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Abstract: The fatigue behavior of a variety of commercial high performance fiber yarns has been in-
vestigated. A general semiogrithmic law governs the relationship between fatigue lifetime and nor-
malized load amplitude. Fatigue behavior is characterized by fatigue strength and fatigue strength in-
dex. The fatigue resistance of different fibers ranked as: Kevlar 29 ~Kevlar 119, Vectran HS ~ Tech-
nora, Spectra 900. A fatigue failure model is proposed to support a fatigue law which suggests that
the cyclic maximum strain can be used to monitor the development of fatigue damage. Twisting as a
means of improving fiber performance is studied and an optimum twist is observed. Axial splitting is
seen in all fatigue fractured surfaces. Structural changes measured by X-ray diffraction and thermo-
mechanical analysis(TMA) support the conclusion that the strength of the material is depleted with

the fatigue.

Introduction

High performance polymeric fibers have re-
ceived a great deal of attention recently because
of their high tensile properties, such as modulus,
strength and dimensional stability. On a per unit
weight basis, their specific properties are even su-
perior to those of steel or glass fiber.! During their
applications as load bearing structural elements
such as in marine ropes, industrial belts, and fiber-
reinfored composites, complicated loading con-
ditions usually shorten their service life dramat-
ically. Some studies have been done on the study
of creep,” fatigue®” and deformation under humi-
dity® of these materials.

Two diffetent strategies have been adopted to
produce high performance fibers. In case of flex-
ible chain polymers, such as polyethylene, highly
oriented and extended chain structures are ob-
tained by specialized processing techniques.?

Another approch® involves incorporating aro-
matic species in the polymer backbone to yield ri-
gid rod like extended chain structures; Kevlar®,
Vectran® and Technora® are some examples. The
relationship of such an extended chain mor-
phology to material properties has been the focus
of several studies.'”® Different techniques such as
X-ray diffraction,”** elctron microscopy,*® Raman
spectroscopy’™® and solid state nuclear magnetic
resonance{NMR)* have been utilized to obtain a
general understanding of the structure property
relationship.

In this paper, results of a systematic fatigue
behavior study on a series of high performance
fiber yarns are presented. Previous studies in-
volving fatigue were carried out on single fi-
laments that tended to have a large data vari-
ability. Our studies have focused on fiber yarns
due to their obvious practical significance, and
the data have shown better statistics. In addition,
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application of an optimum twist to the varns
show improvement in fatigue properties due to a
different load bearing mechanism. Several tech-
niques, including mechanical testing, optical mi-
croscopy, scanning electron microscopy (SEM), X-
ray diffraction, thermo-mecahnical analysis
(TMA), dynamic mecahnical thermal analysis
(DMTA) and Raman spectroscory, were used to
probe the structural cahnges in the material upon
fatigue. The changes in properties at different
stages of fatigue, compared with the initial
characterization of the material enabled a better
understanding of the mechanism of the fatigue
failure.

Experimental

Materials. Commercial fiber yarns of Kevlar
29%, Kevlar 119® (Dupont, USA), Vectran HS®
(Hoechst Celanese, USA), Technora® (Teijin,
Japan), Spectra 900® {(Allied Signal, USA} were
used in the fatigue experiments. As shown in
Table 1, all of these samples possess typical prop-
erties of high performance fibers with high stiff-
ness, high tenacity and a low elongation to break.

Fiber yarns were twisted manually under a
slight tension of 1.5 N to remove crimps and im-
prove filament alignment. All fatigue samples
were bonded to special grips to avoid grip
failures.

General Characterization. The linear density
of the single filament was measured by vi-
broscope. Volumetric density was measured by
the method of floatation. The diameter of a single
filament was measured by an optical microscope.
Tensile testing of the yarn was done using an In-
stron model 5564 testing machine. All of the tests
were performed at standard conditions of 21°C
(x1°C) and 65% (+2%) relative humidity.
Pneumatic yarn/cord grips were used for the

tests, with the effective gauge length set at 150

mm and a crosshead speed of 20 mm/min.
Fatigue Experiments. Fatigue testing of the
varns was performed using an Instron model 8511
hydraulic dynamic tester. Samples of gauge
length around 150 mm were glued to special tabs
held between two set of grips. The load was pro-
grammed to be a sinusoidal waveform under the
load control mode. A minimum load of at least
2N was applied to keep the samples under ten-

Table I. Yarn Properties of Different Fibers

Sample Type VECTRAN TECHNORA  SPECTRA KELVAR KELVAR  KELVAR
Manufacturer Heat Stretched 900 29 119 149
Hoechst Caleanese Teijin Allied Signal Dupont Dupont Dupont
Linear mean 1700 1660 1330 1600 1630 1570
Density o 5.87 11.2 100 458 1.85 2.97
(dtex) CV% 0.34 0.67 0.75 0.29 0.11 0.19
Modul mean 80.0 79.5 68.0 82.8 63.6 164.3
(%;;s c 0.87 1.06 0.72 1.35 0.77 1.89
CV% 1.1 1.3 1.1 1.6 1.2 1.2
Tenacit mean 2.98 3.22 2.34 2.58 2,96 2.15
( Gpa‘)y c 0.0561 0.098 0.066 0.0458 0.0496 0.0527
CV% 19 3 2.8 1.8 1.7 25
Elongation mean 3.23 451 4.55 3.13 4.09 1.46
at break Iy 0.0378 0.123 0.106 0.085 0.0512 0.0313
(%) CV% 1.2 2.7 2.3 2.7 1.3 2.1
Energy to mean 1.17 1.76 1.59 0.95 1.27 0.36
brk. point o 0.0203 0.092 0.084 0.03 0.037 0.0145
(J) CV% 1.7 52 53 3.2 29 41
Fiber Density {g/cc) 14 1.39 0.98 1.44 1.44 147
Number of specimens 20 20 20 20 20 20

CV% = (STDEV/mean)*100.

92

Korea Polym. J., Vol. 6, No. 1, 1998



Fatigue Behavior of High Performance Fiber Yarns

sion at all times. The cyclic maximum load, cyclic
minimum load and frequency were varied to ap-
ply different conditions over a fixed 10 million cy-
cles. The stress amplitude varied between 50-90%
of the strength and the frequency between 0.1
and 5 Hz. During the cyclic loading, temperature,
time, load, displacement and total number of cy-
cles were tracked and trasferred to the computer.
The data were analyzed after the experiment was
completed.

Morphlogical Characterization. Fracture to-
pography was studied by an optical microscope
(Olympus BH-2) and a scanning electron mi-
croscope {(Jeol JSM-35CF). For the SEM studies,
the fracture surfaces were coated with gold while
the sample was rotated in vacuum. X-ray dif-
fractometer (Simens D-500) and Simens 2D de-
tector were used to monitor the microscopic struc-
tural changes during the fatigue. Displacement-
Temperature (D-T) experiment was conducted
on a TMA2940 (TA Instruments).

Definition of Twist Degree. Twist multiplier
(TM) is related to the yarn twist in turns/inch (tpi)
and yarn denier by the equation.

Results and Discussion

Fatigue Behavior.

Fatigue Life of Different Fiber Yarns. Fig-
ure 1 shows the life time of the test fiber yarns
as a function of the applied stress amplitude.
Each point on this figure corresponds to an av-
erage of life times of three samples subjected to
the stress amplitude applied until failure. It is
seen that the number of cycles to material
failure decreases dramatically upon increasing
the applied stress amplitude. It can be seen, that
a linear regression of the data yields a good fit
that can be descibed by :

s =05 (1-m*InN;)

where o, is the applied cyclic stress amplitude
(Gmec-Omn) and Ny is the number of cycles to fa-
tigue. The intercept, o; is defined as the fatigue
strength and the slope m is called the fatigue
strength index. These two parameters are used
throughout this study to compare the fatigue
properties of all the test materials. For a better fa-
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Figure 1. Fatigue behavior of Kevlar 29 yarn.

tigue performance, a high fatigue strength and a
small fatigue strength index is desirable.

Figure 2 displays a summary of the fatigue
properties of different fiber yarns. The ordinate is
normalized by the respective fatigue strengths for
direct comparision. The various fiber yarns can
be ranked in the order of decreasing fatigue resist-

-
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alternating stress/fatigue strength (Aa/s,)
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Fatigue governing equation: Ac/of = 1-m*In(Nf)
material strength ratio  |fatigue strength
of/ots index, m
Kevlar 29, twisted 0.95 0.023
Kevlar 29 1 0.025
Kevlar 149 1.12 0.028
Kevlar 119 116 0.032
Vectran HS 1.06 0.039
Technora 0.92 0.039
Spectra 900 0.94 0.040

Figure 2. Fatigue properties of different fibers.
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ance as Kevlar 298, Kevlar 1498, Kevlar 119%,
Vectran HS®, Spectra 900%, Technora® The fa-
tigue strength, obtained by linear regression of
data in each case, can be correlated directly to
the tensile strength because it corresponds to one
cycle to failure.: .

It is worthwhile to point out “that the fatigue
strength indices for these fiber yarns are com-
parable to those obtained by Landgraf®* who stu-
died the fatigue of hardened steel for small
strains. Although these values are similar, the me-
tals exhibit a higher fatigue strength index when
subjected to a high strain range,” whereas the po-
lymeric fibers do not show such a transition. For
example. when Kevlar is subjected to a large
stress amplitude range (50-90% of tensile
strength), as in Figure 1, the data fall on a single
curve without any transitions. This could be due
to a very low hysteresis in the stress-strain curves

as displayed in Figure 3.

Twist Effect. Kevlar 29° was chosen as a
model materil to study the effect. of twist on its
tensile and fatigue properties. As shown in Table
I, a small degree of twist improves both the ten-
sile strength and the fatigue strength while main-
taining a similar fatigue strength index. This in-
crease in performance is at the expense of a de-
crease in the yarn stiffness and an increase in the
elongation to break. Figure 4 illustrates that the
_optimum properties are achieved for a tpi of 1.5-
2.0 that translates to a TM of 0.82-1.08. Studies
on other type of twisted yarns show  similar
trends in modulus and tenacity although the elon-
gation to break varies differently depending upon
the structure of the yarn.?

Theoretical treatments such as continuum
mechanicals and energy arguments have been
used plain the change in modulus and tenacity as

Table Il. Comparison of the Tensile Properties of Kevlar 29 Yarns with Different Twist Degrees
Sample : Kevlar 29, Kenier : 1500, Density : 1.44 g/cm’, Cross area: 1.157*10”m?
Gauge Length : 150 mm, Strain Rate : 10%/mm

Max- Max- Fatigue - Fatigue

Twist Twist Young's Tena- . imum Tough- giandard Strength Strength
Multi- Degree Modulus Standard city Standard MUM gandard %  Standard  ness Deviation Index
plier in tpi (N/tex) Deviation (N/te)f) Deviation N Deviation S:(rya)in Deviation (n/tex)
000 O 52.9 0.57 1.74 0.055 290 9.2 3.60 0.089 0035 0.001 25 0.025
0,55 1.035 524 0.32 193 0.024 322 4.0 390 006 0035 0.001
082 1.55 51.7 0.20 201 0026 335 4.3 411 0.058 0.042 0.001
1.10 207 519 0.25 199 0.044 333 7.4 411 0.084 0041 0.002 28 0.024
1.67 315 484 0.58 1.83 0.75 306 125 411 0175 0.037 0.003
220 414 467 0.61 171 0111 285 185 415 0209 0.034 0.004
3.00 5.65 39.0 1.22 132 0061 221" 102 432 023 0025 0.002
6.00 113 339 1.30 172 5.07 0.02
In SI unit :

Twist Twist Degree Young's Standard Tenactiy Standard

Multiplier in tpi Modulus Deviation {GPa) Deviation
(GPa)

0.00 0.00 76.4 0.82 2.50 0.08

0.55 1.04 75.6 045 2.78 0.03

0.82 1.55 74.6 0.28 2.90 0.04

1.10 2.07 749 0.37 2.88 0.06

1.67 3.15 69.9 0.83 2.64 0.11

2.20 414 67.4 0.89 247 0.16

3.00 5.65 56.3 1.76 1.91 0.09

6.00 11.30 48.9 1.49

*Modulus was calculated by the steepiest slope of stress strain curve in the whole strain range 20 samples were

tested for each condition.
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Figure 3. A stress-strain curve of the Kevlar 29 in the mid-
dle of the fatigue experiment.
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Figure 4. Twist effects on properties of Kevlar 29 yarns.

a function of the degree of twist. While for some
fiber yarns as viscose, acetate or nylon, a “cos?ol’
law, where o is the angle of twist, explains the de-
crease in modulus, it is not valid for the yarns stu-
died here. As to tenacity, no theory explains the
observed increase at small degrees of twist. Con-
sidering the highly anisotropic nature of these
high performance fiber yarns, a composite model
is used and a ‘Incos®” law is derived that gives a
good fit of the data (Figure 5). To elucidate furth-
er the change in tenacity, friction and transverse
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Figure 5. Tensile modulus of the twisted Kevlar 29 yarn vs.
twist angle.

compressive forces need to be considered for the
twisted yarn.

It can be postulated that an interlocking
mechanism may give rise to the higher tenacity
and good fatigue performance at small degrees
of twist, whereas transverse failure will destroy
the material at high twist. This aspect is ad-
dressed in more detail in the section on the mor-
pological characterization of the twisted yarns.

Frequency Effect. The first attempt to study
the effect of frequency on the fatigue behavior of
the fiber yarns was based upon the assumption
of a relation between mecahnisms of creep and
fatigue. A time-determined fatigue lifetime may
indicate that the fatigue phenomena can be treat-
ed as cumulative creep. However, the ex-
perimental results on Kevlar 29 and Vectran HS
(Table M) show that the fatique lifetime is det-
ermined by the number of loading cycle rather
than the loading time. This has been an in-
teresting area of study, and some polymers such
as PMMA, PS, PPO, etc., have been found to be
frequency sensitive while some others such as PC,
Nylon 66, etc. behave independent of the fre-
quency.®

Efforts have been made to correlate the re-

" lative frequency sensitivity in polymers and the

frequency of movement of main chain segments
responsible for generating the B transition peak in
a dynamic mechanical test. Hertzberg” pointed
out that the material that revealed a P peak has
the greatest frequency sensitivity at a fatigue test
frequency comparable to that P transition fre-

95



R. J. Farris et al.

Table IIl. Frequency Effect on Fatigue Life Cycles

Material Test Frequency  Number of
Condition* (Hz) Life Cycles
Vectran HS
46 278--2 N 0.1 1414
51 278--2 N 0.1 977
47 278--2 N 0.5 4,565
50 278--2 N 0.5 5,594
48 278--2 N 1 2,826
49 278--2 N 1 2,023
3 278--2 N 5 3,317
12 278--2 N 5 7,607
13 278--2 N 5 3,084
14 278--2 N 5 3344
15 278--2 N 5 4206
Kevlar 29
228 228--2 N 0.1 941
229 228--3 N 0.5 3793
231 227--3 N 1 1901
222 228--5 N 5 2958
28 230--1 N 5 634
Twisted Kevlar 29
193 240--2 N 0.1 2346
58 240--15 N 5 1807
101 260--1 N 0.1 336
111 260--1 N 0.01 274

*278-2 N means cyclic maximum load is 278 N and

cyclic minimum load is 2N.

quency. Our results agree with this conclusion in
the sense that no P transitions show up at room
temperature for these two materials.

Block Loading Sequence Effect. In the early
days of the study of fatigue, Miner® proposed the
concept of cumulative damage leading to fatigue.
Simply to say, the number of loading cycles ap-
plied expressed as a percentage of the number to
failure at a given stress level would be the pro-
portion of useful life expanded. When the total
damage reaches 100%, the fatigue, the specimen
should fail. This concept will be applicable if the
damage caused by each independent loading
linearly accumulates independently over the en-
tire life of the material.

A block loading experiment was designed to
verify the validity of the cumulative damage ar-
gument in the fatigue of fiber yarns. Two dif-
ferent loading conditions invoving a high-low
block and a low-high block were used. In the
first case, a relatively high stress amplitude was
applied for a certain number of cycles, which
was then lowered to a reduced level until ul-
timate failure; the reverse being the case for the
latter. Table IV lists the results of these ex-
periments.

Table IV. Results on Loading Interaction

Material ID Loading  Maximum Minimum Number of Predicted Life Ratio Sum
Block Load (N) Load (N) Loaded Cycles (Ni) ni/Ni S(ni/Ni)
' Cycles (ni}
Kevlar 29 241-1 1 214 24 20000 52780 0.38 0.79
241-2 2 225 3 5434 13100 041
252-1 1 197 3 200000 558000 0.36 0.86
252-2 2 210 5 64208 128000 0.50
245-1 1 220 2 20000 22400 0.89 0.90
245-2 2 230 2 21 5860 0.00
246-1 1 230 3 1000 6700 0.15 274
246-2 2 216 2 98952 38300 2.59
249-1 1 206 5.2 50000 224000 0.22 1.51+
249-2 2 195 4 1075684+ 834000 1.29
243-1 1 226 5 1000 15000 0.07 1.32
243-2 2 216 2 48041 38300 1.26
254-1 1 210 6 50000 146000 0.34 1.01
254-2 2 200 3 249806 373000 0.67
Vectran HS 53-1 1 210 7 250000 402000 0.62 1.06
53-2 2 253 5 7500 17300 043
54-1 1 289 8 1500 1720 0.87 1.90
54-2 2 253 5 17822 17300 1.03
96 Korea Polym. J., Vol. 6, No. 1, 1998
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It is observed that a high-low block loading
gives a longer life time than that predicted by the
cumulative damage model, indicating that a re-
covery mechanism competes with the deteriora-
tion process to increase the life time. When cyclic
maximum strain development is used to monitor
the degree of damage along a fatigue experiment,
a delay in the propagation of damage is seen af-
ter the application of the low loading block in a
high-low loading experiment, while no such be-
havior occurs in a low-high block experiment.
Figure 6 illustrates such of a “healing effect”.

These results can be interpreted using a linear
superposition law to calculate the cumulative
damage after two different blocks of loading are
applied. Considering a fixed number of high load-
ing block N; and a fixed number of low loading
block N»-N; in a block loading experiment, a com-
parison of final damage is made in terms of final
permanent deformation after a high-low block
and low-high block.

It is found from the results of fatigue behavior
study that the increase in the cyclic maximum
strain during the cyclic loading reflects the overall
damage, and develops linearly with the logarithm
of the number of loading cycles.

Taking that the strain profile as :

e=0(alnN +b)
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Figure 6. Different behavior of cyclic maximum strain in a
block loading fatigue experiment.
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where € is the cyclic maximum strain; o is the ap-
plied stress amplitude; a, b are two regression
parameters and N is the number of loading cy-
cles, a linear superposition law is used to cal-
culate the cumulative damage after two different
blocks of loading are applied. Considering a fixed
number of high loading block N,, and a fixed
number of low loading block, N,-IN,;, in a block
loading experiment, a comparison of final dam-
age is made in terms of final permanent de-
formationm after a high-low block and low-high
block.
For a high-low block loading,

Ao

stress

N, N,
number of loading cycles

&(N,)=0,(alnN,+b)—-Ac(@In(N,—N,}+b)

while for a low-high block loading,

Ao

stress amplitude
Qa

N2-N‘ N,

number of cycles
&, (Ny)=0,(alnN,+b )+Ac(alnN,+b)
=o(@alnN,+b)~Acaln(N,/N,)
Therefore

&,(N,)—¢,(N,)==Acaln((N,~N,)N /N )-Acb
=0yalnNy+b)—Acaln(N,/N;)

in which, € is the cyclic maximum strain; and the
subscripts [h and hl denote a low-high loading
block and a high-low block, respectively. All
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parameters are positive.

It shows that the damage caused by the low-
high loading is bigger than that by high-low
loading.

Stress Amplitude and Mean Stress Effect.
During the fatigue experiments, it is seen that
both the stress amplitude and the mean stress in
a cyclic affect the material lifetime. There are
four stress parameters in a fatigue test: cyclic min-
imum stress O.. cyclic maximum stress O,
stress amplitude d6 which is (G - Gmn) and mean
stress (Gn. + Omn)/2. It is observed that at a fixed
C..., the material life time increases initially upon
increasing G... due to a decrease in the stress am-
plitude. However, a decrease in the lifetime is ob-
served when G, is increased beyond half of ..
Several empirical relationships have been de-
veloped to account for the effect of mean stress
such as Goodman's relation, Gerber's and
Soderberg's relation.”® All these equations fail to
explain our results. A careful analysis of the data
gives an apparent stress amplitude in the form of :

0, =N( Ofax — O )

Figure 7 shows that the logarithm of material
life cycles correlates linearly with the apparent
stress amplitude except when O, is greater than
half of the O,.. This deviation is even more sev-
ere for high values of G... which could be due to
the combination of creep and fatigue effects un-
der these loading conditions. In a simple creep ex-
periment with a constant stress under 90% of ten-
sile strength, the life time of the material is longer
than that under fatigue with the same G.... On
the other hand, the material life time is longer
under fatigue when the applied stress exceeds
90% of the tensile strength. These experimental
observations lead to the hypothesis that there are
two competing deformation mechanisms in the
material and the combination of these two effects
governs the material service life.

Characterization of Post-fatigue Fiber. In
the study of the fatigue behavior of bulk samples,
the propagation of cracks under the influence of
the oscillating load was believed to be responsible
for material failure, and the damage was treated
as a localized event,”” From a fracture mechanics
point of view, the material fails when the crack
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Figure 7. Lifetime of the material in number of cycles
changing with the applied apparent load amplitude.

length reaches a critical value. In case of fiber
yarns, however, our studies prompt us to believe
that the entire macroscopic structure of the ma-
terial is altered during the fatigue. Fracture of
these high performance fiber yarns is always ac-
companied by fibrillar splitting that suggests a
cooperative propagation of multiple cracks along
the transverse direction; with an individual crack
propagating along the chain axis until it meets
another crack. Due to the extended chain con-
formation, the yarn structure is highly anisotropy,
both in terms of molecular properties and defect
distribution, and consequently, individual cracks
alone cannot result in the observed overall trans-
verse failure. Therfore, the initiation of cracks,
rather than their propagation, becomes the con-
trolling mechanism for material failure. A sche-
matic of such a mechanism proposed by Morgan
et al.”’ shows the failure model of these high per-
formance fibers (Figure 8).

It is our belief that the mechanism of failure
can be best understood in case of Kevlar 29 as a
lot of structural data exists in the literature on
the basis of X-ray diffraction and microscopic ex-
amination.’*’®* Comparision of morphological
changes in the post-fatigue samples with the ori-
ginal may provide a better insight into the
mechanism of fatigue.

Mechanical Properties. Table V compares
the mechanical properties of the as-spun fiber

Korea Polym. J., Vol. 6, No. 1, 1998
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Figure 8. Failure model of Kevlar aramid fiber.®

with those of the residual fiber after fatigue. The
residual fiber sample was taken from the fatigue-
broken yarn from an area far away from the bro-
ken ends, and was stored in a desiccator for 2
days prior to the test. The post-fatigue material
shows a higher tensile modulus, lower shear mo-
dulus, smaller elongation to break, and lower
strength compared to the as-spun material.

It is interesting to note that the strength of the
material after the fa'tigue, approaches the applied
cyclic maximum stress, implying that the strength
decreases continuously when subjected to an os-
cillating load. The failure occurs when the ma-

terial strength reduces to the applied maximum

“stress. It may be due to a continuous alteration of

the underlying material morphology along the
progression of fatigue. Scanning electron mi-
croscopy, X-ray diffraction and thermal mechan-
ical analysis have been used to probe the struc-
ture change in the material.

Fracture Topology. The fracture surfaces of
the tensile broken and fatigue broken fibers were
examined by an optical microscope(OM) and
scanning electron microscope(SEM). Both the ten-
sile and fatigue fracture ends show a similar fi-
brillar splitting for all the studied materials; those
for fatigue being longer and deeper. For untwist-
ed Kevlar yarns, the fatigue fractured splitting
length can be as long as 800 um, while it is
around 100 pm for the tensile fractured. Figure
9a and 9b give an example of a fatigue broken
end of Kevlar and Vectran HS. These ob-
servations are consistent with those of other
researchers on the fatigue of the single filament.

The surfaces of fibers from twisted varns bro-
ken during fatigue show rough bulges (Figure 10)
compared to a rather smooth surface of the
untwisted yarns. It appears that the fiber is first
peeled and then snapped back onto itself in a re-
coil. The surface of the fiber also shows scratches
indicating that abrasion may be playing a role in
the failure of the twisted yarn. Figure 11 shows
an increase in the fiber diameter, a consegence
probably of a transverse deformation under a ra-
dial pressure resulting from twisting. Also, the fi-
laments in twisted yarns show multiple breaks of
varying lengths, compared to a single break in
untwisted yarns. The fractured ends of longer sec-

Table V. Comparison of Mechanic Properties of as Spun Fiber and Post-fatigue Fiber

Material Tensile Modulus Shear modulus Tensile strength Strain to Diameter
(GPa) (GPa) (GPa) breakage(%) {(mm)

as spun fiber 76.0 (0.70) 1.82 (.05) 2.79 (27) 3.03 (.32) 13.2 (0.00)

post fatigue fiber 91.0 (1.13) 1.37 (.13} 1.97 (.51) 1.94 (.59) 13.2 (0.00)

Test condition: Fatigue condition:
Gauge length: 50 mm sine wave form
strain rate: 22 mm/min 5Hz

Instron 5564 0-1.96 Gpa

*Young's modulus measured here is so called automated modulus in the machine method which is determined by
the steepest slope on a stress-strain curve by the instron software.
**shear modulus was measured by torsion pendulum Diameter was measured by optical microscope.
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Figure 11. Transverse plastic deformation of fiber from
twisted yarn after fatigue.

er sections (<5 mm) have smooth tapered ends
as showen in Figure 12. Such sections, evidently
have been broken under a transverse com-
pressive load rather than an axial tensional load.
The splitting lengths of the twisted samples are
longer than the untwisted ones. The length of
splitting ends of tensile fractured twisted samples
can be as long as 600 um while the length for
untwisted sample normally is ~100 um. The
length of the splitting ends does not always in-

Figure 9. (a) Fatigue fracture end of kevlar, (b) Fatigue
fracture end of vectran Hs fiber.

D

Figure 10. Surface of a fiber from twisted yarn after fa-
tigue.

tion {~ 20 mm) show similar splitting as those ob- Figure 12. Solid end of free fiber from fractured twisted
tained from broken untwisted yarns. wheras short- yarn.
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crease with the twist degree. It is found that the
splitting length of 1.55 tpi twisted yarn is much
longer than that of 11.3 tpi twisted sample.

X-ray Diffraction. The study by Northolt and
van Aartson® shows that Kevlar has a centered
pseudo-orthohombic unit cell with a=7.8 A, b=
519A and c=129A. The chain axis is along
the ¢ direction, and the interemolecular hydrogen
bonding acts along the b direction. A careful dif-
fraction scan along the equatorial direction on a
fatigued sample shows that the diffraction angle
of planes (110) and (200) move to a smaller dif-
fraction angle indicating that the a and b di-
mensions increase after fatigue (Figure 13). 20
of {200) shifts from 22.8 to 22.6 indicating a
change in spacing from 3.900(+.008) A to 3.934
(+0.008) A, whereas 260 of (110) shifts from
20.55 to 20.4 giving a spacing change from 4.322
A to 4353 A. A meridional scan result (Figure

—O— keviar 28, as spun
—8— Kevar, after fatigue, [D:328 -

arbitrary intensity

2theta

Figure 13. Equatorial scan of Kevlar 29 before and after
fatigue.

—@— as spun -
—A— during fatigue, ID: 249

arbitary intensity

2 theta

Figure 14. Meridional scan (006) of Kevlar 29 before and
in the fatigue.

Korea Polym. dJ., Vol. 6, No. 1, 1998

14) shows that the diffraction angles of (001)
planes also shift change from 2.137 A to 2.141 A
{+.003). Therfore, after the fatigue, the unit cell
is distorted into a bigger size.

Using the equation a = 2d, b=atany and p=
sin™(dyo/(2da)) it is seen that before fatigue: a =
7804, b=5194, c=1280 A and after fatigue:
a=787A, b=522A c¢=1284 Alcalculated
from (006)).

The dimensional change in a direction is bigger
than b that is bigger than that in ¢. Also the peak
intensity ratio of Iuw/leon increases after the fa-
tigue. It is expected that the deformation of the
lattice along the a axis is relatively easier con-
sidering that the intermolecular interaction is one
of Van der Waals affraction compared to that of
hydrogen bonding along b and covalent bonding
along c¢. In situ measurements of the unit cell di-
mensional changes under stress done by Li'* con-
firm this hypothesis and show that the strain in a
direction is bigger than that of b under the same

25
®  asspun
= fatigue broken sample
‘Regression
20
15 o
..g
< 10 1
"o
©
5 -
04
T T T T T T T
0 200 400 600 800 1000 1200 1400

n4

Figure 15. The ds*n* plot of the reflections (002), (004),
and (006) of Kevlar 29.
Equation: ds”= 1/L,, + {pi*g,)'n"/du

Intercept slope
as spun 1156 .0078
after fatigue 129 0167

ACS L(A) Distortion
parameter g(%)

as spun 930 191
fatigue broken 880 2.31
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stress.

A paracrystalline structure analysis from Fig-
ure 15 illustrates that the paracrystalline
parameter g increases from 1.91% to 2.31% af-
ter the fatigue and the axial crystal size de-
creases. The change in g is due to the decrease
in the ordering and perfection of the crystal
structure. The paracrystalline concept was first
applied to polymers by Hosemann.” Later, it
was used to confirm a one-dimensional para-
crystalline structure of Kevlar”® and correlated to
the modulus with the structure by Barton.* As
our mechanical characterization shows, the ma-
terial after fatigue has a higher modulus and a
lower strength. Barton's™ conclusion that a high
modulus corresponds to a small paracrystalline
parameter is questionable. It is perhaps more
prudent to expect that material properties such
as modulus and strength, are decided by a com-
bination of several orders of structure.

As for Kevlar, the perfection of the crystal struc-
ture combined with its orientation distribution will
determine the modulus and strength. An az-
imuthal scan along the equatorial direction ob-
served at various stages during a single fatigue
experiment(Figure 16) shows that the orientation
angle decreases initially, but remains nearly un-
changed therafter. This supports our observation
that the modulus first increases and then sta-
bilizes with further loading. The correlation
between the orientation angle and modulus has
been well estabilished by several researchers

—— as spun
—=— 200 cycle
—— 2000 cycle
—— 20000 cycle

arbitary intensity

50 60 70 80 90 100 110 120 130

azimuthal angle

Figure 16. Azimuthal scan of Kevlar 29 along equtorial
direction in a fatigue experiment.
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through x-ray diffraction studies on Kevlar."'** Al-
len" confirmed this correlation by a composite
modeling. Therefore, changes in the para-
crystalline parameter should reflect the changes
in strength rather than modulus and this can be
used to monitor the structural changes during the
progression of fatigue. Further work in this needs
to be conducted.

Thermal Mechanical Analysis. A post-fa-
tigue Kevlar 29 sample behaves very differently
from the as-spun fiber in a displacement-tempera-
ture(D-T) experiment.

A small fixed load is applied to the sample and
the displacement is monitored as the temperature
is changed. Figure 17, a D-T plot of an as-spun
fiber, the fiber expands with increasing tem-
perature in the first heating, whereas the post-fa-
tigue fiber(Figure 18) shows a contraction. A ne-
gative thermal expansion coefficient of -5 (ppm/
°C) can be calculated from the second heating
curve that is quite consistent with the reported
data of Kevlar 29.' The differences in the first
heating for the as-spun fiber and the post-fatigue
fiber indicate the link between stress and tem-
perature. After the first heating and cooling cycle
of the D-T experiment, both fibers show similar
values of modulus, elongation to break and
strength. However, the moduli are higher, the
strength and elongation to break lower when
compared to the original as-spun fiber. The ther-

2500
£ 2000 first cooling and second heating
€
2
= 1500
@
E
8
é 1000
©
3
N 500 - first heating
[
E
g

0 -~
-500 T T T T T
0 50 100 150 200 250 300
temperature (°C)

Figure 17. Displacement-Temperature plot of Kevlar 29 as
spun fiber.
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-500

-1000 first heating

-1500

-2000

-2500
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-3000

-3500 T T T T T
0 50 100 150 200 250 300

temperature (°C)

Figure 18. Displacement-Temperature plot of Kevlar 29
post fatigue fiber.

mal treatment experienced by the fiber in the D-
T experiment, therefore, removes the previous
stress history of the material, resulting in a state
of lower energy.

A big shrinkage in the first heating of the post-
fatigue sample is due to the release of the stored
energy accumulated during the cyclic loading.
The as-spun fiber is nearly 0.3% longer than the
post-fatigue fiber after the first D-T cycle; a
result consistent with the residual elongation in
the unit cell along the ¢ direction as measured by
x-ray diffraction.

Young®”® proposed that Raman spectroscopy
can be used to study the microscopt strain in
Kevlar. A 5 cm™ resonance frequency shift is caus-
ed by about 1% strain due to the strectching of
the backborn. We did not see any changes in the
resonance frequency when the Raman spectra of
the as-spun fiber and post-fatigue fiber are com-
pared. This may be due to the limitation in the in-
strument sensitivity.

All of these measurements allow us to propose
that the early stage of cyclic loading causes an ir-
reversible crystalline rotation and improvement in
the orientation along the fiber axis. The material
shows an increase in modulus and a permanent
deformation about 0.7% of the original length.
During the cyclic loading, shear displacement
may occur along the direction of a weak Van der
Waals interaction. Imperfect alignment of the crys-

Korea Polym. J., Vol. 6, No. 1, 1998

tals may be responsible for a shear force on a mi-
croscopic level even though the material is under
an overall tension and may result in distorting the
crystal structure along the a direction. Upon con-
tinuation of the cyclic loading, permanent de-
formation develops along the chain direction. As
the shear strain in the polymer backbone reaches
a critical value, cracks begin to form and pro-
pagate resulting in the ultimate failure.
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