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The transverse compression of PPTA fibers

Part II Fiber transverse structure
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The single fiber transverse compression test (SFTCT) is applied to KEVLAR and TWARON poly
(para-phenyleneterephthalamide) fibers, both continuous filament and staple, and of
varying denier and heat-treatment, as well as M5 rigid-rod fibers. Resulting force-deflection
curves are analyzed by a Hertzian contact model, to give the effective transverse modulus,
and estimate the stress state in the fiber at the onset of yield. Confocal microscopy and
finite element simulation are used in conjunction with SFTCT to describe the inelastic,
transverse deformation of PPTA. The effects of skin-core structure and anisotropy in the
fiber cross-section are discussed. C© 2000 Kluwer Academic Publishers

1. Introduction
In a related paper [1], we presented a device for the
single fiber transverse compression test (SFTCT), ap-
plied to fine, highly anisotropic polymer fibers, and
examined the accuracy of assumptions of test condi-
tions made in analysis. These fibers have several appli-
cations in which transverse compression is important,
such as cut-resistant and ballistic cloth [2], cables [3],
and bolted composite panels. The structural engineer-
ing of such applications requires characterizing both
elastic and inelastic transverse compression. The engi-
neering of fibers for these applications requires experi-
mental evidence of the structure-property relations that
affect fiber transverse compression.

In this paper, we address both these needs. We
begin with a brief discussion of the structure of
poly(para-phenyleneterephthalamide) (PPTA) fibers.
We then present SFTCT data for PPTA fibers—
Dupont’s KEVLAR and Akzo Nobel’s TWARON—from
continuous filament and staple fibers, as well as exper-
imental M5 rigid-rod fibers from Akzo Nobel [4–6].
Laser-scanning confocal microscopy (LSCM) and fi-
nite element (FE) simulation are used to examine the
yield process of PPTA fibers in transverse compres-
sion. We close by discussing connections between
fiber transverse compressive response and radially-
dependent structure, as well as in-plane anisotropy.

∗ Present address: 3TEX Engineered Fiber Products, 109 MacKenan Drive, Cary, NC 27511.
† Author to whom all correspondence should be addressed.

1.1. PPTA fiber structure
PPTA fibers have a complex and long-studied structure
(some reviews are given in [7–10]). Research on fiber
structure has focused mainly on its effect on axial stiff-
ness and strength, linking these to structural details such
as chain and segregation [11, 12] and axial alignment.
Less attention has been given to the influence of fiber
structure on transverse mechanical response. From ex-
perience with fiber-reinforced plastics and other, highly
anisotropic materials, we expect crystalline orienta-
tion to have little influence on transverse properties in
highly-oriented fibers such as PPTA, indeed, analysis
of the SFTCT loading suggests transverse compressive
response of highly-anisotropic fibers is essentially in-
dependent of any out-of-plane properties for fibers in
which ElÀ Et [2, 13]. Therefore, the structural de-
tails which most affect transverse compressive response
in PPTA fibers should be those of the cross-section.
Fig. 1 is a model of the PPTA cross-sectional structure,
adopted from Yabukiet al. [14, 15], which shows im-
portant features of the PPTA fiber cross-section in the
literature:

1. PPTA fibers are reported to be composed of
smaller fibrils, which are roughly circular cylinders,
with diameters around 30–50 nm [11, 16, 17].
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Figure 1 Model of the cross-section of PPTA fibers, adopted from Yabukiet al. (1976).

2. Between the fibrils are narrow regions of less
order, possibly from crystalline misregister, quench-
ing impurities [18], trapped water [19] and/or voids
[20, 21], along which PPTA is expected to fibrillate.

3. Since the fibers are highly oriented and PPTA crys-
tals pseudo-orthorhombic [9], the cross-section corre-
sponds approximately to theab-crystal plane, with the
a-crystal direction more compliant than theb-direction,
which is roughly parallel to hydrogen bonds [22–24].

4. Coagulation causes hydrogen bond planes to
orient increasingly parallel to the radial direction,
r , as radius increases. The fiber is thus closer to a
transversely isotropic material at the center, and more
anisotropic at the surface. This continuous radial
gradient of fiber structure [25] has often been charac-
terized as a discrete composite of ‘sheath’ and ‘core’
for convenience [16, 11, 26, 20, 21, 17], however, such
discretization is not strictly correct [25, 27].

Although there is still little literature on M5 fibers,
much of its cross-sectional structure parallels PPTA,
including fibrillar structure and radially oriented hy-
drogen bond directions [28].

2. Theory
We refer to equations and analysis discussed in [1].
Transverse yield of polymer fibers has been character-
ized only qualitatively. For all but highly heat-treated
fibers [29], PPTA deforms ductilely in transverse com-
pression. Phoenix and Skelton [2] hypothesized that
transverse yield in PPTA, PET and nylon fibers was
dominated by the maximum resolved shear stress,τmax,
and estimatedτmax at the onset of yield in SFTCT ex-
periments. Batra and Nuruzzaman [30] reached simi-
lar conclusions about PET and nylon monofilaments,
suggesting a Tresca yield criterion. Kotaniet al. [31]
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had limited success simulating HMPE monofilaments
in SFTCT with a FE model assuming elastic-plastic
behavior.

Extreme anisotropy of PPTA and similar fibers make
elastic transverse deformation essentially independent
of axial or torsional properties [2, 3, 13, 1]. Since the
highest stresses developed at yield in the transverse
compression of PPTA fibers [32] are much less than
even the comparatively low axial compressive strength
of PPTA [33], it is reasonable to assume that by exten-
sion, transverse inelastic deformation is also essentially
independent of axial properties.

3. Procedures
3.1. Transverse compression experiments
We performed SFTCT on 1.5 and 6.0 denier1 KEVLAR 29
continuous filament fibers, 1.5, 2.25, 4.2 and 6.0 denier
KEVLAR 29 staple fibers, 1.5 denier TWARON 1000, 1055
and 2200, and both un-heat-treated and heat-treated M5
fibers, using the method described in [1]. Fibers were
loaded quasi-statically, at a speed fast enough to neglect
viscous response [34], and except for samples examined
by LSCM (Section 3.2 below), were loaded to the limit
of the SFTCT device, corresponding toe≈ 45–80%,
depending on fiber stiffness and diameter. All fibers
were loaded along lengths of 2–7 fiber diameters, which
should be sufficient to approximate plane strain com-
pression [1]. 20–40 fibers of each type were tested. The
analysis used to calculate effective, transverse modulus,
Et, apparent strain at yieldey, and maximum resolved
shear stress at yield,τmax, are summarized in [1]. The
relation betweenEt and platen travel,Uy, is [13]:

Uy = 4F

πEt

[
0.19+ arcsinh

(√
πREt

4F

)]
(1)

whereF is the force per unit length applied to the fiber,
andR is the fiber radius.

3.2. Laser-scanning confocal microscopy
Some fibers were compressed to varying levels of in-
elastic compression, then unloaded, removed from the
SFTCT device, and examined with LSCM. LSCM al-
lows fiber cross-sections to be imaged without phys-
ically sectioning the fiber, which damages the cross-
sections of highly anisotropic fibers such as PPTA even
when great care is used (cf. [20, 21]). LSCM uses pin-
hole apertures at the light source and before the de-
tector, reducing focal depth and increasing resolution.
Reduced focal depth allows the microscope to discrimi-
nate views at differing depths in they-direction (see [1]
for explanation of directions). By scanning incremen-
tally throughy, then digitally composing the images, a
view of the cross-section can be formed.

1 Denier is a traditional textile measure of the inverse of lineal density
of a fiber or yarn. Denier is the number of kilograms of fiber or yarn
in 9 km, therefore, as denier increases, fiber diameter increases. For
PPTA fibers, which are circular and have a specific gravity of 1.45, 1.5
denier corresponds to 12µm average diameter; 6 denier corresponds
to 24µm average diameter.

We used a LEICA DM-RBE TCS-N/T confocal micro-
scope. 6.0 denier KEVLAR 29 fibers (24µm nominal di-
ameter) were used, to give a large image. Six fibers were
imaged: two undamaged, two compressed toe≈ 25%
and two compressed toe≈ 45%. A 488 nm argon laser
provided illumination, and the image was filtered by
a dichroic mirror with a 500 nm threshold. LSCM re-
quires fluorescence for imaging, often from fluorescent
dyes. We found the weak self-fluorescence of PPTA
fibers gave clearer images than fluorescing dyes; im-
ages presented here are from self-fluorescence.

3.3. Finite element simulation
Inelastic deformation during SFTCT cannot be ac-
counted for by elastic, Hertzian contact models [2, 13],
and was instead simulated by FE models of the test.
The models were used to reproduce individual SFTCT
force-deflection curves for 1.5 denier KEVLAR 29. Ex-
perimental SFTCT force-deflection data was simulated
by assuming a plasticity model, then iteratively adjust-
ing the plastic parameters until the experimental force-
deflection curve was repredicted.

Plane strain models of a transversely isotropic, cir-
cular cylinder, compressed between two parallel, stiff
platens were built in ANSYS 5.0A–5.3 [35], using a
range of meshing schemes and mesh densities. Sym-
metry allowed a model of only one quarter of the fiber
and one half of one platen, with no displacement al-
lowed across the symmetry boundaries. Fig. 2 shows a
FE model. Linear elements were used, per the soft-
ware’s recommendations for contact problems [36].
The platen was prescribed to move incrementally lower,
contacting and then incrementally deforming the fiber.
Models with 300–2500 degrees of freedom (DOF) in
the fiber were examined (the platen itself was more
coarsely meshed), to check for mesh convergence. Pre-
dicted stresses in the fiber cross-section were negligi-
bly affected by mesh changes for mesh densities of
DOF> 700; predicted force-deflection curve were
hardly sensitive to mesh changes or density.

The platen was assumed two orders of magnitude
stiffer than the fiber, reasonable for the silicon platens
used [37]. Software limitations prevented inelastic de-
formation for anisotropic materials (cf. [31]), therefore,
following the observation [2, 3, 1] that plane strain
transverse compression of highly anisotropic fibers is
essentially independent of out-of-plane properties, we
assumed the Poisson ratio equaled the in-plane Poisson
ratio of KEVLAR 29,νtt= 0.43 [33].Et andRcame from
the Hertzian analysis of the individual tests. (To verify
the assumption of isotropy, FE simulations of elastic
response of isotropic fibers were compared to simula-
tions of a transversely isotropic fiber, using the elastic
constants of KEVLAR 29 reported in [33]. As expected,
anisotropy negligibly affected the predicted in-plane
stress state or force-deflection curve.) We assumed a
von Mises yield criterion, using an isotropic harden-
ing rule. The von Mises stress criterion and post-yield
tangent modulus,Et,tan, were determined by iteratively
comparing simulated force-deflection curves with the
specific experimental force-deflection curve.
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Figure 2 FE model. Example of FE mesh used in simulation of plane strain SFTCT, showing boundary condition (platen, above fiber, not shown).
Due to symmetry, only one quarter of the fiber cross-section was modeled.

4. Results
4.1. Force-deflection patterns
SFTCT on PPTA and M5 fibers fell into three distinct
force-deflection patterns, shown in Figs 3–5.

The most common behavior was pattern 1 (Fig. 3):
upwardly concave initial deformation which resembled
Hertzian contact mechanics predictions [2, 13], with
an inflection point attributed to yield [2, 29, 19, 38]
at e≈ 5–10%. From the Hertzian model, the effective
transverse modulus was found to beEt= 0.75–3 GPa.
Pattern 1 occurred in about 2/3 of tests on each of the
continuous filaments tested, and corresponds with pre-
vious reports of the transverse compression of PPTA
and other, highly-oriented polymer fibers in [2, 29,
19, 38]. The next most common behavior in contin-
uous filaments was pattern 2 (Fig. 4). Pattern 2 was
similar to pattern 1, but there was significant scatter in
the force-deflection curve soon after yield, often begin-
ning immediately after the inflection point. The most
common response in staple fibers was pattern 3 (Fig. 5).
Initial deformation was upwardly concave, in qualita-
tive agreement with Hertzian contact predictions for
the transverse compression of a homogeneous cylinder,
but had more concavity than Hertzian models [2, 13]
predict. At some deformation between 10≥ e≥ 20%,
response stiffened suddenly, then yielded, most often
smoothly, but sometimes erratically. Fitting Equation 1
to initial deformation consistently gaveEt≈ 0.2 GPa.

Fitting Equation 1 to the stiffest part of the pre-yield re-
sponse gave spuriously high moduli (5< Et< 15 GPa).
Pattern 3 was also observed in a few tests on continuous
filaments. For consistency, pattern 3 data was fitted to
Equation 1 one< 5%.

4.2. Elastic results
Table 1 gives resulting averages forEt and ey, from
fitting force-deflection data to equation 1. Also given is
the maximum resolved shear stress in the cross-section
at yield,τmax, from [2]. The large confidence intervals
appear to be typical of polymer filaments in SFTCT
[39, 30, 31]. Since staple fibers generally had an initial
force-deflection curve which was not well-described by
equation (1), their resultingEt should be viewed with
caution.

4.3. Confocal microscopy
Figs 6 through 8 show LSCM cross-sections of KEVLAR

29 fibers compressed in SFTCT, toe= 0, 25% and 45%,
respectively. The fibers appear strongly illuminated at
the top (the closest point to the illuminating laser and
imaging optics), but to decrease in illumination with
increasing depth iny. This may be due to self-reflection
and self-absorption of fluorescence in PPTA, however,
there is little literature on the subject.
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TABLE I SFTCT results. Plus/minus values are 95% confidence intervals

Fiber Nominal diameter (µm) No. tests Et (GPa) ey (%) τmax (MPa)

Continuous filament
KEVLAR 29 12 38 2.45± 0.40 6.1± 1.1 88
KEVLAR 29 24 20 2.38± 0.43 3.9± 1.1 64
TWARON 1000 12 35 1.70± 0.24 7.9± 1.2 73
TWARON 1055 12 35 2.11± 0.28 8.1± 1.2 91
TWARON 2200 12 36 1.59± 0.24 7.9± 1.5 68
Un-heat-treated M5 12 31 1.37± 0.13 5.4± 0.5 47
Heat-treated M5 12 41 1.36± 0.14 6.0± 0.5 49

Staple fiber
KEVLAR 29 12 13 0.25± 0.085
KEVLAR 29 14 15 0.28± 0.082
KEVLAR 29 20 30 0.70± 0.26
KEVLAR 29 24 33 0.60± 0.15

Figure 3 Force-deflection curve pattern 1 (here, heat-treated M5).

Figure 4 Force-deflection curve pattern 2 (here, TWARON 1000).
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Figure 5 Force-deflection curve pattern 3 (most common in staple fibers; here, 1.5 denier KEVLAR 29 staple fiber).

Figure 6 Cross-section of 6 denier untested KEVLAR 29 fiber, imaged by
LSCM. Note that only the top surface appears clearly imaged.

The uncompressed cross-section (Fig. 6) appears
round, with some small asperities on the fiber surface.
Neighboring sections inzshowed these to be fibrillated
fiber skin, which is seen sporadically in PPTA filaments
[40]. The cross-section compressed toe= 25% (Fig. 7)
is race-track shaped, with a flattened top, and no dis-
tinguishable features in the fiber interior. This suggests
the fiber has deformed inelastically, but without creat-
ing any new surface areas for internal reflectance. The
cross-section compressed toe= 45% (Fig. 8) is more
extensively flattened, and shows several distinct fea-
tures in the cross-section. Neighboring sections inz

Figure 7 Cross-section of 6 denier KEVLAR 29 fiber, compressed toey ≈
25%, imaged by LSCM. Note that only the top surface appears imaged.

show these are distinct bodies within the fiber, indicat-
ing that bye= 45%, fibers have begun to fibrillate.

4.4. FE simulation
Fig. 9 shows an experimental SFTCT force-deflection
curve of 1.5 denier KEVLAR 29, and corresponding FE
simulation, assuming three different behaviors: per-
fect elasticity, elastic-perfect plasticity (i.e.Et,tan= 0),
and elastic-plastic behavior with some work harden-
ing, Et,tan> 0. The work-hardening simulation agrees
with experiment up toe≈ 30%, beyond which element
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Figure 8 Cross-section of 6 denier KEVLAR 29 fiber, compressed toey ≈
45%, imaged by LSCM. Note that only the top surface appears imaged.

distortion in the deforming FE mesh gave convergence
difficulties. It appears, however, that if the FE model
could continue to converge to higher deformations, it
would begin to overpredict experimental force, suggest-
ing another deformation process may occur in PPTA
fibers under large compressive strains.

5. Discussion
5.1. Force-deflection patterns
Force-deflection pattern 1 has been reported previously
for PPTA [2, 29, 19, 38]. It has been interpreted as

Figure 9 SFTCT force-deflection curve for 1.5 dpf KEVLAR 29 in transverse compression, and FE simulation which assumed perfectly elastic,
elastic-perfectly plastic, and elastic-plastic with work hardening.

Hertzian elastic compression, changing over to plastic
yielding atey≈ 6–8%, starting at the points of maxi-
mum shear stress in the cross-section (roughly [x= 0,
0.7R< |y|< 0.8R] [41]), and spreading across the fiber
as load increases. Pattern 2 suggests that a minority
of PPTA and M5 fibers begin to deform in an erratic,
stick-slip process, such as fibrillation, upon or shortly
after the onset of yield. Pattern 3, seen predominantly
in staple fibers, is clearly not well-described as the
plane strain compression of an anisotropic, right cir-
cular cylinder. Fig. 10 shows an interpretation of pat-
tern 3, as a cracked fiber, whose cracks close under
compression, until the increasing stresses in the fiber
cross-section lead to inelastic deformation. That pat-
tern 3 was repeatable suggests the preexisting damage
that may have caused it is characteristic of the process
of converting KEVLAR 29 filaments into staple fibers.

5.2. Transverse elasticity of PPTA fibers
Heat treating PPTA fibers consistently increases axial
modulus,El , due to increased crystallinity and axial
orientation [9]. Heat treatment has not been consis-
tently found to increaseEt: Phoenix and Skelton [2]
and Kawabata [29] found no significant difference be-
tweenEt of un-heat-treated and heat-treated KEVLAR.
Joneset al. [38] found Et of KEVLAR 49 increased

Figure 10 Interpretation of pattern 3 force-deflection curves.
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significantly between KEVLAR 29 and 49, however, their
force-deflection data (Fig. 8 in their paper) suggests at
least one of the two tests used to determineEt was pat-
tern 3, for which curve-fitting Equation 1 is somewhat
arbitrary. Knoff [19] found significant increase inEt of
KEVLAR 29 after very long heat treatments (1 hour at
250◦C), and moderate increases for faster post treat-
ments. We found heat-treatment moderately increased
Et in TWARON 1055, but did not significantly affectEt
in TWARON 2200, in qualitative agreement with Knoff.

M5 fibers are theorized to form hydrogen bonds in a
three-dimensional lattice network [5], in contrast to the
planar hydrogen bonding of PPTA. M5 composites have
a significantly higher axial compressive strength, which
is attributed to this hydrogen bond lattice [6]. Given
this, it is surprising that M5 fibers are transversely
more compliant than commercial PPTA. Kawabata [29]
observed thatEt increases with increasing anisotropic
ratio, El/Et, in highly-oriented polymer fibers. Our re-
sults for M5 contradict this observation. The low trans-
verse stiffness of M5 fibers may be due to defects in the
cross-section, such as voids [28]. The heat treatment ap-
plied to M5 fibers had no effect on their elastic response.

5.3. Transverse inelasticity of PPTA fibers
The PPTA and M5 fibers examined here yield and de-
form ductilely in transverse compression atey= 6–8%,
close to apparent yield strains reported previously
[29, 19, 38]. Phoenix and Skelton [2] hypothesized
yield in PPTA was controlled by the maximum resolved
shear stress,τmax. FE simulation which includes von
Mises plasticity can reproduce experimental SFTCT
force-deflection curves toe≈ 30%, indirectly support-
ing this hypothesis. Scatter in SFTCT force-deflection
data after yield (pattern 2), and LSCM both suggest
transverse compressive yield is not always homoge-
neous deformation; after sufficient transverse deforma-
tion, PPTA fibers begin to fibrillate.

LSCM images of 6.0 denier KEVLAR 29 fibers which
had pattern 1 force-deflection curves showed no visi-
ble cracks ate= 25%, but visible cracks ate= 45%.
This suggests flow typically transitions to fibrillation
betweene= 20% and 45% (Fig. 11A). After fibrilla-
tion, the fiber can support transverse compression and
friction-induced shear between disbonded entities, but
not tension.

Fig. 9 and SFTCT force-deflection curves for PPTA
in previous papers [38, Fig. 8], [19, Fig. 2] showed a sec-
ond inflection point neare= 30–40%, less pronounced
than the inflection point at the transition between elas-
tic and inelastic deformation arounde= 6–8%. This
second inflection point may correspond to the onset
of visible fibrillation in transversely compressed PPTA
fibers. It is smaller than the first inflection point be-
cause the difference in effective stiffness (in compres-
sion) between fibrillated material and yielded material
is smaller than the difference in stiffness betweenEt
and Et,tan. Fig. 11B plots a phenomenological model
of the un-heat-treated PPTA yield criterion in trans-
verse compression. Transverse stiffness in Region I is
Et= 2–2.5 GPa. The fiber yields at a maximum re-
solved shear stress ofτmax= 50–80 MPa (Region II),

Figure 11 Model of transverse compression response of PPTA fibers.
(A) Progression of deformation mechanisms as function of deformation.
(B) Corresponding yield criterion.

with a post-yield modulus ofEt,tan= 0.2–0.5 GPa. At
e= 30–40%, the fiber begins to fibrillate. Experimen-
tal force-deflection curves of KEVLAR 29, 49 and 149
in [29] suggestEt,tan decreases with increasing heat
treatment.

This hypothesis explains most (pattern 1) of the con-
tinuous filament tests. Pattern 2 behavior suggests a mi-
nority of fibers do not yield significantly before transi-
tioning to fibrillation. This may be due to local defects:
superposing the stress concentrations of voids or sim-
ilar defects on the constitutive relation hypothesized
in Fig. 11B could allow disbonding and fibrillation at
lower global stresses.

5.4. Skin-core effects of PPTA
Numerous observations [11, 26, 20, 25, 27, 17] have
found a radially dependent structure in PPTA fibers,
which was not accounted for in the SFTCT analysis.
Many researchers have approximated this gradient as a
discrete skin and core. Reported skin thickness varies
with the experimental method used, but are on the or-
der of 1µm (compared to a fiber radius of 6µm).
The crystal alignment [25], size and perfection [11, 16,
17] of PPTA fibers are higher near the fiber surface
than the core, resulting in lower diffusion coefficients
near the skin [27]. These observations suggest PPTA
fiber skin is stiffer transversely than the core. We found
un-heat-treated KEVLAR was stiffer transversely than
un-heat-treated TWARON: if PPTA skin is stiffer trans-
versely than the core, our observation would agree with
Dobb and Robson [20], who found TWARON has a thin-
ner skin than KEVLAR. It would also agree with SFTCT
findings of Kawabata [29], who found KEVLAR 29 is
stiffer transversely than KEVLAR 119, which has a thin-
ner skin. A radial dependence of elastic constants could
be incorporated into FE or other simulation of SFTCT
(cf. [42, 43]), to simulate its effects on at least elastic
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response, if the radial dependence was quantified in the
literature: such simulation was not pursued in this study.

5.5. The in-plane anisotropy and structure
of PPTA fibers

PPTA fibers are not truly transversely isotropic as as-
sumed in the SFTC analysys, but rather cylindrically
orthotropic [44]. Orientation in the fiber cross-section
arises from during quenching, when the hydrogen
bonds tend to align radially [45, 22]. The consequences
of ignoring this in-plane anisotropy in SFTCT analysis
need to be determined. Unfortunately, directly deter-
mining the mechanical anisotropy in the cross-section
of PPTA fibers appears intractable: fiber response to
transverse load comes from some average of the in-
plane stiffness constants: the normal moduliEr andEθ ,
Poisson’s ratioνrθ and the in-plane shear modulusGrθ ,
all of which are independent.

Radial orientation [14, 46, 15] is not perfect in PPTA
fibers, so fiber in-plane anisotropy should be less than
the ab-plane anisotropy of PPTA crystals. Interfer-
ence microscopy [15] suggests that, at least optically,
KEVLAR 29 fibers are substantially less anisotropic in the
cross-section than are theab-plane of PPTA crystals.
This suggests the assumption of transverse isotropy is
reasonable for at least un-heat-treated PPTA. Ade and
coworkers [47, 46] found radial orientation near the
fiber skin in KEVLAR fibers increased with increasing
heat treatment.

Since PPTA fibers are highly crystalline and highly
oriented [9], it is reasonable to estimate the in-plane me-
chanical anisotropy of PPTA fibers from predictions of
the elasticity of PPTA crystals, by assuming the fiber
is a polycrystalline assemblage, and taking the appro-
priate Voigt (stiffness-averaged) or Reuss (compliance-
averaged) bounds, as suggested by Rutledge and Suter
[24]. In [24], PPTA fibers were assumed transversely
isotropic. If instead, the in-plane orientation were as-
sumed not random, but based on experimental mea-
surements (for instance, via interference microscopy
as suggested in [15]), the mechanical anisotropy in
the cross-section of actual, PPTA fibers could be
estimated.

In the assumed transverse isotropy case, Rutledge
and Suter [24] found this approach lead to predictions
of the two, transversely isotropic fiber Poisson’s ratios,
νlt andνtt which closely agreed with experimental re-
sults on high volume fraction composites [33], further,
their axial and torsional moduli,El andGlt , were only
2-3 times above experimental values for KEVLAR 29 and
49 [48, 33, 38], which could reasonably be attributed
to crystalline axial misalignment and intercrystalline
defects, respectively. Unfortunately, neither their pre-
dictions of the elasticity of PPTA crystals,2 nor those
in [49, 50, 51, 38] lead to predictions ofEt remotely
close to experimental results here and elsewhere, in-
stead predicting lower bounds of 13< Et< 19 GPa for
PPTA fibers.

2 There is a typographical error in Table V of [24]. The lower bound
prediction isEt= 17 GPa for their structure 3, the Northolt polymorph.

This discrepancy suggests the theoretical elastic con-
stants of PPTA crystals presented in the literature so far
have no clear relation to the experimental behavior of
PPTA fibers. Further, given the relative accuracy of the-
oretical predictions of the other elastic constants of an
assumed transversely isotropic fiber, it suggests that the
transverse deformation of PPTA fibers is strongly lim-
ited by compliant defects in the cross-section, much
more strongly than either axial stiffnessEl or tor-
sional stiffnessGlt . If this is true, then fibrillation under
large transverse deformation may be simply the vis-
ible, large-scale deformation of a material failing in
thin, compliant bands between stiff, crystalline regions
which comprise the majority of the cross-section. This
would agree with the conclusion reached by McGarry
and Moalli [40] after their tests on the tearing strength
of KEVLAR 49 fibrils.

We did not attempt to identify the components of
the proposed compliant regions in the cross-sections of
PPTA: previous investigations have suggested poorly-
oriented, intercrystalline regions [16, 11] and/or voids
[49, 20, 52, 21, 53], partially filled with entrapped water
[19] and quenching impurities [18].

6. Conclusions
Experimental results are presented for the transverse
modulus of KEVLAR 29, TWARON 1000, 1055 and 2200,
heat-treated and un-heat-treated M5 continuous fila-
ments, as well as KEVLAR 29 staple fibers. There appears
to be characteristic damage imparted into staple fibers
which makes them more transversely compliant than
equivalent PPTA fibers. PPTA fiber appear to yield ho-
mogeneously at apparent strains ofe= 6–8%, but begin
to fibrillate ate= 30–40%. Indirect evidence suggests
the skin of PPTA fibers is stiffer transversely than the
core. The transverse stiffness of PPTA is five to ten
times lower than lower bound predictions based on the
Reuss average of atomistic models of PPTA crystals,
which is a substantially greater factor than Reuss av-
erage predictions for fiber axial or torsional stiffness.
This suggests that the transverse deformation of PPTA
fibers depends much more strongly on defects than do
axial or torsional response.
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