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1. INTRODUCTION

The response of gun propellant to mechanical stress plays a critical role in the evolution of
pressure during the ballistic cycle. Attempts to link the relationship between mechanical measure-
ments performed in the lab and both gun performance and vulnerability have made considerable
progress in the last year" %3, Previous work has revealed that at low temperatures the change in
magnitude of failure parameters measured on a single propellant grain correlated well with the
change in magnitude of the explosive response of propellant beds upon impact with shaped charge
jets*?. However, the mechanical response measurements were performed at rates of about 100 s
whereas the rate of mechanical deformation during the jet interaction is estimated to be between 10*
and 10%s'. A more accurate correlation might be obtained if the mechanical response of the material

could be more closely determined at higher rates.

One method used to estimate mechanical responses of materials at rates outside the limits of
available equipment is to employ the time-temperature superposition principle*® and determine the
shift factors for the material using relaxation measurements. These measurements were performed
on four propellant types, a single- (M14), double- (JA2), and triple-based (M30) propellants, and a
nitramine composite (M43) gun propeliant. These propellants were chosen so that a broad range of
propellant types would be represented. Since the temperature range of interest for gunsis -40to 60°C,
and testing can be easily performed within this range, measurements were made between these

temperatures.

From the shift factors measured here, failure parameters can be determined that more accurately
correspond to the mechanical response at higher rates. This is accomplished by testing the propellant
at appropriately lower temperature. For example, a shift in strain rate by a factor of 100 can be
approximated by a temperature shift of -20°C for M14 propellant, as is shown in this report.

2. EXPERIMENTAL PROCEDURE AND RESULTS

2.1 Description of the Tester and Procedure. The propellant relaxation response was measured

using a specially designed servohydraulic testers, illustrated in Figure 1. The machine allows for
compression measurements to be performed at rates of up to 1000 s'! for a specimen with a nominal
length of 1 cm. Compression is arrested when contact occurs between the impact bell and cone.
Therefore, the amount of specimen compression can be adjusted by setting the anvil height. This
contact not only stops the specimen compression, but it also shunts the force around the specimen.
The nitrogen spring absorbs and spreads out in time the decelerating force of the ram. The force
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applied to the specimen is measured using the gage inside the impact bell.  Dunng nonnal
compressive response measurements, displacement 1s measured with a linear vanable differential

transformer (LVDT) in the actuator column and is corrected for machine stiffness.

The specimens were prepared from multiperforated gun propellant grains whose formulations
are listed in Table 1. A typical 7-perforated specimen appears on the left hand side of Figure 1.
Specimen preparation in the relaxation procedure began by cutting the sample with a diamond saw
to alength of 1.00 cm. The ends were cut flat, parallel and perpendicular to the grain axis according
to the specifications found in a proposed NATO draft STANAG entitled “Uniaxial Compressive
Test,” which is an updated version of the test entitied “Uniaxial Compressive Gun Propellant Test”
found in CPIA Pub 21. Temperature conditioning was achieved by placing prepared grains inside
the environmental chamber for a time at least twice that needed to reach thermal equilibrium (30
minutes in mostcases). The specimen was then placed on the anvil and tested. This testing took place
within the conditioning chamber, so no transfer was required and, therefore, no thermal disruption

occurred.

The strain at which relaxation occurred was determined by the distance between the anvil and the
force gage when the bell and cone surfaces were mated. That distance was determined by placing
alead specimen on the anvil and performing a compression. The percentage strain used in these tests

Impact Bell

Temperature Conditioning Box \

erforation Diameter

Grain Length
Anvil

Impact Cone

Grain Diameter Nitrogen Spring

Figure 1. Servohydraulic Stress Relaxation Tester
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Table 1. Nominal Percent Composition of Propellants

Component

M1l4

JA2

M30

M43

Nitrocellulose (NC)

NC Nitration Level
Nitroglycerin (NG)
Nitroguanidine (NQ)
Ethyl Centralite (EC)
Diethylene Glycol Dinitrate
Akardit II
RDX (Ground)

Cellulose Acetate Butyrate
Plasticizer

DNT

DBP

DPA

89
12,6

N o

59
13.1
15

25
1

28
12.6
22
48

2

12.6

76
12

was based on previous mechanical response measurements, and was selected to keep the specimen
strain below that at which failure was known to occur. Table 2 gives the average strain to which
the propellants were taken during the relaxation measurements.

Once all the conditions for the test were set, the relaxation measurements were made at -40, -20,
0,20, and 60°C(50°C forJA2). The specimenstrainrate was chosentobe 1.00s!. Data was acquired
at arate 100 points per second for about 40 seconds. Five repetitions were performed for each test
condition.

2.2 Test Results. The modulus was calculated by dividing the force by the net area of the
specimen to get the stress and then dividing the stress by the strain, determined as described above.
A period equal to 10 times the period of com-

pression was removed from the beginning of ] '
. . Table 2. Average Specimen Strain
each relaxation curve to assure that no dynamic

effects were in process when data was talen, Propellant Strain
e.g., four hundredths of a second is the time M14 39
needed to compress a specimen to four percent. JA2 5%
The five Relaxation Modulus-vs-Time curves M30 5%
were then averaged to produce a single curve for M43 2%




1.0
— 8 @ gag
= * . o.-Mm
B o5 ttem
2 |
.§ " ...\
0.0 1 -40°C
E t s .. * .20°C
é" e * 0°C
* 20°C
®* 60°C
-0.5 T v v
-1 0 i 2
Log [Time(s)]
a. M14
0.51
] % o gay
_ P '"N
o 298
:(% 1 i B ag
3
= * 0.,
2 g,
£ 05 S s 40°C
20 BT e e 20°C
= . " 0C
¢ 20°C
*  60°C
-1.0 T v —
-1 0 1 2

Log [Time(s)]
¢. M30

Log {Modulus(MPa)}

Log [Modulus(GPa)]

3.0 9 @ o ag
00.\\
201 e ———
1 ., e
s ¢
15 < 20C
= gC
* 2¥C
* Sy
1.0 Y Y e
-1 0 t 2
Log [Time(s)]
b. JA2
1.07
1 °° ”"M
1 o "“""‘M
053 o —_—
. .’.\
0.0 N"“« B 40°C
! . T . c
" = OC
* 20C
* 60°C
-05 Li T 1
-1 0 ] 2
Log [Time(s)]
d. M43

Figure 2. Log Relaxation Modulus vs Log Time f« - Each Propellant

each propellant at each temperature. These results appear in Figure 2 and are plotted in the usual
log-log fashion. Figure 3 provides an example of scatter among data sets collected under the same
conditions. Allthe sources of this scatter are notknown. However, the largest source almost certainly
arises from error in the strain measurement. Atsuch low strains, small errors make large differences.

3. ANALYSIS

3.1 Master Curve Generation. A master curve was generated from each family of curves
presented ir Figure 2 by horizontally shifting each of the curves except one, the reference curve, to
form a single curve on an expanded time axis. If the curves are to be used for the prediction of

relaxation moduli or related phenomena at different rates, then temperature and density compensa-
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Figure 3. JA2 Relaxation Data at 0°C (as in
Figure 2) Showing Typical Scatter about
Averaged Values

tion are required*, since the modulus and den-
sity of the material are a function of the tempera-
ture. However, the primary interest in these
calculations is to know the temperature at which
testing can be performed that would simulate
higher rate conditions. For this latter purpose no
temperature correction is required because the
testing will occur at the lower temperature and
the amount of shift has already accounted for
moduli differences. Master curves for tempera-
ture compensated calculations appear in Appen-
dix I. No compensation for density changes was

made, since the differences in density at the

temperatures used here are small. The amount that each of the curves is shifted can be used to

establish the relationship between the temperature corresponding to that curve and the time (rate)

with respect to the unshifted curve. Since this shift takes place on a log scale, the amount of shift

corresponds to a rate factor.

The method used to shift the curves is illustrated in Figure 4 and is explained below. Each curve

was shifted with respect to the curve closest to it in temperature. The best fit straight line was found

for each curve on the Log-Log plots. An overlap region was identified between the two curves, as

3.5 4
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& o0
§ 3.0 4
=
2
'8 f(xm)
P f
w0 25 !
§7 |
1
f(xm)-f_(xm-Ax) :
Shift factor = Ax ~ 1X,,
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Log [Time(s)]
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3.5 4
=
S
“g’ 3.0 4 L 8 g
:
b
—
o0 254
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-3 -2 -1 0 1 2

Log [Time(s)]
b. Shifted Curve

Figure 4. Illustration of the Method of Curve Shifting




shown in Figure 4a. The midpoint of this region along the vertical axis was determined as {(x ). The

shift, Ax, was then determined by solving the following equation:
f(x ) =f(x - Ax). (1)

If there was no curve overlap, as in some instances, the midpoint on the vertical axis between the
extreme lower point of one curve and the extreme upper point of the other was used as f(x } By
shifting in this manner the shift factor is uniquely determined. The resnlting combined curve is
shown in Figure 4b. The advantages of this method are the definition of & unique shift factor, and
the preservation of the nature of the overall curve fit, i.e., all curve segments are not forced 1o a single

fit with the reference curve, but a relative fit with adjacent curves.

Master curves are presented in Figure 5. The master curves for M14 and M43 are fit best with
a second order polynomial (R? = 1.00), which indicates multiple relaxation mechanisms are active
that have different levels of activity as a function of temperature. The JA2 master curve is best {it
with a linear equation (R? = 0.999) indicating that a single relaxation process dominates over the
temperature range tested. The M30 master curve seems best fit with two linear curves indicating
either a single mechanism operating in different material phases or two mechanisius one of which
dominates at the lower temperatures (-40 to -20°C) and the other dominaies at the higher (0 to 60°C).
Note how the curve at 0°C nicely bridges the lower and higher temperature curves.

3.2 Shift Factors. The logarithm of the shift factors corresponding to the uncompensated master
curves is plotted for each propellant in Figure 6. These plots indicate what temperature change is
required in order to represent an equivalent rate change. Note that for M30 and M43 propellants the
points are much better fit with a second order polynomial. Linear fits are used here to approximate
the projected temperature-rate equivalence. Table 3 shows this information for each propellant,
based on the linear least square fits shown. These numbers indicate that the mechanical response of
materials undergoing high rates of deformation can be approximated by tests performed at lower
rates and lower temperatures. Specific application of these results will be discussed in the FUTURE
STUDIES section below.

4. CONCLUSIONS

Unijaxial stress relaxation measurements have been performed in compression on the four basic
types of gun propellant. Single-, double-, and triple-based conventional propellant (M14,.JA2, M30)
and a nitramine composite (M43) were tested at -40, -20, 0, 20, and 60°C. The rate of coiapression
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Figure 5. Master Relaxation Curves without Temperature Correction for Each Propellant

for these measurements was 1.00s'. Master relaxation curves were generated and time-temperature
shift factors were calculated. The single-based and nitramine composite propellant master curves
showed a very good fit to a second order polynomial indicating muliiple, compcting rclaxation
processes. The double-based propellant master curve fit a linear curve very well indicating that a
single mechanism dominates at this rate and over this temperature range. Itis interesting to note that
the temperature compensated master curve (discussed in Appendix I) and the uncompensated master
curve closely overlap, but shift factors calculated using these curves differ significantly. The triple-
based master curve showed two linear sections within the master curve indicating that different
relaxation mechanisms dominate or that different phase states exist in the high (above 0°C) and the
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Figure 6. Shift Factors Used to Generate the Uncorrected Master Relaxation Curves

low (below -20°C) temperature regions. The shift factors that generated these master curves showed

that the propellants had similar time-temperature equivalence (within about 20%). However, the
possibility of some propellant grouping exists, since the propellants that showed a good quadratic fit
averaged lower temperature change per decade of rate change, whereas the propellants that showed
more linear fitting showed a higher rate per decade. Presently, no assessment has been made as to

the significance of this observation.




Table 3. Time-Temperature Equivalence
XM43
Propellant Fit Slope AT per Decade g 3]
°Ch (°C per Decade) ‘,é
Mi4 0.1002 9.98 § ,
JA2 0.0818 12.2 s
M30 0.0805 12.4 ¢ — M30al
M43 0.0952 10.5 .TE; 14 mis .
[ \ /
bl
5. FUTURE STUDIES 0 /"_
4 B 12 16

In earlier studies®* a strong correlation was )
Impulse (psi-ms)

Figure 7. Failure Modulus vs the SCJ
Propellant Bed Response

discovered between the change in the mechani-
cal failure response of the propellants studied in
this paper and the vulnerability response change
that was measured when beds of these propellants were subjected to hypervelocity impact by a
shaped charge jet (SCJ). Each propellant showed a similar trend between the failure parameter and
impulse measurement, which indicated a SCJ response dependence on the mechanical failure
mechanisms. However, there was no direct correlation between the values of the failure parameters
and the impulse results among the propeliants. Figure 7 shows the relationship between the two
responses at lower temperatures. One possible reason for not being able to discover a direct
correlation could be due to the rate differences experienced by the propellants in the mechanical
properties and the hypervelocity impact procedures.

It is estimated that the rate of deformation of the propellant while being deformed by the jet is
between 10° and 10% s'. The mechanical response measurements take place at 100 s*. The rate
difference between the two processes corresponds to a factor between 10° and 10°. With the
information generated in this report, each propellant could be tested at a temperature appropriately
selected to reveal how well the mechanical response tracks with the vulnerability response when
deformed under more equivalent conditions

Before the testing outlined above is performed, however, the equivalency of the response should
be demonstrated as acheck of the predictions and to see to whatextent the equivalency of the response
extends. This could be accomplished by measuring the mechanical response at temperature-rate
combinations that are predicted to be equivalent over several decades of rate. A comparison of the
response and parameters calculated from this response should reveal how well this application of
time-temperature superposition will work.




When the above work is completed, the information generated should help make the role that
mechanical response plays in the area of vulnerability response clearer. Tests are now scheduled for
these propellants and will be reported.
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APPENDIX A

Temperature Corrected Master Curves
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The mechanical behavior of materials can be projected at higher or lower strain rates by shifting
the relaxation curves that have been reported here through the procedure outlined in Section 1V of
this report. If these shifted curves are to be used to predict the response characteristics at the reference
temperature, then temperature and density (p) corrections need to be made. Ferry® states that Lo
predict response characteristics at a temperature, T, other than the reference temperature, T, from
a master curve, a shift of Log(pT/p,T ) is required. Therefore, in order to construct a master curve
from data taken at different temperatures, relaxation modulus values must be shifted vertically by
Log(p T /pT) before the separate pieces can be shifted horizontally to create the master curve.

Since density differences are very small, only the temperature corrections were made in the
construction of the master curve at a reference temperature of 20°C. These curves for each propellant
are shown in Figure A1, below. Note that the general shape of the curves has not changed from those

found for the uncorrected master curves (Figure 4) presented earlier.
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Figure A1l. Master Relaxation Curves for Each Propellant
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Figure A2. Shift Factors Used to Generate the Master Relaxation Curves

Itshould be noted that the temperature correction shift is usually small, and is sometimes ignored

when creating master curves. However, the degree to which this correction affects the value of
Log[A(T)] depends on the slope of the relaxation curve segments. The closer the slope is to zero,
the more the value of the corrected Log[A(T)] value is affected. Figure A2 shows the values of
Log[A(T)] plotted against temperature for each of the propellants. These values were calculated from
the shifted curves. To provide acomparison of the values derived from the corrected and uncorrected
relaxation curves, the values of Log[ A(T)] used to create both master curves are listed in Table Al

for each propellant.




Table Al. Comparison of the Values of Log[A(T)} Used to Shift
the Uncorrected and Temperature Corrected Relaxation Curves

T Mi4 JA2 M30 M43
°C) Uncor. Cor Uncor. Cor Uncor. Cor Uncor. Cor
-40 6.60 5.30 4.94 4.34 5.69 498 7.17 6.56
-20 5.00 4.31 3.55 3.13 3.79 3.45 4.86 4.62
0 3.75 3.70 1.45 1.36 1.51 1.31 2.09 1.92
20 0 0 0 0* 0 0 0 0
60 -2.98 -2.70 -2.41*% | -2.11%* -2.31 -1.94 -2.20 -1.95

* JA2 temperatures were -40°C, -20°C, 0°C, 23°C and 50°C
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