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ABSTRACT: A rapid, dual-stabilization route for the production of carbon fibers from polyacrylonitrile (PAN) precursor fibers is
reported. A photoinitiator, 4,4’-bis(diethylamino)benzophenone, was added to PAN solution before the fiber wet-spinning step. After
a short UV treatment that induced cyclization and crosslinking at a lower temperature, precursor fibers could be rapidly thermo-
oxidatively stabilized and successfully carbonized. Scanning electron microscopy micrographs show no deterioration of the micro-
structure or hollow-core formation in the fibers due to UV treatment or presence of photoinitiator. Fast-thermally stabilized pure
PAN-based carbon fibers show hollow-core fiber defects due to inadequate thermal stabilization, but such defects were not observed
in carbon fibers derived from fast-thermally stabilized fibers that contained photoinitiator and were UV treated. Tensile testing results
confirm that fibers containing 1 wt % photoinitiator and UV treated for 5 min display higher tensile modulus than all other sets of
thermally stabilized and carbonized fibers. Wide-angle X-ray diffraction results show a higher development of the aromatic structure
and molecular orientation in thermally stabilized fibers. No significant increase in interplanar spacing or decrease in crystals size were
observed within the UV-stabilized carbon fibers containing photoinitiator, but such fibers retain a higher extent of molecular orienta-
tion when compared with control fibers. These results establish for the first time, the positive effect of the external addition of photo-
initiator and UV treatment on the properties of the PAN-based fibers, and may be used to reduce the precursor stabilization time for
faster carbon fiber production rate. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40623.
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INTRODUCTION the conditions used during stabilization lead to most of the
final carbon fiber properties.”'® Also, thermal stabilization is
the rate-limiting step in the production of PAN-based carbon
fibers."!" During thermo-oxidative stabilization, heat is pro-
duced by exothermic reactions and a temperature gradient is
generated within the fiber due to the low thermal conductivity
of PAN-based precursors (~0.26 W m~ ! K Y. The dis-
sipation of this energy is very important and the energy genera-
tion can be controlled using slow heating rates during the
thermal stabilization of the PAN-precursor fibers making this
process the most time consuming step during the thermal treat-
ment of the fibers.'*'> Simultaneously, postdrawing of fibers
must be performed to collapse the voids and to increase molec-
ular orientation.>'®'” However, this orientation is partly lost
due to molecular relaxation processes that occur when the PAN
For the conversion of PAN into carbon fibers, thermal oxidative  precursor fibers are heated up to 300°C during the stabilization
stabilization and carbonization steps have to be conducted.>”®  step. Additional stresses must be applied during stabilization
The thermal stabilization process is believed to be the most and carbonization steps in an attempt to regain the molecular
important step during the carbon fiber manufacture, because  orientation. This strategy results in carbon fibers with high

High-strength carbon fibers used in structural composites for
aerospace applications are derived from solution-spun polyacry-
lonitrile (PAN) precursor fibers.'" However, the higher cost of
carbon fibers, as compared with that of other reinforcing mate-
rials (viz., glass fibers), limits their use for the high-end applica-
tions where strength-to-density ratio is critical.”> The demand
for carbon fibers is expected to grow to about 150,000 t over
the next decade from current demand of 40,000 t. However, a
large fraction of the increase is anticipated in the industrial sec-
tor that is cost sensitive.® For cost-effective products, such as
automotive application, there is a need for the development of
novel processes and precursors to reduce the carbon fiber pro-
duction cost and expand the use of carbon fibers.

© 2014 Wiley Periodicals, Inc.
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strength, but the limited molecular orientation prevents the
fibers from developing an ultra high modulus.*'®'"? There is a
need for the development of novel processes that allow the
acceleration of these exothermic reactions in a controlled man-
ner to avoid fiber degradation and retain molecular orientation.

PAN-based terpolymer containing a photosensitive comonomer,
such as acryloyl benzophenone, has been investigated and suc-
cessfully converted into carbon fibers as reported in our prior
studies.>” In addition, polymerization and stabilization reac-
tions are known to proceed faster and at lower temperatures
when initiated by UV radiation."”™" In recent studies, on
solution-cast PAN films and wet-spun PAN fibers, we estab-
lished that it is possible to start cyclization and crosslinking
reactions associated with thermal stabilization at lower tempera-
tures by the external addition of a small amount (1 wt %) of
photoinitiator. Subsequent UV exposure at lower temperatures
led to a reduction of the conventional thermal stabilization
time.”® Fibers containing photoinitiator added externally into
the polymer solution prior to wet-spinning (i.e., without incor-
porating photoinitiator into the polymer chain itself) were suc-
cessfully wet spun. After further UV treatment, fibers
containing photoinitiator showed higher tensile modulus and
molecular orientation as compared with pure UV-treated and
pure control fibers.”! However, the capability of these fibers to
withstand further thermal stabilization and carbonization,
including accelerated heating rates, and the properties of such
fibers after each thermal treatment step remain unaddressed.

Therefore, the overall goal of this research was to study the
effect of the addition of photoinitiator and further UV exposure
on the properties of the resulting PAN-based stabilized and car-
bonized fibers. The addition of photoinitiator and further UV
treatment is investigated here as an alternative route to reduce
the thermal stabilization processing time.

EXPERIMENTAL

Materials

Polyacrylonitrle homopolymer with a molecular weight (M,,) of
233,000 and a glass transition temperature (Tg) of 125°C was
used throughout this study. This PAN homopolymer was
obtained from Scientific Polymer (Ontario, NY). 4,4'-Bis(diethy-
lamino)benzophenone (denoted as BDP) was the photoinitiator
used in this study and its chemical structure is shown in Figure
1. This photoinitiator generates free radicals by hydrogen
abstraction and has UV absorbance peak at 378 nm in the UVA
region (320-390 nm).>?>* The solvent used in this work was
dimethyl sulfoxide (DMSO). Photoinitiator and solvent were
obtained from Sigma-Aldrich (Aldrich Chemical Company, Mil-

(BDP) <‘3‘
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Figure 1. 4,4'-Bis(diethylamino)benzophenone (denoted as BDP) used
throughout the study.
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waukee, WI). Also, a standard silicon powder reference material
was used for line position and line shape during X-ray diffrac-
tion studies (NIST reference material® 640d).

Fiber Spinning

PAN-precursor and photoinitiator were dissolved in a 99:1 mass
ratio in DMSO at 70°C. The amount of polymer in solution
was kept at ~16 wt %. Fibers were spun from solution using a
custom-built wet-spinning unit fitted with a spinnerette that
had 100 holes nominally 68 um in diameter. A volumetric flow
of 0.6 mL min~' was maintained during the spinning of the
fibers. The coagulation bath consisted of 70 wt % DMSO/30 wt
% distilled-deionized water. After the coagulation bath, the sol-
idified fibers were passed through a distilled-deionized water
washing bath maintained at ~20°C. The effective length of the
coagulation and washing bath were 40 and 80 cm, respectively.
A draw down ratio of ~1.2 was used during the wet-spinning
of the PAN-based fibers. The as-spun fibers were placed in an
oven and dried at 70°C for about 24 h. Next, the fibers were
poststretched in a distilled-deionized water bath maintained at
~80°C. The effective length of the poststretching bath was 80
cm. A draw down ratio of ~3.0 was used during the post-
stretching step. Pure PAN fibers as well as fibers containing 1
wt % of photoinitiator, with an average effective diameter of
~12 pm, were thus produced and used as the precursor fibers
throughout this study.

UV-Treatment of Fibers

The fibers were irradiated with a modified Nordson 4.5 kW UV
curing lamp (Model 111465A). A mercury (Hg) arc bulb (model
PM1163) was used throughout this work. Such UV sources are
available commercially and used to provide a broadband output
distribution in the four UV regions.'”*** The chamber was
modified to provide temperature control and the experiments
reported in this study were all conducted at approximately
150°C. The intensity of this bulb was measured using a high
energy UV radiometer (model PP2000, Electronic Instrumenta-
tion and Technology). Intensity values of approximately 0.228,
0.196, 0.032, and 0.095 W cm™ 2 were measured for the UVA,
UVB, UVC, and UVV ranges, respectively. Fiber tows approxi-
mately 10 in. long were irradiated for 300 s. The bundle of fibers
was held under approximately 0.1 g denier ' of tension during
the UV treatment. The distance between the samples and the UV
source was kept constant at approximately 20 cm.

Thermal Treatment of Fibers

Fiber bundles were thermally stabilized in air atmosphere using
a heating rate of 2.5°C min~' from 25 to 300°C, and held there
for 30 min. Tension was applied to the samples during thermal
oxidation by dead-weight loading. A tension of 0.1 g denier '
was applied at temperatures below 200°C, and 0.05 g denier™'
above 200°C. As indicated in earlier studies, the external addi-
tion of small amounts (~1 wt %) of photoinitiator followed by
a short (5 min) UV treatment increased the rate of the cycliza-
tion reaction.”®*' Based on these results, UV-treated fibers with
photoinitiator were placed in a preheated oven at 225°C and
rapidly heated. Then, using a heating rate of 2.5°C min~', the
fibers were heated to 300°C and held there for 30 min. A ten-
sion of 0.05 g denier ' was applied on these samples. Note that
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the total duration of this fast-thermal stabilization step was only
60 min, which was less than half of 140 min used for the
“control” thermal-only stabilization step.

Thermally stabilized fibers were then carbonized under a ten-
sion of 0.07 g denier ! in an inert environment (helium).
This was accomplished by dead-weight loading using a
custom-designed graphite fixture, which could be mounted
inside of a graphite furnace ASTRO HP50-7010. Heating rate
of 10°C min~' was used to a maximum temperature of
1200°C, and the fibers held at 1200°C for 1 h. All UV-treated
and thermally stabilized and carbonized samples were com-
pared against three types of control fibers. The first two con-
trols consisted of only thermally stabilized pure PAN fibers
and non-UV-treated fibers but containing photoinitiator. The
third control consisted of fast-thermally stabilized pure PAN
fibers without UV treatment. These controls were produced
to confirm that the improvement in the mechanical properties
and the reduction in the thermal stabilization time are due to
the combined positive effect of the presence of photoinitiator
and UV treatment of the samples.

Characterization

Morphological analysis of fibers was conducted by scanning
electron microscopy (SEM) with a Mitsubishi 4800 SEM unit.
To retain the original cross-section shape and other physical fea-
tures, the fibers were cryofractured in liquid nitrogen. To deter-
mine the effective diameter of the fibers, Image-Pro Plus 7.0
(Media Cybernetics) analysis software was used to measure the
cross-section area of each type of sample. The effective diameter
calculated from these area measurements is reported only as a
reference. At least 40 cross-section areas were measured for each
type of fiber.

A PHOENIX single filament tensile testing unit (Measurements
Technology) was used to measure the mechanical properties of
the different fibers types produced along this work. The single
fibers were mounted on 25 mm paper tabs. At least 20 samples
per type of fiber were prepared and tested.

Wide-angle X-ray diffraction (WAXD) analysis was conducted on
bundles of fibers using a Rigaku-MSC (Houston, TX) X-ray dif-
fraction unit. The X-ray source was operated at 45 kV and 0.65
mA. The X-ray diffraction pattern was captured on an image
plate and the images were analyzed using Polar software v2.6.7
(Stonybrook Technology and Applied Research, STAR). The curve
fitting of the spectra was done using OriginPro 7 (v7.0383, Ori-
ginLab Corporation). The unit generates a collimated X-ray
beam with a wavelength of 1.5406 A (Cu target) and a diameter
of ~0.5 mm. The distances between the X-ray source and sample
and the sample and the image plate detector were approximately
70 and 12 cm, respectively. Each bundle of fibers was mounted
on a 10-mm paper tab and sprinkled with NIST-grade silicon
standard powder for accurate allocation of 26 position. The expo-
sure time per sample was 2 h. Plane spacing and crystal size were
calculated using the equations below:

A=2d sin 0 (1)
1 4 (KP+hk+k\ P
23\ @ Jta @
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B*=B,—B; (4)

"

where A corresponds to the wavelength of the X-ray beam, d
the distance between adjacent planes in the set (hkl), 0 the angle
of incidence of the X-ray beam, and a and ¢ are the lattice
parameters of the hexagonal crystal. Further, I, and . are the
crystal size, B the corrected full width at half-maximum [(full-
width-at-half-max (FWHM)] intensity of the spectrum peak
(on the 20 scale), and By, the measured FWHM. B, the system
broadening, was determined by the silicon standard. Equation
(1) corresponds to Bragg’s law and eq. (2) corresponds to the
lattice geometry equation for hexagonal crystal structure
observed in PAN-based precursors and final carbon fibers.
Equations (3) and (4) were used to calculate crystal size. Equa-
tion (3) corresponds to Scherrer formula. Warren’s broadening
correction, eq. (4), was used to correct the system broadening
on each WAXD scan.?®* Also, conversion or aromatization
indices were determined on thermally stabilized fibers using the

following equation used in prior literature studies:*"**?>
A
Conversion index (%)= i ‘:Ap X100% (5)

where A, is the area of the peak associated with the aromatic
structure around 20 value of 25° and Ap correspond to the area
of the (1 0 0) crystal peak of PAN at 20 = 17°. In addition, the
Rigaku-MSC diffractometer is capable of measuring the orienta-
tion of the crystal in the fibers. These azimuthal intensity scans
were measured for the most prominent peak of the initial PAN
precursor and final carbonized fibers, which are the (1 0 0) and
(0 0 2) peak, located at approximately 17° and 25°, respectively.

RESULTS AND DISCUSSION

Influence of UV Radiation and Photoinitiator: Thermally
Stabilized Fibers

Morphology. Figure 2 displays representative SEM micrographs
of thermally stabilized PAN fibers with and without photo-
initiator. Figure 2(a,b) correspond to pure PAN fibers and those
containing 1 wt % BDP, respectively. Figure 2(c,d) are represen-
tative micrographs of pure and 1 wt % BDP-PAN fibers, respec-
tively, both UV treated. These first four specimens were
conventional-thermally stabilized (140 min duration). Figure
2(e,f) correspond to pure non-UV-treated fibers and 1 wt %
BDP-PAN UV-treated fibers, respectively. These two specimens
were fast-thermally stabilized (60 min duration), as described in
the experimental section. As observed from the micrographs, all
fibers retained the characteristic kidney shape of wet-spun PAN-
based fibers.»®*® The effective diameter of pure and 1 wt %
BDP PAN fibers were 9.0 = 0.2 and 8.9 £ 0.1 pm, respectively.
At 95% confidence level, there was no significant difference
between the effective diameters among the different samples. In
addition, no noticeable deterioration or change in the micro-
structure of the UV-treated fibers containing photoinitiator was
observed when compared with pure control fibers. Thus, the
presence of photoinitiator and further UV treatment do not sig-
nificantly affect the morphology of the fibers. Another impor-
tant observation is that the UV treatment of the fibers did not

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40623



http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

WILEYONLINELIBRARY.COM/APP

Figure 2. Representative SEM micrographs of thermally stabilized PAN fibers with and without photoinitiator: (a) pure PAN fibers, (b) fibers containing
1 wt % BDP, (c) pure UV-treated PAN fibers, (d) 1 wt % BDP PAN UV-treated fibers, (e) fast-thermally stabilized pure PAN fibers, and (f) fast-

thermally stabilized UV-treated 1 wt % BDP PAN fibers.

lead to any obvious hollow-core structure formation in any of
the UV-treated fibers. Such structure is undesired because it
leads to poor quality (mechanical properties) of the stabilized
and carbonized fibers,>*!' !4

Mechanical Properties. Figure 3 displays representative tensile
response of various fibers. Figure 3(a) corresponds to
conventional-thermally stabilized non-UV-treated and UV-
treated pure PAN fibers as well as non-UV-treated fast-thermally
stabilized pure PAN fibers. Figure 3(b) is for the same treatment
conditions but for fibers containing 1 wt % BDP. The limit of
linear proportionality was approximately 1% for all samples.

300 —
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v
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Table I summarizes the tensile testing results conducted on sin-
gle filaments. These tensile properties of the PAN fibers are con-
sistent with those reported in the literature for experimental
grade PAN fibers: 3-10% for the breaking strain, 0.1-0.5 GPa
for strength, and 3—15 GPa for tensile modulus.*>%'>**

Tensile properties presented in Table I indicate that there are sig-
nificant differences (at 95% confidence), in the breaking strain
and ultimate tensile strength between pure and 1 wt % BDP
fibers. The presence of photoinitiator reduces the elongation
capabilities of the non-UV-treated fibers containing photoinitia-
tor by approximately half and the ultimate tensile strength by

300 —
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a
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Figure 3. Representative tensile testing curves of each set of thermally stabilized fibers: (a) pure PAN and (b) PAN fibers containing 1% BDP.
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Table I. Single Filament Tensile Results of Thermal Stabilized Fibers with 95% Confidence Intervals

Sample Tensile modulus (GPa) Max stress (GPa) Break strain (%)
Pure 9.6+0.3 0.24 +0.01 6.6+0.8
1% BDP 9.7+x04 0.20+0.02 3.7x0.6
Pure, 300 s Hg, 150°C 9.6+0.6 0.19+0.02 3.4=+05
1% BDP, 300 s Hg, 150°C 11.2+0.7 0.26 +0.02 53+x11
Pure, FAST 9.7+0.3 0.19+0.01 43+0.3
1% BDP, 300 s Hg, 150°C, FAST 10.8+0.5 0.25+0.01 48=+0.8

~15%. These reductions could be possibly attributed to the tiny
voids left by the unreacted photoinitiator during conventional
thermal stabilization. Another observation was that excessive fiber
fusion was observed for pure UV-treated fibers, which leads to
the formation of defects on the fibers. Thus, the main phenom-
enon taking place during the UV treatment (at temperatures
slightly above Ty) is fiber fusion and, as shown in previous stud-
ies, polymer chain relaxation.*' This leads to a significant reduc-
tion in the elongation capabilities of the fibers by approximately
half and the ultimate tensile strength by ~25% between pure UV-
treated and pure control fibers.

Pure fast-thermally stabilized fibers also show a significant
reduction in the elongation capabilities of the fibers by approxi-
mately 35% and the ultimate tensile strength by ~25%, when
compared with pure control fibers. These fast-thermally stabi-
lized pure fibers also showed considerable fiber fusion, similar
to that observed for UV-treated pure fibers. Fast heating rates
during thermal stabilization led to the formation of hollow-core
structure in the fibers, which is not desired because it negatively
affects the mechanical properties.

Conversely, the two set of fibers containing 1 wt % BDP UV
treated for 300 s (5 min) display higher tensile modulus and
ultimate tensile strength than all the other set of samples (sig-
nificant at 95% confidence). Specifically, conventional-thermally
stabilized fibers containing 1 wt % BDP that were UV treated
exhibit the highest tensile modulus and ultimate tensile strength
of all six set of samples. This proves the combined positive
effect of the addition of photoinitiator and 300 s of UV treat-
ment on the fibers. The addition of photoinitiator and further
UV treatment of the fibers could be used to increase the
mechanical properties of the fibers during conventional thermal
stabilization or reduce the thermal oxidation time (faster fiber
production) while retaining the mechanical properties of the
carbon fibers thus produced.

Wide-Angle X-ray Diffraction. Figure 4(a,b) show Fraser-
corrected 2D WAXD images of poststretched and thermally
oxidized PAN fibers, respectively. These images were used to
obtain the integrated 20 and azimuthal scans. Figure 4(c) shows
representative 20 scans of the most relevant set of samples:
conventional-thermally stabilized UV-treated 1 wt % BDP PAN
fibers, fast-thermally stabilized pure PAN fibers, conventional-
thermally stabilized pure PAN fibers, and poststretched pure PAN
fibers before thermal oxidation (for comparison). These 20 scans
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show the first peak at ~17° corresponding to the (1 0 0) planes of
the PAN precursor. The second peak corresponds to the combina-
tion of the amorphous halo at ~26° and the (1 1 0) plane peak of
PAN at ~29.5°.27283%3637 After the thermal stabilization step, an
extra peak associated with the aromatic structure emerges at
~25°.22%3 Silicon standard, added to the samples for calibration
purposes, shows three sharp peaks at 28.44°, 47.3°, and 56.12°
corresponding to its (1 1 1), (22 0), and (3 1 1) planes, respec-
tively. Figure 4(d,e) display the curve fitting of 20 scans of the
poststretched and conventional-thermally oxidized PAN fibers
using OriginPro software. Note that the initial location of the
peaks was set to 25° and 26°, but the peak locations and widths
were optimized to obtain the best curve fit.

As indicated before, the crystal orientation in the fibers was
measured from the azimuthal spectra of the (1 0 0) peak of the
PAN and aromatic peak of the thermally oxidized fibers, as dis-
played in Figure 5(a,b), respectively. A sharp azimuthal peak for
a given set of planes means higher orientation, whereas a broad
peak indicates low orientation. As expected, due to the cycliza-
tion reaction undergone within all thermally stabilized fibers, a
significant loss of orientation of the (1 0 0) peak of the initial
PAN structure was observed in thermally oxidized fibers. In
contrast, in Figure 5(b), the development of orientation due to
the formation of the aromatic peak is observed on thermally
oxidized samples. To compare the crystal orientation in the dif-
ferent set of fibers, the FWHM was measured for each azi-
muthal scan. The smaller the FWHM value, the more oriented
are the crystals within the fibers.

Table II summarizes the WAXD results obtained from all the
different set of samples. At 95% confidence, the interplanar
spacing between the (1 0 0) planes increased and the orientation
and crystal size of the original PAN structure decreased in ther-
mally stabilized fibers when compared with initial poststretched
pure PAN fibers., The conversion indices, calculated from the
WAXD spectra, confirm that the conversion achieved by the
samples containing 1 wt % BDP UV treated at 150°C for 300 s
after thermal stabilization was higher than those for other sets,
indicating higher cyclization of PAN. Also, these two sets of
samples are able to develop a higher level of orientation of the
newly formed aromatic structure.

These results agree well with the tensile testing results that show
superior mechanical properties for thermally stabilized samples
containing 1% BDP and UV treated for 300 s due to the fact
that they are able to develop higher molecular orientation. For
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Figure 4. Representative WAXD spectra of initial PAN and thermally oxidized (TO) PAN fibers: (a) Fraser-corrected 2D WAXD image of initial PAN
fibers, (b) Fraser-corrected 2D WAXD image of conventional TO PAN fiber (c) 20 scans obtained with Polar software, (d) Post-stretched PAN WAXD
curve fitting using OriginPro, and (e) TO PAN WAXD curve fitting using OriginPro.
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Figure 5. Representative azimuthal WAXD spectra of poststretched PAN and thermally oxidized (TO) PAN fibers: (a) Azimuthal scans of the PAN (1 0

0) peak, (b) Azimuthal scans of the developing aromatic peak.

this system, higher molecular orientation leads to higher mechan-
ical properties of the fibers.””'®'*® It is noted that the duration
of the thermal stabilization step for some of the UV-treated sam-
ples containing photoinitiator was less than half the thermal sta-
bilization time used for the control fibers. In addition, this novel
UV-induced stabilization step was conducted at a lower tempera-
ture than the ones used during conventional thermal oxidation
process, which are between 200 and 300°C.>>®'>!'*17 These
results establish the potential of the current results for developing
a more rapid process for stabilization of PAN-based precursors to
produce carbon fibers more efficiently.

In contrast, fast-thermally stabilized pure control fibers show
higher level of degradation of the initial PAN structure, which
is shown by the larger FWHM of the (1 0 0) peak and lower
conversion index and orientation of the aromatic structure.
Note that in a previous study, it was demonstrated that during
the thermal stabilization of PAN using the same amount of ten-
sion, the orientation of the PAN polymer chains decreases, that
is, larger FWHM of the (1 0 0) peak was observed as the con-
version index increases.”' All these results indicate that fast ther-
mal stabilization of PAN precursors leads to
degradation of the PAN precursor, formation of hollow-core
structure within the fibers, and reduction of the mechanical
properties of the fibers.

excessive

Influence of UV Radiation and Photoinitiator: Carbon Fibers
Morphology. Figure 6 displays representative SEM micrographs
of carbonized PAN fibers with and without photoinitiator. Figure
6(a,b) correspond to carbon fibers obtained from pure PAN
fibers and those containing 1 wt % BDP, respectively. Figure
6(c,d) are representative micrographs of carbon fibers obtained
from UV-treated pure and 1 wt % BDP-PAN fibers, respectively.
These first four specimens were conventional-thermally stabi-
lized. In contrast, Figure 6(e,f) correspond to carbon fibers from
fast-thermally stabilized non-UV-treated pure and UV-treated 1
wt % BDP-PAN fibers, respectively. In all cases, carbon fibers
retained the characteristic kidney shape of wet-spun PAN-based
fibers.>®*® The effective diameter of pure and 1 wt % BDP PAN
fibers were 6.6 = 0.1 and 6.4 £ 0.1 pm, respectively. There was
no significant difference between the effective diameters among
the different samples.

No noticeable deterioration or change in the microstructure was
observed for UV-treated fibers containing photoinitiator when
compared with pure control fibers. Thus, the presence of photo-
initiator and UV treatment did not significantly affect the mor-
phology of the fibers. Another important observation is that the
UV treatment of the fibers did not lead to any obvious hollow-
core structure formation. However, this is not the case for fast-
thermally stabilized pure fibers. SEM micrographs, Figure 7,

Table II. WAXD Results of Thermally Oxidized Fibers and Initial Poststretched Fibers (For Comparison) with 95% Confidence Intervals

Aromatic Peak

Applied Polymer L

Sample a (A Iy (A) (LOO)FWHM () FWHM () C. 1. (%)
Initial Pure (before thermal stabilization) 6.001 +0.020 423+1.9 26.1+0.9 N/A N/A

Pure 6.438 +0.049 10.5+0.9 1004 +2.1 71.2+19 704+24
1% BDP 6.470+0.026 9.7+0.7 106.1+3.7 716+19 682+1.5
Pure, 300 s Hg, 150°C 6.471+0.048 10.4+0.5 105.6+3.3 709+29 705+1.4
1% BDP, 300 s Hg, 150°C 6.557 +0.042 106+0.6 129.7+3.7 63.9+22 789+ 3.7
Pure, FAST 6.521 +0.046 98+0.7 163.4+58 778+16 652+1.5
1% BDP, 300 s Hg, 150°C, FAST 6.502 +0.058 106+1.1 1245+2.8 64.4+1.7 770+16
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Figure 6. Representative SEM micrographs of carbonized PAN fibers with and without photoinitiator: (a) pure PAN fibers, (b) fibers containing 1 wt %
BDP, (c) pure UV-treated PAN fibers, (d) 1 wt % BDP PAN UV-treated fibers, (e) fast-thermally stabilized pure PAN fibers, and (f) fast-thermally stabi-

lized UV-treated 1 wt % BDP PAN fibers.

clearly shows hollow-core defects observed in fast-thermally sta-
bilized pure PAN carbon fibers attributed to inadequate thermal
stabilization. Figure 7(a,b) display a hollow-core fiber and fused
hollow fibers, respectively. Note that these defects were not
observed in any other set of samples. As discussed in the follow-
ing section, such defects lead to lower mechanical properties of
the fibers.>'>!+%

Mechanical Properties. Figure 8 displays representative tensile
response of various carbonized fibers. Figure 8(a) corresponds
to carbon fibers obtained from conventional-thermally stabilized
non-UV-treated pure and UV-treated pure as well as fast-
thermally stabilized pure PAN fibers. Figure 8(b) shows the
same treatment conditions but for fibers containing 1 wt %
BDP, and Table III summarizes all of the tensile results. These
tensile properties of carbon fibers are consistent with those
reported in the literature for commercial and experimental
grade PAN-based carbon fibers: 0.3-2.5% for the breaking
strain, 0.1-6.5 GPa for strength, and 30-500 GPa for tensile
modulus.4,5,8,13,38,39

Tensile testing results shown in Table IIT indicate that there are
significant differences in the breaking strain and ultimate tensile
strength between carbon fibers obtained from pure control and
pure UV-treated fibers. The UV treatment reduces the elonga-
tion capabilities of the pure fibers and the ultimate tensile
strength by approximately 33%. These reductions may be attrib-
uted to the fiber surface defects resulting from excessive fiber
fusion observed on pure UV-treated fibers. As mentioned
before, it is believed that the main phenomena taking place dur-
ing the UV treatment (at temperatures slightly above the T, of
the PAN precursor without photoinitiator) are fiber fusion and
polymer chain relaxation, which lead to a significant reduction

Maﬁ‘i& WWW.MATERIALSVIEWS.COM
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in the elongation capabilities and ultimate tensile strength of
the fibers.

Carbon fibers produced from pure fast-thermally stabilized
fibers also show a significant reduction in the tensile modulus
of the fibers by ~10% and the ultimate tensile strength by
~20% (at 95% confidence) when compared with “pure” control
counterparts. For these specimens, considerable fiber fusion is
observed as well, similar to the one observed on pure UV-
treated fibers. Fast heating rates during thermal stabilization
lead to the formation of hollow-core fibers (Figure 7), which is
not desired because it negatively affects the mechanical proper-
ties of the fibers, as confirmed by the tensile results.

For carbon fibers obtained from UV-treated fibers containing
photoinitiator, the results are significantly different: the two set of
fibers containing 1 wt % BDP UV treated for 300 s (5 min) dis-
play higher tensile modulus and ultimate tensile strength than all
the other set of samples. Specifically, carbon fibers obtained from
conventional-thermally stabilized UV-treated fibers containing 1
wt % BDP exhibit the highest tensile modulus of all six set of
samples (significant at 95% confidence). An improvement in the
tensile modulus of approximately 20% was observed in carbon
fibers obtained from conventional-thermally stabilized UV-
treated fibers containing 1 wt % BDP when compared with
conventional-thermally stabilized control pure PAN fibers.

Carbon fibers obtained from UV-treated fast-thermally stabi-
lized fibers containing 1 wt % BDP exhibit higher tensile modu-
lus and ultimate tensile strength when compared with
conventional and fast-thermally stabilized pure fibers. UV-
treated fast-thermally stabilized fibers containing 1 wt % BDP
show around 10, 15, and 25% improvement in the tensile mod-
ulus when compared with conventional-thermally stabilized

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40623
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Figure 7. SEM micrographs of defects observed on fast-thermally stabi-
lized pure PAN carbon fibers attributed to inadequate thermal stabiliza-
tion: (a) hollow-core fiber, (b) fused hollow fibers.

pure, non-UV treated conventional-thermally stabilized 1 wt %
BDP fibers, and fast-thermally stabilized pure control fibers,
respectively. In addition, carbon fibers obtained from UV
treated fast-thermally stabilized fibers containing 1 wt % BDP

1600 (@) |
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display approximately 33% improvement in the ultimate tensile
strength when compared with fast-thermally stabilized pure
control fibers. It is important to note that, besides the demon-
strated improvement in the mechanical properties, the fast-
thermal stabilization step takes less than half the duration of
the conventional thermal stabilization (60 vs. 140 min, respec-
tively). This proves the combined positive effect of the addition
of photoinitiator and 300 s of UV treatment on the precursor
fibers. The addition of photoinitiator and further UV treatment
of the fibers could be used to increase the mechanical properties
of the fiber during conventional thermal stabilization or reduce
the thermal oxidation time (faster fiber production) while
retaining the mechanical properties of the carbon fibers thus
produced.

Wide-Angle X-ray Diffraction. Figure 9(a) shows an illustrative
Fraser-corrected 2D WAXD image of the PAN-based carbon
fibers. Figure 9(b) shows representative 20 scans of the most rele-
vant set of carbonized samples: conventional-thermally stabilized
UV-treated 1 wt % BDP PAN fibers, fast-thermally stabilized
pure PAN fibers, and conventional-thermally stabilized pure PAN
fibers. These integrated 20 scans, displayed in Figure 9(b), show
the first peak at ~25° corresponding to the (0 0 2) plane of the
turbostratic structure of PAN-based carbon fibers. The second
peak at ~42° corresponds to the (1 0 0) plane.32_34’40 As men-
tioned earlier, NIST-grade silicon standard was added to all fiber
samples for accurate 20 measurements. Figure 9(c) illustrates
curve-fitting of the 20 peak associated with (0 0 2) planes of car-
bon fibers and (1 1 1) peak associated with the silicon standard.

The orientation of the crystals in the fibers was measured from
the azimuthal scans conducted on the (0 0 2) peak, which is the
most prominent peak of the carbon fiber WAXD spectra. Figure
9(d) shows the azimuthal scans of the (0 0 2) peak. To compare
the crystal orientation in the different set of fibers, the FWHM
was measured for each azimuthal scan. The smaller the FWHM
value, the more oriented are the crystals within the fibers.

Table IV summarizes the WAXD results obtained from all sam-
ples. At 95% confidence, fast-thermally stabilized pure carbon

] T T T T T T T T T T ]
1600 - (b) |
1400 -
1200 4 4
= 1000 4 4
> J i
§ 800 | .
ﬁ 4 4
600 | 4
400 4 i
—o—1 wt% BDP ]
200 —o—1wt% BDP, 300 s Hg, 150°C )

—a—1 wt% BDP, 300 s Hg, 150°C, FAST

0 —
0.0 02 04 0.6 0.8 1.0
Strain (%)

Figure 8. Representative tensile testing curves of each set of carbonized fibers derived from: (a) pure PAN, (b) PAN fibers containing 1% BDP.
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Table IIIL. Single Filament Tensile Properties of Carbon Fibers (Error Bars Indicate 95% Confidence Intervals)

Sample Tensile modulus (GPa) Max stress (GPa) Break strain (%)
Pure 153.5+6.6 1.47+017 1.0+x0.1
1% BDP 150.2+10.1 1.40+0.20 09+01
Pure, 300 s Hg, 150°C 157.6+6.2 1.05+0.13 0.7x0.1
1% BDP, 300 s Hg, 150°C 1848+10.4 1.65+0.12 09+01
Pure, FAST 137.9+48 1.22+0.18 09=+01
1% BDP, 300 s Hg, 150°C, FAST 170.6+6.0 1.60+0.11 1.0+x01

fibers show smaller crystal size values and level of orientation as
compared with conventional-thermally stabilized control pure
carbon fibers. These results are consistent with the lower
mechanical properties and hollow-core defects observed on this
set of fibers. These results indicate that fast-thermal stabilization
of pure PAN precursors leads to excessive degradation of the
PAN precursor, formation of hollow-core structure within the

T T ! ' ' I I ' |
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| - - - Carbon Fiber (002) Peak |
[ -+~ Silicon Std. (111) by y
st i
el J
E ]

z

i |
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2*%0 (Degrees)

fibers, loss of orientation, smaller crystal size, and reduction of
the mechanical properties of the fibers.

This is not the case for carbonized UV-treated fibers containing
photoinitiator. The results shown in Table IV indicate no nega-
tive effects for the (0 0 2) d-spacing and size of the crystals for
carbon fibers obtained from UV-treated PAN fibers containing
photoinitiator as compared with all other types of carbon fibers.
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Figure 9. Representative WAXD spectra of the produced Carbon Fibers (CF): (a) Fraser-corrected 2D WAXD image (b) 20 scans obtained with Polar
software, (c) PAN CF WAXD curve fitting using OriginPro, and (d) azimuthal scans of the (0 0 2) peak.
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Sample I (A) (0 0 2) d-spacing (A) (0 0 2) FWHM ()
Pure 14.4+0.2 3.586 + 0.004 45.4+0.7
1% BDP 141+0.3 3.585+0.007 45.4+0.8
Pure, 300 s Hg, 150°C 14.0+0.6 3.586+0.011 46.1+0.8
1% BDP, 300 s Hg, 150°C 14.0+0.2 3.575+0.011 43.4+0.7
Pure, FAST 13.4+0.3 3.597 + 0.009 46.1+0.6
1% BDP, 300 s Hg, 150°C, FAST 14.4+05 3.580 +0.008 442+0.3

Also these two sets of samples are able to develop a higher level
of orientation when compared with the other groups of carbon
fibers.

These results agree well with the tensile testing results that show
superior mechanical properties for carbonized fibers derived
from PAN containing 1% BDP and UV treated for 300 s due to
the fact that they are able to develop higher molecular orienta-
tion. For this system, higher molecular orientation leads to
higher mechanical properties of the fibers.”®!%'*!¢ These results
prove the combined positive effect of the addition of photoini-
tiator and 300 s of UV treatment on the fibers prior thermal
stabilization. At the same thermal treatment conditions, it was
possible to enhance the mechanical properties of the final car-
bon fibers by the addition of photoinitiator and subsequent UV
treatment. In addition, with this novel process, it was possible
to reduce the thermal stabilization time by more than half keep-
ing the final mechanical and physical properties of the produced
carbon fibers. These results may be used in the development of
a novel and more rapid process for stabilization of PAN-based
precursors to produce carbon fibers more efficiently.

CONCLUSIONS

A rapid, dual-stabilization route for the production of carbon
fibers from PAN-based precursor fibers was successfully demon-
strated.  Photoinitiator, 4,4’-bis(diethylamino)benzophenone,
was effectively added to PAN solution before the fiber wet-
spinning step to UV-induced crosslinking and cyclization reac-
tions at a lower temperature in the produced PAN-based fibers.
After UV treatment, precursor fibers could be rapidly thermally
stabilized and successfully carbonized. SEM micrographs show
no obvious deterioration of the microstructure or presence of
hollow-core in the UV-treated fibers containing photoinitiator
after thermal stabilization and carbonization. In contrast, fast-
thermally stabilized pure PAN carbon fibers show hollow-core
fiber defects attributed to inadequate thermal stabilization.

Tensile testing results confirm that fibers containing 1 wt % photoi-
nitiator that were UV treated display higher tensile modulus and
ultimate tensile strength than other sets not subjected to that treat-
ment. Pure UV-treated and fast-thermally stabilized pure PAN
fibers display a reduction in their mechanical properties when com-
pared with pure slow-thermally stabilized control fibers. These
reductions were attributed to the loss of molecular orientation and
excessive fiber fusion leading to defect formation. WAXD results
confirm that the fast-thermal stabilization of pure PAN precursors
leads to excessive degradation of the PAN precursor, loss of orienta-
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tion, and smaller crystal size in the fibers. In contrast, no negative
effects were observed on the (0 0 2) d-spacing and size of the crys-
tals within the UV-treated fibers containing photoinitiator. In sum-
mary, these results establish the positive effect of the addition of
photoinitiator and UV treatment in reducing the thermal stabiliza-
tion time by more than half while maintaining the final mechanical
and physical properties of the carbon fibers.
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