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ABSTRACT: The role of dilute concentrations (~1 wt %) of a photoinitiator, 4,4'-bis(diethylamino)benzophenone, on the processability
and properties of the resulting wet-spun polyacrylonitrile (PAN) fibers are reported. Rheology measurements show no adverse effect on
the viscosities of solutions by the addition of the photoinitiator. Fibers containing photoinitiator were successfully wet-spun from
PAN-DMSO solution. FTIR results prove that 4,4’-bis(diethylamino)benzophenone was retained in the fibers after coagulation and post-
stretching. SEM micrographs show no deterioration of the post-stretched fiber microstructure due to the presence of photoinitiator.
Tensile testing results show a small reduction in the strain-at-break of post-stretched fibers containing photoinitiator when compared
with pure (control) PAN fibers. After UV treatment, fibers with 4,4’-bis(diethylamino)benzophenone display a higher tensile modulus
compared with the other sets. Wide-angle X-ray diffraction results show no significant decrease in interplanar spacing and size of the
crystals within the fibers containing photoinitiator, but such fibers retain a higher extent of molecular orientation after being UV treated.
Conversion indices were measured from the WAXD spectra and compared with conventional thermal stabilized fibers. This correlation
confirms that the addition of 1 wt % photoinitiator to PAN followed by 5 min of UV treatment leads to a conversion index that is
observed in control fibers after more than an hour, which could reduce the conventional thermo-oxidative stabilization time signifi-
cantly. These results indicate the potential of the dual stabilization route in generating precursor fibers with higher molecular orienta-
tion, and possibly reducing the thermo-oxidation time during carbon fiber processing. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 130:
2494-2503, 2013
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INTRODUCTION conditions employed during stabilization will dictate 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 precursors (~0.26 W m~ ' K™').>*'%!718 The dissipa-
tion of this energy is very important and the energy generation
can be controlled by using slow heating rates during the thermal
stabilization of the fibers.'®'**° Simultaneously, post-drawing of
fibers must be performed to collapse the voids and to increase
molecular orientation.'*"** However, this orientation is partly
lost due to molecular relaxation processes that occur when
the PAN precursor fibers are heated up to 300°C during the sta-
bilization step. Additional stresses must be applied during stabi-
For the conversion of PAN into carbon fibers, thermal oxidative  lization and carbonization steps in an attempt to regain the
stabilization and carbonization steps have to be conducted.*'®'!  molecular orientation. This strategy results in carbon fibers with
The thermal stabilization process is believed to be the most im-  high strength, but the limited molecular orientation prevents
portant step during the carbon fiber manufacture, because the  the fibers from developing an ultra high modulus.'*'>'**?

High strength carbon fibers used in structural composites for
aerospace applications are derived from solution-spun PAN pre-
cursor fibers."”> However, the higher cost of carbon fibers com-
pared with other reinforcing materials (viz. glass fibers) limits
their use for the high-end applications where strength-to-den-
sity ratio is critical.*® The demand for carbon fibers is expected
to grow to about 150,000 metric tons over the next decade
from current demand of 40,000 metric tons. However, a large
fraction of the increase is anticipated in the industrial sector
that is cost-sensitive.>” For cost effective products, such as auto-
motive application, there is a need for the development of novel
processes and precursors to reduce the carbon fiber production
cost and expand the use of carbon fibers.

© 2013 Wiley Periodicals, Inc.

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39442 WILEYONLINELIBRARY.COM/APP ©WILEY i@ ONLINE LIBRARY


http://onlinelibrary.wiley.com/

Applied Polymer

SCIENCE

(DBP) <|3|
H3C/\)N I\E\CH3
H,C CH,

Figure 1. 4,4'-Bis(diethylamino)benzophenone (BDP) used throughout
this study.

PAN based terpolymer containing a photo sensitive comono-
mer, such as acryloyl benzophenone, have been investigated
and successfully converted into carbon fibers in previous stud-
ies.*** In addition, polymerization and stabilization reactions
are known to proceed faster and at lower temperatures when
initiated by UV radiation.**® In a recent study, on solution-
cast PAN films, we established that it is possible to start cycli-
zation and crosslinking reactions associated with thermal stabi-
lization at lower temperatures by the addition of small
amounts (1 wt %) of photoinitiator. Subsequent UV exposure
at lower temperatures leaded to a reduction of the conven-
tional thermal stabilization time.”” However, the role of exter-
nal photoinitiator added to the polymer solution prior to wet-
spinning (i.e., without synthesizing the photoinitiator into the
polymer chain itself) on the rheology of the PAN-dope, wet-
spinnability, and characterization of precursor fibers remain
unaddressed.

Therefore, the overall goal of this research was to study the
effect of the addition of photoinitiator and further UV expo-
sure on the properties of the resulting PAN and pre-stabilized
fibers. The addition of photoinitiator and further UV treat-
ment is investigated here as an alternative to reduce the ther-
mal stabilization processing time while keeping the properties
of resulting fibers. Alternatively, this strategy may lead to
modifications in the mechanisms of the cyclization and cross-
linking reactions that can lead to enhanced properties of car-
bon fibers.

EXPERIMENTAL

Materials

Polyacrylonitrile homopolymer with a molecular weight (M,,)
of 233,000 and a glass transition temperature (T,) of 125°C
was used throughout this study. This PAN homopolymer was
obtained from Scientific Polymer (Ontario, NY). The photoi-
nitiator used throughout this study, 4,4'-bis(diethylamino)-
benzophenone (BDP), is 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 study was di-
methyl sulfoxide (DMSO) with a density of 1.1 g cm > and
viscosity of 0.002 Pa s (both measured at 25°C). Both, pho-
toinitiator and solvent were obtained from Sigma-Aldrich
(Aldrich Chemical Company, Milwaukee, WI). Also a stand-
ard silicon powder reference material was used for line posi-
tion and line shape during X-ray diffraction studies (NIST
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reference material® 640d). All materials were used as

received.

Fiber Spinning

PAN-based precursor and photoinitiator (where applicable)
were dissolved in a 99 : 1 mass ratio in DMSO at 70°C. The
amount of solids 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 each one with an
approximate diameter of 68 pum. 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 solidi-
fied fibers were passed through a distilled-deionized water
washing bath; both baths were kept at ~20°C. The effective
length of the coagulation and washing bath were 40 and 80 cm,
respectively. The rolls of fibers were placed in an oven and dried
at 70°C for about 24 h. Next, the fibers were post-stretched in a
distilled-deionized water bath at approximately 80°C. The effec-
tive length of the post-stretching bath was 80 cm. Pure PAN
fibers as well as fibers containing 1 wt % of photoinitiator were
thus produced.

UV-Treatment of Samples

The fibers were irradiated with a Nordson 4.5 kW UV curing
lamp (Model 111465A). Two different UV sources were used:
mercury (model PM1163) and iron halide (model PM1163F)
bulb. The intensity of both bulbs was measured using a high
energy UV radiometer (model PP2000, Electronic Instrumenta-
tion and Technology). For the mercury bulb 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, respec-
tively. The intensity values measured from the iron-halide bulb
were approximately 0.378, 0.131, 0.014, and 0.236 W cm ™ > for
the UVA, UVB, UVC, and UVYV ranges, respectively. Mercury
bulbs are the most widely used UV source and they provide a
broadband output distribution in the four UV regions.**>°
Iron halide bulbs have the feature of possessing a higher
energy emission in the UVA region. As noted earlier, the pho-
toinitiator BDP has a UV absorption peak at 378 nm (UVA).
Thus, by choosing an appropriate UV source (mercury vs. iron
halide), it may be possible to control the interactions between
the UV radiation and the PAN-based precursor or photoinitia-
tor. Besides cyclization, dehydrogenation, and crosslinking, UV
radiation acting directly on the PAN precursor leads to chain
scission as well, which hinders the stabilization reaction and
affects the properties of the resulting fibers.”” Iron halide
reduces the amount of energy delivered in the UVC and UVB
regions that interact with PAN-based precursors (UV absorp-
tion peak at ~274 nm) and delivers more energy in the UVA
region where the UV absorption peak of the photoinitiator is
located. As shown later, the UV profile of the UV source
selected will influence the rate of stabilization reaction, and
thence, the properties of the material for a given UV treatment
time.

Segments of approximately 10 inches (matching effective length
of UV bulbs) were irradiated for 300 s at approximately 150°C.
The bundle of fibers was held under approximately 0.1 g
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denier ' of tension during the UV treatment. The distance
between the samples and the UV source was kept constant at
approximately 20 cm. A custom-made air cooling system was
placed inside the UV chamber to remove the excess of heat gen-
erated by the source during the UV-treatment and control the
temperature inside the UV chamber. All UV treated samples
were compared against two types of control fibers. The first
control consisted of pure as-produced PAN fibers. The second
control consisted of fibers that were covered by a metal sheet
(to avoid UV exposure) but ones that were treated in the same
UV chamber to provide similar thermal exposure as that
received by UV treated samples (that also experienced the
slightly elevated temperatures).

Finally, PAN fibers were only thermo-oxidative stabilized (as in
conventional processes) to produce control samples whose
extent of cyclization could be compared with those of the UV
treated samples. The samples were stabilized under tension (0.1
g denier ' below 200°C and 0.05 g denier ' above 200°C),
heated at 2.5°C min~' to 300°C, and held there for 30 min.
During this thermal oxidation, samples were removed from the
oven at 150, 175, 200, 225, 250, 275, 300, and 300°C (after 30
min) to analyze and quantify the partial extent of the cycliza-
tion reaction.

Characterization

To determine the flow characteristics of the PAN-dopes, the sol-
utions were tested for their rheological response using an ARES
LS0012701 advanced rheometer with a cone-and-plate fixture
for small shear rates (0.1-30 s~ ') and an ACER 2000 capillary
rheometer for high shear rates (30-30,000 s 1. The cone-and-
plate fixture had a diameter of 25 mm and a cone angle of 0.1
rad. The capillary employed during the experiments had a “L/
D” value of 30. All testing was conducted at room temperature
(~25°C). The viscosities values for each solution were fitted
using the generalized Newtonian or Carreau model [eq. (1)].
Where 7(}) is the predicted shear viscosity, 7 is the shear rate, 4
is the time constant, 7, is the zero shear rate viscosity, 7., is the
infinite shear rate viscosity, and n corresponds to the power law
index. For polymer solutions, the solvent viscosity is usually
used for the 1., parameter.’'*

n() —Ns :[l_i_(/l;/)z](n—l)/z (1)

Mo N
Fourier transform infrared spectroscopy (Nexus 870 FT-IR ESP,
Nicolet) was used to confirm the presence of photoinitiator in
the fibers after being wet-spun and post stretched in hot water.
The scans were conducted from 400 to 4000 cm™' and the
transmittance intensities were normalized against the intensity
of the 2940 c¢cm™' peak (CH, asymmetric stretching) for
comparison.

Morphological analysis of fibers was conducted by scanning
electron microscopy with a Mitsubishi 4800 SEM unit. To retain
the cross section shape and other physical features of the fibers,
the fibers were submerged into liquid nitrogen for approxi-
mately 1 min and later broken. To determine the effective diam-
eter of the fibers (with and without photoinitiator) Image-Pro
Plus 7.0 (Media Cybernetics) analysis software was used to
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measure the cross section area of each type of sample and the
effective diameter calculated from these area measurements. 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 study. The single
fibers were mounted on 25 mm paper tabs. At least 20 samples
per type of fibers 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
diffraction unit. The X-ray diffraction pattern was captured
through image plate and the analysis of WAXD generated
images were analyzed using Polar v2.6.7 (Stonybrook Technol-
ogy and Applied Research, STAR). The curve fitting of the spec-
using OriginPro 7 (v7.0383, OriginLab
Corporation). The unit generates an X-ray beam with a wave-
length of 1.5406 A (Cu target). The diameter of the X-ray beam
hitting the sample was ~0.5 mm. The distances between the X-
ray source and sample and the sample and the image plate de-
tector were approximately 70 and 12 c¢m, respectively. Operation
conditions of the X-ray source were 45 kV and 0.65 mA. The
gas used for most of the beam path was helium. Each bundle of
fibers was mounted on a 10 mm paper tab and sprinkled with
silicon standard powder. The exposure time per sample was
approximately 2 h.

tra was done

The crystal plane spacing was calculated using Bragg law and
lattice geometry equation for hexagonal crystal structure
observed in PAN. The crystal size was calculated using Scherrer
formula. Warren’s broadening correction was used to correct the
system broadening on each WAXD scan.”>™** Also, conversion
or aromatization indices (CI) were determined using the follow-
ing equation’”*"*2;

A
index(%)= 1 +AA
AT Ap

Conversion X100% (2)
Where A, is the area of the peak associated with the aromatic
structure around 20 = 25° and A, correspond to the area of
the (100) 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 scans were con-
ducted on the most prominent peak of the PAN spectra, which
is the (1 0 0) peak.

RESULTS AND DISCUSSION

Spinning of Fibers Containing Photoinitiator

Figure 2 displays steady shear viscosity versus shear rate results
for PAN solutions with and without BDP. The open symbols
represent the viscosity values measured at lower shear rates
(0.1-30 s~ ') using the cone-and-plate fixture. The solid symbols
correspond to the viscosity values measured at higher shear
rates (30-30,000 s~ ') using the capillary rheometer. Both types
of solutions displayed a shear-thinning behavior at high shear
rates with an approach to Newtonian plateau at shear rates less
than about 0.5 s~ '. The Carreau model was used to fit the vis-
cosity data. For pure and BDP containing dopes, power law
indices of 0.558 * 0.028 and 0.544 * 0.011, time constants of
1.85 = 0.78 and 1.54 * 0.35 s, and zero shear rate viscosity of
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Figure 2. Viscosity versus shear rate results for PAN solutions with and
without photoinitiator (at ~25°C).

250 = 34 and 232 * 8 Pa s, respectively, were obtained. At
95% confidence, the presence of photoinitiator in the solution
did not significantly affect the viscosity of the dope. Thus, the
presence of photoinitiator has no adverse effect on the viscosity
of the dopes. This observation was generally consistent with the
fact that the concentration of BDP in the actual solution was
small (~0.16 wt %).

All wet-spinning experiments were conducted at room tempera-
ture (~25°C). During the spinning of both types of fibers, the
total amount of solids in solution was hold at about 16 wt %.
Higher dope concentrations (17-21 wt %) were difficult to spin
on a continuous basis for both types. A linear take up velocity
of 190 cm min~' was employed during the spinning of the
fibers. The drawing ratio was kept in between 1.15 and 1.2. The
drawing ratio used during the post-stretching step was approxi-
mately 3. Higher drawing ratios led to fiber breakage during
spinning and post-stretching. Pure PAN fibers as well as fibers
containing 1 wt % of photoinitiator were successfully produced.

Figure 3 displays representative SEM micrographs of as-pro-
duced PAN fibers. Figures 3(a) and (b) correspond to pure PAN
fibers and those containing 1 wt % BDP, respectively. Both
types of fibers show the characteristic kidney shape of wet-spun
PAN-based fibers.”'"*"***® No noticeable deterioration or
change in the microstructure of the fibers containing photoini-
tiator was observed when compared with pure control fibers.
Thus, the presence of photoinitiator does not significantly affect
the morphology of the fibers. The diameters of pure and 1 wt
% BDP-PAN fibers were 11.9 * 0.3 and 11.4 = 0.3 um, respec-
tively. At 95% confidence level, there was no significant differ-
ence between the effective diameters of the pure fibers and the
fibers containing 1 wt % BDP.

To identify the presence of photoinitiator in the fibers after
spinning and post-stretching, FTIR analysis was conducted on
pure and 1 wt % BDP post-stretched fibers. Figure 4 shows the
comparison between the FTIR spectra of the pure and 1 wt %
BDP fibers. The peaks located at 2940, 2865, 2242, 1454, and
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Figure 3. Representative SEM micrographs of as produced PAN fibers: (a)
pure PAN fibers, (b) fibers containing 1 wt % BDP.

1055 cm ™' have been assigned to CH, asymmetric stretching,
CH, symmetric stretching, C=N stretching, CH, scissor vibra-
tion, and ~C-C—C~ backbone bending, respectively,'®!>*74344
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Figure 4. Comparison between FTIR results obtained from fibers to con-
firm the presence of photoinitiator.
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Figure 5. Representative SEM micrographs of PAN fibers with and without photoinitiator after being UV treated: (a) thermally exposed pure PAN fibers,
(b) thermally exposed fibers containing 1 wt % BDP, (c) pure PAN fibers UV treated with iron halide bulb, (d) 1 wt % BDP PAN fibers UV treated
with iron halide bulb, (e) pure PAN fibers UV treated with mercury bulb, and (f) 1 wt % BDP PAN fibers UV treated with mercury bulb.

The spectrum of the fibers containing 1 wt % DBP shows two
extra peaks associated with the presence of photoinitiator in the
fibers located at 1595 and 1525 cm™'. The 1595 cm ™' peak has
been assigned to the C=0 stretching and the 1525 cm ™' to the
C=C stretching (in ring), respectively. These two peaks are a
proof of the presence of photoinitiator in the fibers after the
spinning process. Thus, photoinitiator is retained in the fibers
after coagulation and post-stretching despite the out-diffusion
of the solvent during the coagulation stage.

Influence of UV Radiation

Figure 5 displays representative micrographs of control and
active samples UV-treated either with a mercury or iron halide
bulb. Figure 5(a) and (b) correspond to thermally exposed non-
UV treated pure PAN fibers (control #1) and thermally exposed
non-UV treated fibers containing 1 wt % BDP (control #2),
respectively. Figure 5(c) and (d) are representative micrographs
of pure and 1 wt % BDP-PAN fibers UV treated with the iron
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halide source, respectively. Figure 5(e) and (f) correspond to
pure and 1 wt % BDP-PAN fibers UV treated with the mercury
halide source, respectively. In all cases, the fibers retained the
kidney shape of wet-spun  PAN-based
fibers.>' 2% At 950 confidence level, there was no signifi-
cant difference between the effective diameters among the dif-
ferent samples. Another important observation is that the UV-
treatment of the fibers did not lead to skin-core structure for-
mation on any of the UV treated fibers. Skin-core structure is
undesired during the stabilization of PAN-based fibers because
leads to poor quality (mechanical properties of the) stabilized
and carbonized fibers.>”!>!%?*%7

characteristic

Figure 6 shows representative tensile testing curves of each set
of samples. Figure 6(a) corresponds to as-produced, thermally
exposed, and UV treated with either iron halide or mercury
bulb pure PAN fibers. Figure 6(b) shows the same treatment
conditions but for fibers containing 1 wt % BDP. The limit of
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Figure 6. Representative tensile testing curves of each set of samples: (a)

pure PAN, (b) PAN fibers containing 1% BDP.

linear proportionality was approximately 1% for all samples.
Figure 6 also shows that the upper and lower yield points seem
very close to the proportionality limit. Also, a small necking
section is observed just before breakage. Table I summarizes the
tensile testing results conducted on single filaments. These ten-
sile properties of the PAN fibers are consistent with those
reported in the literature: 10-25% for the breaking strain, 0.1—

0.7 GPa for strength, and 1-10 GPa for tensile
modulus, 7:8:12:14:18,42,45,46

Tensile testing results shown in Table I indicate that, at 95%
confidence, there is significant difference in the breaking strain
between pure and 1 wt % BDP fibers; the presence of photoini-
tiator reduces the elongation capabilities of the fibers by ~1%.
These results show no significant statistical differences, at 95%
confidence, between the ultimate tensile strength among differ-
ent specimens. On the other hand, at 95% confidence, the two
set of fibers containing 1 wt % BDP UV treated for 300 s (5
min) with either mercury or iron halide displayed higher tensile
modulus than the other set of samples. In addition, these tensile
testing results show that fibers containing 1 wt % BDP UV
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Table I. Single Filament Tensile Results with 95% Confidence Intervals

Tensile Max

modulus stress Break
Sample (GPa) (GPa) strain (%)
Pure 70+03 024+001 164 +05
Pure, 150°C 71+03 024+001 149=+12
1 wt % BDP 70+03 026+001 143+05
1 wt % BDP, 71+04 025+001 140=038
150°C
Pure, 300 s Fe, 68+03 022+001 152+14
150°C
Pure, 300 s Hg, 70+03 024 +001 16.7+0.5
150°C
1 wt % BDP, 75+03 023+001 135+13
300 s Fe, 150°C
1 wt % BDP, 77 +02 025+001 138+0.8

300 s Hg, 150°C

treated with a mercury source exhibit the highest tensile modu-
lus of all eight set of samples (significant at 95% confidence).
This proves the combined positive effect of the addition of pho-
toinitiator and 300 s of UV treatment on the fibers.

The higher tensile modulus shown by the 1 wt % BDP fibers
UV treated with the mercury bulb compared with the same
fibers UV treated with the iron halide bulb can be explained
based on the differences in the spectral output of each type of
bulb. Mercury bulbs deliver more energy in the UVC region
and iron halide bulbs produce higher energy output in the UVA
region (matching the UV absorption region of BDP). PAN has a
UV absorption peak in the UVC region (~274 nm). Thus, the
samples UV treated with the mercury bulb display a higher
combined effect of the photoinitiator radicals, produced by the
interaction of the photoinitiator with the UVA region, and UVC
radiation directly interacting with the polymer chains. As men-
tioned earlier, the emission of UVC radiation is lower for iron
halide bulbs compared with mercury bulbs. Therefore, the inter-
action between the radiation emitted by the iron halide bulb
and the polymer chain is lower and the photoinitiator radicals
are the ones that mainly interact with the polymer chains.?’”
These results are very encouraging since the final mechanical
properties of the carbon fibers depend greatly on the mechani-
cal fibers of the precursor fibers.>®!%21-2%338

Figure 7 shows representative wide angle X-ray diffractograms of
as-spun pure, post-stretched pure, and post-stretched with 1 wt
% BDP PAN fibers. Integrated 20 scans, displayed in Figure 7(a),
show the first peak at ~17° corresponding to the (1 0 0) plane 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°.**7%%7~% Gjlicon standard was added to each of
the different fiber samples as a calibration standard. This silicon
standard shows three sharp peaks at 28.44°, 47.3°, and 56.12° cor-
responding to its (1 1 1), (22 0), and (3 1 1) planes, respectively.

As noted before, the orientation of the crystals in the fibers was
measured from the azimuthal scans conducted on the (1 0 0)
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Figure 7. Representative WAXD result of as-spun and post-stretched PAN
fibers: (a) integrated 20 scan; (b) azimuthal scan of the PAN (1 0 0) peak.

peak of the PAN spectra. Figure 7(b) shows the azimuthal scans
of (1 0 0) peak of as-spun pure, post-stretched pure, and post-
stretched with 1 wt % BDP PAN fibers. Sharp azimuthal peaks
for a given set of planes mean higher orientation, whereas,

Table II. WAXD Results with 95% Confidence Intervals

Applied Polymer

SCIENCE

broad peaks indicate low orientation. As expected, post-
stretched PAN fibers have significant higher orientation in com-
parison with that of as-spun fibers. Similar orientation is
achieved for pure and 1 wt % BDP PAN fibers after being post-
stretched. To compare the crystal orientation in the different set
of fibers, the full-width-at-half-maximum (FWHM) was meas-
ured for each azimuthal 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. After post-stretching, the interplanar
spacing between the (1 0 0) plane was reduced and the orienta-
tion and crystal size was increased for pure and 1 wt % BDP-
PAN fibers. Also, the results show no negative effects (at 95%
confidence) for the interplanar spacing and size of the crystals
within the fibers containing photoinitiator as compared with
pure control fibers. In a previous study, it was shown that PAN-
based precursors containing 1% BDP UV treated for 300 s show
higher extents of cyclization reaction as compared with other
set of samples.”” Here, WAXD results show that during the UV
treatment (cyclization reaction) these samples are able to retain
their molecular orientation. This is not the case for pure UV
treated samples. The retention of the orientation of the polymer
chains within the fibers can lead to more polymer chains under-
going cyclization, leading to higher conversions. These results
agree well with the tensile testing results that show superior me-
chanical properties for samples containing 1% BDP and UV
treated for 300 s due to the fact that they are able to retain mo-
lecular orientation. For this system, higher molecular orienta-
tion leads to higher properties of the
ﬁbers.10,15,18,21—23

Figure 8 displays the WAXD spectra of pure PAN fibers at
different stages during the traditional thermal stabilization in
air. Figure 8(a) and (b) correspond to the integrated 20 scan
and the azimuthal scan of the PAN (1 0 0) peak, respectively.
Table IIT summarizes the lattice parameters calculated from the

mechanical

spectra shown in Figure 8. Between room temperature and
150°C, the (1 0 0) peak becomes sharper and an increase in
orientation and crystal size is observed in the fibers. Literature
studies have discussed interesting effects of induced anisotropy
due to the applied UV radiation.”® However, as observed in the
conventional thermal stabilized samples, most of the induced

Sample ID lo (&) alA) (1 0 0) FWHM ()
Pure as spun 311 +32 6.048 = 0.025 752 =25
1 wt % BDP as spun 29.4 + 3.3 6.064 = 0.029 758 =20
Pure after stretch 42319 6.001 + 0.020 26.1 + 0.9
1 wt % BDP after stretch 458 + 2.2 6.019 = 0.019 246 =14
Pure (150°C, NO UV, control) 418 +18 6.028 = 0.038 283 + 0.9
1 wt % BDP (150°C, NO UV, control) 424 + 0.4 6.034 = 0.015 253 =02
Pure, 300 s Fe UV, 150°C 438 1.0 6.032 = 0.010 298 = 1.3
Pure, 300 s Hg UV, 150°C 436 +14 6.047 = 0.025 29.7 =06
1 wt % BDP, 300 s Fe UV, 150°C 489 + 49 6.029 = 0.021 257 =18
1 wt % BDP, 300 s Hg UV, 150°C 463+ 15 6.036 = 0.016 256 1.1
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Figure 8. WAXD spectra of pure PAN fibers at different stages during traditional thermo-oxidative stabilization: (a) integrated 20 scan; (b) azimuthal
scan of the PAN (1 0 0) peak.

Table ITII. WAXD Results with 95% Confidence Intervals of Pure PAN Fibers at Different Stages During Traditional Thermal Stabilization in Air

Fiber temperature (°C) lo (&) a (&) (100) FWHM (°) Cl (%)
25 42 = 2 6.001 = 0.020 261 =09 1+£2
150 90 =2 6.025 = 0.013 203 +11 1+2
175 107 = 2 6.012 = 0.020 201 =09 2+2
200 119+ 2 6.001 = 0.020 21.2+10 2+2
229 126 = 4 6.003 = 0.018 221 +09 1+2
250 134 + 4 6.009 = 0.017 21.3+09 16 + 8
275 98 = 2 6.040 = 0.020 21.3+x12 375
300 13+1 6.198 = 0.124 79.6 =55 52 + 14
300 (after 30 min) 8+1 6.576 = 0.079 104.7 = 4.4 64 £ 2
1 wt % BDP, 300 s Fe UV, 150°C 49 = 5 6.029 = 0.021 257 +1.8 8+1
1 wt % BDP, 300 s Hg UV, 150°C 46 = 2 6.036 + 0.016 256 +1.1 14«2
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Figure 9. Correlation between stabilization temperature and conversion

indices (with trend line) of pure PAN fibers during the thermal stabiliza-

tion step.

anisotropy in the current samples can be attributed to the fact
that the samples are under tension during processing.

Between 150 and 225°C, growth of the crystal size is mainly
observed. At 225°C, dramatic changes are observed in the spec-
tra. Between 225 and 250°C, the crystal size stops increasing,
and around 250°C, the (1 0 0) PAN peak starts broadening and
becomes weaker. This indicates an increment on the interplanar
spacing and a reduction on the crystal size and orientation of
the original PAN structure. In contrast, a strong aromatic peak
starts to emerge. This evolution of structure is consistent with
that reported in the literature.'>>7*14

Based on WAXD spectra displayed in Figure 8, the conversion
indices for pure, non-UV treated, thermally stabilized samples
are presented in Figure 9 (Table IIT) as a function of the ther-
mal stabilization time. Also included is the temperature profile
followed during these thermal stabilization experiments. The
dashed lines indicate the conversion indices of the samples con-
taining 1 wt % DBP UV treated with mercury or iron halide
UV source at 150°C for 300 s. The results show that 300 s (5
min) of UV treatment of the PAN-based precursor containing 1
wt % DBP are approximately equivalent to the first 5000 s
(about 83 min) of the thermal oxidation process, i.e., a reduc-
tion of approximately half of the time needed for conventional
stabilization process. This correlation between conversion index
and processing time is consistent with that obtained from our
previous study using FTIR spectra.”” The other conversion indi-
ces for UV treated samples in the absence of photoinitiator
were not statistically different from the initial indices for pure
PAN samples thermally stabilized, and not included in the fig-
ure. These kinetic results indicate the potential for developing a
novel and more rapid process for stabilization of PAN-based
precursors to produce carbon fibers more efficiently.

CONCLUSIONS

The successful spinning of PAN fibers containing small concen-
trations of photoinitiator [4,4’-bis(diethylamino)benzophenone]
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added externally into the spinning dope (i.e., without incorpo-
rating photoinitiators into the polymer chain itself) was demon-
strated. It was confirmed that the photoinitiator is retained in
the fibers after the coagulation and post-stretching steps. PAN
fibers containing 1 wt % photoinitiator showed neither deterio-
ration nor significant morphological differences as compared
to pure fibers. Further UV treatment for a short period of time
(5 min) of the PAN fibers with 1 wt % photoinitiator led to
enhancement of the tensile modulus. Tensile testing results indi-
cated that fibers containing photoinitiator show higher tensile
modulus for all set of samples, confirming the positive influence
of photoinitiator and further UV treatment in the fibers. This
increase of the tensile modulus for fibers containing photoini-
tiator was largely attributed to the retention of molecular orien-
tation after being UV treated as shown by the WAXD results.
These results are very encouraging since the final mechanical
properties of the carbon fibers depend greatly on the mechani-
cal properties of the precursor fibers, which in turn, depend on
the orientation of the crystals within the fibers. Conversion
indices calculated from WAXD spectra prove that the addition
of 1 wt % photoinitiator to PAN and UV treatment for only 5
min increases the rate of the cyclization reaction and reduces
the thermal oxidation time by over an hour. This could lead to
a reduction in the thermal oxidation time while retaining the
mechanical properties of the carbon fibers thus produced.
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