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Abstract

Low (0.0001 to 0.1 s™) and high (9,000 s average) strain-rate uniaxial compression
experiments were performed on a tungsten heavy alloy (WHA) at room temperature; high-rate
experiments were conducted using the Compression Split-Hopkinson Bar apparatus. In addition,
high-temperature tests at 423, 573, and 732 K were conducted at 0.1 s strain-rate. The
deformation and failure behaviors of this alloy under compression loading were examined in this
report in comparison to the previous torsional work on the same alloy. The deformation
behaviors of WHA were modeled using modified Johnson-Cook (JC) and Power-Law (PL)
models. A functional form based on microphysics was proposed to represent the temperature
part of these models. The model constants were determined from test data at both room and
other temperatures. The constants for WHA alloy for these two models are summarized in this

report.
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1. Introduction

Tungsten heavy alloys (WHA) are used in many applications, both at low- and high-rates of
loading, because of their physical and mechanical properties such as high density, high strength,
good ductility, and good corrosion resistance [1-3]. In general, these mechanical properties are
obtained at slow loading rates. Since these alloys are mostly used as penetrators, which are
subjected to dynamic or impact loading conditions, it is essential to evaluate their mechanical

properties and deformation/failure behavior under high strain-rate loading.

In this type of application, the penetrator material is subjected to a multiaxial stress state at
high-rate loading before failure. To study the effect of stress state on the high-rate
deformation/failure behavior of WHA:S, it is necessary to systematically obtain experimental
deformation/failure characteristics, including micromechanisms, at different types of high-rate
loading such as compression, tension, pure shear (torsion), and shear under pressure. In our
previous work at the U.S. Army Research Laboratory (ARL), the deformation/failure behavior of
a WHA, 93W-5Ni-2Fe swaged to 17%, has been studied in detail under torsional loading at
different strain-rates including high-rates [4]. Also, shearing under pressure [5] and torsion
under axial compression [6] experiments have been reported for the same WHA. The uniaxial
compression work at different strain-rates reported in this paper provides the deformation/failure

behavior at another stress state of loading for the same WHA.

To develop better materials for penetrators, the knowledge of the influence of microstructure
on the deformation and failure process during high-rates is essential. Most of the reported work
under high loading rates is directed to obtain the rate sensitivity of the stress-strain behavior.
Studies that are conducted at high-rates, in addition to providing macroscopic stress-strain

behavior, should also provide microstructural information to facilitate the alloy developer.

This work is a continuation of the research that was undertaken to study and understand in
detail the deformation/failure behavior of a standard penetrator WHA (93W-5Ni-2Fe) under
quasi-static to high strain-rate loading conditions. Previously reported work covers the aspect of
deformation/failure behavior under torsional loading on this material[4, 7, 8]. This material was
chosen as the base-line reference material for future studies on other WHAs with different

processing and microstructural features and constituents. In this study, uniaxial compression
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behavior of the WHA 1is obtained as a function of strain-rate and temperature. After the tests,
microstructural analysis is performed to identify any failures and mechanisms associated with
failure. Deformation/failure behavior and failure mechanisms under torsion loading from our

previous work is compared with that from compression experiments from this paper.

In addition, in this paper, the experimentally generated isothermal behavior of the material is
represented by two thermo-viscoplastic phenomenological models:  the Johnson-Cook (JC)
model, which is available in most of the computer codes, and the Power-Law (PL) model, which
is frequently used by the material scientists. The part of these models that contains the
temperature effect is evaluated with the temperature data and modified to provide a more

realistic and representative functional form.
2. Experiments

2.1 Material.
The 93%W alloy for the this study was obtained from Teledyne. The manufacturer provided

chemical composition and the mechanical properties of this alloy are listed in Table 1.

Table 1. Chemical Composition and Mechanical Properties From Manufacturer

Chemical Composition Physical and Mechanical Properties
Alloy w Ni F Density Hardness UTS Elongatio
(%) (%) (%) (g/em’®) R) (MPa) (%)
93W-7Ni-3Fe 92.85 4.9 2.25 17.70 39.5 1,103 13 |

According to the 93% WHA processing information obtained from Teledyne, initially, a
mixture of W, Ni, and Fe powder was isostatically pressed to 207 MPa (30,000 psi) in a drybag
press. The pressed material was then sintered in a hydrogen atmosphere in a molybdenum
furnace at about 1,520° C. The hydrogen atmosphere was used to reduce the surface oxides of
the powder. The sintered material was vacuum-annealed at about 1,000° C for 10 hr to remove
the absorbed hydrogen. The annealed material was heated in an inert gas atmosphere to about
1,100° C, soaked for about an hour, and, finally, water-quenched to give better dynamic impact

properties. The bars were then machined and swaged to 17%.




Figure 1 shows the microstructure of this alloy taken in the longitudinal direction.
Microstructure in the transverse direction is similar to the one in the longitudinal direction.
Swaging to 17% does not seem to affect the microstructure of the alloy. As shown in the figure,
the microstructure consists of two phases: nearly pure W spherical grains of body-centered
cubic (bee) crystal structure and W-Ni-Fe matrix of face-centered cubic (fcc) crystal structure.
Matrix material provides the ductility for the W alloy with these brittle W grains. The size of the
W grains is approximately 27 pm and is mostly surrounded by a thin layer of matrix material.

However, some W grains are in contact with adjacent W grains.

Figure 1. Microstructure of 93W-5Ni-2Fe WHA Swaged to 17 %.
2.2 Specimen Geometry.

The geometry of the compression specimen is shown in Figure 2. The specimen is a cylinder
with a 6.350-mm diameter and 3.175-mm gauge length. On the two loading surfaces of the
specimen, concentric grooves are machined, as shown in the figure. The purpose of these
grooves is to hold the lubricant as long as possible while the specimen is deforming. These
grooves enable us to reduce the barreling of the specimen to a negligible amount, thus
maintaining the cylindrical geometry up to a large strain. The same specimen geometry was

used for all the testing: slow- and high-rate, as well as high-temperature, testing.
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Figure 2. Specimen Geometry.
2.3 Compression Experiments.

2.3.1 High-Rate Tests.

The high-rate compression tests were conducted using a compression Split-Hopkinson Bar.
A schematic of the compression Hopkinson Bar at ARL is given in Figure 3. A wave interaction
diagram for the Hopkinson Bar is also given in this figure. It consists of two bars (input and
output bars) with a 25.4-mm diameter and 1,524-mm length and made of Maraging 350 steel.
Each bar is held by six bronze bearings, which are aligned accurately with a laser beam. A
detailed description of the alignment procedure is given elsewhere [9]. Cylindrical compression
specimen is held between the two bars. Silicone gréase lubricant is applied on the grooved
loading surfaces of the specimen. High-rate compression loading is applied on the specimen by
impacting a striker bar on the input bar. The 25.4-mm-diameter and 400-mm-length striker bar,
made out of Maraging 350 steel, is propelled from a gas gun at the nonspecimen end of the input
bar. The duration of the resulted compression pulse in the input bar from this impact is twice the
time it takes the stress pulse to travel from one end to the other end of the striker. The incident
compression stress pulse travels toward the specimen after the impact; at the specimen, part of
the pulse transmits through the specimen to the output bar and the remainder reflects back to the
input bar. The incident, reflected, and transmitted pulses are monitored from the strain gauges
mounted at the midspan of the input and output bars. At each gauge location on the bars, two
strain gauges are mounted at diametrically opposite locations on the bar and connected in series
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to cancel any strain components from bending of the bar. The signals from the gauge stations are
fed into 1-MHz-bandwidth high-speed strain-gauge bridge amplifiers. Output from the
amplifiers is captured by a 500-kHz Nicolet digital oscilloscope and then transferred to a
personal computer for further analysis of the data. The stress, strain, and strain-rate as a function

of time can be inferred from this data as discussed in the next section.

1000

1200-

TIME ( ks)

Figure 3. Schematic of the Compression Split-Hopkinson Bar With the Lagrangian (x-t)
Diagram.

The magnitude of stress, strain, and strain-rate of the specimen can be computed using
Kolsky analysis from the measured strain records of the input and output bar gauges [10, 11].
Strain-rate at the specimen (£,) is given by
. —2C
g =——=¢, 1

e, | Q

§
s

where C; is the longitudinal sound velocity in the input and output bars, L; is the gauge length of

the specimen, and &, is the reflected strain in the input bar. Stress in the specimen 0 is given by
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ik @)

s

where E is the Young’s modulus of the material of the bars, A; is the cross-sectional area of the
specimen, Ap is the cross-sectional area of the bars, and & is the transmitted strain in the output

bar. By integrating equation (1), strain in the specimen can be obtained by

_ (26
£ _l e, dr. 3)

A computer program based on equations (1)-(3) similar to the one in Weerasooriya [9] was

used to obtain the dynamic stress-strain and strain-rate—time relationship.

2.3.2 Slow-Rate Tests.

Slow rate (0.1 and 0.0001 s*) compression tests were conducted using a servocontrolled
Instron hydraulic test machine. True strain-rate was held constant during testing, while the
displacement and load were monitored. This was accomplished by feeding an exponentially
decaying reference input voltage to the testing machine via a function generator controlled by a
computer. The required exponential waveform is set up in the function generator by a computer
program. To correct the measured displacement data, compliance of the machine was also

measured without any specimens.

In addition, to obtain the effect of temperature on the deformation, high-temperature uniaxial
compression tests were conducted at a true strain-rate of 0.1 s* using the servocontrolled Instron
hydraulic testing machine. The specimen was heated to the test temperature by radiant heating

from a clam shell oven with heating lamps. Test temperature was controlled to £1° C from the

required temperature. To obtain the effect of temperature, tests were conducted at three high-

temperatures: 423, 573, and 732 K.




3. Results and Discussion

3.1 Stress-Strain Behavior.
3.1.1 As a Function of Strain-Rate at 293 K.

Uniaxial stress compression behaviors at strain-rates 0.0001, 0.1, and 9,000 s* above
experiments are shown in Figure 4 for this material. At the lower rates (0.0001 and 0.1 s), this
WHA work-hardens as the strain is increased. Work-hardening rates from both strain-rates is
approximately equal. At the higher rate, 9,000 s*, material softens with strain, indicating that
thermal softening dominates over strain and strain-rate hardening. Softening starts just after
yielding of the material. Yield stress of the material is highly strain-rate sensitive and increases
with strain-rate. Rate sensitivity of this material is discussed in detail in a later section of this

report.

) | —
[ 10.1/57
2,000 [ ~
—_ /’ 0.0001/s
< -
- 1,500 T—Z9000/s - average
8
&
Qa) 1,000
=
500

0 02 04 06 08 1 12 14 16
True Strain

Figure 4. Stress-Strain Behavior as a Function of Strain-Rate at 293 K.
3.1.2 As a Function of Temperature at 0.1 s” Strain-Rate.

Stress-strain behaviors from the high-temperature tests at 0.1 s* strain-rate at different
temperatures are given in Figure 5. Also in this figure, room-temperature (293 K) stress-strain
behaviors are plotted with the high-temperature results. From these results, in general, as the
temperature is increased, the flow stress decreases at a given strain except for the lower strains
(strains less than 0.02) for the test at 573 K.
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Figure 5. Stress-Strain Behavior as a Function of Temperature at 0.1 s* Strain-Rate.
3.2 Comparison With Torsional Deformation/Failure Behavior.

Shear stress-shear strain behavior as a function of strain-rate for this material from torsion

experiments was reported in an earlier publication [4]. In this section, these shear data are

compared with the experimental data obtained from the compression tests.

3.2.1 Representation of Deformation Data by von Mises Effective Stress-Strain.

For most materials, it has been reported that, for small strains, the torsion and compression
data can be correlated by representing stresses and strains with von Mises effective stress
( =0 or y37) and strain (£ = ¢ or y/+/3), respectively. Here, o and € represent the stresses and
strains from compression tests and 7 and 7y represent shear stresses and strains from torsion tests.
But, at large strains, this correlation is not applicable due to the crystallographic anisotropy that
develops in the material [12, 13]. At large strains, different anisotropic textures form under
torsion and compression loading in single-phase materials. Previous results from other materials,
such as copper, show that the torsion stress-strain curve lies below both the tensile and

compressive curves at large strains when they are plotted as effective stress-strain plots.

The effective stress-strain plots from the compression and torsion tests on WHA (two-phase
composite) at different strain-rates are shown in Figure 6. Because the material softens after the

yield due to adiabatic heating at higher rates, high-rate data after the yield cannot be used for the




comparison of the compression data with the torsional flow behavior. For lower rate (0.1 and
0.0001 s*) stress-strain data, the compression stress-strain curves lie above the torsion stress-
strain curves for the total range of strains, including lower strains. Though the deformation after
the yield cannot be collapsed to a single curve, yield stresses at all rates, including the high-rate
yield stresses obtained from extrapolated data, can be correlated with the effective stress

representation within the experimental scatter.

At lower rates, the rate of work-hardening for torsion tests is much lower than that from
compression tests. In both types of loading at high-rates, thermal softening dominates over
combined strain and strain-rate hardening, showing a decreasing effective flow stress with

increasing strain.

2500

)
=/600/ S .0- 1/s

2000
L . g -
[ M7 oooolk
1500 A/S’ — < )
i,’_% - = =~=9000/5— -
/

VON MISES EFFECTIVE STRESS (MPa)

1000 PR
0.0001/s

s00 [
A ——— TORSION TESTS
- — - COMPRESSION TESTS

0 PN B S [
0 05 1 15
VON MISES EFFECTIVE STRAIN

Figure 6. Comparison of Compression and Torsion Stress-Strain Data When Plotted as
von Mises Effective Stress vs. Strain. Torsion Stress-Strain Data Are From
Weerasooriya and Beaulieu [4].

3.2.2 Comparison of Maximum Shear Strains and Final Microstructures.

Both compression and torsion data are plotted in Figure 7 as maximum shear stress vs.
maximum shear strain plots. Maximum shear stress and strain are chosen because the material
would fail under shear. In our compression experiments, the maximum shear strains that were
reached were not high enough for the failure. But in torsion experiments, specimens failed in the

direction of the maximum shear for all the strain-rates.
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Figure 7. Comparison of Compression and Torsion Stress-Strain Data When Plotted as
Maximum Shear Stress vs. Maximum Shear Strain. Torsion Stress-Strain Data
Are From Weerasooriya and Beaulieu [4]. None of the Compression Specimens
Failed During the Loading. Torsion Specimens Failed at a Much Smaller Shear
Strain Than the Maximum Shear Strain Reached in Compression Tests, but
Only the High-Rate Torsion Tests Failed by Shear Localization.

At lower rates of loading, torsion specimens failed along the maximum shear direction after
going through a uniform deformation. In contrast, in high-rate torsion tests, the specimens failed
by shear localization along the direction of maximum shear strain (see Figure 8a). In torsion
tests, the maximum shear plane lies approximately parallel to the direction of the applied shear.
Cavities were present in the highly deformed localized shear area, at the matrix-W grain
interface, where the major axis of the elliptically deformed W grains meets the matrix. Failure
shear strain was 0.18. But, in high-rate compression tests, specimens did not fail up to a
maximum shear strain of 2.2 (see Figure 8b). All W grains have flattened in the loading
direction. Their are no signs of shear localization in the specimen. This observation contradicts
what was observed by Lankford, Bose, and Couge [ 14] vfor most of WHAs they tested under
compression loading. They observed failure by shear localization at lower strains along the
maximum shear direction, which laid 45° inclined to the loading axis in the uniaxial compression
tests. But, in their experiments, specimens barreled due to the friction at the loading surfaces
during the testing. During barreling, stress state is not uniform and not uniaxial. As shown by
Mescall, Papirno, and McLaughlin [15], a complex nonuniform triaxial state of stress, including

tensile stresses, exists in the specimen. Even though the failure mechanisms are identified in
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their tests, we cannot obtain the complete state of the actual stress and strain conditions that

initiates these localized adiabatic shear bands from macroscopic measurements.

> 4

(@) ®)

Figure 8. Optical Micrographs of the Specimens (a) at the End of the High-Rate Torsional
Loading From Weerasooriya and Beaulieu [4] (Maximum Shear Strain = 0.18)
and (b) at the End of the High-Rate Compression Loading (Maximum Shear
Strain = 2.2). Only the Specimens Subjected to High-Rate Torsional Loading
Show Shear Localization.

Though our compression experiments specimens did not fail by shear even up to a shear
strain of 2.2, Zhou, Clifton, and Needdleman [5] observed the failure of this WHA by shear
localized instability in their pressure-shear experiments at a maximum shear strain of 1.4 under a
10-GPa high hydrostatic compression. Shear strain-rate of these experiments was much higher
and close to a 650,000 s* strain-rate in comparison to 9,000 s* strain-rate in our compression
experiments. Specimens failed by pure thermal instability initiated localization compared to
cavity-assisted localization in pure shear (torsion). Also, it is important to stress that their
experiments were conducted with very thin samples of 57 to 89 {m (approximately three to four

W grains across the thickness).

3.3 Modeling the Deformation Behavior.

Model constants of the two models discussed in this section have been obtained from room-
temperature stress-strain data at 0.0001 and 0.1 s* strain-rates, and 0.1 s* strain-rate stress-strain
data at 423, 573, and 732 K.
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3.3.1 Effect of Strain-Rate.

In Figure 9(a) and (b), yield stress is shown as a function of strain-rate in semi-log and log-
log plots, respectively. This material is extremely strain-rate sensitive at the room température.
Linear correlation from both log-log (correlation coefficient, R = 0.99727) and semi-log (R =
0.9892) representations are reasonable. A similar possibility of dual correlation was also
observed from the torsion experimental data for this alloy [7]. This observation suggests the
feasibility of using either a logarithmic law or a PL for modeling the flow stress behavior for rate
effects for this material. For behavior at different rates of straining, researchers have proposed
both exponential [16-19] and PL-type [20, 21] macroscopic constitutive models to represent
plastic flow behavior via slip for many materials. In the next two sections of this report, the JC
Model, which is of exponential type, and a PL model are considered for the representation of the

experimental data.

1800
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Figure 9. Strain-Rate Sensitivity: (a) Yield Stress vs. Strain-Rate in a Linear-Logarithmic
Plot and (b) Yield Stress vs. Strain-Rate in a Logarithmic-Logarithmic Plot.

3.3.2 Johnson-Cook Model.

Johnson and Cook [19] proposed a phenomenological thermo-viscoplastic relationship for
flow stress ( ©) as a function of plastic strain (g,), strain-rate ( £), and temperature ( T, in Kelvins).

This relationship is given by

o-:(O'yo+B-e;)-(1+C-ln(é£)]‘f(T). @

(o]
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Here, oy, (=1,186 MPa) is the yield stress at the reference (room) temperature and the

T-T, Y
reference strain-rate (€, = 0.1 s-1). f(T)is defined as f (T)= [l - (T R ) } where Ty is the
M R
melting temperature and Ty is the room temperature. B, C, n, and o are model constants to be
determined from the experimental data. Constants B and n are obtained from the stress-strain
behavior at the reference strain-rate and temperature. Constant C is obtained from yield stresses
at 0.0001 s* and 9,000 s*. Yield stress at 9,000 s is obtained from extrapolation of the data to

the linear elastic response.

To obtain the temperature effects, experiments can be conducted at temperatures lower than
the room temperature. In this case, function fo(T) is not defined. For the model to be valid at
lower temperatures, the following functional forms for f(T) have been also proposed in the
literature (see Weerasooriya [7] for f1(T) and Gray et al. [22] for f2(T) ):

T -T "

=1- 5
£(T) {1 (TM i H ®

T o
and f,(T)= {1 - (——-——J :| ©)

T
In addition, a function of the Arrhenius form £3(T)= expliRE.(%_Tl_H is considered f(T),
g R

where G is a model constant and Ry is the gas constant (Rg = 8.31 J/mol-K). This function is
proposed because the plastic deformation by dislocation motion is a thermally activated process

[23]. Here, G represents activation energy to overcome the barrier to dislocation glide.

All four functional forms are evaluated using the deformation data at the reference strain-rate

(&,) 0.1 s* at four tested temperatures: 293, 423, 573, and 732 K. At the reference strain-rate of

0.1 s, equation (4) reduces to

f(T)=( g ™

o, +B-&)
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Figure 10(a)-(d) show the log-log representation of the equation (7) with the respective
temperature function indicated in the title of the figure. In these plots, the y axis represents f(D),
which is given in Equation (7). Y and x axis variables are chosen for the resultant equation to be
linear after rearranging its terms. Using these rearranged equations, stress-strain data at the
tested temperatures are plotted for different strains that are indicated in the legends of the plots.
Thus, the more linear the data points are represented in the plots, the better the corresponding
temperature function. Liner correlation coefficients of the plots for each of the four functional
forms are: fo-> R =0.94906, f;->R =0.96184, f,->R =0.90499, and f3 -> R =0.99189.

Therefore, from these plots, it can be seen that the exponential function f3(T) is the best

functional form for f(T). The corresponding JC model constants are

€, =0.1s% Tp=293K; G =1.81klJ/mol;

and Oyo = 1,186 MPa; n =0.6125; B = 1,057 MPa; and C =0.0227.
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Figure 10. Evaluation of Different Temperature Functionals for JC Model. Legend of Each
Plot Shows the Strain Values.
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Figure 10. Evaluation of Different Temperature Functionals for JC Model. Legend of
Each Plot Shows the Strain Values (continued).

In Figure 11, the comparison between the stress-strain curves generated using this set of

constants and the experimental data shows an excellent match.
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Figure 11. Comparison of JC Model and Experimental Stress-Strain Data Used for Model
Calibration.
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3.3.3 Power Law Model.

Researchers [20, 21] have proposed a PL relationship for the flow stress (o) as a function of

strain (), strain-rate ( £), and temperature (T) in the form

€ ' gy
G=Go[g] [8—) (T, ®

T o
where f(T) is given by foP(T)z(T—] to describe the thermo-viscoplastic stress-strain
R

behavior. Here, n, m, and o are model constants to be determined from the experimental
stress-strain data. o, (= 1,186 MPa) is the yield stress at the reference strain-rate (g, =018
and the reference (room) temperature (Tg = 293 K). The constants €y and n are obtained from the

room-temperature stress-strain data at 0.1 s* strain-rate. These two parameters change with the
strain and are therefore defined in the form a + b Tanh(e), where a and b are constants. The
strain-rate-hardening exponent m is obtained from the yield stress data at the strain-rates

0.0001 s* and 9,000 s*.

Since plastic flow is controlled by dislocation motion that is a thermally activated process, an

G (1

exponentiai function of Arrhenius type of the form f;,(T)= exp[R— . (—;r— - —%ﬂ where G is the
R

g
mode] constant, is also evaluated using 0.1 s*strain-rate stress-strain data at different
temperatures. Results show that both the fp(T) and f(T) functions can correlate the different
temperature data reasonably well (for f(T): o= -0.4887 with R = 0.9712; for f1p(T): G/R =

0.21539 K with R =0.9787).
Model constants for the PL model with the Arrhenius-type temperature function are
¢, =0.1s", Tr =293 K, o, = 1186 MPa, m = 0.02469, and G = 1.79 kJ/mol;
for £ <0.00349, n = 1.0 and & = 0.00349;

and

for € > 0.00349, n = 0.07249 + 0.28874 Tanh(e) and &, = 0.00408 + 0.12381 Tanh(g).
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Figure 12 shows an excellent match between the experimental data and the PL model.

2,500 p——m . . .
k 0000157293 K g
- 01s7293K ;
2,000 -
§ 15423 K
2 1
> 1500 15573 K
[&9]
a4
5t
@ 1,000
-
&
= H
S0 PL Model
— — —Experiments
0 Ll Lebd (HE O T R IR Lll
0O 02 04 06 08 1 12

TRUE STRAIN

Figure 12. Comparison of PL Model Generated Data and Experimental (Used for Model
Calibration) Stress-Strain Data.

3.3.4 Model Predictions of High-Rate Behavior.

In this section, we discuss the ability of the models to predict the experimentally observed
high strain-rate (9,000 s average strain-rate) stress-strain behavior. Figure 13 shows the
experimentally observed stress-strain behavior at 9,000 s* strain-rate and the adiabatic, as well as
isothermal, calculated stress-strain from both models. During computation of the adiabatic
stress-strain response, it was assumed that 95% of the plastic work was converted to heat.

Temperature increase (AT) in the specimen is given by

_0.95W,
==

AT ©)

P

where W is the plastic work, p is the density, and Cy is the specific heat. In addition, the figure

shows the calculated temperature of the gauge section under adiabatic conditions as a function of

the applied strain using the JC model. Calculated isothermal stress calculated from both models

increases with strain. The experiment shows that the material starts to soften with strain just

after yielding. This indicates adiabatic heating of the specimen from the start of the plastic
17




deformation. Material continues to soften through out the test; but, the adiabatic prediction from
both models shows strain softening only up to a strain of 0.3. Beyond that, the models show
strain hardening. In addition, both models show a lower stress level than that from the
experiment up to approximately a strain of 0.45; beyond this strain, stresses predicted by the
models are higher than the experimental stress for the same strain. Under adiabatic condition,
the calculated temperature of the specimen increases approximately linearly with the strain and
reaches a final temperature of 1,190 K. All these calculations assumed a uniform deformation

and uniform temperature distribution along the gauge section of the specimen.

4,000 - = 1,600
—a— JC Model f .
3,500 | —w=——PL Model }- Isothermal . 41,400
= —a— JC Model / .
£ 3,000 | —%—PL Model g r-- 41,200
&
o 2,500
A -~ Adiabatic 1,000 .
2,000 =800 =
2 = ay Ll
% 1,500 Pl e s 600
ﬁ 1,000 Exper:mental 1400
500 E —#— Temperature I—: 200
0 :l T 1 8 1111 9 4 ¢ 1 1 ) 11 $ 1 1 1 1 1 ¢! 1 3 ] O
0 05 1 1.5
TRUE STRAIN

Figure 13. Comparison of JC and PL Model (Adiabatic and Isothermal) Predictions and
Experimental Stress-Strain Data at High Strain-Rate (9,000 s*) of Loading at
293 K. Temperature of the Gauge Area for the Assumed Uniform Adiabatic
Deformation (Using JC Model) is Also Given in the Plot.

It can be seen from Figure 9 and work from others that the strain-rate sensitivity increases
with strain-rate at higher strain-rates for this alloy [5]. In the two models considered in this
paper, strain-rate-sensitivity parameter is a constant and is independent of strain-rate. When the
strain-rate-sensitivity parameter of the models is increased to represent the high-rate data from
our work and others, the initial stress-strain behavior calculated from the models represents the
experimental data well; but, the subsequent calculated hardening and softening behavior does

not change. Sensitivity analysis of the parameter G in the temperature functional form shows
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that it has to be increased at least by a factor of 2 to obtain a softening response similar to the

experimental behavior.

Calculations show that the temperature of the specimen reaches 1,190 K at large strains. Due
to the limits of the experimental facility, the highest temperature data that are used for model
calibration were obtained at 732 K. Model constants determined with additional stress-strain
data that are obtained at temperatures higher than 732 K (up to 1,200 K) may improve the model

predictions at larger strains.

Inability to predict the experimental adiabatic stress-strain curve also may indicate that the
deformation and the temperature distribution within the specimen may not be uniform due to the
possibility of onset of instability at the beginning of strain softening. Although there are no
visible signs of localization in the microstructure, it may be necessary to consider that the
localization (instability) process starts when the derivative d(stress)/d(strain) < 0. The possibility
of nonuniform heating and deformation may require an analysis of the deformation in the
compression specimen using a procedure such as a finite element method with adaptive
generation of mesh proposed by Batra and Ko [24]. Results of this type of analysis of WHA

high-rate compression data will be reported in a future publication.
4. Summary and Conclusions

A set of uniaxial compression experiments was conducted to large strains by systematically
varying the strain-rate or the temperature without barreling the specimens. Deformation
behavior of the 93W-5Ni-2Fe WHA is obtained at different strain-rates and temperatures. To
obtain the effect of loading rates, the tests were conducted at the room temperature at different
strain-rates. The range of strain-rates varied from 0.0001 to 9,000 s*. Tests were also conducted
at 0.1 s* strain-rate at different temperatures to obtain the effect of temperature on deformation
behavior. The temperature range was 293 to 732 K. In previous work, we obtained the effect of
strain-rate and temperature on the deformation/failure behavior of the same material under

torsional loading conditions.

The deformation behavior of this two-phase composite from the present compression and the
previous torsion experiments cannot be correlated with the von Mises effective stress-strain

criterion, even though this criterion is widely used in most of the computer codes. A
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micromechanistic-based methodology such as a crystal plasticity method may be able to better

correlate the deformation behavior from these two types of loading for this material.

At high-rate of loading, the torsion specimens fail by localized shear at a much lower shear
strain (0.18). Compared to the failure shear strain in torsion, compression specimens do not fail
by shear localization to a very large shear strain (2.2). Additional work is necessary to
understand this and to formulate failure criteria for this material under multiaxial high-rate

loading conditions.

A modified physically based temperature function is proposed for both the PL and the JC
models. This proposed function best represents the temperature data for both models compared
with the temperature representations found in the literature. The constitutive model constants are
obtained for both models with this modified temperature function. The high-rate adiabatic
stress-strain curves obtained from these models show the thermal softening only up to a strain of
about 0.3. Beyond this strain, stress-strain behaviors from both models show strain hardening.
However, experiments show strain softening during all of the plastic deformation. Flow stresses
obtained from both models are lower than the experimental flow stress up to about 0.45 strain;
beyond this strain, the flow stress from the models is larger than the experimental flow stress.
The calculated stress-strain curve from the PL is always higher than that from JC model. It may
be necessary to conduct temperature tests at higher temperatures than 732 K (highest temperature
from this work) to calibrate these models. The models thus obtained may be able to better
predict the high-rate behavior at large strains for WHA. In addition, a more rigorous
computation of the adiabatic stress-strain behavior that allows for the nonuniform heating and

deformation of the specimen may predict the experimental behavior more closely.
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