and each fluid used (water and diio-
domethane). The CAHN DCA-322 electrobalance has a
sensitivity of £0.1 pug. The fiber circumference was
determined by measuring the diameter of each fiber
before analysis, using a Mitutoyo LSM-6200 Laser
Scan Micrometer. Two to three diameter measurements
were taken along the immersion length of each fiber and
averaged. Both types of untreated fiber were analyzed,
as well as HNOjs-treated AS4 (unsized) fiber after 40, 80,
120 and 160 min HNO; treatment times.

FIBER
4~ SUPPORT

\ CONTACT
; @ ANGLE

FIBER __

Liauip
SURFACE

Figure 3. Micro Wilhelmy plate method of measuring contact
angle.

Results
Fiber surface morphology and diameter

Irrespective of the HNOj treatment time, SEM analysis
revealed that major fiber surface defects were virtually
nonexistent. Intensive searches eventually yielded sur-
face flaws in a few cases, but they were rare and random
SEM spot-checks showed fibers that were almost
always completely smooth, except for gently rolling
grooves and striations that could be seen both before
and after HNOj; treatment. Figure 4 provides an exam-
ple of a flaw that was found after extensive searching
while Figure 5 shows the typical fiber surfaces. The few
flaws that were observed may have resulted from phys-
ical damage or fiber material irregularities that were
predisposed to acid attack. Fiber surface roughness
can affect both the fiber strength and composite fiber/
matrix bonding; increased roughness weakens fibers
through stress concentrations, but it also allows for
better mechanical bonding to the matrix. Based on
the lack of physical surface changes as viewed through
SEM analysis, neither fiber weakening nor improved
composite fiber/matrix mechanical bonding would be
expected.

Some carbon fiber treatment methods are known to
cause significant surface degradation that is easily view-
able by SEM,'%!'7!8 but that does not appear to be the
case in the present study. However, while the SEM
images revealed few observable changes in fiber surface
morphology, they did reveal significant reductions in
fiber diameter, especially at longer HNO; treatment
times, indicating that fiber volume was being removed.
Thus, Figure 6 shows a plot of the average AS4 (unsized)
and T700 (sized) fiber diameters as a function of HNO;
treatment time. A significant diameter reduction can be
seen in both fiber types with HNOj5 treatment times in

Figure 4. Example of a fiber flaw identified after extensive
searching (T700 (sized) — 160 min HNOj treatment).
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Figure 5. Carbon fibers at different stages of HNOj treatment: (A) AS4 (unsized) fiber, untreated, (B) AS4 (unsized) fiber, 40 min
treatment, (C) AS4 (unsized) fiber, 160-min treatment, (D) T700 (sized) fiber, untreated, (E) T700 (sized) fiber, 40 min treatment, (F)
T700 (sized) fiber, 160-min treatment.

excess of approximately 40 min, with the largest changes
observed after 160 min. At this longest treatment time,
the average T700 (sized) and AS4 (unsized) diameters
decreased by 8.4% and 9.1%, respectively (correspond-
ing to a fiber volume loss of 16.1% and 17.4%).

Thus, HNO; treatments appear to have a much
more significant effect on high-strength fiber diameter
than they do on the creation of surface flaws. Because
measureable changes in fiber diameter were observed
during acid treatment, it also becomes a necessary vari-
able to consider when evaluating the strength of these
fibers treated with HNOs.

Avg. Dia. = 6.91

.

e Avg. Dia. = 6.33
-

Fiber tensile strength

Although single fiber tensile testing provides an indica-
tion of fiber load at failure, diameter changes during
HNO; treatment must also be considered in order to
correctly evaluate fiber strength. Our results show that
with respect to HNOj treated fibers, it is not appropri-
ate to simply use the average diameter of the untreated
fibers, as is often done. Plotted as a function of HNOj
treatment time, Figure 7(a) shows the average fiber load
at failure, while Figure 7(b) takes the average fiber
diameter into account to determine average fiber
strength.
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Figure 6. Fiber diameter as a function of HNOj treatment time.

Based on failure /oad data alone (Figure 7(a)), the
conclusion would be that the fibers reach their peak
strength around 40 min HNOj treatment time, followed
by a decline in fiber strength for longer HNOj treat-
ment times. And if a constant fiber diameter was used
to calculate strength, the strength curve would mirror
this load curve trend. However, when fiber diameter
changes are considered as well (Figure 7(b)), it becomes
clear that the fibers attain an improved strength after
HNOj; treatment and that this enhanced strength
remains approximately constant for treatment times
in excess of 20 min. Thus, after an initial strengthening
in the early stages of treatment, fibers do not actually
lose any strength, they just lose cross-sectional area
with extended treatment times. The long-term increase
in strength was found to be approximately 20% and
15% for the T700 (sized) and AS4 (unsized) fibers,
respectively. However, it should be noted that while
both fiber types generally showed an improvement in
strength after most HNOj; treatment times, they also
exhibited a short-lived decline in strength for the short-
est (Smin) treatment time.

Fiber surface chemistry

Prior to HNOj treatment, the surface chemistry of both
the untreated AS4 (unsized) and T700 (sized) fiber types
was analyzed. After HNO; treatment, only the surface
chemistry of the AS4 (unsized) fibers was studied. The
primary reason for this decision was that the sizing is
not expected to significantly affect the fibers after
HNO; treatment because it is a thin surface layer that
is quickly removed by the acid. This is consistent with
the fact that the fiber strengths and diameters for both
the treated and untreated fibers show similar variations

with HNOj; treatment (see Figure 7(b)). Furthermore,
the sizing material composition is proprietary and
introduces an unknown variable, particularly with
respect to the detailed chemical surface composition.

AS4 (unsized) fiber surface chemistry. The surface compos-
ition of the AS4 (unsized) fibers was determined with
XPS before and after HNOj treatment by analyzing the
photoelectron peaks and integrating the peak areas. All
fibers contained carbon, oxygen and nitrogen. The lar-
gest change in chemical composition upon HNOj treat-
ment was an increase in the level of total oxygen
concentration, as shown in Figure 8 by the growth of
the O(1s) peak.

Although the inclusion of nitrates onto the surface is
plausible when HNOj is used as the oxidizing agent, the
XPS analysis shows that there is little change in the
overall nitrogen content of the fibers, even with
extended HNOj treatment time (Table 1). Thus, the
dominant chemical effect of HNO;3 treatment on sur-
face composition involves the introduction of polar
oxygen-containing functional groups onto the fiber
surface.

By analyzing the line shape of the C(1s) spectral
envelopes shown in Figure 8, it is possible to derive a
rough sense of the functional groups present on the
sample. For example, the 40 and 160 min HNOs-treated
fibers show a spectral feature centered around 288.5¢V,
indicative of photoelectrons from carbon atoms at the
surface in highly oxidized environments (e.g. carboxyl
or ester groups). The line shape and peak position in
the O(1s) region also evolves with HNOj; treatment
time, shifting to lower binding energies for longer
HNO; treatment times, representative of the formation
of more electron-rich oxygen species, such as COOH.
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Figure 7. (a) Average fiber load at failure as a function of HNOj treatment time. (b) Average fiber strength as a function of HNO3;

treatment time.

However, by using chemical derivatization, more
detailed and unambiguous information about the
nature and concentration of oxygen-containing func-
tional groups can be ascertained. Figure 9 shows the
results of the chemical derivatization experiments per-
formed in conjunction with XPS analysis that allowed
quantification of the relative concentrations of hydro-
xyl, carbonyl and carboxylic groups on native and
HNOg;-treated carbon fiber surfaces (see Figure 2 for
derivatization reactions).

The untreated, AS4 (unsized) fiber surface oxidation
consisted almost entirely of hydroxyl, carbonyl and car-
boxylic groups, with minimal “residual” oxides that

cannot be quantified with the chemical derivatization
strategies employed in this investigation. The
“residual” category has several possibilities, including
pyrones, lactones, anhydrides, esters and ethers,>* " as
well as oxides that are too closely located on the surface
to permit 100% derivatization (sterically hindered).
Analysis of Figure 9 reveals that HNOj; treatment
caused a gradual increase in both carboxylic acid
(COOH) and carbonyl (C =0) groups for HNO; treat-
ment times less than 40 min. For more prolonged treat-
ment times, their concentrations remained roughly
constant. Although the carboxylic acid group concen-
tration doubled compared to the value obtained for the
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Figure 8. XP spectra of the O (Is) and C (I s) regions of the (A) AS4 (unsized) untreated fiber, (B) AS4 (unsized) 5-min HNO;-
treated fiber, (C) AS4 (unsized) 40-min HNOs-treated fiber and (D) AS4 (unsized) 160-min HNOs-treated fiber.

Table I. Surface concentration of nitrogen atoms as
determined by X-ray photoelectron spectroscopy (XPS)
before and after HNOj3 treatment for AS4 (unsized) fibers.

Nitrogen surface concentration

5min 20 min 80 min
Untreated HNO; HNO; HNO;
Concentration (%) 2.6 2.0 2.3 1.9

untreated fiber and the carbonyl group concentration
tripled, the hydroxyl group concentration actually
declined. This suggests that in addition to grafting
new oxygen-containing functional groups, HNOjs also
converts existing oxides on the untreated carbon fiber
surface into more highly oxidized functional groups.
Figure 9 also shows that the “‘residual” oxide group
concentration initially increased but then decreased
for HNO; treatment times in excess of 40 min.

T700 (sized) fiber surface chemistry. The untreated T700
(sized) fibers differ significantly from the AS4 (unsized)

fibers in that they have a proprietary coating intended
to aid in the processing, handling and fiber/matrix
bonding of the fibers. Although the exact composition
of the coating is unknown, it is believed to be poly-
meric. As expected, the surface chemistry analysis of
the untreated T700 (sized) fibers yielded very different
results than that of the AS4 (unsized) fibers. Figure 10
compares their surface concentrations, determined
through XPS and chemical derivatization.

With respect to the surface concentration of hydro-
xyl, carbonyl and carboxylic acid groups, the untreated
T700 (sized) fibers are similar to the untreated AS4
(unsized) fibers but differ significantly in the overall
level of surface oxidation. Overall, the untreated T700
(sized) fibers have a much higher level of oxidation and
the majority of their oxides fall into the “residual’ cat-
egory, which cannot be characterized by our chemical
derivatization methods (i.e., they are not hydroxyl, car-
bonyl or carboxyl groups). Analysis of the C(1s) spec-
tral envelope for the sized fibers (data not shown)
suggests that ethers or esters are an important compo-
nent of these “residual’ oxides. Like the AS4 (unsized)
fibers, the T700 (sized) fibers also had a low surface
concentration of nitrogen atoms (1.4%).
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Figure 9. Surface oxygen functional group distribution of native and HNOj-treated AS4 (unsized) fibers as determined by chemical
derivatization in conjunction with X-ray photoelectron spectroscopy (XPS) analysis.

Surface Concentration (%)

T700 (sized)

AS4 (unsized)

Figure 10. Distribution of surface oxygen functional groups of untreated T700 (sized) and AS4 (unsized) fibers as determined by
chemical derivatization, used in conjunction with X-ray photoelectron spectroscopy (XPS).

Fiber surface energy

Fiber surface energy was evaluated for both the
untreated T700 (sized) and AS4 (unsized) fiber types.
After HNO; treatment, only the surface energy of the
AS4 (unsized) fibers was evaluated for the same reasons
mentioned above in the surface chemistry results section.
Namely, the sizing was not expected to significantly

affect the results because it should be rapidly removed
during HNO; treatment and the proprietary sizing
material introduces an unknown variable. This assertion
is also supported by the similar mechanical properties
and similar responses to acid treatment (e.g., surface
roughness, strength change and diameter change)
observed for both fiber types.
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Figure 11. AS4 (unsized) fiber surface energy (polar, dispersive and total) as a function of HNOj treatment time.

AS4 (unsized) fiber surface energy. HNOj5 treatment of the
AS4 (unsized) carbon fibers alters their surface energy
significantly. Polar, dispersive and total energies were
all affected as Figure 11 indicates.

From Figure 11, it can be seen that the polar and
dispersive energies were approximately equal on the
untreated AS4 (unsized) fibers (HNOj; treatment time,
t=0). The polar component of fiber surface energy,
vsv®, continually increased with HNO; treatment
time, from 26.0 dyn/cm up to a maximum of 47.8 dyn/
cm, and the dispersive energy, ysv®, showed the oppos-
ite trend, decreasing from 27.6 dyn/cm to 21.7 dyn/cm.
Even after the maximum treatment length of 160 min,
the surface energy had not stabilized. Despite the con-
tinued changes, a longer HNO; treatment time was not
pursued because this would have lead to substantial
losses in fiber diameter and carbon material. Simply
put, it is not believed to be practical from a composites
standpoint to purchase fibers and then remove a large
amount of their bulk before use, even if an increase in
surface energy can be attained.

The total fiber surface energy is the summation of
the polar and dispersive energies and in this case, it is
dominated by the polar component on HNO;-treated
fibers. As a result of changes in the polar energy, the
total fiber surface energy increased monotonically with
HNO; treatment time due at least in part to the add-
ition of the highly polar oxygen-containing functional
groups. It increased from 53.6 dyn/cm in the untreated
condition to 69.6 dyn/cm after 160 min of HNOj treat-
ment. According to existing wettability theories, the
increase in solid-vapor surface energy indicates that
these carbon fibers are likely to be more casily wetted
by matrix resins after HNOj; treatment.

Untreated T700 (sized) fiber surface energy. The differences
in the surface energy of the untreated sized and unsized
carbon fibers are shown in Figure 12. The untreated
T700 (sized) fibers had a slightly higher dispersive
energy and lower polar energy than the AS4 (unsized)
fibers. The T700 (sized) fiber’s total surface energy was
slightly less than that of the AS4 (unsized) fiber, but the
difference was minimal. Therefore, we would predict
that both the untreated sized and unsized fibers would
exhibit similar wettabilities.

Discussion

HNOj; treatment affects both the physical and chemical
characteristics of carbon fibers, which in turn will affect
the properties of composites made with these fibers.
Consequently, it is imperative to first understand how
treatment time affects the fiber characteristics, such as
size, strength, surface morphology, surface chemistry
and surface energy, so that resultant composite prop-
erty changes (i.e., fiber/matrix ratio, strength, fiber/
matrix mechanical and chemical adhesion, interphase
properties and void content) may also be understood.

Our results indicate that the length of treatment
plays a big role in what properties should be expected
from HNOs-treated high-strength carbon fibers.
Specifically, it was observed that fiber changes fall
into two regimes; the first characterized by surface
modifications and the second associated with carbon
material loss. During the first stage, surface changes
are directly evident through increasing concentrations
of oxidizing functional groups, as well as rising polar
surface energy and falling dispersive energy. Fiber
strength also increases during this stage, which may
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Figure 12. Untreated AS4 (unsized) and T700 (sized) fiber surface energy (polar, dispersive and total).

too be attributed to changes at the fiber surface. Then,
during the second stage of treatment, both the surface
chemistry and fiber strength stabilize, and the overall
fiber diameter begins to decline as bulk carbon material
is lost. The fiber surface energy, however, shows very
little change from one stage to the next, continuing on
its path of rising polar energy and falling dispersive
energy.

(i) Influence of HNOj; treatment on fiber strength

Fiber strength was found to increase with HNO;
treatment time up until about 20 min, at which time it
stabilized to a constant level. The observed fiber
strengthening is likely due to a couple different changes
that result from the HNOj; treatment: (a) removal of
the outer fiber layer, or sheath, which has different gra-
phitic structure than the core and (b) mitigation of
small-scale flaws.

One of the most obvious changes we observed with
HNO; treatment was reduced fiber diameters at
extended treatments times. In the context of composite
design, this diameter reduction may not be as signifi-
cant a problem as it first appears. In fact, it is actually
beneficial. Speaking purely in geometric terms, while
smaller fibers cannot individually support as large of
loads as bigger fibers can, they require less space and
allow for additional fibers to be packed into a given
volume. Indeed, a composite’s maximum fiber volume
fraction is independent of fiber diameter.>’ And when
looking beyond fiber geometry alone, it becomes appar-
ent that when you factor these diameter changes into
fiber strength calculations, the fibers actually become
stronger as a result of HNOj treatment. These diameter
reductions are not just a benign byproduct of HNO;
treatment, instead, they likely play a key role in the

mechanism of fiber strengthening. The graphitic struc-
ture of carbon fibers is not uniform. In fact, the outer
layer, known as the sheath, is significantly different
from the core, according to Diefendorf and Tokarsky,
who analyzed various carbon fiber types using X-ray
diffraction, electron diffraction, bright field microscopy,
dark field microscopy, replication electron microscopy,
SEM, optical polarized light microscopy and reverse
radio frequency sputtering. They found that the basic
structure of carbon fibers consists of rippled ribbons
that make up roughly parallel layers of basal planes
along the fiber axis. When considering PAN-based
fibers with similar moduli as those investigated herein,
they reported that the graphitic basal planes are much
better aligned in the near-surface sheath than in the
fiber interior. The graphitic ribbons of the core exhibit
much more irregularity. They can be folded, layered or
radial in structure.'® Naturally, one would expect the
outer, more aligned, layer to exhibit different physical
properties and acid resistance than the core.

The longer a fiber is heat-treated, the more orga-
nized and aligned the graphitic planes generally
become'>'® and it is believed that when a fiber is
allowed to cool with different graphitic organizations
in its core and sheath, it leads to a couple different types
of stress problems. First, the non-homogeneity in
material structure across the section leads to residual
stresses within the fiber.!® Furthermore, when such a
fiber is subjected to external force, a non-uniform
stress profile arises between the core and surface.'®*?
Diefendor and Tokarsky indicated that this variation in
axial preferred orientation will cause the outside sheath
to disproportionately carry more of the fiber load.'¢
Both the residual stresses and non-uniform stress pro-
file may contribute to fiber cracking and the associated
deterioration of tensile strength. Removal of this
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different outer layer by HNOj; exposure leads to a fiber
with more uniform microstructure across its section as
the less-organized graphitic structure of the core grad-
ually emerges at the surface. This, in turn, results in
lower residual stresses, more consistent loading across
the fiber and, ultimately, higher strength.

The variation in sheath material properties may also
help to explain the slower reduction in diameter
observed in the carly stage of HNOj exposure. The
outer, more highly organized graphitic layer is likely
more resistant to acid attack than the less-organized
core. Differences in the acid resistance between more
and less-organized graphitic structures may be better
understood through general comparisons between
high-strength and high-modulus carbon fibers.
Overall, high-modulus fibers are heat-treated longer
and consequently have more organized graphitic struc-
tures than high-strength fibers do.'>'® With increasing
moduli, the graphitic ribbons become thicker, straigh-
ter and better aligned along the fiber axis. One example
of these differences comes from Jain et al. who
compared the weight loss of both high-strength and
high-modulus carbon fibers after concentrated HNO;
exposure. They found that high modulus fibers are
generally more resistant to acid attack. After 15min
of exposure, their high-strength fibers lost 9% of their
weight, while their high-modulus fibers only lost 4.8%.
Furthermore, their high-modulus fibers ceased to lose
weight after 15 min of exposure, while the high-strength
fibers continued to break down. Their high-strength
fibers lost 18% of their weight by 1 h and completely
disintegrated within 5h of exposure.'> This illustrates
that HNOj resistance is highly dependent on the degree
of microstructural organization of the fibers. And as
Diefendorf and Tokarsky showed, the degree of organ-
ization varies between the sheath and the core in high-
strength carbon fibers.'®

We have discussed the differences in material proper-
ties in the outer fiber layer and how they may lead to
fiber weakening through residual stresses and non-
uniform stress distributions under load. Additionally,
just because we did not directly observe any surface
flaws on the untreated fibers with SEM, the likely
impact of small defects on as-received fiber surfaces
should not be completely discounted. Just because no
flaws were observed does not mean that flaws were not
present. It just means that no major flaws were found
that could be identified with the limited resolution
available with SEM analysis. In fact, using AFM,
which is capable of greater resolution than SEM,
Nohara et al. showed that as-received carbon fibers
can indeed exhibit small-scale surface roughness in
the form of grooves and striations. However, this also
depends on the nature of the fibers and some fiber types
will be rougher than others. Diefendorf and Tokarsky,

for example, showed that lower modulus fibers have nat-
urally smoother surfaces than high-modulus fibers do.

Based on the principal properties of high-strength
carbon fibers and the Griffith theory of fracture mech-
anics,” we do know that their strength is highly
dependent on flaws, and therefore one of the best indi-
cators of flaw existence may be the fiber strength itself.
And due to processing and handling during manufac-
ture and use, fibers would be expected to sustain some
sort of physical surface damage. Being a material of
very high strength and stiffness, carbon fibers naturally
have low fracture toughness, and the literature yields
several indications of their flaw sensitivity. First, the
strength of carbon fibers falls way short of theoretically
predicted values that suggest they should be able to
withstand up to 180 GPa. In actuality, the practical
strength of most fibers falls within the range of 3 to
20GPa.** In addition to physical surface damage,
flaw types may include, for example, inorganic inclu-
sions, organic inclusions, irregular voids from rapid
coagulation and cylindrical voids precipitated from dis-
solved gases.*?

Another convincing indication of the flaw sensitivity
of carbon fibers comes from their strength dependence
on gage length. Basically, longer fibers are weaker
because there is a higher probability that they contain
significant defects.*>* Relying on this premise,
Pickering and Murray statistically evaluated carbon
fiber strength/gage length relationships by applying
the two-parameter Weibull approach to weak-link
scaling.* Weak-link scaling is a statistical strength
prediction approach that is only applicable to brittle,
flaw-sensitive materials. It contends that if a material is
sufficiently flaw-sensitive, it can only be as strong as its
weakest link (i.e., worst flaw). They found that the
shorter specimens were, on average, stronger than the
longer ones, due to the lower probability of significant
flaws. Furthermore, we also directly tested this theory
and found this gage length/strength relationship to be
true for the untreated T700 (sized) fiber type. It exhib-
ited strength increases of 13% and 23% when the test
gage length was shortened from 30 mm to 25mm and
then from 25 mm to 20 mm, respectively. This test indi-
cates both that flaws did in fact exist on our as-received
fibers and that our fibers are subject to strength deg-
radation in their presence. And finally, as another
example of the flaw sensitivity of carbon fibers,
Ogihara et al. directly measured their fracture tough-
ness and not surprisingly, found it to be quite low.* By
notching individual fibers with focused ion beams and
then tensile testing them, they determined that the frac-
ture toughness was only 1.0-1.6 MPaVm, implying
that they are very flaw sensitive indeed.

Another indication that flaw mitigation could still be
partly responsible for our strength improvements is
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that some other researchers have reported smoothing of
existing carbon fiber surface flaws with HNOj treat-
ment. Although the response to HNOj treatment
depends on the microstructural nature of the fibers
and some authors have contrarily found that HNO;
treatment leads to increased roughness,'®!” the works
of Donnet et al., Jain et al. and Pittman et al. demon-
strated the potential smoothing effect of HNOj treat-
ment. After boiling high-strength carbon fibers in
HNO; for 24h, Donnet et al. observed significant
smoothing of the surface irregularities that they had
initially identified on untreated fibers. They also noted
that the fiber-specific surface area (surface area per unit
mass) had decreased, which they believed to be an indi-
cation of flaw removal.!' Similarly, Jain et al. also
noticed fiber surface smoothing after 15 min of reflux-
ing concentrated HNOj treatment, which they believed
led to fiber strength increases of 30%."> And like the
observations reported herein, Pittman et al. observed
smooth fiber surfaces with SEM analysis at all stages
of HNO; treatment.>®

Finally, it should also be pointed out that it is
important to simply consider the diameter reductions
when measuring and calculating the strength of treated
fibers. Assuming that the fiber diameter does not
change after extended HNOj treatments will lead to
conclusions of lower-than-actual strength. Although
several researchers have measured the strengths of
fibers after various surface treatments, very little refer-
ence to the effect of diameter changes on tensile
strength determinations was found in the literature.
The only references found regarding bulk material
loss came from Donnet et al. and Jain et al.,, who
both noted that their high-strength fibers lost up to
32% of their weight during extended HNO; treat-
ments.'""'> They did not specifically report any diam-
eter changes, but the weight loss suggests material
removal. Other researchers have reported strength
losses with HNOj treatments, but they did not indicate
whether they considered diameter changes when calcu-
lating strengths. It is common to use the average diam-
eter of the untreated fibers for all strength calculations,
assuming that the diameter change is negligible after
treatment. For example, while Jain et al. initially
observed a strength increase (30%) at their shortest
treatment time (15min), all of their subsequent treat-
ment times led to strength reductions.'® Furthermore,
both Nohara et al.'” and Donnet et al.'' reported fiber
strength losses only, without ever observing any
increases. It was shown herein that diameter change is
significant with HNOj; treatment and should be con-
sidered for post-treatment strength calculations.
If Jain et al., Nohara et al. and Donnet et al. used the
typical diameter of the untreated fibers for all of their
strength calculations, which is commonly done,

diameter reduction may help to explain the weakening
they observed with treatment. By factoring the diam-
eter reductions into their strength calculations, they
may have seen less weakening or even strength stabil-
ization, like that observed herein.

The strengths of the fibers investigated herein were
found to increase through the first stage of treatment
and then stabilize. The strengthening and more import-
antly, the stabilization of fiber strength, suggests modi-
fication of the outer layer. This most likely is a
combination of the mitigation of small surface defects,
along with the removal of the outer sheath layer, which
has different material properties than the core. Our
hypothesis is that once the organized outer layer has
gradually been removed and the surface flaws mini-
mized, the physical properties of the fiber remain lar-
gely unchanged through extended treatment times,
except for diameter reduction as the less-organized
graphitic structure of the core is exposed to acid attack.

(i1) Influence of HNO; treatment on surface chemistry
and surface energy

Significant increases in carbonyl and carboxylic
acid concentrations were seen during the first stage
of treatment, as well as an increase in the polar sur-
face energy. As carbonyl and carboxylic acid groups
are both polar, increases in polar surface energy are
expected. On the other hand, dispersive energy was
found to decrease with treatment time, which can
also be explained by the increase in surface oxidation.
Dispersive surface energy depends on how easily the
atoms or molecules are polarized and increased oxida-
tion leads to more electronegative oxygen atoms that
are known to have lower polarizability.’” However,
while the overall surface energy increases observed
for relatively short HNO; treatment times can be
attributed to surface chemistry concentration changes,
later increases cannot; after approximately 40 min, the
chemical concentrations of the carbon fiber surface
stabilized, but the total surface energy continued to
increase.

To understand this phenomenon, it is important to
refer to the work of Pittman et al., who observed simi-
lar behavior.*® Using angle-resolved XPS (ARXPS),
they found that the O/C ratio on HNOj;-treated
carbon fibers initially increased and then stabilized,
much like that seen herein. However, when applying
wet chemistry methods (NaOH uptake) to determine
the total quantity of acidic functions on the fiber sur-
faces, they found a continuous increase without stabil-
ization for prolonged treatments (90 min). They
attributed these differences to increasing surface area
caused by the formation of very small pores and cre-
vasses on the fiber surface. These micropores, they
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argued, did little to change the O/C ratio once it stabi-
lized, but did increase the available surface area so that
more functional groups could form and be available for
NaOH uptake. Thus, the overall quantity of functional
groups increased, while the surface density and, there-
fore, surface O/C ratio stayed the same. They continued
their experiments by measuring surface area changes.
Using adsorption of a dye of known molecular size
(Methylene Blue) as well as BET adsorption, they did
indeed conclude that the surface area increased with
treatment time. Therefore, the behavior we observed
(stabilizing O/C ratio and continuously increasing
polar surface energy) could also be attributed to micro-
pore formation. As more surface area becomes available,
and the functional group quantity increases, the polar
surface energy also increases, despite the fact that the
density (O/C ratio) of oxidized groups remains the same.

The existence of surface pores and subsurface voids
has been suggested by others as well. For example,
Donnet et al.,*® Bobka et al.*® and Pallozzi*® all dis-
cussed their existence, indicating that they believed
them to be dependent on how the fibers are heat-
treated. Specifically, fibers treated at lower tempera-
tures (high strength fibers) are believed to have
less-organized microstructures and higher levels of
micropores and voids.>® This is in accordance with
Diefendorf and Tokarsky, as well as Jain et al., who
also argued that high-strength fibers, which are less
heat-treated, have less overall organization in their
microstructures  than  high-modulus  fibers.'>'
Furthermore, as has already been pointed out,
Diefendorf and Tokarsky also showed that carbon
fiber microstructure varies across the section, with
interiors having a less-organized structure than the
outer sheath. Therefore, it makes sense that they
would contain more voids nearer to their centers and
the removal of the sheath and subsequent HNOj5 ero-
sion would lead to the gradual exposure of more voids.

Another factor to consider when evaluating surface
energy is the impact of surface pores on the circum-
ference of the carbon fibers. Equation (1), which is
used to calculate the contact angles between the test
liquids and fibers, makes use of the fiber circumfer-
ence. Typically, this circumference is determined by
directly measuring fiber diameter with SEM, laser
scan microscopy or some other method, assuming
that the fiber is a smooth cylinder, and then calculat-
ing it. However, fibers with surface porosity may actu-
ally have slightly larger perimeters than their
diameters would indicate and this, in turn, may
affect the calculated contact angle and surface
energy, to some degree. Specifically, consideration of
the additional circumference from surface pores would
lead to the calculation of slightly higher contact angles
and lower surface energies.

The opening of surface pores with treatment may at
first seem to be in conflict with the idea that acid treat-
ment removes surface flaws and consequently improves
fiber strength. The pores coming to the surface may be
considered to be flaws. However, micropores and voids
are likely to be very different from surface flaws that
result from physical damage and abrasion. It is well
known in engineering that irregular flaws with sharp
edges, such as those sustained from surface damage,
are much more detrimental to material strength than
those with smooth or rounded edges. It is possible that
opening small, rounded pores could provide additional
surface area to graft more functional groups, while
having minimal impact on fiber strength. These micro-
pores may either be below a critical flaw size or suffi-
ciently round and uniform so that they are not the
dominant factor in strength, with failure first occurring
due to other causes, such as other, more significant,
material imperfections or inclusions. Furthermore, if
these pores result from the surface exposure of internal
voids and inclusions that already existed within the
fiber, only moderate strength changes would be
expected from their exposure to the surface. Again, it
is believed that most of the strength gains result from
the removal of irregular surface flaws and the differ-
ently-organized sheath material, not from just exposing
internal pores to the surface.

It is not likely a coincidence that fiber diameter
begins its drastic decline at the same time as the surface
oxygen concentration reaches a plateau (Figure 13).
It appears that the initial stages of fiber treatment are
dominated by the formation of surface functional
groups and when the oxidation concentration reaches
a maximum, more significant material removal ensues
due to chemical etching of the well-organized fiber
sheath layer. At this point, more significant fiber diam-
eter reduction begins, and this reduction is likely
accompanied by the process of continuously opening
micropores in the less-organized fiber core material.

Another interesting point in support of microstruc-
tural change from the sheath to the core is that the rate
of material removal does not occur as one might expect.
For a cylindrical shape, it would be expected that the
rate of material volume loss would decrease along with
the diameter (due to decreasing surface area), but the
rate of diameter reduction itself would be constant.
However, the rate of diameter reduction was observed
to increase with HNOj; treatment time. It would appear
that as material removal progresses toward the center
of the fiber and the degree of graphitic organization
declines, the rate of acid attack increases.
Furthermore, the exposure of less-organized interior
microstructure may present increased amounts of
micropores, providing even greater surface area for
acid attack.
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Figure 13. Comparison of the changes in surface composition (right y-axis) and diameter (left y-axis) of AS4 (unsized) fibers as a

function of HNOj; treatment time.

Conclusions

This study evaluated several properties of high-strength
carbon fibers as a function of exposure time to HNO3,
including surface morphology, surface chemistry, sur-
face energy, fiber diameter and tensile strength. It was
observed that property changes occurred in two distinct
stages. The first stage was characterized by increasing
fiber strength and surface oxidation, which primarily
consisting of carbonyl and carboxylic acid groups.
During the second stage, both the fiber strength and
surface chemistry stabilized, but the fiber diameter
began to drastically decline in an accelerating manner.
No significant concentrations of surface defects were
observed via SEM at any stage, including on the as-
received fibers. The only property that changed but
did not appear to do so in two separate stages was
the surface energy. The polar component steadily
increased while the dispersive component decreased
throughout the entire treatment time. The total surface
energy was driven primarily by the polar energy and
therefore also consistently increased.

It is believed that all of the properties evaluated are
strongly dependent on the microstructure of the fibers.
Specifically, high-strength carbon fibers are known to
have different degrees of microstructural organization
in the core material versus the outer layer, or sheath,
which is better organized and aligned along the fiber
axial direction. This material variation across the fiber
section leads to reduced tensile strength through the
creation of residual stresses within the fiber and non-
uniform stress profiles under load. Therefore, removing

it leads to improved fiber strength. Additionally,
removal of the outer layer may also eliminate any
strength-degrading surface flaws.

Acid degradation of the fiber is exceedingly slower
during the first stage of treatment than in the second,
which may have a couple different explanations. First,
because the outer material layer has better microstruc-
tural organization, it is likely more resistant to acid
attack. The second explanation stems from the fact
that major diameter reduction did not begin until sur-
face oxidation levels neared their maximums. It appears
that chemical modification takes precedence over
material removal in the first stage, and when that com-
pletes, more significant material loss ensues.

In the second stage of treatment, after the strength
and surface chemistry stabilized, the diameter reduction
accelerated towards the fiber center as less-organized
material was increasingly exposed. The less organized
interior material aids diameter reduction because it is
more vulnerable to acid attack, but it also likely has an
effect on the surface energy. Once the surface oxidation
stabilized in the first stage, the surface energy would
also be expected to stabilize, but it did not. Instead, it
continued to steadily increase. This may be explained
by the exposure of micropores contained within the
increasingly disorganized graphitic structure in the
core of the fiber. Without changing the overall surface
functional group density (O/C ratio), they add surface
area to support increasing surface energy. And because
the micropores are associated with disorganized graph-
itic structure, more become available as the diameter is
reduced to expose the less-organized core.
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From a practical viewpoint, the importance of fiber
property changes lies in how they will affect composite
properties. For example, fiber/matrix adhesion is of
great importance to composites because it allows the
matrix to transfer loading to the stronger fibers.
Although they possess excellent mechanical properties,
untreated carbon fibers lack the ability to sufficiently
chemically bond to the matrix or to coupling agents,
leaving their potential mostly unrealized. However,
HNO; treatment drastically increases carbonyl and car-
boxylic acid surface concentrations, making chemical
bonding a much more likely possibility. Indeed, the
identification of the concentration and distribution of
functional groups introduced by HNO; treatment will
help to improve composite engineering, as fiber surface
bonding can be better predicted and understood. Fiber
wettability (surface energy) is also important from a
composites perspective because incomplete wetting
leads to composite voids that create stress concentra-
tions and prevent complete fiber/matrix bonding. Total
surface energy increased with HNOj treatment, sug-
gesting that fiber wettability should improve.
However, caution should be exercised because these
tests only evaluate the wettability of single fibers.
Other factors may play a role when moving to multi-
ple-fiber composites, such as fiber/fiber interactions.
Highly reactive and energetic fiber surfaces will likely
cause interactions between fibers, as well as between the
fiber and matrix, which may draw the fibers together
and make wetting by high-viscosity resin more diffi-
cult.*! High tensile strength is one of the most appeal-
ing properties that carbon fibers exhibit and it was
shown herein that it may be further improved through
HNOj; treatment. The combination of good wetting,
strong interfacial bonding and improved fiber strength
translates into the possibility of stronger, more durable
carbon fiber composites.
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