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SECTION 1

INTRODUCTION AND SUMMARY

This report describes the results of two year's work which was concerned
largely with the properties of three types of Kevlar fiber, which are new, very high
modulus, high tenacity fibers manufactured by E. I. du Pont de Nemours & Co. ,
and suitable for use in conventional textile applications. One of these, called
PRD49 Type IV, has been withdrawn by Du Pont and is not, at this time, a com-
mercially available fiber. The other two are items of commerce, and are called
Kevlar 29, intended for essentially textile and tire use, and Kevlar 49, thought
of primarily as a fiber for use in composites.

In addition to the Kevlar fibers, the properties of PBI have also been studied
in some detail. For comparison throughout, nylon and Nomex properties were
taken from published reports and papers.

During the first year a treatment which protected thermally stabilized PBI
from the effects of repeated laundering was developed. Also tensile properties of
yarns were measured over the temperature range -65°F to 800°F, and at strain rates
of 0.167%/sec and 8000%/sec. Some fiber properties were also measured, as well as
basic characteristics such as dynamic modulus, critical impact velocity, and bending
modulus. The effect of twist on yarn properties was studied, and the cause of the
strength loss resulting from high twist explored. Loop and knot strengths were
measured for yarns at various twist levels.

The results of the first year's work were described fully in Technical
Report AFML-TR-74-65, Part II. They are summarized briefly herein.

During the second year a detailed study of the torsional characteristics of
Kevlar 29 and Kevlar 49 was carried out. Measurements of bending recovery
were also made from various levels of imposed curvature and for several times
of residence in the bent state. The response of Kevlar yarns to cyclic straining
to various levels at two temperatures was studied, as well as the effect of water
on the tensile characteristics of the yarn.

The second year's work is described fully herein.




SECTION II

SUMMARY OF FIRST YEAR'S WORK

1. Thermal Stabilization of PBI Fabric

The thermal stabilization treatment which FRL had developed for PBI fabrics
(AFML-TR-72-231, -73-29, -73-130) involved treatment with an acid at fairly
high levels of add-on. The effectiveness of the treatment was not altered by
leaching in water, but could be reduced by laundering with certain highly alka-
line detergents. A study was made to determine the resistance of acid-treated
PBI fabric to laundering in various types of detergent, and to develop a treat-
ment which enabled it to resist such laundering without seriously altering its
thermal stability. A high temperature heat treatment of the acid-treated PBI
was found to stabilize the fabric through 15 washes in even the most severe
detergent.

2. Tensile Properties

The tensile properties of four yarns were measured over a range of
temperatures from -65°F to as high as the yarns would tolerate, and at strain
rates of 0.167%/sec (Instron conditions) and 8000%/sec. In addition to obtaining
stress-strain curves at each of these conditions, values were determined for rup-
ture load and elongation, rupture energy and initial modulus. The four yarns
which were studied were:

1500 denier Kevlar 29
400 denier Kevlar 49
400 denier PRD49 Type IV
200 denier PBI (polybenzimidazole).

Before testing each yarn, approximately 2 turns per inch of twist were
added to consclidate the yarns.

The stress-strain curves obtained are shown in Figures 1 through 8.
The change of rupture tenacity, rupture elongation, initial modulus and rupture
energy with temperature at each strain rate is shown more clearly in Figures 9
through 12, which include curves for 1050 denier high tenacity nylon and 1200
denier Nomex for comparison.

The outstanding features of these stress-strain characteristics may be
summarized as follows:

a. When tested at a strain rate of 0.167%/sec and at 70°F, the tensile
properties of the Kevlar yarns differ greatly from those of PBI 5
nylon, and Nomex. In comparison with this latter group of yarn
materials, the Kevlars have very high tenacity, low elongation,
high initial modulus, and low energy absorption. Moreover, the
stress-strain curves are essentially linear, exhibiting only a small
change in slope at a strain level about one-half the rupture strain.

R R g
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Figure 2. Stress-Strain Diagrams for Kevlar 49 Yarn Tensile Tested at
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(based upon at-temperature yarn dimensions)
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(based upon at-temperature yarn dimensions)
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b. When the rate of strain is increased to 8000%/sec at 70°F, the tensile
behavior of the Kevlars remains linear but, unlike most textile fibers,
the tenacity drops an average of 14% and rupture elongation is virtually
unchanged. The high strain rate behavior of PBI is more typical of
that associated with previously known textile materials. At 8000%/sec,
the tenacity of PBI increased 8% and the rupture elongation decreased 21%.

c. All four yarn types retained useful tensile properties up to approximately
600°F. Above this temperature rupture elongation and, therefore, rupture
energy, fall off drasticully, though significant strength was retained even

- at 800°F.

“d. At elevated tempex:atures, the high strain rate tensile performance of the
Kevlars is generally superior to that recorded at Instron testing speeds.

e. At a temperature of -65°F, both high and low strain rate testing of Kevlar
yarn revealed only minor changes in tensile properties from those at
7T0°F. However, PBI, nylon, and Nomex are affected by subambient tem-
peratures when tested at 0.167%/sec, all three showing significant
increases in tenacity and decreases in rupture elongation. At the higher
strain rate, the effect of subambient temperatures on PBI, nylon, and
Nomex becomes a much less important factor.

f. In general, the Kevlar yarns are capable of absorbing only one-half to
one-third as much energy in tension as a corresponding high-tenacity
nylon. This difference is larger at high strain rates than at low, and at
high temperatures than at low.

3. Critical Impact Velocity

Critical velocity is defined as the lowest impact velocity at which the speci-
ment, in this case a yarn, fails immediately at the point of impact. It is the lowest
striking velocity at which there is no strain propagation away from the point of
impact. The specimen breaks, therefore, without absorbing any of the kinetic
energy of the impacting mass. Critical velocity level is generally regarded as an
indicator of tensile impact performance. The results obtained for the four yarns,
along with nylon and Nomex as comparators, are given in Table I. Values are
given for impacts occurring normal and at 45° to the test yarn specimen (B = 90°
and 45°).

Table I: Critical Velocities (ft/sec)

B_= 90° B = 45°
Kevlar 29 1870 770
} Kevlar 49 1620 740
| Nylon 2020 1200
Nomex 1450 720
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4. Kevlar Fiber Properties

Measurements of the tensile and other propecrties of Kevlar fibers wcre
made in order to provide a reference with which to compare yarn properties.
The results are given in Table II.

Table II: Kcvlar Fiber Propertics ;

Kevlar 29 Kevlar 49
Specific gravity 1.44 1.44
1.5 denier fiber diameter (um) 12 12
Moisture regain (%)
at 70°F, 65%RH 3.9 4.6
Rupture tcnacity f
gpd 26 24 2
x103 psi 475 440 I
Rupture elongation (%) 3.9 243 -,}:
Initial modulus ' %
gpd 550 990 .
x106 psi 10 18
Maximum modulus
gpd 750 1090
x106 psi 14 20
Bending modulus ' - l
gpd 410 820
x108 psi 7.7 15.3
Calculated axial compression
modulus
gpd 320 600 E
x106 psi 5.9 11 ]
L
Dynamic modulus
gpd 740 1050
x106 psi 14 20

Twisted Kevlar Yarns

(]

The effect of increasing levels of twist on the stress-strain characteristics iy
of the Kevlar 29 and Kevlar 49 yarns are shown in Figures 13 and 14. It is comnmon
to find a slight increase in tenacity when a small amount of twist is added. The
increase in the case of the Kevlars is unusually large. Similarly, the drop-off in
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tenacity with increasing twist is larger for the Kevlars than for conventional tex-
tile fibers. The decrease in modulus with increasing twist is also more for the
Kevlars than can be accounted for by geometric analysis of a model of a con-
ventional twisted yarn structure.

Testing of fibers removed from the twisted yarn showed that fiber damage

accounted for more than half of the observed loss in yarn strength due to twisting.

A check which was made on the effect of twisting, bending or lateral compression
on single fiber strength indicated that the latter caused significant strength loss,
pure bending a small amount, and pure twisting none at all. It was concluded
that the high strength loss in twisted yarns could be adequately explained

by the combined effects of yarn geometry and fiber damage, and that a complete
explanation of the type and cause of the fiber damage occurring in twisted yarns
would have to await the results of a detailed microscopic examination.

6. Loop and Knot Strength

The loop and knot strengths and efficiencies of Kevlar 29 and Kevlar 49
yarn are illustrated in Figures 15 through 18. At normal twist levels, loop effi-
ciencies are approximately 60% and knot efficiencies approximately 40%.

7. Other Miscellaneous Activities

a. The effect of calendering on heat stabilized and dyed PBI fabric was
studied, and a procedure developed which significantly improved both the
appearance and the hand of such fabric.

b. During the course of the work, short lengths of several experimental
fabrics were woven from stock dyed PBI fiber.

¢. The moisture regain of heat stabilized PBI and of HT-4 was determined
over a range of humiditcs. At 65%RH, the values obtained were 15.0% for PBI
and 7.4% for HT-4.
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SECTION III

TENSILE PROPERTIES

1. Wet Kevlar Yarns

The tensile properties of 1500 denier Kevlar 29 yarn and 400 denier
Kevlar 49 yarn were determined in water at both 70°F and 190°F. The yarn
specimens were submerged during testing in water contained in a large vessel
mounted on the crosshead of an Instron tensile test machine. The 1.0 inch
diameter capstan jaws, Figure 19, employed in all previous Kevlar yarn testing
were used to grip the specimens In this case, however, the pulley, attached
to the bottom of the vessel by m.ans of a threaded connection, became the bottom
jaw. Specimens were mounted in the empty vessel, which was then filled from
a reservoir. For the 190°F tests the water in the reservoir was heated to boiling
and continuously circulated through the vessel. The specimens were entirely
submerged during both the 5 minute soak period and the actual test. A strain
rate of 10%/min and a gauge length of 10 inches were used (specimen length,
20 inches).

The tensile data obtained for the Kevlar 29 yarn are given in Table III;
that for the Kevlar 49 yarn in Table IV. Data obtained under comparable
conditions in air on the same yarns are also given in the tables for com-
parison. At 70°F the tensile properties of the 1500 denier Kevlar 29 yarn show
no change in water; the 400 denier Kevlar 49 yarn retains 95% of its strength
while the modulus is essential’v unaffected. The wet strength of nylon yarn at
70°F is commonly reported as 8§0-90% of its conditioned strength. The effect of
a test temperature of 200°F i1s approximately twice as severe in water as in air;
the Kevlar 29 yarn retains 92% of its strength in air, 86% in water; the Kevlar 49
yarn retains 87% of its strength in air, 78% in water. The modulus of both mate-
rials falls by ~10% in air and ~20% in water at 200°F.

2. Low Speed Tensile Strain Cycling of Kevlar 29 Yarn at 70°F and 400°F

a. Introduction

Most textile structures, including fabrics, webbings, braids and cords,
are required to endure repeated straining during use; knowledge of the ability of
Kevlar yarns to withstand such cycling, both at ambient and elevated temperatures,
will help determine their ultimate usefulness in high performance textile structures.
Consequently, the cycle lifetime of 400 denier Kevlar 29 yarn has been measured
at 7T0°F and 400°F at various strain levels. The effect of clamping surface roughness
on the cycle lifetime was also investigated. The amount of recovery from various
levels of repeated straining is also of importance to the performance of the Kevlar
material and was determined as an adjunct to the measurement of cycle lifetime.

25

i S S R

id




MOVING JAW

Figure 19. Tensile Test Configur
Using Capstan Jaws

0.92" DIA.

YARN SPECIMEN

ation




Table III: Tensile Properties of 1500 Denier Kevlar 29 Yarn
in Water at 70°F and 190°F

Initial Change in  Rupture Rupture Strength
Modulus Modulus  Elongation  Tenacity Retention
Test Conditions (gpd) (%) %) (gpd) %)

in air, 70°F 480
481

480

490

494

Average 485

LW B W ww
= o oo

w
[=]

in water, 70°F 499
479

485

489

490

Average 488

LW ww ww
V- I S; e <« )

w
N

in air, 200°F 432
433

450

432

414

Average 432

3.5
3.3
3.4
3.4
3.5

w
1=

in water, ~190°F 382
377

355

401

377

Average 378

W W w Ww w
S O W,

w
1=




Table IV: Tensile Properties of 400 Denier Kevlar 49 Yarn
in Water at 70°F and 190°F

Initial Change in  Rupture Rupture Strength
Modulus Modulus  Elongation  Tenacity Retention
Test Conditions (gpd) %) %) (gpd) %)

in air, 70°F 911 : 19.2
910 . 21.3
899 . 20.8

901

901

Average 904

in water, T0°F 888
898

892

878

902

Average 892

R CH )
e -

(o)
—

in air, 200°F 840
768

848

791

808

Average 811

Il T i
R e

|.

(3]
o

in water, ~190°F 738
644

752

748

726

Average 726

-

[T R

i.

=0 O W

—
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b. Experimental Procedure

Specimens of 400 denier Kevlar 29, twisted 5 tpi, were strained repeatedly
in an Instron tensile test machine at a rate of 10%/min both during the loading and
unloading portions of the cycle. The one-inch diameter capstan jaws, illustrated
in Figure 19, were used to grip the specimens as in all other tensile testing of
Kevlar yarn. However, early in the testing program it became apparent that the
unpolished, machined steel surface of these jaws was causing significant
abrasion damage and premature failure of the yarn. Various other jaw types and
contact surface materiédls were evaluated in an attempt to find a jaw clamping
system capable of successfully gripping the specimens at loads near rupture
while causing a minimum of abrasion damage. Teflon tape, 5 mils thick, applied
to the surface of the capstan jaws was eventually chosen for the remainder of the
work since it provides an extremely smooth, friction-free surface in contact with
the yarn while retaining the clamping advantage of the capstan jaws.

The effective specimen gauge length, measured at an 8.0 inch distance be-
tween capstan centers and determined using the method outlined in Section II,2
of AFML-TR-74-65, Part II, was 10.0 inches on the machined steel surface at 70°F,
10.9 inches on the Teflon surface at 70°F, and 11.2 inches on the Teflon surface at
400°F. The larger effective gauge length on the Teflon surface at 70°F compared
with that on the machined steel is an indication of the greater smoothness of Teflon.
Elevated temperature further decreases the frictional properties of the Teflon tape.

The 400°F test temperature was achieved in a circulating hot-air oven mounted
in an Instron. Specimens were held at temperature for 10 minutes prior to both the
initiation of cycling and tensile testing to failure. The Teflon tape survived the
400°F temperature with no apparent damage.

The amount of strain recovery, as a percentage of the applied strain, was
measured on the loading portion of the stress-strain diagram at various cycle
levels during the lifetime cycling on the Teflon surface. No additional time was
allowed for recovery other than that normally occurring at zero load between
successive cycles.

c. Experimental Results and Discussion

The tensile properiies of the 400 denier Kevlar 29 yarn, 5 tpi, measured at
both 70°F and 400°F using Teflon-taped capstans and a strain rate of 10%/min are
given in Table V. Typical stress-strain diagrams for the two test temperatures
are presented in Figure 20. The yarn retains 69% of its original strength at 400°F
and shows a decrease of 13% in the initial modulus. The tensile properties at 400°F
vary more about the average value than at 70°F.

The cycle lifetime of the Kevlar 29 yarn is plotted in Figure 21 as a function

of the maximum strain to which it was cycled. Data are presented for cycling at
70°F on both the machined steel and the Teflon taped surface of the capstan jaws.
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Table V: Tensile Properties of 400 Denier Kevlar 29 Yarn, 5 tpi,
Obtained on Teflon-Taped Jaws at 70°F and 400°F

SRR

= T r—

. Initial Rupture Rupture Strength
3 Temp Modulus Elongation Tenacity Retention
: (°F) Denier (gpd) % _ (gpd) (%
70 418 701 3.3 26.1 o
418 691 3.3 25.7 2
i 418 685 3.3 26.3
{ 418 691 8.3 25.0 \
Average 418 684 3.8 25.8 -
1 400 396* 575 2.4 20.0
; 581 2.6 19.2 ke
660 2.2 16.6 i
601 2.3 16.17
572 2.6 17.9 ¢
586 2.6 18.9 i
| 616 2.3 16.7 E
} 624 2.2 16.2 b
| 583 2.7 19.1 ;;
| Average 596 2.5 17.7 69
(
§ f
*70°F denier corrected for 5.2% weight loss at 400°F. i
!
|
b

A




Tenacity (gpd]

400°F

Figure 20.

2

Elongation (%)

Typical Load-Elongation Diagrams for 400 Denier
Kevlar 29 Yarn, 5 tpi, Obtained on Teflon Taped Cap-
stan Jaws - T0°F and 400°F
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At 400°F data were obtained on the Teflon taped surface only. The centerline of
the two bands of data obtained on the Teflon surface were fitted to the data points
using the metiiod of least squares; the boundaries of each band were drawn to con-
tain all data points and also to lie symmetrically about the centerline.

The large variation in the data at both temperatures, more than one order of
magnitude, probably reflects both the unpredictable nature of abrasion damage and
the variation in tensile properties from specimen to specimen. The band intercepts
on the strain level axis correspond very closely to the range of rupture strain val-
ues obtained at each temperature, while the centerline of each band intersects this
axis at a value of strain nearly equal to the average rupture strain. At 70°F, the
strain level achieved varied by no more than +0.02% from the nominal level. How-
ever, at 400°F the strain level was not as easily controlled because of the necessity
of mounting specimens in the jaws removed from the Instron. Consequently, the
strain level varied somewhat from specimen to specimen.

The vast improvement in cycle lifetime resulting from the increased smooth-
ness of the Teflon surface is quite evident in Figure 21. At 75% of the first cycle
rupture strain (approximately 2.5% strain) the lifetime at 70°F on the Teflon sur-
face is on the order of 900 to 9000 cycles; on the machined steel surface, it is
only 12-30 cycles. At 90% of the first cycle rupture strain (~3.0% strain), the
lifetime on the Teflon surface ranges from 4 to 99 cycles; on the machined steel,
from 4 to 7 cycles. Failures on both surfaces seem to be the result of abrasion,
but it is obvious that the Teflon tape affords a considerable degree of protection.

Since the average rupture elongation of the Kevlar yarn decreases from 3.3%
at 70°F to 2.5% at 400°F, comparisons of the cycle lifetime at these temperatures at
the same absolute strain level are not valid. However, on the basis of strain level
as a percentage of the first cycle rupture strain at each temperature, the effect
of temperature on cycle lifetime can be evaluated. At 75% of the first cycle rupture
strain, the lifetime at 70°F is 900-9000 cycles; that at 400°F, 5-80 cycles. At 90%,
the lifetime at 70°F is 4-99 cycles; while at 400°F, it is 1-10 cycles. Cycle lifetime
decreases from one to two orders of magnitude with an increase in temperature to
400°F .

Small changes in strain level result in very large changes in cycle lifetime
on the Teflon surface at both test temperatures: an order of magnitude increase for
a decrease in strain level of 0.25% at 70°F and 0.4% at 400°F.

The strain recovery, as a percentage of the applied strain, is summarized
in Table VI. Each entry represents the average value for all specimens which
reaciied the cycle level indicated. The amount of recovery, both at 70°F and
at 400°F is remarkably independent of strain level over the range of strains
studied, but decreases progressively with increasing number of cycles. The
recovery is roughly 85% after one cycle and 66% after 9000 cycles at 70°F; it is
about 78% after one cycle and 60% after 100 cycles at 400°F. The increase in tem-
perature to 400°F is accompanied by an ~7% decrease in the recovered strain at all
cycle levels.
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Table VI: Recovered Strain in Cycled 400 Denier Kevlar 29 Yarn,
5 tpi, at 70°F and 400°F

Strain Level
% of
Rupture Recovered Strain (% of applied strain)
(%) Strain 1 5 10 20 100 500 2500 9000 Cycles

— s, — —

.45 74 87 82 79 73 71 69 66
.64 80 87 81 79 74 69 68

.82 85 85 81 79 75

.00 91 85 80 78

.19 97 84 78 76

.46 58 80 75 74
.14 70 78 73 71
01 76 77 73 70
.08 83 77 72

.18 87 77

.28 91 78

The load level reached after successive cycles to the same strain falls
only slightly over the lifetime of the specimen, thus the modulus increases during
cycling to a value approximately equal to k times the original modulus where

1

k= [Strain Recovery] |

d. Conclusions

The Kevlar 29 yarn is capable of withstanding many cycles of tensile strain
at high strain levels if the surface to which it is attached is relatively friction-
free. Although the cycle lifetime is considerably reduced at temperatures of 400°F,
it remains sufficiently high at strain levels below 50% of the first cycle rupture
strain at 70°F that it probably need not be of tremendous concern in the ultimate
application of the material. Of greater concern is the effect of attachment surface
roughness on cycle lifetime at 70°F.

Strain recovery from repeated tensile straining is better than 70% at tempera-
tures up to 400°F and cycle levels up to 100.




SECTION IV

TORSIONAL STRESS-STRAIN BEHAVIOR OF KEVLAR FIBERS AND YARNS

1. Introduction

Although the basic element in the majority of textile structures is a twisted 5
bent fiber, torsional and bending properties of fibers are not always given due
attention, probably because they are relatively difficult to measure, and once
measured, results tend to be difficult to interpret and apply constructively. In
this study of torsional properties of Kevlar fiber, efforts were made to minimize
these potential problems. The essential portions of the work were performed
using the FRL torsional measurement device, shown in Figure 22, which permits
the generation of complete torsional stress-strain diagrams for single fibers in a
comparatively straightforward manner. To add perspective and utility to the
Kevlar 29 and Kevlar 49 data obtained, comparable data was also generated for
nylon, Nomex, and polyester fibers.

In addition to the development of basic torsional fiber data, a heat setting
study was made using 100 denier Kevlar 29 yarn, in wheh the torsional recovery
was measured after exposure of the twisted yarn to various temperatures. The
net effect of elevated temperature exposure and twist level upon yarn strength
was also evaluated. Although the torsional recovery and strength change data
obtained and reported is specific to the particular yarn used, twist levels
attained, and setting conditions employed, it provides a practical example of
limitations that would be encountered in the heat setting of any Kevlar 29 yarn.

2. Calibration and Testing Techniques

Specimen preparation for the FRL torsional measurement device involves
the cementing of upper and lower transverse mounting wires to a length of fiber,
the spacing of the wires determining the gauge length. The upper wire is then
placed over hooks suspended from the movement cf a galvanometer, as shown in
Figure 22. A tensioning weight, which also serves as a drive key, is hung over
the lower mounting wire and slipped into a slot in the drive shaft of the instru-
ment. Throughout this procedure, extreme care is required to ensure that the
axis of the mounted fiber is concentric with the common axis of the galvanometer
and drive shaft. During a test, as the fiber specimen is twisted, current is
applied to the coil of the galvanometer to prevent rotation of the meter mechanism
and pointer. The magnitude of this nulling current is recorded at regular incre-
ments of twist and later converted to units of torque and plotted versus twist
level to vield a torsional stress-strain diagram.

Conversion of nulling current readings to specimen torque values requires
the application of a calibration factor that was determined experimentally at the
outset of the work by testing a Chromel R filament. Chromel R was known to
have a torsional stress-strain curve with a long, linear, initial portion and its
torsional shear modulus, G, was measured by the torsional pendulum method.
A typical calibration curve is shown in Figure 23.
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Figure 22. The FRL Torsion Measurement Device
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In addition to the several torsional pendulums of Chromel R filament required
during the course of instrument calibration, several more were assembled using
Kevlar 29 fiber. Each torsional pendulum was made by cementing one end of a
filament to a fixed hanger and the other end to a very light wire stirrup that
cradled a round inertia rod. The wire stirrup allowed the inertia rod to be pre-
cisely centered on the fiber axis after the assembly was suspended from the fixed
hanger. After centering the inertia bar, the pendulum was placed in a draft-free
glass container. Torsional oscillation was induced without otherwise disturbing
the hanging fiber by rotating a magnet underneath the steel inertia bar. The
torsional rigidity, I', of the fiber was calculated from the relationship:

_ 81t3[L

T2

r 1)

where I is the moment of inertia of the inertia rod about the fiber axis, L is the
free fiber length, and T is the period of oscillation. The shear modulus, G,
was obtained from the equation:

G= (2)

where S is the cross-sectional area of the filament and € is a shape factor that is
equal to unity for round fibers such as the ones used. The shear modulus
values obtained and other data pertinent to each pendulum are presented in
Table VII.

The value of the torsional shear modulus of Kevlar 29 obtained using the
torsional pendulum method was compared with that obtained on the FRL torsional
measurement device by superimposing the straight line representing the pendulum-
derived modulus onto a torsional stress-strain diagram plotted from data generated
with the torsional device. This comparison is shown in Figure 25 and the agree-
ment tetween the pendulum—detevmined modulus and the initial portion of the
stress-strain diagram is quite good. There is a plausible explanation for the
small disparity that does exist between the two curves. After several tor-
sional pendulums had been assembled and the periods of oscillation timed, it
became apparent that pendulums whose periods were relatively short, i.e., one
to two seconds, yielded more repeatable results. The pendulums used for Kevlar 29,
however, had periods from seven to ten seconds and it was demonstrated experi-
mentally that they were affected to a proportionally greater degree by local
magnetic disturbances and by air resistance. Such disturbances would most cer-
tainly increase the timed period and result in a lower calculated shear modulus.

In order to shorten the period of a torsional pendulum, the specimen must be
reduced in length, the inertia bar made smaller, or a greater diameter fiber used.
However the fiber lengths and I-bar masses used in the Kevlar 29 tests have
already been reduced to workable minimums and the fiber diameter is fixed.
There is little possibility of improvement in the experimental accuracy.

After the torsional measurement device was calibrated, several preliminary

tests were made to establish a satisfactory testing speed. Using 5cm long fibers,
a twisting rate of 16 turns/cm/min was found to be the practical upper limit. Above
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this rate, data acquisition and recording became s mewhat unrelizble. One-half
this speed, 8 turns/cm/min, appeared to be an optii.nm testing speed and was
used throughout the work. Within the range of 8 to 16 turns/cm/min, no strain
rate effect was observed.

To prevent torsional buckling of the test specimen, a small tensile load must
be applied. Prior experience had shown that such loading tends to increase the
torque required to achieve a particular torsional deflection, and therefore the applied
tensile load should be limited to the amount required to eliminate buckling. It
was found experimentally that a minimal loading level of 0.9 gm was satisfactory
for 1.5 denier Kevlar 29 and Kevlar 49 fiber (0.60 gpd) and for 2 denier fibers
of nylon, Nomex, and polyester (0.45 gpd). Preliminary evidence that no torsional
buckling occurred when specimens were tensioned with a 0.9 gm weight was
provided by good agreement between the fiber retraction observed during testing
and length changes calculated for various twist levels, based upon the geometry
of the twisted fiber. If the observed retraction was significantly greater than
that estimated, buckling would be suspected. To confirm the absence of buckling
during the course of a test, photographs were taken of the weighted fiber end at
discrete twist intervals. Measurement of retraction on each of the photographs
obtained then made possible a plot of retraction versus twist level and any abrupt
increase in retraction seen in this curve would indicate fiber buckling. This pro-
cedure was employed during tests of Kevlar 29 and Kevlar 49, which were the most
susceptible to buckling of the five fibers tested, and the measurement verified
that buckling had been successfully eliminated. The retraction-strain diagrams
derived are shown in Figure 24, together with a theoretical plot calculated from
an expression developed by Hearle [1] for the retraction of continuous filament
yarns. This expression is based upon the fact that filaments at the outside
of the twisted yarn are strained in tension, those in the center are in compression,
and yarns positioned between these extremes are in an intermediate tensile
or compressive state which is related to their position in the yarn. It must be
assumed that a similar strain distribution is present in the cross-section of a
torsionally strained single fiber, and the relatively good agreement between
the experimental and theoretical curves lends credence to this. The difference
that does exist between the curves at extreme levels of twist is probably
attributable to a strain bias toward the compressive yield in the interior of the
twisted Kevlar fiber, as a consequence of extremely low extensibility under
tensile loads.

3. Torsional Stress-Strain Properties of Kevlar Fiber Compared to those of
Nylon, Nomex, and Polyester

Six tests each of Kevlar 29 and Kevlar 49 fiber were made, twisting in the
S direction, to accurately develop typical torsional stress-strain diagrams.
Three tests each were made of nylon, Nomex, and polyester. In every instance
the fiber specimens used were removed from low twist yarn (less than 0.5 turn/
inch) and fiber diameter determinations were made using a projection microscope.
Parent yarn designations and fiber diameters are recorded in Table VIII. All
fibers tested, with the exception of Kevlar 49, were strained to a maximum of
140 to 150 turns/cm and then untwisted to the zero strain level. Kevlar 49 rup-
tures at a twist level of only 80 to 90 turns/cm so a limit of 70 turns/cm was used
in tests of this fiber.
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Stress-strain diagrams typical of those obtained for each of the five fibers are
presented in Figures 25 through 29. Typical curves are presented rather than
average curves since they represent yield points and other inflection points more
accurately. Notice that the torsional stress-strain curves for Kevlar 29, nylon,
Nomex, and polyester are all quite similar ir. form and correspond in general shape
to tensile stress-strain curves for nylon, Nomex, and polyester fiber. They are
totally unlike the tensile stress-strain diagram of Kevlar 29 fiber, which is essen-
tially a straight line of high slope, indicative of a high tensile modulus. For
Kevlar 49 the difference between the tensile and torsional behavior is not as
extreme as for Kevlar 29,

The initial slope of the torsional stress-strain diagrams was measured to
determine the torsional shear modulus, G, for each of the fibers tested. The
values obtained are tabulated in Table VIII. Comparison of tensile moduli with the
torsional shear moduli shown for each fiber provides further evidence of the highly
anisotropic nature of Kevlar 29 and Kevlar 49. These comparisons can be readily
made in familiar terms by calculating the effective Poisson's ratio from the
expression:
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