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ABSTRACT

Fibers used in both soft and hard body armor have very high longitudinal
tensile strength and stiffness, but differ drastically in their transverse mechan-
ical properties. Glass and carbon fibers are stiff and brittle in the transverse
direction and easily shatter upon projectile impact unless they are cushioned
within a soft matrix to disperse the load. In contrast, aramid fibers (e.g., Kevlar
29 and Twaron) and ultra-high-molecular-weight polyethylene (UHMWPE)
fibers (e.g., Dyneema and Spectra) have quasi-plastic transverse behavior, with a
low yield strength, and thus tend to flatten upon projectile impact, yet retain
much of their tensile load-carrying capability. Thus, these polymer fibers are
especially suitable for ‘soft” body armor consisting of stacked sheets or fabrics,
whereas the former glass and carbon fibers are useful mainly when aligned in a
strong polymer matrix to form a thick plate. In this work, we report on a study
of the tensile mechanical properties of single UHMWPE fibers (i.e., single fila-
ments) that have been transversely deformed from their original cylindrical
shape to form thin flat micro-tapes with a width-to-thickness ratio of up to 60:1.
The deformed, ribbon-like fibers show very high retention in fiber strength,
though with increased variability resulting from locally induced defects.
Because transverse deformation resulted in more than a factor of three increase
in surface area per unit length, the stress transfer length necessary to fully load a
fiber near a break was found also to decrease by the same factor, as the corre-
sponding interfacial shear stress remained the same. A Weibull probability
analysis revealed that the increase in variability in fiber strength was consistent
with a more pronounced length effect. These changes in fiber strength proper-
ties were understood through an alteration of the crystalline domains within the
fibers due to the extreme deformation.
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Introduction

High-strength, polymeric fibers in the form of mul-
tiple layers of woven fabrics or non-woven [0°/90°/
0°/90°] composite sheets are used in personnel body
armor because of their ability to withstand the impact
of both bullets and shrapnel [1-3]. For many appli-
cations, ultra-high-molecular-weight polyethylene
(UHMWPE) fibers are the most effective of these
materials because of their unique combination of very
low density, very high strength, and high stiffness
[3, 4]. When bundles of UHMWPE fibers are impac-
ted transversely, collapse of the void space between
the fibers directly under the projectile leads to local
flattening and distortion of the parallel fiber align-
ment in and around the impact zone. This leads to
uneven tensile stress and strain distribution among
these fibers in a phenomenon called interference
[5, 6]. The resulting distortion in strain reduces the
effective bundle strength needed to sustain the ten-
sion waves emanating from the impact zone. The
strength of a non-woven, composite sheet is also
influenced by the ability of the matrix to transfer
stress from broken to intact fibers through shear [7],
since fibers fail at random locations. This ability is
limited by the low surface energy of UHMWPE
fibers, making it difficult to bond them to the matrix.
The length scale of unloading of a broken fiber is
longer by more than an order of magnitude com-
pared to other fibers [8-11]. Tension testing of single
UHMWPE filaments is problematic for the same
reason. Unlike with other types of fibers, adhesive
methods of gripping (where single filaments are
bonded to thin cardboard tabs using an epoxy or a
cyanoacrylate adhesive) often suffer from debonding
and slippage, particularly for larger diameter fibers,
and thus lack consistency [12-14]. This has led to the
search for more reliable methods of clamping, and
one particular method that has proved successful
uses PMMA or polycarbonate inserts in metal clamps
that permanently distorts the cylindrical fiber into a
flat ribbon in the clamp region [15, 16], thus
increasing the surface area for developing shear
tractions in gripping.

To improve matrix adhesion, surface modification
of UHMWPE has been studied using plasma treat-
ments [17-21], resin improvements [22], and fiber
coatings [23]. Each method has reportedly resulted in
an increase in the interfacial shear strength (IFSS), the
maximum shear stress that can be supported at the
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interface without the occurrence of debonding, but a
subsequent decrease in fiber strength. Additional
drawbacks to these approaches are the difficulty in
scaling up the processes and their cost. Moreover,
since the matrix in such composites supports negli-
gible tension, the matrix volume fraction should be
minimized while maintaining a void-free structure.
Hot compaction is a method to reduce the necessary
amount of matrix, where the fibers and matrix are
transversely compressed at elevated temperatures to
induce bonding and eliminate voids [24, 25]. How-
ever, hot-pressed laminates still contain 14-17 %
matrix and can show a subsequent drop in strength
from chain scission and crosslinking. An additional
issue with hot-pressed laminates is the distortion of
the fiber and its alignment at fiber crossovers,
depending on the compaction pressure and temper-
ature cycle [25].

In this work, we present a novel fiber alteration
method, where single UHMWPE fibers are mechan-
ically deformed by squeezing them between a cylin-
drical metal roller on a plate or by pulling them
between two opposing rollers, thus producing
extremely flat, ribbon-shaped fibers with rectangular
cross-sections. Previously, aramid fibers (e.g., Kevlar-
29) have been transversely deformed using a com-
pression method to measure the transverse properties
of the fibers [26, 27] and tension tests afterwards have
revealed as much as 90 % strength retention. Here we
deform originally round UHMWPE Dyneema fila-
ments into micro-ribbons with aspect ratios (width/
depth) as high as 60:1. This process could potentially
lead to fibers that approach 100 % packing efficiency
and could eliminate both interference effects from
inter-fiber void space [6] and the deformable matrix
that supports negligible tension. Moreover, the stress
transfer length would be significantly decreased, thus
potentially improving bundle strength characteristics

[7].

Experimental

Dyneema® SK-76 fiber was obtained from DSM in the
Netherlands in the form of a 1760 dtex yarn having a
nominal strength of 35 cN/dtex (34 GPa). Single
fibers (filaments), approximately 18 pm in diameter,
were carefully separated from these yarns for pur-
poses of transverse deformation, microscopy, and
testing for strength retention. To tab specimens for
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tension testing and pullout experiments, Z-Poxy, a
5-min set epoxy purchased from ZAP adhesives, was
found to work well provided that a sufficient length
of fiber was embedded in epoxy in the tab/clamp
regions. After considerable study, an embedment
length of at least 2.5 cm was found to be suitable.

Two methods for transverse deformation of the
filaments were developed. The first method, denoted
the “hand roll” approach, involved manual rolling a
50-mm-diameter, chrome-coated steel rod (McMas-
ter-Carr, 6689T183) over and along multiple, parallel
filaments taped down separately along a 5-cm-wide
by 20-cm-long by 1.25-cm-thick aluminum plate. The
process is illustrated schematically in Fig. 1 and the
total vertical applied rolling force was about 50 kg.
Prior to the experiments, the plate had been polished
down to 0-grit roughness starting from 180-grit pol-
ishing pads (final mean roughness R, of 20-50 nm
[28]). The chrome-coated rod had a mirror-like finish
and surface variation had a diameter tolerance
of £0.04 mm over a 90 cm length. Several rolling
passes were made over a period of about 3 min and
using various rolling angles in an attempt to mini-
mize the effects of diameter variations of the rod and
to obtain fairly uniform aspect ratios of the resulting
ribbon-like deformed filaments.

The second method, denoted the “machine roll”
method, was designed to deform fibers more effi-
ciently and consistently with respect to the appear-
ance of surface anomalies, and is illustrated in Fig. 2.
The same versions of chrome-coated steel rods were
arranged so as to roll directly against each other
without slippage while continuously drawing

Figure 1 Sketch of the “hand” deformation method as well as a
side view of single fibers taped down over the aluminum plate
prior to rolling.
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filaments between them through the machine at a 90°
angle to the axes of the rods. Weights were hung
from steel bars attached to each end of the top roller
axle in order to apply a large vertical force to deform
the fibers (Fig. 2d). A total vertical load of 82 kg was
found to give consistent results in terms of cross-
sectional aspect ratio of the deformed fibers. Once
again, the extent and precision of fiber transverse
deformation was limited somewhat by the diameter
variation of the two mating rollers, and in contrast to
the hand method, individual filaments were only
subjected to a single deformation cycle when fed
between the two rollers.

We let W and h be the deformed fiber's width
and height (thickness), respectively, which were
measured optically using an Olympus BH-2 white-
light microscope. We also let @ =W/h be the
deformed fiber’s aspect ratio. Initially, the fibers
had a circular cross-section with diameter, D,
measured optically to be 17.8 pm with a standard
deviation of 1.7 pm. Assuming no volume change
or significant permanent lengthening during the
transverse deformation process, which was con-
firmed optically, we have Wh = nD? /4, from which
we calculate that

q>:%<g)2. (1)

For both deformation methods, a sample size of
N > 40 individual fibers was used.

Deformed single fibers were subjected to tension
tests using an Instron 1125 test machine at the gauge
lengths of 1 and 10 cm. Pristine single fibers were
also tension tested at the gauge lengths of 5, 10, and
30 cm using similar sample sizes. All filament speci-
mens were fully bonded to 2.5-cm-long tabs at each
end using Z-Poxy, and allowed to cure for a mini-
mum of 24 h. For all tension tests, an 18 N load cell
was used as well as an extension rate of 0.254 cm/
min.

Single fiber strength is not only dependent on
overall material properties, but also on the statistical
flaw (defect) population along the fiber, which act
essentially as local weak points [7] of the order of its
diameter. Pristine filaments have a flaw population
induced during manufacture, and the process of
deforming the fibers induced additional flaws as
discussed later. Fibers exhibit weakest-link behavior
that is often well characterized by a Weibull distri-
bution for strength, which embodies a length effect
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Figure 2 Device constructed to “machine” deform fibers. The
machine includes chrome-coated steel rods as used in the “hand”
method (a), a crank system to oppositely turn both rods (b), a
manually operated handle to turn the system (c), and weights hung
from the upper roller to exert a large, constant deformation force

).

[7] (note that 1 cm of fiber consists of 588 segments or
‘links” of length equal to the fiber diameter, D). Under
the Weibull weakest-link model, the probability of
failure, Pr(g), of a fiber of length, L, subjected to
uniform stress, o, follows

oo (2]
el ()

where p is the Weibull shape parameter, gy, is the
Weibull scale parameter corresponding to reference
length, Ly, and

o = o1,(Lo/L)” (3)

is the Weibull scale parameter corresponding to
length L. The latter formula (3) for o7, embodies the
length effect, in that the strength decreases as the
length L increases. A Weibull analysis was performed
on each strength dataset, and ¢; and p were esti-
mated using the method of maximum likelihood
available in MATLAB.

(2)
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Extensive transverse fiber deformation is likely to
cause microstructural changes influencing such things
as percent crystallinity and average crystallite size,
which can be measured using differential scanning
calorimetry (DSC). We performed DSC measurements
on 1-2 mg quantities of undeformed and deformed
fiber material using a TA Instruments Q20-1622, which
operated over the temperature range of 30-180 °C at a
ramp rate of 2 °C/min. Calibration was performed
using an indium sample. The percent crystallinity,
denoted X, can be characterized according to

X.(%) =100 x (AH,/AHY), (4)

where AH?, = 290 J/g is the enthalpy of melting for a
perfect UHMWPE crystal and AH,, is the melting
enthalpy of the fiber calculated from the area under
the melting curve [29]. Based on the work of Hoffman
and Lauritzen [30, 31], the melting temperature of the
semicrystalline fiber can be related to the average
thickness of the crystallites by

2 (1 - T/ 5)

dxzmgl

where d, is the average crystallite size,
7=93x10"2]/m? is the surface free energy of
polyethylene (PE), AHY =29 x10%J/m’ is the
melting enthalpy of ideal PE per unit volume, T) =
418.95 K is the melting temperature of an infinitely
thick PE crystal, and T, is the observed melting
temperature of the fiber [29]. The values reported
below are the average of at least five measurements.

Large transverse fiber deformation can also affect
the fiber surface, which might alter the IFSS between
the fiber and matrix. To measure the IFSS of the
fibers, a single fiber pullout test was designed. Hol-
low polystyrene cylinders with a 3 mm diameter
were cut to a length of 5 mm for undeformed fibers
and 2.5 mm for deformed fibers. Single fibers were
threaded into these cylinders and were placed
standing on the non-adhesive side of masking tape.
The cylinders were then filled with Z-Poxy and cured
for 24 h. Post-cure, one end of the embedded fiber
was bonded to a 2.5-cm-long tab using the same
epoxy resin. The length of fiber between the cylinder
and the tab was 1 cm. After a second 24-h cure, the
specimens were tension tested at 1.27 mm/min until
fiber slippage occurred at the polystyrene cylinder
end (guaranteed by the short embedment length into
the epoxy). Post-testing, the polystyrene cylinders
were cut open and the exact length of epoxy
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Figure 3 An undeformed UHMWPE fiber (a); a deformed fiber
using the “machine” method (b); fibers are thin enough that they
become optically transparent (c); the machine method often leaves
edge ripple patterns and other visible surface phenomena (d); when

embedment of the fiber was measured. For cylindri-
cal fibers, the IFSS, 1., was estimated using

Fpe
Te = 7D0,’ (6)
where again D is the fiber diameter, /. is the length of
cylindrical embedded fiber, and F,. is the pullout
force [17]. For deformed fibers in the form of micro-
ribbons of rectangular cross-section, the IFSS, t,, was
estimated using

_ FPJ

R AYA 7
_ vaf ’
C2W(+1/@)4,

where we recall that W is the ribbon width and @ is
the cross-sectional aspect ratio, and we let ¢, be the
embedded micro-ribbon length corresponding the
pullout force Fy.

Results and discussion

Figure 3 shows that the transverse deformation had a
drastic effect on the fiber geometry and morphology,
as observed by comparing Fig. 3a with Fig. 3b, c. The
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the machine deforms a fiber that is slightly misaligned, a kink
appears that reduces fiber strength drastically (e); deformed fiber
that has been twisted, to give a better sense of @ (f).

hand-deformed fibers (Fig. 3b) show few surface
defects (at least over such lengths) in comparison to
machine-deformed fibers (Fig. 3d), but both methods
produced optically transparent fibers with height, &,
less than 3 um. In the machine roll method, if the
fiber axis was not exactly perpendicular to the roller
axis, a fiber pulled through the machine could roll
over itself, causing ‘kinks’ to appear (Fig. 3e). Fibers
with such kinks were tension tested but the results
were removed from the strength data, analyzed
below. As expected, the machine deformation
method produced a narrower distribution of fiber
widths, but had a lower average aspect ratio, ¢ (i.e.,
slightly thicker micro-ribbons). Relevant physical
fiber properties are tabulated in Table 1.

The results of tension tests conducted to probe the
changes in tensile strength of the fibers from before to
after transverse deformation are shown in Weibull
plots in Figs. 4 and 5. In calculating fiber stress, a
cross-sectional area corresponding to a circular fiber
with fixed diameter D = 17.8 um was used. A com-
parison of results from the two deformation methods
is shown in Fig. 4, and the corresponding Weibull
parameters are tabulated in Table 1. An initial com-
parison of ¢; values for the hand method versus

@ Springer
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Figure 4 Comparison of the
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Weibull probability plot
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machine roll deformation methods suggests a
reduction in the fiber strength compared to pristine
fibers of about 44 and 25 %, respectively. Results
from specimens with gross kinks were excluded
from the Weibull analysis as discussed further
below. We also varied the gauge length used in our
tension testing. Figure 5 also compares Weibull plots
of the strengths of machine-deformed fibers at
gauge lengths, L, of 1 and 10 cm to those of pristine
fibers at the gauge lengths of 5, 10, and 30 cm,
respectively.

It is clear from the Weibull plots in Fig. 5 that the
strongest 35 % of the machine-rolled fibers (above a7
in strength) at L = 1 cm are close in strength to the
strongest 35 % of the pristine fibers (although
admittedly at longer gauge lengths) being only about
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5 % weaker. Indeed, the Weibull scale parameter
values differ by only 6.5 %. This suggests that occa-
sional random defects and flaws induced in the
rolling process are responsible for significant reduc-
tions in the strengths of the specimens in which they
occur. Some machine-deformed specimens, however,
are relatively defect free over a 1 cm length. Thus,
although the deformation process tends overall to
lower the fiber strength, it does not lower it uni-
formly, suggesting that it may be possible to make
improvements in the rolling process to greatly reduce
the occurrence of such additional defects, possibly by
rolling under moderate tension.

For machine-deformed fibers, flaw-induced vari-
ability in fiber strength was manifest also as a drop in
the value of p, the Weibull shape parameter for fiber
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Table 1 Various deformed and undeformed fiber properties

Deformation method Diameter (um) Height (pm) g L (cm) o (GPa) 95 % CI (GPa) p 95 % CI
None 17.8 £ 1.7 17.8 £ 1.7 1 10 3.36 3.28-3.44 14.5 11.2-18.8
Hand 122 £ 17 2.0 +£0.12 61 10 1.90 1.78-2.03 3.92 3.23-4.75
Hand 122 £ 17 2.0 £ 0.12 61 1 2.59 2.46-2.72 5.45 4.48-6.63
Machine 92 + 10 27+£02 33 10 2.48 2.36-2.60 7.40 5.63-9.72
Machine 92 +£ 10 27+£02 33 1 3.19 3.06-3.32 8.72 6.70-11.35

Weibull parameters and their confidence intervals are reported for gauge lengths of 10 cm for undeformed (pristine) fibers and for both

10 cm and 1 cm for the two deformed fiber methods. For all cases, a sample size, N, greater than 40 was used

strength, as indicated by a decrease in the slopes of
the plotted data in Fig. 5. The p value of 10.5-14.5 for
pristine fibers decreased to 7.4-8.7 for machine-de-
formed fibers and 4.0-5.5 for hand-deformed fibers
(Fig. 4). Noting that the coefficient of variation, CV, of
fiber strength (standard deviation divided by the
mean) is approximately CV ~ 1.2/p, it is evident that
the CV increased by about 50 percent for machine-
deformed fibers and by a factor of three for hand-
rolled fibers compared to pristine fibers. The defects
and flaws responsible for this increased variability
may have arisen from defects caused by the roll-over
deformation process interacting with local inhomo-
geneities in the fiber material, or from roughness in
the rollers and plate themselves, thus inducing small
stress concentrations.

Local irregularities within the circular fibers could
also become more critical weaknesses when the fiber
cross-sections become highly deformed (Table 1).
Such defect spreading could promote failure modes
(e.g., tearing) not occurring in the original cylindrical
fibers. Clearly, variability in fiber strength was mag-
nified by the rolling process, and yet, the strongest of
the deformed fiber samples were almost as strong as
the strongest of the pristine fiber samples and thus
were relatively flaw free. The larger p value of the
machine deformation method, as compared to the
hand deformation method, was expected, as the for-
mer process was more uniform and controlled.
Nonetheless, the aspect ratio, @, of the hand-rolled
fibers was almost double that of the machine-rolled
fibers, and thus they were about 25 % thinner. This
difference by itself may have accentuated the effects
of inherited defects from the pristine fibers even
though the fibers appeared to be smoother (Fig. 3).

Fibers with gross kinks (Fig. 3e) exhibited tensile
strengths that were almost an order of magnitude
lower (<500 MPa) than relatively flaw-free fibers.
Such kinked fibers were easily identified in the

strength results in terms of a singular, severe flaw
population, based on breaking strength alone. Weibull
analysis (Fig. 4) of the strengths of the weakest sample,
namely the hand-rolled, 10-cm-gauge length fibers,
indicates that, in the absence of severe kinks, strengths
lower than 500 MPa should occur less than 1 % of the
time, and for all other stronger samples, less than 0.1 %
of the time. Thus, kinks in test samples, when they
occurred, had a drastic strength-reducing effect far
beyond that of the other, more subtle flaws well
modeled by Weibull statistics. Optical microscopy
confirmed the presence of these kink defects post-
testing. With further perfection of the rolling method,
perhaps under mild and controlled filament tension,
such kinks may possibly be avoided altogether.

To shed further light on the observed decreases in
fiber strength, we also conducted DSC analysis to
probe the microstructural changes in the deformed
fibers (Fig. 6a). Information extracted from the thermal
analysis is tabulated in Table 2. The average crystallite
size was hypothesized to decrease during deforma-
tion, which correlates well with the data. Because fiber
strength is believed to be controlled mainly by aligned
crystals within the fibers, the 25 % drop in strength
observed in tension tests matches reasonably well with
the 16 % measured drop in crystallinity.

Note, however, that DSC provides information on
a more “theoretical” strength limit since it is impartial
to crystallite orientation. Although 80 % of the fiber
remains crystalline, not all the crystalline domains
will be aligned along the fiber axis after the defor-
mation process. Therefore, the load-sharing among
them will be less uniform, thus reducing the stress
level triggering instability and failure [7]. Thus,
strength derived solely from an X consideration will
be overestimated.

As the fibers are being deformed, the low trans-
verse shear modulus of PE readily allows molecular
chains to slide past one another, favoring plastic
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Figure 6 Typical DSC results for deformed and undeformed
UHMWPE fibers (a) where T; corresponds to the melting
temperature of orthorhombic crystals and T to that for hexagonal
crystals; birefringence images of undeformed fibers 45° from the
extinction condition (b) and at the extinction condition (c);
birefringence images of deformed fibers 45° from the extinction
condition (d) and at the extinction condition (e), where misaligned

deformation over fracture [25]. However, the molec-
ular chains within UHMWPE are not free to slide, as
95 % are within crystallites [4]. It is then likely that
the large deformation force caused the crystallites to
break up into smaller crystalline domains. Although
the DSC data indicated that crystallite size reduced
from 226 to 97 nm, the absolute numbers are ques-
tionable. The suggested crystallite sizes are an order
of magnitude larger than what has been observed
previously for this fiber material [32, 33]. The dis-
crepancy likely arises from the use of Eq. (5), which
typically applies to crystallites with much larger lat-
eral dimensions, i.e., in melt- or solution-crystallized
chain-folded samples. Formation of crystallites in
highly oriented UHMWPE fibers results in crystal-
lites characterized by small lateral sizes [33], thus
requiring a more general Gibbs-Thomson treatment
as developed in recent work [34, 35]. Nonetheless, the
DSC data suggest that the deformation process
caused a relative decrease in crystallite size of about
60 %. When the crystallites broke down, they most
likely did so along straight shear bands. Overall, the
DSC data implied that the purely crystalline regions
(95 % of the original fiber) broke into smaller crys-
tallites (80 % of deformed fiber) and also amorphous
regions. This resulted in a total decrease in crys-
tallinity to 84 % of the original fibers.

Although new crystals could potentially form
during the deformation process, this is unlikely due
the nature of UHMWPE. The polyethylene chains are
extremely inert, which makes the formation energy of
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Fiber Width (m)

Fiber Length (um)

domains are clearly visible at the extinction condition only for the
deformed fibers (scale bars are 50 um); a deformed fiber (f) viewed
at its extinction condition (fop) and a heat map of the same image
(bottom), showing the green intensity of the image. As aligned
fibers disappear into the magenta background, the green intensity
is a good estimate of misalignment.

crystals very high. Because UHMWPE is gel-spun,
only during drawing do enough molecular chains
align to provide significant Van der Waals forces to
form crystals [36]. As such, annealing of the deformed
fibers showed little improvement in fiber strength.
Overall, the large fiber deformation necessarily caused
a decrease in percent crystallinity and crystallite size,
both of which could affect the deformed fiber strength.

The rolling transverse deformation process, which
likely distorted, broke down, and misaligned crystals,
can then be decomposed into two potential strength
degradation components: crystallinity reduction and
crystal disorientation. Birefringence imaging (Fig. 6b)
of the deformed fibers suggests that some crystalline
regions were misaligned with the fiber axis, which
perhaps provides insight into why the residual
strengths of many longer deformed filaments were
much less than the nominal 84 % predicted by the
reduction in X, based on DSC alone. When aligned,
the crystals along the fiber axis should all have the
same birefringent extinction condition and should
thus disappear under the correctly polarized light.
Misaligned crystallites will still be visible. Using the
image’s green intensity as a measure of misalign-
ment, we find that only ~2 % of crystallites are more
than 50 % misaligned (Fig. 6¢). Thus, a small popu-
lation of highly misaligned crystallites could also
play a significant role in the drop in observed
deformed fiber strength. That said, we also note that
25 % of the machine-deformed L =1 cm filaments
had strengths very close to those of pristine filaments
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Table 2 Orthorhombic crystallite melting temperature, hexagonal crystallite melting temperature, enthalpy of melting, percent crys-

tallinity, and average crystallite thickness for deformed and undeformed UHMWPE fibers from DSC analysis

Fiber T, (°C) T, (°C) AH,, (J/g) X. (%) d, nm

Undeformed 1449 £ 0.3 1535+ 0.3 274 £ 6 95+£2 2259 £ 0.6
Deformed 143.1 £ 1.0 153.8 £ 0.7 2322 +£03 80.0 £ 0.1 95.6 £ 0.6
despite the fact that a gauge length of 1 cm is 110 or F,;, in the pullout experiments. Setting

times the width, W, of machine-rolled filaments. This
suggests that it is possible to avoid crystallite dis-
turbances over relatively long lengths.

While the fiber strength was statistically decreased
as a result of large transverse deformation, the drastic
change in geometry and surface area per unit length,
as well as potential changes in micron-scale and even
nano-scale surface roughness meant a potential
increase in interfacial shear strength (IFSS). Using the
single-fiber pullout technique described earlier in
connection with (6) and (7), the pullout force, F,,;, was
measured for machine-deformed fibers, and likewise,
F,. was measured for pristine fibers. As mentioned
earlier, to generate these results the embedment
length was chosen to be small enough that pullout
rather than filament breakage would occur.

From these results, (7) and (6) were used to calculate
the respective IFSS values, 7, and 7., respectively, and
the results are presented in Table 3. The IFSS of non-
deformed fibers, using (6), matched very well the IFSS
of the deformed fibers, using (7). This suggests that the
UHMWPE fibers were drastically deformed without
significantly altering the surface chemistry or rough-
ness of the fibers. The consistency in the IFSS values
strongly suggests that the observed loss in fiber
strength was due to factors such as decreases in overall
crystallinity within the fibers and, perhaps more sig-
nificantly, to occasional local regions of misalignment of
crystallites. Occasional geometric defects such as kinks,
while greatly affecting fiber strength, had little effect on
measured pullout loads and, thus, on IFSS.

An important quantity to consider is the ratio ¢./¢;
of the lengths to achieve the same pullout force, F, .

Table 3 Results from single fiber pullout tests

Fpe/te = Fyr /7, where we take 7, = 7. as measured,
we use (6) and (7) together with (1) to arrive at

L, D/D+1
o ;(T) ®)

For machine-deformed fibers, we obtained ¢ = 33,
resulting in an ¢./¢; =3.34. (For hand-rolled fila-
ments, the corresponding result would be 4.48). This
result shows that the plastic deformation that results
in a large aspect ratio @ has a major effect on the
effective load transfer length needed to reload a fiber
near a break, reducing this length by a factor of more
than three. Various other methods involving surface
treatment (e.g., by plasmas) and matrix modification
have been shown to give similar increases in limiting
force per unit length on circular fibers (and propor-
tionally shorter load transfer lengths), but these use
significantly more costly and involved methods
[8, 9, 17-23]. These methods also report a trade-off
between fiber strength and IFSS comparable to what
was observed using the deformation method pre-
sented here.

This reduction in necessary stress transfer length
by a factor of more than three is significant in sta-
tistical models for the strength of composites having
parallel fibers in a matrix [7]. Assuming a nominal
fiber strength of g, = 3.0 GPa and a shear stress of
7, = 7. = 1.1 GPa, and using a force balance on a fiber
segment of diameter, D = 17.8 pum, the critical length,
L, over which the stress can be recovered to g from
zero at a break is given by /4 = (gs/7)D/4, which
yields ¢, ~ 12 mm. (This by itself indicates why
gripping UHMWPE filaments is difficult, particularly

Fiber Surface area (um) F, (mN) IFSS (MPa) Force/length (N/m) Force/length increase
Undeformed 56 £5 317 £ 63 1.1 £0.2 61 £ 11 -
Deformed 187 £ 19 500 £ 24 1.1 £0.1 207 £ 16 339 %

Only the machine specimens were tested for the deformed fiber results. The active surface for an undeformed fiber is the circumference and

for a deformed fiber it is the perimeter
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in larger diameters.) For the deformed, ribbon-like
fibers, this length is reduced to ¢, ~ 3.5 mm, which is
less than any gauge length tested. Composite strength
is sensitive to this load transfer length through a factor

approximately equivalent to (. /6)"?, and for the
machine-deformed filaments, we obtained p ~ 8,
which results in (£ /¢,)"/"= 3.341/8 ~ 1.16, which cor-
responds to the size effect embodied in (3). This means
that the reduction in strength of machine-rolled fibers
compared to pristine fibers is in part potentially
compensated for by a 16 % improvement in the
effective strength contribution resulting from the
shorter load transfer length, though this has not been
not universally observed [37].

In applications requiring protection from ballistic
impact, local fiber deformation (i.e.,, flattening)
directly under the projectile contact zone plays a
large role in the tension-carrying capability of the
yarns required to halt the projectile in the deforma-
tion cone [2, 5]. Yarn shooting experiments reveal
that the effective tensile strength of yarns is of the
order 2 of the nominal yarn tensile strength (and
fiber strength) from standard tension testing [6], and
this, in part, is believed to be due to local interference
effects from fiber flattening in the impact zone but not
right outside it, thus resulting in uneven fiber loading
in the yarn. Thus, uniform pre-flattening of the fibers
could prove advantageous. Moreover, the new fiber
cross-section would allow the volume fraction of fibers
within a composite to be significantly higher. From
geometric considerations alone, cylindrical fibers of
equal diameter can pack at no more than 90.7 % vol-
ume fraction (hexagonal packing), but in practice it is
difficult to achieve more than 85 % [10, 11, 25]. Rect-
angular cross-sectioned fibers have the capability of a
near 100 % packing efficiency, which in principle
could improve the performance of the composite,
though this has yet to be demonstrated.

Conclusions

In this work, extreme transform deformation of
UHMWPE fibers was studied. The deformation pro-
cess caused crystallite break-up as well as disorien-
tation, which was evidenced by a drop in fiber
strength and further supported in DSC experiments.
The decrease in fiber strength was as low as 6 % for
short, machine-deformed fibers and as much as 45 %
for long, hand-deformed fibers that had an aspect

@ Springer

J Mater Sci (2016) 51:8075-8086

ratio of about 60. At the same time, a decrease in
crystallinity from 95 to 80 %, and a reduction in
crystallite size by about a factor of two, was indicated
when comparing undeformed versus deformed
fibers. The variability in fiber strength was increased,
which was attributed to the deformation process and
the magnification of defects that occurred from a
drastic decrease in fiber height, from about 18 pm
down to less than 3 um. However, the strength
retention of machine-deformed fibers was still
believed high enough to yield significant ballistic
protection. Potential improvements in packing effi-
ciency, resulting from their thin micro-ribbon shape,
could provide further benefits in ballistic resistance.
The deformed fibers, due to their greatly increased
surface area, also showed more than a factor of three
decrease in the necessary load transfer length to
reload a fiber near a break, which is on par with
surface modification techniques on undeformed
fibers. These effects are worthy of further study in
ballistic protection applications.
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