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1.0 INTRODUCTION

Modern kinetic energy projectil's utilize nylon or nylon-
based polymer materials to provide in-bore contact between the
gun barrel tube and sabot components. In addition, the rear-
most nylon band, known as the obturator, must provide a seal
against the high propellant gas pressures used to launch the
sahot/penetrator system.

Design requirements for the obturator band specify the use
of DuPont Zytel 101 nylon or nylon-filled material meeting IMil-
M-20693. This material, which is a nylon 6/6 composition,' can
be produced in tubular form by centrifugal casting or pressure
extrusion processes. The tubular product form is then cut and
machined to specific dimensions required for the obturator
design.

Although conventional material properties such as tensile
and compressive strengths, flexural modulus, elongatio I, and
density are available in the literature for Zytel 101,1 such
property values are of limited usefulness for modeling of in-
bore dynamic behavior of nylon obturator bands. The inadequacy
of conventional test methods to predict material behavior under
ballistic loading conditions appears to be due primarily to the
dependence of polymer deformation response on loading or strain
rate. For semicrystalline polymers such as Zytel 101, increases
in deformation rate can be expected to result in higher values
of elastic modulus and yield strength due to anelastic
effects. Standard ASTM procedures for tensile and compressive
testing of polymeric materials specify strain rates of 0.01 to
0.10 in./in./min, while ballistic launch conditions typically
impose strain rates 3 to 5 orders of magnitude higher.

The major objective pf this study, conducted by Pacific
Northwest Laboratory (PNL)ýa) for the Ballistic Research Labora-
tory (BRL), was therefore to investigate and characterize the
behavior of Zytel 101 nylon under test conditions that more
nearly duplicate ballistic loading conditions. The experimental
test plan, in addition, had the objective of determining the
dependence of material properties on processing methods and
specimen orientation. n C I C
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2.0 ANALYSIS OF OBTURATOR STRESS STATE

A twvo-dimensional, axisymmetric, finite-element model of an
XM829 obturator band tinder ballistic loading conditions was used
to determine the magnitude and state of stress for a typical
value of base gas pressure. Because the obturator material is
constrained between the sabot and the gun barrel tube in the
rAlial direction, application of a gas surface pressure in the
d:r'ection of the gun barrel axis produces a triaxial compressive
stress state. A two-dimensional illustration of the obturator
band finite-element mesh is shown in Figure 1. Calculated val-
ues for the three principal stresses, Sx, S., Sz, and the shear
stress -c% indicate that a triaxial comprdssive stress with a
very low hear stress component occurs over the majority of the
obturator band. Near the front of the obturator, significant
shear stresses are developed such that T = S, S , Sz. A com-
plete listing of the principal stress va'lues and hear stresses
is contained in Table Al of the Appendix.

502 41942 48 0
5152 10 56 0

511

Figure 1. Two-Dimensional Obturator Finite-Element Mesh

High-strain-rate deformation of the obturator material
occurs through a number" of mechanisms that include the initial
rise in chamber pressure, projectile travel through the gun bar-
rel forcing cone, and cyclic deformation induced by projectile
oscillations during in-bore travel. Calculation of the radial
strain rate • r occurring as the obturator band traverses the
forcing cone indicates a strdin rate approaching
10,000 in./in./min.

i I I I I II I I I4I7



3.0 EXPERIMENTAL TEST PROGRAM

The two material samples used in this study were obtained
in the form of tubular sections produced by either the centrifu-
gal casting technique or the pressure extrusion nethod. The
centrifugally cast nylon Zytel 101, purchased from Cadillac
Plastics and Chemical Company, had an outer diameter of 3.0 in.
with a 0.84-in. wall thickness and was supplied in compliance
with Federal Specification LP410-A. The extruded nylon
Zytel 101 was produced by Polymer Corporation in the form of a
5.125-in. outer diameter tube with a 0.77-in. wall thickness,
supplied as Composition A, Type 1 meeting Mil-M-20693
specifications.

The initial phase of the material characterization work
involved comparative tests to determine the effects of material
processing methods and material orientation on the mechanical
properties of Zytel 101. Standard static compression tests were
performed on both material samples utilizing specimens that had
either an axial or a radial orientation. The ultrasonic pulse-
echo technique was used to determine values for Young's modulus,
E, shear modulus, G, and Poisson's ratio, v, for each material
type and orientation.

The second phase of the experimental test program was
designed to investigate material behavior under test conditions
simulating actual obturator band loading conditions. Because of
the high compressive strain rates experienced by the obturator
band during ballistic launch, an experimentally developed
dynamic compression test was used to generate a high-strain-
rate, elastic/plastic stress-strain curve for use in finite-
element material modeling. In addition, a limited investigation
of the stress-strain behavior of Zytel 101 under simulated
hydrostatic loading conditions was performed.

3.1 EXPERIMENTAL PROCEDURE

3.1.1 Static Compression Test

Static compression tests were conducted utilizing a sub-
press compression tpft fixture mounted in a servo-hydraulic load
frame. Specimen deflection was monitored continuously with a
0.5-in. gage length axial extensometer. Load and deflection
were recorded autographically using an x-y-y recorder. Machine
compression rates of 0.050 in./min and 0.50 in./min were used,
resulting in specimen strain rates of 0.10 in./in./min and
1.00 in./in./min, respectively. A total of three compression
specimens were tested for each material type, orientation, and
strain rate.

Specimen geometry selected for initial static compression
testing was that of a right-hand circular cylinder having a

I I I I I II I I I I II I I



length of 0.750 in. and a diameter of 0.375 in. for a length-to-
diameter ratio of 2.0.

Additional compression tests utilizing a 0.936-in. length
by 0.375-in. diameter specimen (L/D = 2.5) were performed to
determine the effect of increasing the L/D ratio on the elastic
modulus and yield strength. All specimens were tested in a 30%
to 40% relative humidity environment after 5 to 10 days of con-
ditioning in the same environment.

3.1.2 Ultrasonic Determination of Elastic Constants

Previous, unreported work performed on nylon samples at PNL
indicated a good correlation between values of elastic constants
determined by ultrasonic techniques and those obtained from
dynamic mechanical test methods. For this reason, an ultrasonic
test block was machined from each of the Zytel 101 sample mate-
rials for use in determination of the elastic constants E, G,

and v. Each test block was oriented such that a flat machined
surface was formed perpendicular to the axial, radial, and tan-
gential material directions.

Ultrasonic wave velocity measurements utilizing the pulse-
echo technique 2 were performed in the following manner. For
each test specimen, longitudinal mode ultrasound at a frequency
of 2.25 MHz and shear-mode ultrasound at 1.0 MHz were generated
in the three principal material directions, and the two-way wave
travel time was recorded using an oscilloscope. The appropriate
wave velocities were then used in the elastic constant equa-
tions 2 to calculate values of E, G, and v for each material type
and orientation. These equations appear in the appendix of this
report.

Wave velocity measurements were repeated for the extruded
Zytel 101 specimen to determine experimental reproducibility.

3.1.3 Dynamic Compression Testing

A series of eight compression specimens machined from
extruded Zytel 101 material were tested under dynamic loading
conditions to evaluate the elastic/plastic material behavior at
high strain rates. Of the eight specimens tested, four were
instrumented with a single foil-type strain gage, oriented in

the axial specimen direction to provide increased resolution of
the elastic portion of the stress-strain curve.

Al tests were conducted using a dynamic compression test
fixture mounted in a drop-tower test frame with a

microprocessor-controlled data acquisition and analysis sys-
tem. The dynamic compression fixture incorporated a high-
frequency-response 50,000-lb load cell for specimen load sensing
and dual-channel, linear-variable differential transducers
(LVDTs) for specimen displacement measurement.

*IC
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A digital oscilloscope was used to record load versus time
and displacement or strain versus time signals.

Compression specimen dimensions were chosen to produce max-
imum loads compatible with the load cell. This resulted in a
1.563-in.-long specimen having a 0.625-in. diameter for a L/D
ratio of 2.5:1.

The initial strain rate of the specimen was calculated to
be 1850 in./in./min for the 3.0-in. drop height (single test)
and approximately 2600 in./in./min for the 6.0-in. drop height.

3.1.4 Compression Tests on Nylon at Elevated Confining
Pressures

Comprecsion testing of two nylon Zytel 101 specimens sub-
jected to elevated confining pressures was performed to investi-
gate the effect of a hydrostatic constraint on material
stress/strain behavior.

For each compression test a 0.625-in.-diameter, 1.563-in.-
long extruded Zytel 101 specimen was placed in a compression
fixture as shown in Figure 2. The specimen was then instru-
mented with a diametral strain gage extensometer and axial LVDTs
to mueasure specimen displacements during loading. The instru-
mented compression fixture and associated loading rams before
being placed in the high-pressure confining vessel are shown in
Figure 3. The instrumented fixture and confining vessel were
then mounted in a TerraTek Systems test frame and subjected to
either a 7,000 psi or a 10,000 psi confining pressure (see

~ •.

Figure 2. Hydrostatic Compression Fixture with Specimen
Installed

11



Figure 3. Instrumented Hydrostatic Compression Assembly

Figure 4.) The compression test was then initiated by displac-
ing an axial loading ram under stroke control until a 0.2-in.
displacement was reached. A computer record of load and dis-
placement was then used to calculate and plot compressive stress
a- a function of specimen displacement.
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4.0 RESULTS AND DISCUSSION

4.1 STATIC COMPRESSIVE PROPERTIES

Results for static compression tests of the 2.0 L/D com-
pression specimens are presented in Table 1. Listed are aver-
aged values for the 0.2% offset yield strength, 1.5% offset
compressive strength, and elastic modulus, E, for each material
orientation and specimen strain rate. The averages of three
static compression tests performed on extruded Zytel 101 speci-
mens having an increased L/D ratio of 2.5 are also listed.

The test results presented in Table 1 for the static com-
pression tests of extruded and centrifugally cast Zytel 101
nylon indicate that the two materials, on a comparative basis,
display equivalent compressive properties. In addition, compar-
ison of compressive properties for the axial and radial orienta-
tion of each material shows that for analytical purposes the
compressive behavior can be considered isotropic. Both materi-
als were found to display yield and compressive strengths that
are in general agreement with published values; however, the
modulus of elasticity of approximately 550,000 psi, which is
typical of the test results, is considerably higher than pub-
lished values. Although the reason for the apparently high
stiffness of the test materials is not clear, two possible
explanations for the high stiffness values are 1) the promotion

of a higher degree of polymer crystallinity through the cen-
trifugal casting and pressure extrusion process methods, and
2) the influence of specimen geometry on deformation response.

The latter point was investigated to determine whether
specimen geometry, due to end constraint effects, was promoting
high apparent modulus values. The test specification (ASTM
D 695) requires a specimen slenderness ratio of 11 to 15:1 for
determination of elastic modulus, where the slenderness ratio
(S.R.) is equal to the ratio of the specimen length to its least
radius of gyration. The compression test specimens used for
most of the compression tests had an S.R. equal to 8.0:1 and
therefore did not meet the above requirements, However, com-
pression tests utilizing the longer 2.5 L/D specimens were con-
ducted to determine whether increasing the slenderness ratio had
a noticeable effect on either the modulus or the yield
strength. Compression test results for these specimens, which
have an S.R. of 10.0, are not appreciably different from the
shorter 2.0 L/D specimens. This indicates that specimen geome-
try, while not meeting ASTM D 695 requirements, is probably not
responsible for the high elastic modulus values obtained from
the compression tests.

It therefore appears more likely that processing conditions
that promote increased crystallinity are responsible for the
difference between published values and test results.

p ,
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The calculated values for the elastic constants E, G, and v
determined from ultrasonic velocity measurements of extruded and
centrifugally cast Zytel 101 are listed in Table 2. Values
reported for the extruded nylon are the average of three veloc-
ity measurements, while those reported for the centrifugally
cast nylon are calculated from a single set of velocity measure-
ments.

Table 2. Ultrasonically Determined Elastic Constants
for xt-ruded and Centrifugally Cast Nylon

Modulus Of Shear Poisson's
Elasticity Modulus Ratio

Material Orientation (E), ksi (G), ksi (v)

Axial 559 200 0.395
Extruded

Radial 558 200 0.394

Centrifugally Axial 573 206 0.392
Cast

Radial 573 205 0.398

The elastic constants determined by ultrasonic testing pro-
vi'i further support for the high stiffness values obtained from
static compression testing. As presented in Table 2, the
modulus of elasticity for the extruded and centrifugally cast
Zytel 100 was found to be 559,000 psi and 573,000 psi, respec-
tively, for the axial material orientation. These values are in
good agreement with the modulus values determined for the static
compression test and indicate that the centrifugally cast mate-
rial is marginally stiffer than the extruded material. An
equally important result of the ultrasonic testing is that the
shear modulus, G, and Poisson's ratio, v, calculated from the
shear and longitudinal wave velocities correlate well with the
respective quantities calculated independently from Hooke's Law
equations for elastic constants.

This result indicates that at the high stiffness levels
associated with the two test materials, deformation response
approaches classical, or Hookian, behavior under ultrasonic test
conditions.

4.2 DYNAMIC COMPRESSIVE PROPERTIES

The results of the dynamic compression tests are presented
in Table 3 for both the noninstrumented specimens (EL-IO through
EL-13) and the strain-gage instrumented specimens (EL-14 through
EL-17). Due to the relatively poor signal response of the LVDT
displacement measuring system utilized for specimens 10, 11, 12,
and 13, no 0.2% yield strength or elastic modulus could be
determined. The average values for the dynamic yield and com-
pressive strengths and for the elastic modulus are listed at the

e WL
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bottom of Table 3. Static and dynamic stress/strain curves
representing average values of modulus, 0.2% yield strength,
and 1.5' offset compressive strength are shown in Figure 5.

23
Nylon Zytel-101
5/8 "Dia x 1.562" Length Dynamic
Specimen 23.20
(4)-Tests

20 a 43 ,n./in.isec. 22 57
0 2600 in.!n.,min. 21.86 1.5% Offse"

// 1.0% Offset Compressive

165 Yield Strength
0.2% Offset

15 Yield 14.00 ksi

12.0 ksi 1.5% Offset Sac
"Proportional Yie ld Elatic yeldtc

'a Limit (Approx.) Modulus
10- E = 595.0 ks,0o (Dynamic)

z
Elastic Static Compression
Modulus Nylon Zytel-l01

E = 550 ksi 3/8 "Dia x 0.75' Length

5.0 (Static) Specimen
.0 0 kst 6 = 0.100 in.,'in.imin.
Proportional
Limit

0 0.01 0.02 0.03 0 04 0 05 0.06 e In.,In.

0 1.0 20 3.0 4.0 5.0 6.0 % Strain

Strain

Figure 5. Static and Dynamic Stress/Strain Curves

The dynamic compression test results for the extruded Zytel
101 specimens provide information on the material compressive
behavior at strain rates of the same orders of magnitude as are
typical of ballistic launch cor.ditions. Although the dynamic
compression test does not fully simulate the stress state of the
obturator band, it does allow material strain rate effects to be
evaluated and compared with slow-strain-rate test results under
similar specimen stress states.

Comnparing dynamic compression test results for the four
instrumented specimens with the results for the static compres-
sion tests indicates that the primary effect of increasina
strain rate is to increase the materials yield and compressive
strength levels.

Using average values for the 0.2"ý yield and 1.51 compressive
strengths for comparison indicates that increasing the specimen
strain rate from 0.100 in./in./min to appi oximately 2600
in./in./min results in a 47% and G3°) increase in yield and 1.5%
compressive strength, respectively. In contrast to the
relatively large increases in strength levels, comparison of
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average modulus of elasticity for the two strain rates shows
only an 8% increase at the higher testing rates.

The unpublished results for static and dynamic tensile
tests of Zytel 101 nylon performed at PNL indicate a much
stronger strain rate depondence for material properties in the
tensile deformation mod(e. in this work, static tensile testing
performed at a strain rate of 0.04 in./in./min resulted in an
elastic modulus value of 370,000 psi, while the dynamic tensile
test ( - 2,545 in./4n./min) indicated an E value of
526,000 psi. Comparison of the static and dynamic 0.2% yield
strength indicated that increasing strain rate resulted in an
increase in yield strength of approximately 58%.

These results are particularly interesting because they
indicate that for small, primarily elastic strains, the dominant
compressive deformation mechanism is relatively insensitive to
strain rate effects while comparable changes in strain rate
result in significant anelastic behavior for Zytel 101 in ten-
sion. However, increases in strain rates appear to produce
essentially equal increases in measured strength levels for
Zytel 101 in both the tensile and the compressive deformation
mode.

4.3 HYDROSTATIC COMPRESSIVE PROPERTIES

As previously mentioned, a limited effort was made to eval-
uate the compression properties of Zytel 101 under an elevated
confining pressure. The two tests conducted on the 0.625-in.-
diameter extruded compression specimens were performed by super-
imposing an axial displacement on a specimen subjected to an
elevated confining pressure of either 7,000 or 10,000 psi.
Because of instrumentation problems, only the results of the
first test, conducted at 7,000 psi confining pressure, are
reported here. A plot of stress for this test as a function of
LVDT displacement is shown in Figure 6. Graphical estimates of
the modulus of elasticity, E, and 0.2% offset yield strength
were made and indicate a modulus of approximately 530,000 psi,
13.0 ksi yield strength, and a 1.5% compressive strength of 15.5
ksi. Material strain rat,, for the test was 0.032 in./in./min.

Although the results are in general agreement with the more
conventional compression test results reported previously,
experimental difficulties with the LVDT displacement measuring
system make specific comparisons difficult.

The significant result of this test is that subjecting the
nylon specimen to an elevated confining pressure, which simu-
lates hydrostatic loading conditions, apparently does not have a
major effect on the axial yield strength or modulus of
elasticity. This woujd indicate that, in contrast to conven-
tional polymer theory, the yield behavior of extruded Zytel 101
approaches that predicted by the Von Mises' criterion.

-----------------------------
......................



Nylon Zytel-101 (Extruded)

5/8 "'Dia x 1.562" Length Specimen

15.5 kbi
1.5% Offset
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E V 532 kui Strength
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Figure 6. Hydrostatic Compressive Stress/Strain Curve
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5.0 CONCLUSIONS AND RECOMMENDATIONS

1) The static and dynamic compression tests subject the nylon
test material to a stress state that is more representative
of obturator band loading conditions than is possible with
uniaxial tensile tests.

2) Comparison of compression test results for the two material
processing methods and orientation indicates that both the
extruded and the centrifugally cast Zytel 101 materials can
be considered equivalent and isotropic in compressive
properties.

3) The modulus of elasticity in compression for Zytel 101,
determined by three different test methods, was found to be
relatively insensitive tu strain rate effects. In contrast,
increases in strain rate were founa to increase the yield
and 1.5% compressive strength by an average of 47% and 63%,
respectively.

41 Limited experimental results obtained for deformation of
nylon at elevated confining pressures indicate that the
hydrostatic stress component has a relatively small influ-
ence on the elastic modulus and yield strength. Further

e,-ting with improved displacement instrumentation would be
required to confirm this observation.

5) To fully simulate the loading conditions associated with
nylon obturator bands during ballistic launch conditions
would require development of a dynamic compression test in
which an elevated confining pressure could be superimposed.

21
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APPENDIX

CALCULATION OF MATERIAL ELASTIC CONSTANTS FROM MEASURED
ULTRASONIC WAVE VELOCITIES

S C1

Acoustic Velocity Ratio r = • (1)

Shear Modulus G PCs 2  (2)

Poisson's Ratio v = - r 2/2 (3)
1 - r 2

Young's Modulus E = GL_ 4 r2] (4)

where C1 = longitudinal wave velocity

Cs - shear wave velocity

p = mass density of Zytel 101.

23
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Table Al. Finite Element Obturator Stress Listing

Element Number Sx 8y Txy Sz
(STIF 42) psi psi psi psi

402 -10899 -14474 -2793 -11150
403 -2479 -5320 -3120 -3154
405 1975 1528 -1388 1887
406 -9257 -12774 -6704 -9671
407 -5624 -9245 -279 -6298
408 -3271 -12035 -3325 -6594

410 -5069 -6028 -1100 -4808
411 -18552 -25528 -10732 -19945
412 -20994 -28803 -2994 -21932
413 -38302 -48929 -9084 -38543
414 -35378 -41499 -2296 -34237
416

477 -25624 -51123 -10655 -34127
478 -45043 -66657 -10671 -49592
479 -49427 -57920 -4898 -47495
480 -44878 -54097 -5192 -43883
481 -52514 -54562 -2080 -47608

494 -39046 -62902 422.3 -44920
495 --56213 -76961 2886 --58995
496 -58227 -92119 -7867 -66528
497 -81202 -72622 7407 -68469
498 -48991 -75580 -6543 -54933

499 -87191 -1.27 E6 -9023 -95468
500 -56927 -65967 -2970 -54033
501 -58299 -58932 -1579 -52072
502 -65452 -84326 6732 -64983
503 -55996 -67085 654.8 -52333

504 -58784 -62792 2046 -52599
505 --57473 -61346 518 -51985
506 60308 -60203 -816 -53444
507 -65606 -66572 -352 -54912
508 -63346 -64073 432 -54237
509 61996 62080 1841 -53665

510 63618 --58330 1639 -53661
511 -66354 -68811 -1464 -55903
512 - 67308 -66630 431 -56210
513 75900 -73375 217 -64010
514 - 71863 -69816 2240 -61515
515 -71004 -63640 2078 -59844
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