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a b s t r a c t

The tensile behavior and fracture mechanisms of poly(phenylene terephthalamide) (PPTA) and high mod-
ulus polyethylene (HMPE) fiber bundles were studied at high strain-rates using a tension Kolsky bar. For
all fiber bundles investigated, a significant amount of strain energy was found to be dissipated by inelastic
processes in addition to that due to fracture. The differences in microstructure and properties between
the fibers were shown to have a noticeable influence on the inelasticity and fracture behavior in PPTA
fiber bundles. No significant strain-rate effect on inelastic behavior and maximum strength was found in
HMPE fiber bundles. Scanning electron micrographs of the fracture surfaces of PPTA fiber showed that the
failure occurs mainly by fibrillation resulting in pointed breaks, and showed no fundamental difference in
fracture mechanism at quasi-static and high strain-rates. However, the fracture mechanism in the HMPE
fiber was different at quasi-static and high strain-rates, crazing was dominant at high strain-rates and
plate formation under quasi-static conditions. This difference was more substantial in HMPE fibers with
lower degree of crystalline order, which suggested that the inelastic behavior is governed by a precise
mechanism of load transfer between the crystalline and amorphous phases present in HMPE fibers as
a function of loading rate. At high strain-rates, HMPE fibers appear to be able to dissipate more strain

energy than PPTA fibers due to this intrinsic change of deformation mechanism. Our results also support
the idea that the mechanical behavior of a PPTA fiber bundle is inherently statistical including variations
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. Introduction

The specific tensile strengths of high-performance fibers pro-
uced from poly(phenylene terephthalamide) (PPTA) and high
odulus polyethylene (HMPE) exceed that of steel, and appear

o dissipate large amounts of energy during ballistic impact.
hese two fibers are marketed commercially, for example PPTA as
evlar® (DuPont) and HMPE as Spectra® (Honeywell), respectively.
lthough the structure of these fibers is now well-characterized

1,2], the relationship between microstructure and macroscopic
echanical behavior is not fully understood. In particular, there

s little literature on the correlation between morphology and frac-

ure behavior in these polymers at high strain-rates. In this study,
e attempt to characterize the strain-rate dependence of the ten-

ile strength and fracture of PPTA and HMPE fiber bundles, and
xplore the underlying deformation mechanisms at high strain-
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nment of the individual filaments.
© 2008 Elsevier B.V. All rights reserved.

ates. The strain-rates ∼200–1500 s−1, which are estimated to be
resent when a projectile at ∼500 Km/h hits, for instance, a pla-
ar plain-woven fabric [3,4], are readily attainable in a Kolsky bar
pparatus [5].

Both PPTA and HMPE are highly crystalline. The chemical for-
ula for the PPTA monomer is shown in Fig. 1a. Molecules including

romatic structures or amide groups are usually strong; PPTA con-
ains both. The aramid chains form rigid planar sheets with the
hain-extended molecules hydrogen bonded together. The sheets
re stacked to form a crystalline array but there is only weak van
er Waals forces between the sheets, which are arranged in a
adial system of axially pleated lamellae as illustrated in Fig. 1b
6,7]. Microscopic, scattering and spectroscopic techniques have
een extensively used to study the radial orientation of PPTA fibers
1]. The structure of pedigreed PPTA fibers (including Kevlar® 149,

evlar® 49 and Kevlar® 29) is known to be radial lateral with crys-
allinity of the order of 90–95% for Kevlar® 149 and Kevlar® 49
nd 80–85% for Kevlar® 29 [6]. Using wide angle X-ray diffrac-
ion, it was found that PPTA forms orthorhombic crystals with two
hains per unit cell. The apparent crystallite size is 50 nm, 4.4 nm

http://www.sciencedirect.com/science/journal/09215093
http://www.elsevier.com/locate/msea
mailto:murthy@biology.rutgers.edu
dx.doi.org/10.1016/j.msea.2008.09.075
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ig. 1. (a) Chemical formula of PPTA; (b) radial pleated-sheet structure of PPTA
laments and (c) crystalline structure model of PPTA [1].

nd 3.6 nm along [0 0 2], [1 1 0] and [2 0 0] directions, respectively.
PTA fibers have high degrees of axial and lateral crystalline order
1]. These fibers are formed by a dry-jet wet spinning process that
roduces liquid crystalline domains with chains oriented along the
ow direction [7]. As a result, PPTA shows anisotropy in mechanical
ehavior with larger modulus and strength along the longitudinal
rientation of the fiber.

Based on experimental data and simulation on single filaments,
heng et al. [8] have observed that the tensile response of Kevlar®

M2 fibers is linear and elastic until failure. This behavior was
elated to fibrillation, i.e. decohesion of fibrils along the longitu-
inal axis of the fiber. The mechanical behavior was also found to
e nonlinear along the transverse direction. Both longitudinal and
ransverse behavior showed no strain-rate dependency. In contrast,

ang and Xia [9] found a strain-rate dependence of mechanical
ehavior in Kevlar® 49 bundles investigated at strain-rates between
.0001 s−1 and 1350 s−1. Using a Weibull failure analysis, these
uthors have observed that the Young’s modulus and strength of the
ber bundles increase slightly with increasing strain-rate. However,
reasy [10] has argued that the effects of slack and variability in test
rocedure may account for the apparent strain-rate dependence of
hese parameters.

The chemical formula for the monomer of a HMPE fiber is shown
n Fig. 2a. This polymer is processed by gel spinning followed by
rawing to produce longitudinally oriented chains [2]. In the gel
tate, polyethylene is amorphous, and the undrawn fiber is charac-
erized by the formation of crystalline spherulites in an amorphous

atrix. During drawing, the spherulites deform into parallel plate-
ike structures [11]. HMPE fibers usually have a lower degree of
-ray crystallinity (∼75%) than PPTA [2]. The microstructure of
MPE filaments is schematically represented in Fig. 2b. The drawn
bers consist of microfibrils and intrafibrillar matter. The microfib-
ils are composed of crystalline and amorphous regions oriented
long the fiber axis. The aligned crystalline regions are on the order
f 60–400 nm in length [2]. Though intermolecular van der Waals
orces between the PE chains are weak, the primary covalent bonds
long the chain-axis contribute to the strength of the fiber.
Compared to PPTA, little has been published regarding the frac-
ure of HMPE fiber. Within the fiber, the microfibrils are aligned
ongitudinally and linked together by the intrafibrillar chains [2].
nder tension the microfibrils can stretch through chain unfold-

ng, giving these regions greater strength. Prevorsek et al. [3] used

a
s
c
a

ig. 2. (a) Chemical formula of HMPE and (b) longitudinal structure of HMPE micro-
laments [2].

igh-speed photography to observe the effects of ballistic impact on
pectra® fibers and composites. Since HMPE fibers melt at a lower
emperature than PPTA, investigations of HMPE fibers have focused
n heating effects in addition to deformation and failure. Another
tudy by the same group using numerical simulation of projec-
ile impact provided a model of heat effects during ballistic impact
n polyethylene fiber composite armor [12]. It was concluded that
eating effects were negligible in the armor performance of these
omposites.

Polyethylene is known to dissipate energy through chain unfold-
ng and crazing in its amorphous domains, and through crystal
eparation and slippage in its crystalline regions [10,13]. Crazing is
he primary yielding morphology seen in amorphous glassy poly-

ers [14]. Crazes are localized zones of micro-cracking which grow
erpendicular to the direction of maximum principal stress. Above
he glass transition temperature, a polymer is more viscous, and
hus allows energy to be absorbed through chain unfolding [15].
ecause of the relatively high crystalline content, it is unclear if the
ame mechanisms operate in HMPE fibers.

This study describes an effort to understand the mechanical
ehavior and fracture of PPTA and HMPE fiber bundles under uni-
xial tension at both quasi-static and high strain-rates. Atomic force
icroscopy (AFM) was used to characterize the cross-sectional

tructure of the filaments. Uniaxial tensile tests were conducted at
igh strain-rates using a tension Kolsky bar. The failure modes and
echanisms were investigated by scanning electron microscopy

SEM) and related to the structure of each of the fiber samples.
ection 2 presents the details of the experimental procedure.
he results obtained from mechanical testing and fracture sur-
ace analyses are presented in Section 3. The relationships between

icrostructure, mechanisms, and strain-rate dependence of defor-
ation and fracture in PPTA and HMPE are discussed in Section 4.

. Experimental

.1. Materials
Three grades of PPTA fiber bundles (DuPont) labeled Fiber-A, -B
nd -C, were tested [16,17]. The first two types of fiber belong to the
ame family of PPTA, but were obtained from different processing
onditions. Two HMPE fiber bundles (Honeywell) labeled Fiber-A
nd -B [18,19] were used in this study with the former having lower
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4 and 7 for all the tests reported here. Thus the fiber bundles can
Fig. 3. Holder used for high strain-rate tests.

rystalline order than the latter. There were about 530 filaments in
PTA (12 �m dia.) fibers, 120 in HMPE Fiber-A (38 �m dia.) and 240
n HMPE Fiber-B (26 �m dia.).

.2. Mechanical testing

High strain-rate tensile tests were carried out using a tension
olsky bar [20–22]. A laser detector, consisting of a line laser emit-
er, optics, and a photodiode [23] was used to measure both the
nitial fiber length and elongation during testing. The strain-rate
aried from 340 s−1 to 850 s−1. In order to produce a breaking
trength that was in the range of the Kolsky bar, several fiber bun-
les were held in place using a jig (Fig. 3) and tested in tension.
he PPTA samples were glued using quick-set epoxy and clamped,
hile the HMPE samples were simply clamped in place. The initial
ber bundle length ranged from 3.416 mm to 4.539 mm depending
n the samples.

.3. Mechanical and fracture analyses

The onset of failure is assumed to occur at the peak of the stress.
he filaments in the bundle did not all break simultaneously, and
he strain did not drop to zero immediately after the peak stress. The
otal failure of the fiber bundles occurs when the stress returned to
ero after the peak stress. The total strain energy dissipated was
alculated by integrating the tensile stress–strain curve from zero
train to the breaking strain and by dividing this value by the mate-
ial volume. The inelastic strain energy density was calculated by
ubtracting the elastic strain energy density from the total strain
nergy density. The apparent elastic modulus was determined from
he linear portion of the loading curve neglecting the curvature near
ero-load.

Fracture mechanisms of the fibers were investigated by examin-
ng the fractured regions using SEM observations (JEOL JSM6060).
or this purpose, the fractured fibers were mounted on double-
ided conductive tape and gold-sputtered in vacuum to produce
100 nm conductive coating. Also, several tests were performed

n PPTA and HMPE fiber bundles at quasi-static strain-rates using
standard materials testing machine (Instron), and the fibers
ere examined under SEM for comparison. Furthermore, the

ross-sectional microstructure of the undeformed filaments was
bserved by AFM (Universal SPM Quesant) in intermittent mode
sing a silicon cantilever with a tip radius of 10 nm and force

onstant of 40 N/m (NSC16, Mikromasch). For this purpose the
ber bundle was embedded in epoxy resin, the cross-section was
echanically polished with wet sand paper up to 1200 grit, and

ubsequently polished with diamond pastes up to 0.25 �m.

b
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s
e

ig. 4. Tensile behavior at quasi-static and high strain-rates of (a) PPTA Fiber-A, (b)
PTA Fiber-B and (c) PPTA Fiber-C.

. Results

The mechanical parameters determined from the tensile
tress–strain curves at high strain-rates on PPTA and HMPE fiber
undles are shown in Tables 1 and 2, respectively. These parame-
ers are used to understand the differences in the performance of
he three PPTA fibers and the two HMPE fibers used for this study.
n the tests with Kolsky apparatus, the number of wave reverber-
tions within the sample before failure was found to be between
e assumed to have reached dynamic equilibrium by the time the
pecimen begins to fail. Even though the modulus obtained at high
train-rates in this study may not be reliable, the strength and the
nergy absorbed are meaningful.
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Fig. 5. Intermittent-mode AFM microgr

.1. PPTA fiber bundles

.1.1. Tensile mechanical behavior
The tensile stress–strain curves in PPTA fiber bundles deformed

t different strain-rates are presented in Fig. 4 and the analysis is
ummarized in Table 1. Fibers A and B belong to the same family as
evlar® 49 and 29, respectively. Based on this similarity, and draw-

ng from the published literature, we can conclude that A and B
ave lower degree of crystallinity and orientation than C [6]. This

eads us to conclude that for the PPTA bundles tested, the apparent
odulus determined appears to be strongly influenced by the fiber
orphology (combination of crystallinity, crystalline order and ori-

ntation) and the strain-rate. The moduli at high strain-rates are
ower than the quasi-static values reported in the literature [8]. The
nfluence of microstructure on the tensile strength in these fibers
s small.

All the PPTA fiber bundles broke in high strain-rate tests. Fiber-
and Fiber-C dissipated more inelastic strain energy than Fiber-A

uring deformation at all strain-rate. Therefore, there is a strong
icrostructure dependence in terms of inelastic behavior and frac-

ure. In addition, as shown in Tables 1 and 2, the breaking strain
orresponding to the complete failure is between 5% and 11%, which
s greater than the value reported in the literature on single fila-

ents. This is likely a consequence of stochastic failure process, as

iscussed below.

.1.2. Microscopy and fracture mechanisms
Fig. 5a presents the cross-sectional AFM images of PPTA Fiber-A

btained from intermittent contact mode. The radial structure of

c
t
c
t
m

f (a) PPTA 29 (1) and (b) HMPE Fiber-A.

PTA [6] is not readily apparent in this figure. However, the view
t a higher magnification suggests that the structure of the skin
nd core regions of the cross-section do differ. In this material,
arlier nano-indentation studies have found that the skin struc-
ure possesses different mechanical properties than the core [24].
urthermore, features suggesting a submicron scale structure cor-
esponding to the fibrillar morphology of the fiber can be seen in
he micrographs.

The predominance of a fracture mechanism in a particular fiber
nder given condition was investigated statistically via SEM anal-
sis. Table 3 summarizes the statistical distribution of each of the
racture mechanisms observed in all the SEM micrographs. Under
ension, PPTA fibers show three types of fracture morphology: fib-
illated break, pointed break and breaks with transverse striations.
ibrillation, which is most common, is characterized by decohe-
ion, a reduction in diameter and splintering of the microfibrils
long the longitudinal axis of the fiber and the fracture surfaces
as a bamboo-like appearance (Fig. 6). Pointed break, frequently
een when filaments fail at slow strain-rate (especially in PPTA
iber-C), is accompanied by a significant necking and reduction
n fiber diameter and tapered diameter near the fractured area,

hich results from significant localization of deformation in the
rystalline phase of the polymer (Fig. 7). Breaks with transverse
triations (Fig. 8) resemble kink-bands that are usually seen under

ompressive loads, and occurs when the filaments break prema-
urely due to the presence of dislocations in the ordered molecular
hains [25] that often involve the entire microfilament. However,
here is no significant influence of the strain-rate on these defor-

ation mechanisms in all PPTA fibers tested.
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Table 1
Summary of results obtained on PPTA fiber bundles tested at high strain-rates.

Strain-rate (s−1) PPTA Fiber-A PPTA Fiber-B PPTA Fiber-C

Quasi-static 500 850 Quasi-static 560 580 Quasi-static 500 540

Elastic modulus (GPa) 77 59 ± 6 48 ± 3 63 41 ± 9 41± 7 120 99 ± 15 105 ± 14
Tensile strength (GPa) 3.4 1.57 ± 0.08 1.89 ± 0.09 3.0 2.9 ± 0.1 2.4 ± 0.1 3.1 3.8 ± 0.2 3.0 ± 0.2
Strain at tensile strength (%) 4.5 7.0 8.0 8.3 6.2 4.4
Breaking strain (%) 3.1 5.0 9.5 3.7 10.0 10.6 2.4 10.0 10.0
Dissipated strain energy density (J/mm3) 0.0457 0.119 0.173 0.166 0.235 0.149
Inelastic strain energy density (J/mm3) 0.032 ± 0.003 0.1052 ± 0.002 0.112 ± 0.008 0.120 ± 0.005 0.196 ± 0.005 0.061 ± 0.007

Table 2
Summary of results obtained on HMPE fiber bundles tested at high strain-rates.

Strain-rate (s−1) HMPE Fiber-A HMPE Fiber-B

Quasi-static 340 530 800 Quasi-static 540 670

Elastic modulus (GPa) 66 25 ± 5 40 ± 7 19 ± 3 113 33 ± 6 36 ± 3
Tensile strength (GPa) 2.40 0.96 ± 0.05 0.80 ± 0.05 1.07 ± 0.08 3.25 1.82 ± 0.09 2.03 ± 0.08
Strain at tensile strength (%) 8.9 6.8 11.1 12.0 11.1
Breaking strain (%) 4.1 14.0 12.4 19.4 2.9 19.3 19.4
Dissipated strain energy density (J/mm3) 0.105 0.070 0.131 0.234 0.281
Inelastic strain energy density (J/mm3) >0.092 ± 0.004 >0.055 ± 0.004 >0.096 ± 0.006 >0.198 ± 0.003 >0.174 ± 0.004
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Fig. 6. SEM image showing a fibrillated break in PPTA 29 (2) failed at high strain-rate.
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ig. 7. SEM image showing a pointed break in PPTA Fiber-C failed at quasi-static
train-rate.
.2. HMPE fiber bundles

.2.1. Tensile mechanical behavior
The tensile stress–strain curves of the HMPE fiber bundles

eformed at different strain-rates are presented in Fig. 9. The anal-

ig. 8. SEM image showing a break accompanied by transverse striations in PPTA
iber-A that failed at high strain-rate.
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ig. 9. Tensile behavior at quasi-static and high strain-rates of (a) HMPE Fiber-A and
b) HMPE Fiber-B.

sis of these curves is summarized in Table 2. It has been reported
hat the degree of orientation and other measures of crystalline
rder such as crystallinity and crystallite size are higher in Fiber-B
han in Fiber-A [26–28]. Thus, the data in Table 2 show that, similar
o the results obtained in PPTA, some of the properties such as the
trength and the dissipated strain energy in HMPE fiber bundles
re more significantly influenced by the fiber morphology than the
train-rate. The moduli obtained here for HMPE at all strain-rates
re smaller than those reported in the literature, perhaps due to
ber slippage. This discrepancy, however, will not alter the main
onclusions concerning the modes of failure in HMPE fiber bundles.

This figure also shows that the strength of HMPE fiber bun-
les does not increase with strain-rate, and are perhaps lower at
igh strain-rates. HMPE Fiber-B fiber bundles are also markedly
tronger than HMPE Fiber-A fiber bundles at all strain-rates, indi-
ating that the inelastic behavior and fracture processes are also
ighly dependent on the fiber morphology. Specific strain-rate
ffect on the dissipated strain energy in HMPE fiber bundles could
ot be deduced from the data because most of the HMPE fiber
undles tested under high strain-rate loading did not break. In
MPE Fiber-B, only a limited amount of fiber (<25%) in the bun-
les completely failed in each of the two high strain-rate tests;
one of the HMPE Fiber-A bundles failed under high strain-rate
ensile loading. However, HMPE fiber bundles break at larger strain
han PPTA at high strain-rates, and clearly possess a larger propen-

ity to dissipate strain energy during deformation than PPTA fibers.
he main explanation for such a difference is related to the signifi-
ant energy dissipation taking place in the inelastic processes. The
lower decrease of stress at the onset of failure in HMPE than in
PTA (Figs. 4 and 9) suggests that the failure mechanism in this
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Table 3
Statistical predominance of the fracture mechanisms observed by SEM for each material. The percentage corresponds to the occurrence of a fracture mechanism with respect
to the total number of mechanisms observed on all micrographs.

Material Strain-rate Crazing Fibrillation Plate formation Pointed break Transverse striations

PPTA Fiber-A High – 68 – 23 9
Quasi-static – 74 – 26 –

PPTA Fiber-B High – 76 – 24 –
Quasi-static – 80 – 20 –

PPTA Fiber-C High – 79 – 21 –
Quasi-static – 54 – 46 –

HMPE Fiber-A High 54 19 27 – –
Quasi-static 14 25 61 – –

H 35 – –
44 – –
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MPE Fiber-B High 44 21
Quasi-static 31 28

aterial is different and as a result dissipate more energy than
PTA, albeit slowly.

.2.2. Microscopy and fracture mechanisms
Fig. 5b presents the cross-sectional AFM images of HMPE

iber-A obtained in intermittent mode. No specific core-skin dif-
erence in microstructure is observed in this figure. Furthermore,
imilar to the PPTA cross-section, a submicron scale structure,
he fibrillar morphology, can be clearly observed in the close
p view. It can be observed that this submicron scale structure
ppears to be coarser than in PPTA fibers. This observation sup-
orts the assumption that the crystalline phases are significantly
maller in size and denser in PPTA fiber bundles than HMPE
bers.

The fracture mechanisms of HMPE fibers investigated by SEM
nclude crazing, fibrillation and plate formation. There is clear evi-
ence of crazing at the surface of HMPE fibers in Figs. 10 and 11.
ibrillation and plate formation mechanisms can be seen in HMPE
n Figs. 10 and 12, respectively. Plate formation results from slippage
etween the crystalline regions in the fiber matrix. This slippage
esults from secondary bond breakage between the ordered macro-

olecules as explained in the Section 4. Table 2 shows that the

redominant fracture mechanism in HMPE fibers strongly depends
n the strain-rate. The fibers broken at quasi-static rates are char-
cterized predominantly by plate formation with fibrillation and
o a lesser extent, crazing. At high strain-rates, however, there is

ig. 10. SEM image showing fibrillated break and some crazing in HMPE Fiber-B
ailed at high strain-rate.

i
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ig. 11. SEM image showing extensive crazing on the surface of HMPE Fiber-A failed
t high strain-rate.

significant change of mechanism from plate formation to craz-

ng. This effect appears to be more drastic in HMPE Fiber-A, which
as a lower crystalline order than HMPE Fiber-B. Some fibrilla-
ion also appears in the HMPE fibers tested, but the occurrence
f this mechanism does not appear to be influenced by the strain-
ate.

ig. 12. SEM image showing a plate formation in HMPE Fiber-B failed at quasi-static
train-rate.
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. Discussion

The key result of this study is that the fracture processes are
ifferent at low and high strain-rates, especially in HMPE fibers.
hese differences most likely explain the observed difference in
trength and absorbed energy in these fibers. Also, we observed
hat the mechanical behavior of the bundles is quite different from
hat of single filaments.

.1. Effects of variability on fracture in high-modulus polymeric
ber bundles

Testing fiber bundles introduces an intrinsic mechanical effect
s compared to experiments on single filaments [10]. Filaments
n a bundle do not all have the same length or the same strength
29]. Our experiments indicate that fiber bundles have same elastic

odulus as the single fibers. However, slack causes the breaking
train and inelastic strain energy density to be larger that they
ould otherwise be in a perfectly aligned monofilament. This can
e explained as follows. When the first filaments break, the stress is

ikely to increase in the bundle, and is not necessarily redistributed
venly to all of the remaining filaments [13]. Therefore, filaments
ithin bundles often fail in bursts, in which many filaments break

t the same time. It is likely that the filament failure does not lead to
uniform transfer of the load to the remaining filaments; instead,

oad transfer may be highly localized to the filaments neighboring
he fracture site.

It is important to note the difference between the results of
heng et al. [8] on commercial PPTA fibers, Kevlar®, with those
bserved here on PPTA. These differences can be again interpreted
rom the fundamental difference of mechanical behavior between
ingle filament and fiber bundle. These authors investigated the
ensile response of single Kevlar® KM2 filaments at quasi-static and
igh strain-rates, while in this study a bundle of approximately 560
laments was tested. Cheng and co-workers found no strain-rate
ependence in Kevlar® KM2, and found a linear elastic behav-

or followed by an abrupt drop in stress at both quasi-static and
igh strain-rates in Kevlar® KM2. In the current study significant
ifferences in breaking strain and inelastic strain energy dissi-
ated during deformation were found at high strain-rates between
ber bundles of different morphology (Fig. 4). Therefore, our study
eveals a strong dependence of the fracture process on fiber mor-
hology and structure in PPTA fiber bundles. Our SEM fracture
urface analysis also shows that fibrillation is the primary failure
echanism in all PPTA fibers. This result is consistent with the

ndings of Cheng et al. [8]. Therefore, the difference in mechan-
cal behavior observed in PPTA is not due to an intrinsic change of
eformation mechanism, but rather to the fiber bundle mechan-

cs. These authors have also found significant variations of strength
rom one fiber to another, which supports the idea that the mechan-
cal behavior of a fiber bundle is inherently statistical with respect
o many parameters, including the strength distribution and align-

ent of the individual filaments.

.2. Inelastic behavior in PPTA fiber bundles

Our results show that strain-rate has no significant effect on
lastic modulus in PPTA fiber bundles. The differences in the mod-
lus in the three fibers tested do, however, indicate that modulus is
elated to the fiber morphology (orientation and crystalline order).

here are two possible explanations for this difference in frac-
ure behavior at different strain-rates: first, bundle effect could be

ore pronounced at low strain-rates in which case the fracture
s the result of the bursts of filament bundles; second, the fracture

echanism could change with strain-rate, but we observed no fun-
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amental difference in deformation mechanism from quasi-static
o high strain-rates for each of the PPTA fibers tested. The underly-
ng fracture mechanisms are related to fibrillation and, to a lesser
xtent, pointed break regardless of the strain-rate. This implies that
he intrinsic fracture mechanisms in these fibers have only a lim-
ted contribution in terms of strain energy dissipation since these

echanisms are associated with a brittle decohesion process. The
hange in inelastic behavior and fracture process with strain-rate
n PPTA is largely accounted for on the basis of bundle mechanics
ffects.

.3. Inelastic behavior in HMPE fiber bundles

This study shows limited strain-rate effect on maximum
trength in HMPE fiber bundles. As opposed to PPTA, however,
here is clear strain-rate dependency in the form of a change in
racture mechanisms from quasi-static regime to high strain-rate
egime. In the two HMPE samples studied, analysis of the fracture
urfaces showed that crazing is more common at high strain-rates
han at quasi-static strain-rates, whereas plate formation is more
ften seen at quasi-static strain-rates. This trend is more substan-
ial in the HMPE fibers with the lower crystallinity (HMPE Fiber-A).
razing is known to occur in the amorphous region of the fibers,
hile plate formation is related to the slippage of the crystalline
hases. It can be concluded that the absence of strong strain-rate
ffect on the inelastic behavior in HMPE fiber bundles results from
oad transfer at the microstructure-level, which involves crazing in
he noncrystalline regions and plate-slippage.

We can attempt to understand the above results using the
ata reported in the literature on crystalline polyethylene. Using
stochastic model of failure for perfectly ordered and oriented

olyethylene, Termonia et al. [30] have shown that polyethylene
isplays a strong strain-rate dependence of the maximum strength;
igher strength was predicted at high strain-rates [30]. At high
train-rates, these authors found that polyethylene of both high
nd low molecular weight fails in a brittle mode and fracture is
ubstantially accompanied by the cleavage of primary C–C bonds.
hey also report that failure at low strain-rates is dominated by sec-
ndary bond breakage, which are weaker than the primary bonds.
n the present study, the cleavage of secondary bonds predicted by
ermonia et al. [30] at low strain-rate could also be associated with
he plate formation and crystal slippage observed predominantly
nder quasi-static condition. This hypothesis is further confirmed
y the observation that fibrillation is more important in HMPE
iber-B than HMPE Fiber-A, and at low strain-rate than high strain-
ates. At high strain-rate the fracture does not easily occur within
he ordered chains because the deformation, according to Termonia
t al.’s study, is predominantly localized on strong primary bonds
herefore, an alternative load transfer occurs through the amor-
hous regions instead of the crystalline phases. This mechanism, in
urn, results in making the amorphous regions behave like a glassy
olymer, leading to a higher incidence of crazing at high strain-rate
s shown in Table 3. The underlying strengthening mechanism at
igh strain-rate could therefore be correlated to a load transfer to
he amorphous regions which exhibit a viscous behavior through
hain unfolding. In this process, strength in the HMPE fiber bundles
t elevated strain-rates is governed by the strength of the primary
onds in the molecular chains.
. Conclusions

The fracture of PPTA and HMPE fiber bundles at room tem-
erature were studied under high strain-rate deformation using
tension Kolsky bar. The underlying fracture mechanisms were
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nvestigated statistically by SEM analysis of the fracture surfaces.
he major findings of this study are as follows.

For all fiber bundles investigated a significant amount of strain
energy was found to be dissipated during deformation due to
inelastic and fracture processes.
Fiber morphology effects were clearly evidenced on the inelas-
tic behavior and fracture process in PPTA fiber bundles. Fracture
surface examinations by SEM indicated that the main fracture
mechanisms in PPTA fibers were associated with fibrillation and,
to a lesser extent, pointed breaks. The difference in mechanical
behavior observed from quasi-static to high strain-rates was not
due to an intrinsic change of deformation mechanism, but rather
to an intrinsic effect of fiber bundle mechanics. Our results sup-
port the idea that the mechanical behavior of a PPTA fiber bundle
is inherently statistical including variations in strength distribu-
tion and alignment of the individual filaments.
In HMPE fiber bundles, no significant strain-rate effect on the
maximum strength was observed. As opposed to PPTA, however,
there is clear evidence of a change of fracture mechanism at the
single fiber level, from the quasi-static regime to the high strain-
rate regime. HMPE fibers appear to dissipate more strain energy
that PPTA at high strain-rates. In the two types of HMPE materi-
als studied, analysis of the fracture surfaces showed that crazing
is more common at high strain-rates than at quasi-static strain-
rates, whereas plate formation is more often seen at quasi-static
strain-rates. This trend is more substantial in the HMPE fibers
with the lower crystallinity. It was shown that crazing is a more
important energy absorbing mechanism in HMPE at high strain-
rates than at quasi-static rates. Therefore, it can be concluded that
the absence of the strain-rate dependence on strength and frac-
ture in HMPE fiber bundles is predominantly linked to a precise
mechanism of load transfer as a function of strain-rate from slip-
page of crystal plates to crazing in the crystalline regions of the
HMPE fibers.
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