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ABSTRACT:

The elastic modulus, E;, of the crystalline regions of poly (p-phenylene terephthalamide) (PPTA)

single fiber in the direction parallel to the chain axis was measured by X-ray diffraction using synchrotron radiation
at beamline BL46XU of SPring-8. The E; value of the PPTA single fiber was obtained as 156 GPa at room temperature
from the initial slope of the stress—strain curve of the crystal lattice. However, the inclination of the stress—strain curve

changed at a tensile stress of around 1000 MPa, which produced an E;" value of 199 GPa in a higher stress region. This

indicates that the deformation mechanism in the crystal lattice at higher tensile stress was different from that in the

initial stage of the tensile deformation. Stress hardening of PPTA was also observed macroscopically during the tensile

deformation process. Stress hardening in the crystal lattice was found to directly affect macroscopic stress hardening of

the PPTA fiber. [doi:10.1295/polym;j.PJ2007074]
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Poly (p-phenylene terephthalamide) (PPTA) fiber is
one of the most popular high performance polymer fi-
bers. Well known by its commercial names, Kevlar®,
and Twaron®, it has excellent thermal stability and
good mechanical properties. PPTA fiber is widely
used in industrial materials, reinforcement fibers for
advanced composite materials, and so on."> The me-
chanical properties of PPTA fiber are affected by the
microstructures formed during liquid-crystalline spin-
ning. In the last few decades, the relationship between
the microstructures and the mechanical properties of
PPTA fibers has been extensively studied. Black re-
ported that a possible explanation for the extraordina-
ry mechanical properties of PPTA fiber is its extended
chain orientation rather than its high crystallinity.’
PPTA fiber is said to possess microscopically radially
oriented pleated sheet structures, in which the micro-
fibrils are misoriented with a long (300-500 nm) zig-
zag structure along the fiber axis.*® Northolt et al.
reported that the macroscopic deformation of PPTA
fiber is governed by the orientational change in the
PPTA micro-fibrils along the fiber axis in the initial
tensile stress region.”® Therefore, after the micro-fibril
orientation has been completed, stress hardening due
to the elongation of the molecular chains themselves
is observed in the high tensile stress region. The struc-
tural changes during the fiber tensile deformation
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process have also been investigated in several studies
using a variety of methods, such as Raman spectrosco-
py,”"'! an X-ray diffraction method,”®'>! and a com-
bined microfocus Raman/microfocus X-ray diffrac-
tion technique.?

The elastic modulus, E;, of the crystalline regions of
polymers in the direction parallel to the chain axis
provides important information on the molecular con-
formation, its deformation process, and its relations to
mechanical properties. The E; value also plays an im-
portant role in attempts to obtain high modulus poly-
mer materials because the E; value is equal to the
maximum attainable specimen modulus of a polymer.
We measured the E; value for a variety of polymers
using the X-ray diffraction method.?*-2

X-Ray diffraction has the advantage of selective de-
tection of the crystalline regions. To determine the E;
value experimentally, polymer fibers are constantly
stressed and the lattice strains are precisely detected
by monitoring the peak shift in the meridional reflec-
tion. We have been obtained the E; value for PPTA
fiber as 156 GPa at room temperature.'>"'* For the
X-ray diffraction method using a conventional X-ray
generator including rotating anode type equipment, a
bundle of polymer fiber was used to get sufficient dif-
fraction intensity, because synthetic polymers are
known to show weaker diffraction signals. However,
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there is the worry of stress inhomogeneous distribu-
tion within the fiber bundle, and the misalignment of
the each fiber may seriously affect the observed E;
value. In addition, the stress—strain curve for PPTA
crystalline regions indicated that stress hardening oc-
curred in higher stress region in the E; measurement,
however, whose details are not fully examined. This
is because the fiber bundle was used for X-ray diffrac-
tion experiments, so the stress applied to the bundle
was limited. In contrast, high brilliant synchrotron ra-
diation is expected to produce enough diffraction in-
tensity even from a polymer single fiber. Thus, higher
stress could be applied to the single fiber compared
with the fiber bundle. Chu et al. detected the lattice
deformation of PPTA single fiber under tensile stress
using a synchrotron wide-angle X-ray diffraction
method.'82" However, they reported only equatorial
200 and 110 reflection shifts, which correspond to
the lattice deformation in the direction perpendicular
to the chain axis and tensile stress. Davies et al. meas-
ured the lattice deformation from meridional layer
lines of PPTA single fiber using a microfocus X-ray
diffraction technique.?? In their experiments, the X-
ray beam was irradiated in the direction perpendicular
to the fiber axis. This geometry was not adequate to
detect the meridional Bragg’s reflection, and their lat-
tice strain correspondence to that inclined 13.2 degree
to the tensile stress. Thus, to evaluate the mechanical
properties in the direction exactly parallel to the fiber
axis, the lattice deformation of meridional reflections
should be used to measure E|.

In this study, the mechanical deformation of PPTA
crystal lattice along the fiber axis was measured using
a single fiber by the synchrotron X-ray diffraction
method. The structural change in the crystalline re-
gions of PPTA was reported under a high tensile stress
of up to 3000 MPa, and its relation to the macroscopic
change was investigated.

EXPERIMENTAL

PPTA fiber was supplied by Toray-Du Pont. Co.,
Ltd. as Kevlar 49°%.

The specimen density measured using a floatation
method (benzene—carbon tetrachloride system) at
30°C was obtained as 1.453 g/cm?. The PPTA fiber
was observed by a scanning electron microscope
(SEM) (HITACHI S-2500) operating at 20 KV.

Synchrotron X-ray diffraction was measured at
SPring-8 BL46XU (R&D beamline). X-Ray wave-
length is 0.08266 nm (beam size 0.07 mm (horizon-
tal) x 0.5 mm (vertical)).

Figure 1 shows the X-ray fiber photograph of the
unloaded PPTA single fiber recorded on a flat-type
imaging plate (IP). The sample was exposed to X-
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Figure 1. X-ray fiber photograph of PPTA single fiber.

ray for 300s. The sample to detector distance was
224.5mm. The SPring-8 synchrotron radiation ena-
bled to give enough diffraction intensity even from a
single fiber. Two crystal modifications were reported
for PPTA. Among them, all the reflections in this
study could be assigned with the monoclinic unit cell:
lattice parameter of a = 7.87 /&, b=5.18 1&, ¢ (fiber
axis) = 12.9A, and y = 90deg.”’” Two strong reflec-
tions that were observed on the equator can be in-
dexed as 110 and 200, respectively. These spot-like
reflections implied a high degree of crystallite orienta-
tion along the fiber axis and a good lateral packing of
PPTA molecules in the crystal lattice. The equatorial
200 reflection is often used to evaluate the crystallite
orientation of the PPTA fiber.!”-?*2% In order to inves-
tigate the change in the crystallite orientation by the
applied stress, the full width at half maximum (F,,)
value for the 200 reflection along the Debye-Scherrer
ring of the PPTA single fiber, detected with IP, was
measured under the load. The lower value of the F,,
value corresponds to the higher crystallite orientation
along the fiber axis.

Figure 2(a) shows the photograph of the stretching
device with X-Y-Z positioning stages specially de-
signed for the tensile measurement of polymer single
fiber. PPTA single fiber (initial length 35 mm) was
mounted on a paper window cardholder using an ep-
oxy resin. The paper cardholder was clamped to a
stretching device and then cut. The fiber was loaded
by symmetric stretching, ensuring that the incident
X-ray beam was irradiated on the same position along
the fiber during the tensile deformation. This stretch-
ing device was set on the center of the goniometer
in the SPring-8 BL46XU, as shown in Figure 2(b).
The single fiber on the X-ray beam center was aligned
using the microscope with a CCD camera, within a ca.
30 um spatial resolution. In order to detect the meri-
dional reflection with a scintillation counter under a
constant stress after the stress relaxation (less than
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Figure 2. Photographs of (a) the stretching device specially
designed for the tensile measurement of polymer single fiber,
(b) the X-ray diffractometer in SPring-8 BL46XU (R&D beam-
line).

3%) was almost completed, a 6-20 scan was carried
out using a symmetric transmission geometry. The
strain, €, of the crystal lattice was calculated by the
following equation,

e = Ad/d €]

where, dj is the initial lattice spacing for the meridion-
al 006 reflection determined by Bragg’s equation and
Ad is the change in the lattice spacing due to the con-
stant tensile stress. The experimental error in measur-
ing the peak shift was evaluated to be less than
+1/100 degree in diffraction angle of 26, which cor-
responds to a lattice extension of +0.045%. The
cross-sectional area of the single fiber was measuring
using gravimetric method. The stress on the single
fiber was evaluated from the load and the cross-sec-
tional area. The stress o on the crystalline regions
was assumed to be equal to the stress applied to the
single fiber. The validity of this assumption of homo-
geneous stress distribution has been proven for vari-
ous polymers in earlier studies in that the specimens
possess a high degree of crystallinity with high molec-
ular orientation.?2° The same E; value were found
for PPTA, Kevlar, Kevlar 29, Kevlar 49, and Kevlar
149 even though the macroscopic modulus changed
from 40GPa to 149 GPa.'"'7?° Therefore, this as-
sumption is also valid for the series of PPTA fibers.
The E; value was calculated by the following equation;

E =o0/¢ ()

The macroscopic stress—strain curve of the PPTA
single fiber was measured using a tensile tester
(Shimadzu, AUTOGRAPH SD-100) at room temper-
ature. The original length of the specimen was 150
mm and the tensile speed was 5mm/min. In this
study, nominal stress and nominal strain was used
for calculation.
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Figure 3. Scanning electron micrograph of PPTA single fiber.
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Figure 4. Macroscopic stress—strain curve for PPTA single
fiber.

RESULTS AND DISSCUSSION

Figure 3 shows the SEM photograph of the PPTA
single fiber. The fiber surface is very smooth. Its di-
ameter was evaluated as 12.4 & 0.3 um by being cali-
brated using monodispersed polystyrene particle of
2.14 um in diameter. This diameter is equal to that de-
termined by the gravimetric method.

Figure 4 shows the macroscopic stress—strain curve
for the PPTA single fiber. The tensile stress increased
almost linearly with increasing the strain until the
stress reached 1100 MPa. The initial inclination of this
curve gave the specimen modulus Y; of 131 GPa. In
contrast, in the higher stress region (> 1100 MPa),
the curve strayed slightly off the initial inclination,
and the inclination of the latter half of the curve be-
came larger than that of the initial stage. Here, we de-
fined the inclination of the latter half of the curve as
apparent specimen modulus Y/, and the value of
145 GPa was obtained. This value was calculated us-
ing the nominal stress. When this value is re-calculat-
ed with consideration the change of cross—sectional
area assuming Poisson’s ratio of 0.3, using true stress,
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Figure 5. Stress dependence of the F,, value for the 200
reflection of the PPTA single fiber along the azimuthal angle.

Y; of 131.0 GPa change into 131.6 GPa, the changes
of Y;, Y/ will be within the experimental error. This
stress hardening was macroscopically observable in
the PPTA single fiber. As mentioned before, if the
stress hardening is mainly due to the elongation of
the molecular chains after the micro-fibril orientation
along the fiber axis, the crystallite orientation of
PPTA fiber was considered to change simultaneously
with the macroscopic stress hardening.

Figure 5 shows the stress dependence of the F,,
value for the 200 reflection of the PPTA single fiber
along the azimuthal angle. All plots were perfectly re-
versible after unloading. The F,, value decreased
abruptly at the initial stage of the tensile stress, which
indicates that the degree of the crystallite orientation
was getting higher. These results suggest that the crys-
tallite orientation may partly contribute to increasing
the steepness of the slope of the macroscopic stress—
strain curve. However, an inflection point, which
was almost half of that (1100 MPa) appearing in the
macroscopic stress—strain curve, was observed at
around 600 MPa of tensile stress in the F,, value—
stress curve. This indicated that the change of the mi-
cro-fibril orientation alone was insufficient to explain
the macroscopic stress hardening, and an alternative
mechanism had to be considered. Next, we focused
on the mechanical properties of the crystalline regions
for the PPTA fiber along the fiber axis using synchro-
tron X-ray diffraction.

Figure 6 shows the 006 diffraction profiles before
loading and under loading of 1390MPa and 2270
MPa. The diffraction peak shifted to a lower
angle when the tensile stress was applied. This means
the crystal lattice was extended along the chain axis
by the tensile stress. The extensions of the crystal
lattice were perfectly reversible.

Figure 7 shows the stress—strain curve for the (006)
plane of PPTA at room temperature. The filled circles
are the results for the single fiber measured using
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Figure 6. Meridional diffraction profiles of the (006) plane of
PPTA before loading and under loading (1390 MPa, 2270 MPa).
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Figure 7. Stress-strain curve for the (006) plane of PPTA in
the direction parallel to the chain axis. (O): previous results for
fiber bundle using conventional X-ray generator, (®): single fiber
using SPring-8 in this study.

SPring-8 synchrotron radiation, and the open circles
are those reported for the fiber bundle using conven-
tional X-ray generator equipment.'””'* The results
for the single fiber coincided with those for the fiber
bundle, however, the stress applied to the fiber bundle
was restricted to less than 1500 MPa. In contrast, mac-
roscopic stress could be applied to a single fiber up to
2800 MPa (corresponding to a tensile load of 33 g),
which is almost equal to the tensile strength of the
fiber. The conventional method using the fiber bundle
has not been able to reach this stress level. This shows
that the SPring-8 synchrotron radiation is a powerful
tool for researching the deformation behavior of poly-
mer single fibers. With increasing the tensile stress,
the crystal strain increased almost linearly in the
initial stage of tensile stress (<1000 MPa). The initial
inclination of the stress—strain curve gave an E; value
of 156 GPa, which coincided exactly with the value
previously reported using the fiber bundle.'>'# These
results confirmed that the stress inhomogeneity
within the fiber bundle could be negligibly small. As
with macroscopic tensile behavior, stress hardening
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was observed for the crystalline region of PPTA.
From the stress—strain curve of the crystal lattice in
Figure 7, the inclination of the curve changed around
tensile stress of 1000 MPa. This indicates that the de-
formation mechanism of the crystal lattice in the high-
er tensile stress regions (>1000MPa) was different
from that in the initial stage. The inclination of the
stress—strain curve in the higher stress region gave
the E;/ value of 199 GPa. As shown in Figure 4, the
inflection point in the macroscopic tensile behavior
was observed at around 1100 MPa, the same point as
in the PPTA crystal lattice. It is concluded that the
stress hardening in the PPTA crystalline regions di-
rectly influenced the stress hardening of the macro-
scopic single fiber. Accordingly, the stress hardening
of macroscopic PPTA fiber was affected not by the
change of the fibril orientation along the fiber axis
as reported by Northolt ef al., but by the change of
the deformation mechanism of the molecular chain
in the PPTA crystalline region. In conclusion, high
brilliant synchrotron radiation X-ray beam is a power-
ful tool to detect the crystalline regions during the
tensile deformation of a polymer single fiber.

CONCLUSIONS

The elastic modulus E; of the crystalline regions of
PPTA single fiber in the direction parallel to the chain
axis was measured by X-ray diffraction using SPring-
8 synchrotron radiation. The E; value of PPTA single
fiber was obtained as 156 GPa in the initial stage of
tensile deformation. This value coincided with that
previously reported for the fiber bundle. In addition,
the inclination of the stress—strain curve in the PPTA
crystalline regions changed at a tensile stress of
around 1000 MPa. Stress hardening in the PPTA crys-
talline regions was observed during the tensile defor-
mation process. The E; value was obtained as 199
GPa at the higher stress regions. This stress hardening
was also observed at the same stress as macroscopic
tensile deformation. These indicate that the deforma-
tion mechanism in the crystal lattice directly affected
the macroscopic tensile deformation.
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