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The transverse compression of PPTA fibers
Part| Single fiber transverse compression testing
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We report on the transverse compression testing of fine, highly anisotropic polymer fibers.
Single KEVLAR 29 fibers were laid on a flat, stiff platen, and compressed by a second, stiff,
parallel platen. Test output was a force-deflection curve, from which the effective
transverse modulus, apparent strain at yield and the work required to compress the fibers
were determined. The effects of specimen aspect ratio was examined experimentally and
by finite element simulation for loaded fiber lengths of 1/4 to 7 fiber diameters, and a
method proposed to deduce the plane strain response from short aspect ratio tests.
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1. Introduction fibers deform elastically only for the first 0.5+dn of
While the axial properties of polpara-phenylenetere- platen travel after initial contact [1, 10-12].
pthalamide) (PPTA) and other, highly-oriented fibers 3. During this initial, elastic contact, the fiber stress
have been extensively researched, their transversstate is sensitive to the geometry of the contact patches
properties have received comparatively little attentionbetween fiber and platens [1], which is itself sensitive to
Many applications of highly-oriented fibers require un- surface roughness [12, 13], variations in fiber diameter
derstanding of their behavior in transverse compresand asperities on the fiber surface [14].
sion, such as ballistic or cut-resistant cloth [1], the
bearing strength of composites or clamping strengthTo ameliorate these experimental difficulties, investiga-
of cloth, the compaction of nonwovens [2], the tribol- tors have tested thick monofilaments [14—19], compres-
ogy of fiber-reinforced friction materials, hydrostatic sed multiple fibers simultaneously [1, 20], or com-
pressure in underwater cables [3], and composites mipressed long lengths of fibers (20L/D < 100)
cromechanics models [4, pages 134-137]. [10-12] (for detailed reviews, see [12, 21]). All these
This paper presents test results and simulation of thalternatives present additional difficulties. The cross-
single fiber transverse compression test (SFTCT), ussectional structure of thick monofilaments strongly
ing a novel test device. In SFTCT, a fiber is laid flatinfluences their transverse deformation [18], and
on a stiff platen and pressed by a second, parallel, stiffrobably differs from the cross-section of fine, commer-
platen (Fig. 1). Analogous tests have been applied pregial fibers. Compressing multiple fibers initially com-
viously to various cylindrical test specimens, including presses only the tallest fibers, and may compress these
concrete cylinders (e.g. [5, 6]) and ceramic fibers [7-9] past yield before contacting shorter fibers. This would
where it is called thérazilian Test SFTCT presents result in spuriously low estimated fiber elastic stiff-
three experimental difficulties when testing fine, poly-ness when normalized by the total length of fiber com-
mer fibers: pressed. Indeed, such studies [1] have reported lower
transverse stiffnesses than single fiber tests [10, 12].
1. Their small diameter and low modulus make testPressing long lengths of single fibers appears the best
specimens very compliant per unit length. of these three alternatives, but places high demands on
2. The test requires accurate measurement of platgpiaten parallelism, to avoid incomplete initial contact
travel, because commercial, highly-oriented polymeras above, and may not accurately simulate the stress
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Figure 2 Boundary conditions of SFTCT analyses: (A) Phoenix and

Skelton (1974). (B) Jawad and Ward (1978).
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Fower Platen load was distributed, but the lower load was a line load
T T~ (Fig. 2B), and determined the stress distribution across
———————————————— | [x=0,0<y <R, Zz, arguing that the lower stress dis-
tribution was a mirror image in the actual fiber. Both

Upper Platen

|
: ' o
I Fiber I 3 ! models predict essentially identical stress distributions
© é) I | i [21], therefore, following Jonest al. [12], we focus on
’ L#_____________I the Jawad and Ward model, whose resulting equations
| , J are simpler to fit to experimental data. Jawad and Ward

use the contact patch widthb@ ), defined by Hadley

Figure 1 Load conditions of single fiber transverse compression testet al. [15] from Hertzian theory as:
(SFTCT), showing variables used in this study. (A): Cross-section, (B):

side view, (C): top view. =
45,FR
A L)
T

state of fibers compressed along short lengths, such as

neighboring fibers or knife-edge contact. where,; is the reciprocal of the plane strain transverse
Itis appropriate to assume the steel, glass, or ceramig,oqulus &1 =511 — $%/Ssa=1/E; —v2/E}, 1 andt

platens used are rigid relative to typical polymers, léadygresent the transverse direction and 3 latin fiber

ing to a classical, Hertzian contact mechanics problemy;rection F is the force applied per unit length, aRds

of the plane strain compression of aright circular cylin-ihe fiber radius. In anisotropic fibers wh&es Eq, the

der between rigid, parallel platens (e.g. [22-24]). The,jane strain transverse modulus is approximately the

solution to this problem has been extended to transgpar transverse modulug, ~ s11 = 1/E;, sob(F) de-

versely isotropic cylinders [1, 19] to account for fiber honqs essentially only on transverse modulus in highly

orientation. Other analyses have been suggested, basgisoiropic fibers. Following the Hertzian assumption

on series expansions of the boundary loads, butthey €jpa¢ the contact area is small relative to the size of

ther do not lead to solutions which are easily amenablg, o contacting bodyb < R, the boundary conditions

to fitting to experimental data, or do notincorporate the;, Fig. 2B lead to the force-deflection curve [19]:
contact problem’s geometric nonlinearity [25—-27].

In this paper, we introduce a novel test device, capa- AFE R
e [0.19 + sinh? (-)}

ble of SFTCT of fine, polymer fibersafd< L/D < 7. Uy
We verify the test device by comparing results on
KevLar 29 to the literature. We then examine the ef-
fects of aspect ratid,. /D, with experiment and finite
element (FE) simulation, and present a method to ex
tract the plane strain transverse modulus from test
short fiber lengths.

)

T

Using transparent platens to compress sufficiently thick
monofilaments would also allo; to be determined
y fitting experimental data directly to Equation 1 [14,
5, 17].

These analyses are predicated on the assumption
of plane strain (or alternately plane stress). Highly
2. Theory anisotropic fibers cannot be sectioned cleanly [14] (cf.
2.1. Elastic transverse compression [28, 29]), so part of their length cannot be evenly com-
Two analyses have been presented for transversefyressed (in contrast to ceramic fibers [8, 9]). Plane
isotropic fibers, which are based on the Hertzian constrain can be approached by contacting sufficiently long
tact problem of an isotropic cylinder compressed besections of fiber, but as the loaded length decreases,
tween two rigid, parallel platens. Phoenix and Skeltonthe unloaded tails outside the platens forces the stress
[1] modeled contact between both the upper and lowestate in the fiber to deviate from plane strain (and not
platens as distributed, Hertzian contact loads (Fig. 2A)approach plane stress), to a three-dimensional stress
and determined the stress distribution alomg=[0, state, in which stress concentrations at the platen edges
0 <y <2R,Zz.Jawad and Ward [19] assumed the uppercannot be neglected. This means short aspect ratio tests
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Figure 3 Material flow directions in (A): plane strain compression tests on films, and (B): Plane strain compression tests on highly anisotropic fibers.

are not amenable to classical, two-dimensional analfiims [13] (Fig. 4). Motion was provided by a piezo-
yses, however, they can be analyzed by FE or otheglectric crystal (PZT) (Physik Instrumente P840.60)

numerical methods.

with a travel of~50 um. Force and displacement were

transduced by a 50 gmf/6E00 mN) load cell (Trans-

2.2. Inelastic transverse compression

To understand deformation in SFTCT, it is wort
while to contrast the plane strain compression of highly
anisotropic fibers to the plane strain compression o*
films (Fig. 3). Film plane strain compression con-
strains material flow to primarilg. In SFTCT of highly
anisotropic fibers, material flow is primarily i per-
pendicular to the fiber axis. Previous investigations [1
10-12, 14] used long plateng (D > 20), partly to
increase experimental forces, but also to ensure thi
fiber-platen friction prohibited strain ia, since the
subsequent analysis assumed plane strain. For high
anisotropic fibers, long platen lengths are unnecessal
for this purpose: with typical Poisson ratiog,= 0.3—

0.6 [17, 30], and anisotropic ratio;,/E; > 30, the
axial strain resulting from unit transverse strain is
vy =1t Et/E = 0.01 [3]. Thus, fiber anisotropy alone
essentially prevents strain i) constraining it instead

to x. A

Transverse yield of polymer fibers has been charac
terized only qualitatively [1, 12, 14, 18]. The inelastic
deformation of PPTA fibers will be discussed in greatet
detail in a related paper [31].

3. Experimental

3.1. Samples

We tested 1.5 and 6.0 denieeWar 29 continuous
filament fibers, corresponding to 12 and 2 nom-
inal diameters. 3—6 cm of tows were teased apart an
single fibers carefully extracted. Fibers were tested a
received, with no additional heat or drying treatment,
at 22+ 2°C and 65% RH.

3.2. Transverse compression experiments

SFTCT were performed on a device originally built

ducer Techniques), and an air gap capacitive sensor
h- (Physik Instrumente D-050), respectively. A feedback

load cell

air gap
capacitor
piezoelectric _ e Calisar
crystal (PZT) ; P
initial
& X capacitor
T gap
~=- indenter

anvil

initial gap between
y platens and fiber

platens —__

fiber (not to scale)

load cell air gap
capacitor

initial  displaced

capacitor capacitor

gap gap
e (U S 3

initial gap between
platens and fiber

e
fiber

for plane strain compression testing of thin polymerFigure 4 SFTCT device. (A): Initial, (B): deformed during testing.

575



~30 micrometers
initial gap between

T platens T

Measured
Displacement

Uexp

|

Figure 6 Spring model of SFTCT device used to subtract machine com-
pliance.

Initial Gap U ,

kfib or (nonlinear)

Y44

the platens. This resulted in a bilinear curve, whose
Figure 5 The anvil. (A): Side view, (B): front view, with deformed fiber stiffnesses were taken &g=1/(1/ka+ 1/kp) befo_re
parallel to plane of paper. the platens contacted each other at some defleddign,
andk, = ky, after the platens contacted each other. With

. ks andky, determined for a test, the force per unitlength
loop between the capacitive sensor and the PZT (Physikng geflection of the fiber itselE andUy, respectively,
Instrumente P864.00) corrected for drift and hysteresisyere calculated from the spring model as:

A P/C controlled PZT displacement signal voltage and

recorded force and deflection output. Tests were con- Fexp— Fe
ducted at constant cross-head speed to a total force &f = Uexp / [1 + m]
about 400 mN, corresponding to an apparent strain exp e
e=U,/D ~80% in the smaller fibers, arek 45% in Fex c

the Iayrger fibers. Platen design and correcting for maF = Feo— Ka(Uexp— UC)/[l"' m] )
chine compliance require further discussion.

®3)

whereU. and F. were the displacement and force at
. contact, respectivelyJ. is the distance between the

3.2.1. Platen design top of the fiber and the upper platen at the beginning
The platens were machined from a stack of monocryspf the test, and was determined individually for each
talline silicon wafers, called the anvil (Fig. 5) [32]. test by determining the lowest displacement at which
The wafers were machined and fusion bonded Under-'exp_ kluexpwas Signiﬁcant|y |arger than the noise of
amicroscope, insuring the upper and lower platen centhe data. Fig. 7 shows an example of the experimen-
ters were less than Am offset from each other i@.  ta| and extracted fiber force-deflection curves, starting
The anvil contained several pairs of platens, of differ-from the point at which the upper platen first contacted
ent lengths|, between 5 and 76m. The platen faces the fiber.
were photo-etched from polished silicon wafers, with |n operation (Fig. 4B), a fiber was placed between a
an RMS surface I’OUghneSS less than 2 nm [13] This iﬁair of platens of desired |ength1 |eaving a 5_#'[‘5 gap
aboutthree orders of magnitude less than the fiber dianpetween the top of the fiber and the upper platen. The
eter, anecessary criterion for smooth contact. The lowepzT drove a stiff indenter at a constant speed, which
platen faces were photo-etched on a base plate, whilgressed the upper, cantilevered platen down, eventually
the upper platen faces were etched beneath individuato contact with the fiber at deflectids,, when fiber
double-cantilevered beams, which insured platen parcompression began. Elastic fiber compression took a
allelism during deflection (Fig. 4B). Platen face lengthsfew seconds, and the total fiber compression took less
varied within£10% of nominal lengths. than a minute, short enough for viscous effects in the

transverse direction of PPTA to be neglected [33].

3.2.2. Machine compliance
Machine compliance was subtracted from the experig 3. Finite element simulation

mental force-deflection dat#&e.p(Uexp), by assuming A three-dimensional FE model was constructed to in-
a spring model (Fig. 6) [13]. The bending stiffness of yestigate the effect of specimen aspect ratio on fiber
the cantilevered upper plateks, was in parallel with  stress state and test force-deflection curve. The model
the fiber, and the stiffness of the bak@,WﬂS in series was constructed in A\QUS/EXPUCIT, using linear el-
with the flberka andkb were determined for each test ements. The FE model was a r|ght circular Cy"nder
by preSSing the platens together with no fiber betweerbressed a|0ng part of its |ength by a pair of Stiﬁ:, par-
allel platens. The platen edges had a slight fillet, to
* The apparent strain ds not a strain experienced locally in the fiber, Prévent what would have otherwise been a singularity
but is a useful measure of deformation. in the loading. The FE simulation modeled only half
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Figure 7 Experimental force-deflection curve)dxp — Uc, Fexp— Fcl, and extracted fiber force-deflection curvely[ F]. 1.5 denier continuous
filament KevLar 29.

TABLE | Elastic constants used in finite element simulation of 6.0 [ess than the 95% confidence interval&f) With R
denier Keviar 29 in SFTCT. Constants assume fiber is transverselylcnown E: was determined by nonlinear least squares.

Isotropic The apparent strain at yielel, = Uy yieiq/ D, was de-

= goGPa  termined by eye as part of tHg fit. Previous studies

Et 2.2 GPa  have used the maximum of taé€/9Uy curve to define

Gt 22GPa  vyield, however, that also requires some subjective judg-
E':t 8'22 ment, as the smoothed derivative does not always have
R 12 pm a single peak around the yield point [11]. The work of

compression per unit fiber length as a function of defor-

mation,W(e), was calculated a&/'(e) = D foe FdUy by

the trapezoidal rule.

the fiber; for clarity, results in this paper are shown

for the entire fiber. To simulate loading, platens were

incrementally displaced towards the fiber center, withs. Results

the resulting contact problem solved at each platen dis5.1. SFTCT results

placment. The test was simulatedeter 5%. The fiber  Fig. 8 shows typical force-deflection data for 1.5 denier

was modeled to a length of about 16 fibers diameter&evLar 29, after correcting for machine compliance,

outside the platen. Elastic constants used were frorand fitted to Equation 2. The force-deflection curve is

experimental results one&iar 29 fibers [11, 34] and upwardly concave during initial, elastic response, as

composites [30], and are given in Table . predicted by Equation 2. The tangent stiffness drops
and inelastic fiber deformation starts at some deforma-
tion, gy, typically around 5-8%. Fig. 8 demonstrates the

4. Calculation of transverse properties variability in our test results: while we found an aver-

Previous researchers [1, 11] have fitted the linear porage transverse stiffness Bf ~ 2.4 GPa, this test had a

tion of the smoothed derivative of the experimen-least-squares fitted stiffness Bf = 0.88 GPa.

tal force-deflection curveg F/dUy, to Hertzian con- Table Il gives the average experimental aspect ratio of

tact models (either Equation 2 or analogous equationsach,L /D, the effective transverse modul;, the ap-

in [1]), ignoring non-reproducible data at initial con- parent strain at yieldy,, and the maximum shear stress

tact. We were able to get reproducible initial contactat the onset of yield;nax, as predicted by Hertzian con-

data with Keviar 29 filaments, which generally fit- tact analysis. For continuous filaments, the 95% confi-

ted the Hertzian prediction, likely because of greaterdence intervals foE; ande, are roughly a fifth of the

platen smoothness and shorter loaded length comparedeans, reflecting the historical uncertainty of SFTCT

to previous studies. Following Jones al. [12], we [12, 14, 15] that may be an intrinsic characteristic of

determinedE; for each test by fitting experimental oriented fibers.

force-deflection data to Equation R was defined as The Hertzian analysis assumes plane strain, an in-

2R=U;—Uq for each test. (This generally yielded creasingly poor assumption 43D decreases. Fig. 9

fiber diameters smaller than published values. This sysplots E; versusL /D. E; appears insensitive 1o/ D for

tematic error was accepted because its effect was smdll/D > 2, suggesting that above this aspect ratio, the

relative to the variation in stiffnesses from test-to-test:test is reasonably characterized by plane strain mod-

recalculation with the published fiber diameters insteadls. At lower aspect ratios, the fiber appears to stiffen,

of the individually, experimentally measured diametersa consequence of the increasing importance of edge

would reducek; on average by less than 5%, which is effects.
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TABLE Il Transverse modulE:, and apparent yield straig,, of fibers tested in this study, assuming plane strain compression. Plus/minus values
indicate the 95% confidence intervel

I T T T
0.0% 2.0% 4.0% 6.0% 8

T T T 1
% 10.0% 12.0% 14.0% 16.0%

Fiber Nominal diameter{m) Aspectratiol. /D Number of tests E: (GPa) ey (%) Tmax (MPa)
1.5 denier Kviar 29 12 7.2 38 2.45%0.40 6.1+1.1 88
6.0 denier KvLar 29 24 2.6 20 2.380.43 3.9+11 64
24 2.2 35 2.3&¢0.31 3.3£0.6
24 1.2 27 2.850.72 25+:04
24 0.72 42 3.66:0.24 2.9£0.3
24 0.24 38 6.0 0.51 3.3:0.7
0.60 T
i o
H __f‘.:o
= ! g
: |
~ | oot
g i %
L 040+ i 0::‘
'§’ i {0°" --0--experiment
§ i 7o — least-squares fit
E» L/ oa - - - limit of elastic
:.‘: 5% I compression
§ o204 i
a .
Q 1
© o] H
Y 59 |
8 "° i
i
0.00 - L
T
.0

u /D
y

Figure 8 Typical low-deformation SFTCT output.

Effective Transverse Modulus E ' {GPa)
from Plane Strain Analysis

Aspect Ratio (L/D)
plane strain ——>

Figure 9 Apparent transverse modullg as a function of aspect ratio of test, for SFTCT afvkar 29 fibers.E; values all assume plane strain
loading. Error bars indicate 95% confidence intervals.

Fig. 10 shows the work per unit lengt¥\/, required = more interestingly, indicative of the amount of work re-
to compress Kviar 29 fibers toe=50%. W is nor-  quired to continue crushing the fibers after they begin
malized by denier: since denier is proportional to mearto yield.
cross-sectional area, this value is proportional to the
mean work done per unit volume of fiber compressed.

Similar to elastic result&) per denier appears constant 5.2. FE simulation

for L/D > 2, and increases with decreasing aspect rati¢-ig. 11 plots FE predictions of the normal stresg,
belowL /D = 2. The amount of work required to com- in a fiber loaded along a short length. There is a stress
press fibers to their elastic limit is negligible comparedconcentration at the platen edge. The exact stress con-
to the amount required to compress fibers to half theicentration cannot be accurately predicted by the model;
initial diameter, a consequence of both the geometrielasticity theory predicts a singularity directly under
nonlinearity of the test (fibers widen as they flatten), andhe platen edge (cf. [35, Article 37]). In actual tests,
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Figure 10 Average work per unit length per denier vs. apparent strain fvrAg 29 fibers in transverse compression at different aspect ratios.
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Figure 11 FE predictions for isostress contours for normal stegssef PPTA fiber in SFTCT (platen not showrl)/D = 4. Note extent of stress
concentration at edge of platen contact.

the platen edge will have some curvature, and the fibethe smallest aspect ratid,/ D = 2.4, are close to FE

is able to yield locally, both of which reduce the lo- predictions forL/D =1/4.

cal stress concentration. This modeling limitation does

not greatly influence predicted force-deflection curves,

which is an integral of the stress distribution. Fig. 126. Discussion

compares FE predictions of SFTCT force-deflectionFig. 9 suggests SFTCT of highly anisotropic fibers can
curves with average experimental results, which havée reasonably modeled as plane strain wh¢b > 2,

all been normalized to a fiber diameter of 2. Aver-  allowing direct comparison to tests at much larger as-
age experimental results ataspectratios ahg\l2=2  pect ratios in the literature. Table Il compar&s
are in close agreement with FE simulations, and appedor L/D > 2 with other SFTCT values for 1.5 denier
independent of /D. Average experimental results for KeviLar 29 in the literature. The moduli measured by
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Figure 12 Comparison of finite element (FE) and average experimental force-deflection curves for SFTE/Ts K9 at varying aspect ratio/D.
All results scaled td =24 um.

TABLE Il Etfrom SFTCT for 1.5 denier Kvar 29 as it does in axial fiber testing. Literature [36, 37] sug-
gests stress decay rate is a function of the ratio of nor-

0,
Source E1(GPa) % 06) maxMP2) - al to shear modulus. In axial testing, itJ&E/Gr.
Here 2.45 6.1 88 There appears to be no simple description of the stress
2.38 3.9 64 decay rate in SFTCT, however, experiment suggests it
[ill 2-;714 oo 4471 o6 may be dominated by/E;/Gy, which is near unity
{10} ve = [2] in PPTA fibers—even smaller than it would be
[12] 25 50.2 for isotropic materials—therefore requiring a relatively

short loaded length to approach plane strain.
PPTAfibersyieldintransverse compression, deform-
. ing in a ductile manner. High fiber anisotropy forces
Kawabata [10] and Jonest al. [12] are within the paterial to flow essentially perpendicular to the fiber
95% confidence interval of our results. Knoff [11] and gxis. The work required to compress fibers elastically
Phoenlx.and Skelton [1] foqnd stiffnesses about a halfg negligible compared to the amount of work required
and a third of ours, respectively. The latter may be atyq continue compression in the yield regime.
tributable to the long length of fib(_ar_s.tested, which as  ppTA fibers are not truly transversely isotropic, but
stated above may lead to uneven initial contact, res“'%ylindrically orthotropic [38], and are not homoge-
ing in lower measured stiffness. There is no simple hyyequs, but have a radially-dependent gradient of crys-
pothesis to explain the differences between Knoff [11]i5/line orientation and perfection [28, 39]. Thus;
and Kawabata [10], who used identical test devices, angheasured from SFTCT must be considereefiective
who fitted their data to equations which differ negligi- stiffness of the fiber as a structure. The more compli-
bly. There is more agreement on the apparent transverggied structure of the actual fiber cross-section will af-
yield strain than transverse TOdUlUS’ WHfR6-8%  fect the growth of the yield envelope, underscoring the
for 1.5 denier fibers. ang, ~~ 4% for 6.0 denier fibers.  4pnroximation inherent in the FE simulation presented

Results for 6.0 denier /AR 29 (Table I1) suggest pere, The effects of anisotropy and inhomogeneity will
that fiber diameter does not significantly affect trans+e examined in a related paper [31].

verse stiffness, but does affect transverse strength, in
the range of diameters (12—24m) tested. The differ-
ence in yield points may reflect prior damage from han-7. Conclusions
dling, since thicker fibers have a lower yield curvatureSingle fiber transverse compression tests were per-
in bending. formed on KevLar 29 tests on a novel test device,
For aspect ratios below /D = 2, the loading is no whose platen designed ensured smooth contact between
longer approximately plane strain. The fiber spuriouslyfibers and the platens. Elastic compression gave repro-
appears to stiffen ds/D decreases. The apparent fail- ducible initial contact results, which were fitted directly
ure strain appears unaffected by aspect ratio down tto Hertzian contact models to determine effective trans-
L/D =1/4, suggesting that the fiber failure criterion verse stiffness and apparent strain at yield. There was
is independent of the changing stress state. Experimeronsiderable variation in test results, but the averages,
tal observations of the effect of aspect ratio on force-E; ~ 2.4 GPa an@, = 6%, were similar to results in the
deflection curve are verified by FE simulation. literature. Elastic stiffness was independent of fiber di-
The large anisotropic ratios of highly-oriented fibersameter; apparent yield strain decreased with increasing
do not seem to increase the stress decay rate in SFTCdiameter.

580



Both elastic and inelastic compression were indepent4
dent of loaded fiber length and similar to plane strain
results in the literature fdr /D > 2. Atlower aspectra-
tios, deformation outside the loaded fiber length madg
the fiber spuriously stiff when fitted to planar analyses.

15

Fibers required significant work to continue compres-17.

sion after yield, suggesting a mechanism for energy
removal in impact- and cut-resistant applications. 18

19.
20.
21.
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