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Abstract

Molybdenum and its alloys have received increased interest in recent years for ballistic
applications.  The stress-strain behavior of several molybdenums possessing various
compositions, manufacturing sources, and the degree of pre-straining, were investigated as a
function of temperature from 77 to 1273K, and strain rate from 10-3s-! to 8000s-!. The yield
~ stress was found to be sensitive to the test temperature and strain rate, however, the strain

hardening remained rate-insensitive. = The constitutive response of a powder-metallurgy
molybdenum was also investigated; similar mechanical properties compared to conventionally
wrought processed molybdenums were achieved. Constitutive relations based upon the Johnson-
Cook, the Zerilli-Armstrong and the Mechanical Threshold Stress (MTS) models were evaluated
and fit for the various Mo-based materials. The capabilities and limitations of each model for large-
strain applications were examined. The differences between the three models are demonstrated
. using model comparisons to Taylor cylinder validation experiments :

Introduction

Molybdenum and its alloys is increasingly being utilized in defense-related applications(!] where its’
mechanical properties under high-strain-rate deformation has proven desirable. In this paper a
. wide range of data on molybdenums and powder-metallurgy molybdenums subjected to high-
strain-rate compression at various temperatures are presented. The yield and flow stresses for four
Mo materials studied are shown to be sensitive to changes in temperature and strain rate at low
temperatures and/or high strain rates. A large Peierls stress in bce materials has been proposed as
the rate-controlling mechanism in this temperature and strain-rate regimel(2-3], This large intrinsic
lattice resistance results in restricted movement of screw dislocations; long straight screw segments
are often observed in this class of materials after deformation(3-51. This suppression of cross-slip

of screw dislocations results in linear glide and therefore lower overall strain-hardening rates(6l.
Strain hardening rates in this class of materials under low temperature or high strain rates loading

states are also seen to be temperature insensitive and to first order strain independent(3.7,

The strain hardening behavior of metals at high strain rate is complicated by thermal softéning due
to adiabatic heating as a result of plastic work with no time for dissipation. Acquiring the dynamic
isothermal hardening behavior has been done through incremental tests in the Hopkinson bar for a
tantalum materiall8l. Due to further work hardening to the sample and the change in dimension, it
was difficult to control the sequential tests at the same strain rate and to maintain a constant strain
rate to large strains. In this study, low-temperature quasi-static compression tests are conducted to
obtain the strain hardening response of various molybdenum materials. Based on thermal
activation theory(6.9-14], the strain hardening behavior of a quasi-static low-temperature test is
compared to that of a high-rate reloading test. The validity of using quasi-static low temperature
tests as an alternative to obtain the strain hardening behavior at high strain rate to large strains
under better controlled test conditions is discussed in this paper.

The widespread utilization of modern high-speed computers makes it possible to develop more
sophisticated material constitutive model descriptions capable of modeling complex problems!!5-



18], An accurate description of a materials response over a wide range of loading environments, as
well as having predictive capabilities outside the measured range, is in great demand. The material
properties unique to bce metals and alloys bring many challenges to the development of physically-
based constitutive models. Several currently utilized constitutive models, namely the Mechanical
Threshold Stress modellt?], the Johnson-Cook modell29), and the Zerilli-Armstrong modelf21],
were examined. The same data set is used to derive the parameters for each model enabling direct
comparisons between each model for a fixed validation experiment, namely a Taylor cylinder test.

Experimental
Materials

Four commercially-pure molybdenums were investigated in this study. Two molybdenum plates
were produced via conventional casting and wrought processes. The as-received plate, designated
as Mo-C, was recrystallized and then received 20% work (designated as Mo-C20). The other two .
molybdenums were manufactured via powder metallurgy (P/M) by isostatically pressing Mo
powder and subsequently sintering at high temperature. The first P/M Mo as sintered bar
(designated as P/M-Mo) was not fully dense, 95.4% of theoretical density. However, subsequent
forging leads to densification to theoretical density. The second P/M Mo received 20% work after
sintering to yield a fully dense microstructure (designated as P/M-Mo-20 thereafter).

The mechanical responses of these molybdenum materials were measured in compression using
solid-cylindrical samples nominally 5-mm in diameter by 5-mm long, lubricated with molybdenum
- disulfide grease. Quasi-static compression tests were conducted at strain rates between 10 and
10" s at -196°C, -140°C, -90°C, and 25°C. Dynamic tests, strain rates of 1000-8000 s™', were
conducted from -196°C to 1000°C in vacuum utilizing a Split-Hopkinson Pressure Bar.[22] The
inherent oscillations in the dynamic stress-strain curves and the lack of stress equilibrium in the
specimens at low strains make the determination of yield inaccurate at high strain rates.

Description of Models

The constitutive equations used in this study.are as follows:
Johnson-Cook Model (JC):[20] '

o:(A+B-spn)(i+c-1né*)(1—T*’”) )

where £* is a non-dimensional strain rate value, g, is the plastic strain, and T* is defined as
(T - TRoom)/(TMelt - TRoom)‘

Zerilli-Armstrong Model (ZA) for body-centered cubic material:12!]
c=Cy+C-exp(-C5-T+Cy-T-In&)+Cs-," (2)

The athermal stress term C, can be modified to include grain size effects using a Hall-Petch
relation o, +k-d7'/2, where d is the average grain size. In the ZA model, it is presumed that the
work hardening rate is independent of temperature and strain rate. Both the JC and ZA models use
a power-law stress-strain relationship that exhibits continual work hardening without approaching
a saturation stress at large strains; i.e., both models predict infinite stresses at infinite strains.

Mechanical Threshold Stress Model (MTS):

The fundamental dislocation kinetics theories underpinning this model and detailed description of
the mechanical threshold stress (MTS) model have been presented in detail previouslyl19,23-25], A
brief summary of the equations used in the MTS model is presented here. Plastic deformation is
known to be controlled by the thermally-activated interactions of dislocations with obstacles. In
the MTS model the current structure at any point during the deformation process is represented by
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dn internal state variable, the mechanical threshold which is defined as the flow stress at 0K. This
mechanical threshold stress is separated into athermal and thermal components. The athermal
¢omponent characterizes the rate independent interactions of dislocations with long-range barriers
such as grain boundaries or second-phase particles or dispersoids, such as in composites. The
thermal component characterizes the rate dependent interactions of dislocations with short range
obstacles (forest dislocations, interstitial, solutes, Peierls barrier, etc.) that can be overcome with -
the assistance of thermal activation. The stress of a constant structure at a given deformation
condition can be expressed in terms of the mechanical threshold as

2 =223 551)2L, 3)
Y Ky

where the athermal component is a function of temperature only through the shear modulus (g),
and the factor S specifies the ratio between the applied stress and the mechanical threshold stress.
This factor is smaller than 1 for thermally activated controlled glide because of the contribution of
thermal activation. The form for S is written asl6l:
N
S = 1—( kT31ng—.°] : 4
goub &

For single phase materials with cubic crystal structures, the thermal component consists of the
linear summation of a term describing the yield stress and a term describing the evolution of the
dislocation structure as a function of temperature, strain rate and strain. Equation (3) can be
written as

E=&+si(é,T)fi+Sg(é,T)&. &)
Jii

0 Ho

- The second term on the right hand: side of the equation describes the rate dependence of the yield
stress mainly due to intrinsic barriers such as the strong Peierls stress observed in bce materials at
low temperatures or at high strain rates. It is further assumed that this term doesn't evolve after
yielding. &, in equation (5) evolves with strain due to dislocation accumulation (work hardening) -
and annihilation (recovery). The physical understanding of the work hardening behavior of
polycrystals is still inadequate to unify this complex process and represent it by physically-based
parameters. Follansbee et al.[!1%] have chosen the following form to fit the work hardening to their
experimental data:

G
P%@J

tanh(c) ’

8=0,{1- (6)

where a approaches zero represents a linear variation of strain hardening rate with stress (Voce
law). The saturation threshold stress 6 is a function of temperature and strain rate according

. \I/n
~ ~ &
G&S’ = O-&S‘O['—-] s (7)

€50

where n = go b’ [kT, é.0, goes» and &, are constants.

The shear modulus was calculated for body-centered cubic (bce) Mo using the formula:
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_ (G =Gy +Cy)
3

(8)

where C; are the elastic constants{?l. For simplicity, an empirical equation[30] was used to fit the
data to incorporate the temperature dependence of “u” in a form of

D
B=py ——r~—. ©)
exp(—o) -1
T

The temperature rise for the tests at strain rates above 500 s™' can be calculated assuming a certain
percentage ('P) of the work of plastic deformation is converted into heat according to:

AT = % | o(e)ds (10)

where o and ¢ are the true stress and strain, p is the density, and C, is the heat capacity that can be
written in the form[B3!] of

Ag+ A -T+ 4,/ T2, (11)

Adiabatic heating is expected to make a large difference at higher strains during high-rate
deformation. :

Results and Discussions

Mechanical Responses

The effect of temperature and strain rate on the mechanical properties of the Mo-materials was
investigated through a series of compression tests over a wide range of temperatures and strain
rates. The compressive stress-strain responses of the four different Mo materials are shown in
Figures 1-4.

A few common attributes were seen to be exhibited in all four sets of experimental data: 1) below
600°C at high strain rates, the yield stress is very sensitive to the testing temperature and strain rate,
2) most of the strain-stress curves showed mild stress drops immediately after yielding, the
magnitude of this stress decrease depended strongly on the strain rate, 3) all the materials hardened
after yielding; however the rate of change in the flow stress at a certain strain is insensitive to both
temperature and strain rate for tests below ~400°C at high rates, and 4) at -196°C and at 0.001/s,
the yield stress and work hardening rate are substantially higher than those at and above 25°C.
This observation suggests that deformation twinning may be occurring in addition to slip.
Observations 1 and 3 are unique to materials with a body-centered-cubic structure. This behavior
is primarily due to a strong Peierls barrier which is an intrinsic property of bcc metals as well as
other lower symmetry materials. Through thermal activation processes, this intrinsic barrier
becomes transparent to dislocation motion at higher temperatures. The dependence of the flow
stress on temperature therefore dramatically decreases (dynamic tests at 200, 600 and 1000°C in
Figure 1). On the contrary, for an annealed face-centered-cubic material (e.g., OFE-Cu or Ni-270)
the yield stress weakly depends on the temperature and strain rate. In addition, the stress-strain
curves at different temperatures and strain rates diverge upon further deformation indicating that
their strain hardening behavior is rate dependent[32-34]. The dynamic stress-strain behavior at -
196°C is somewhat ambiguous such that the work hardening rate decreases much faster starting in
earlier part of deformation. This was mainly due to the amount of cold work introduced into the
materials that raised the flow stress substantially. The high flow stress made it difficult to maintain
a constant strain rate during Hopkinson pressure bar testing. The degree of difference observed
between the quasi-static and dynamic cryogenic tests is seen to be minor for Mo-C20 and P/M-Mo.
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Figure 1: Compressive stress-strain response of the Mo-C plate material. The test
temperature and strain rate for each curve: 1. -196°C, 1300/s; 2. -196°C, 107s; 3. 25°C,
1800/s; 4. 200°C, 3000/s; 5. 25°C, 107's"; 6. 25°C, 107s™; 7. 400°C, 3400/s; 8. 600°C,
42007/s; 9. 1000°C, 4500/s. :
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Figure 2: Compressive stress-strain response of the Mo-C20 plate material. The test
temperature and strain rate for each curve: 1. -196°C, 1000/s; 2. -196°C, 107%s; 3. 25°C,
2000/s; 4. 200°C, 3300/s; 5. 25°C, 10°'s"; 6. 25°C, 107%s; 7. 400°C, 3800/s; 8. 600°C,
3000/s; 9. 1000°C, 3200/s.
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Figure 3: Compressive stress-strain response of the P/M-Mo bar matenal The test
temperature and strain rate for each curve: 1. -196°C, 1500/s 2. -196°C, 107s"; 3. 25°C,
2000/s; 4. 200°C, 3000/s; 5. 25°C, 107s™"; 6 25°C, IO ’s! 7 400°C, 3800/s .}600°C,
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Figure 4: Compressive stress-strain response of the P/M—Mo 20 plate material. The test

temperature and stram rate for each curve: 1. -196°C, 1075
2500/s; 4. 25°C, 10™'s

';'5.25°C, 10°s; 6. 600°C, 3400/s.
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; 2. 25°C, 1500/s; 3. 200°C,




The reproducibility and homogeneity of the P/M-Mo plate was evaluated through repeated tests at
three different strain rates at room temperature. Samples were also machined from three different
locations (about 50 mm apart from one another) in the plate. Fig. 5 shows the flow stresses as a
function of strain rate and location. The stress-strain curves were seen to lie within the
experimental scatter. The high strain-rate sensitivity of the yield stresses exhibited in this class of
materials is further demonstrated in Fig. 5.

The mechanical responses from the four Mo materials investigated in this study are compared at
25°C and at 10°s™ (Fig. 6). The amount of work retained from the first processing is seen to be
higher than 20% as displayed by the higher flow stress of Mo-C as compared to that of Mo-C20.
The as-sintered P/M-Mo bar exhibits the lowest yield and flow stresses mainly due to its annealed
initial microstructure. Both the conventionally and powder-metallurgy processed Mo after 20%
work show very similar flow behaviors (curves labeled as Mo-C20 and P/M-Mo-20, respectively,
in Fig. 6). The powder-metallurgy process provides an alternate route to produce a homogeneous
and isotropic material having comparable mechanical properties.

Constitutive Modeling of P/M-Mo-20 plate

Johnson-Cook and Zerilli-Armstrong Models:

For the JC and ZA models, computer programs were developed(25:35] to optimize the fitting
constants to the stress-strain data over a wide range of temperatures and strain rates. The best fit to
the JC model for the P/M-Mo-20-plate material is shown in Figure 7. The experimental data at
strains less than 0.1 were treated as representing an isothermal condition for all strain rates. The
effect of adiabatic heating at high strain rates was neglected for low strains. This is appropriate
since the strain hardening rate in bce materials is very insensitive to the strain rate and temperature.
The strain hardening behavior can be obtained from a quasi-static test where adiabatic heating is not
significant. This will be presented in the next section describing the strain hardening behavior at
high rates and large-strain behavior. The formulation of the JC model (equation (1))} which was
originally derived for fcc metals, presumes the stress-strain curves diverge upon deformation as is
typical for metals such as Cu and Ni. In order to capture the strain hardening behavior at finite
strains past yield, the starting yield stresses calculated from the model (bracketed by two arrows in
Fig. 7) must be set to be much lower than the actual experimental data suggested.. Otherwise,
because of this intrinsic divergence the flow stress at larger strains, the flow stresses at higher
strains would be significantly over predicted. The overall flow stresses and strain hardening
(especially at 25°C and at 0.1/s) are seen to be reproduced satisfactorily by this model. The flow
stresses at high strain rate was calculated assuming adiabatic condition with 95% of the work
converted into heat. The temperature rise due to adiabatic heating softens the material at higher
strains. Because of a very simplistic form used in the model to describe the temperature softening
effect, the flow stress at 600°C is seen to be over-predicted (inverse triangles compared to the short
dashed line in Fig. 7). It can be adjusted to capture the temperature sensitivity for the 600°C
condition, but then it will under predict the mechanical response at 200°C. The final optimization
of the model fit will depend on the ranges of strains, strain rates, and temperatures actually
observed in real applications. Furthermore, the strain hardening rate is insensitive to the strain rate
and temperature change in unalloyed bec materials, like Mo, within the range investigated.
Substantial deviation from the experimental data for the JC model is expected to be larger at higher
strains due to the flow stress divergence of the model with strain.

The ZA model assuming rate-independent strain hardening and a rate-dependent yield stress for bee
metals (equation (2)). The fitting results for the P/M-Mo-20-plate material to the ZA model shown
in Fig. 8 are in close agreement with the experimental data for strain rates from 10° s to 3400 s,
and temperatures ranging from 25°C to 600°C. For some applications, however, the stress levels
at large strains are critically important. The functional form, which relates the strain and the stress
through a power law, based upon these data may be inappropriate. This point will be examined in
the next section describing large-strain behavior.
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Figure 5: Compressive stress-strain response at room temperature of the P/M-Mo-20 plate
material. The samples were machined from three different locations in the plate. Location
A- short dashed lines, location B- solid lines, and location C- medium dashed lines.
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Figure 7: Johnson-Cook model fit (symbols) for the P/M-Mo-20 plate material.
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Figure 8: Zerilli-Armstrong model fit (symbols) for the P/M-Mo-20 plate material.

Mechanical Threshold Model:

For the MTS model, as stated in equation (5), the contributions to the flow stress from different
obstacles needs to be examined to allow accurate physically-based materials modeling. The
athermal stress depends on the temperature through the shear modulus only and it is a constant
after being normalized by the shear modulus. The second term on the right hand side of equation
(5) represents the thermal contribution to the yield stress on top of the athermal contribution. It is
further assumed that this term does not evolve with strain. These two terms combined were found
to capture the yield stresses very well as shown in Fig. 9. The strain hardening part was described
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By eciuations (6) and (7) using a phenomenological hardening law that eventually saturates at large
strains. The work hardening behavior at 25°C, at 0.1/s and 0.001/s was well reproduced by the
hardening law adopted in the MTS model within the strain range tested. ' '

The JC model missed the high rate- and temperature-sensitivities of this material while capturing
the strain hardening behavior. The ZA and the MTS models satisfactorily described both the yield
and hardening behavior of the P/M Mo. All the constitutive model coefficients were derived based
on the same well controlled low-strain data as a function of strain rate and temperature. It is
interesting to examine how well each of these three models can extrapolate to large strains.
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Figure 9: Mechanical Threshold Stress (MTS) model fit (symbols) for the P/M-Mo-20 plate
material.

Taylor Cylinder Impact Simulation

Taylor cylinder impact testsl18.36-39] are relatively easy and inexpensive to perform. Depending on
the initial impact velocity and the material strength, a very wide range of strain rates, temperatures
(due to adiabatic heating), and strains can be achieved from a single test. The Taylor test provides
a clean set of experimental data from which to validate the implementation, and the accuracy of a
constitutive model in a large finite element code. A schematic drawing of a Taylor cylinder test and

a photograph of the post-test geometry for a tantalum Taylor samplel!8] is shown in Fig. 10. The

Taylor tests were simulated using the finite element EPIC-95[401 code. An isotropic von Mises
yield surface in conjunction with a flow stress model (JC, ZA, or MTS) was used in the
calculation. The sample was a 30 caliber (7.62 mm diameter) cylinder with a length of 38.1 mm
giving the length-to-diameter ratio L/D =5. The initial impact velocity was 175 m/s in the
calculation. The final dimensions from the calculations are listed in Table I and the side profiles are
plotted in Fig. 11 for the three constitutive models. The results using the JC and the ZA models in
general are harder than that of the MTS model calculation.” The deformation zone is seen to be
narrower in depth from the impact surface in the MTS model calculation than those of the JC and
the ZA models. This is mainly due to the difference between the three models in predicting the
flow stresses at large strains. There were two sets of parameters generated for the JC model. The
first set was optimized so the 200°C flow stress behavior was well described and was listed in the
first row of Table I and shown in Fig. 11(a). The model fit plotted with the experimental data are
shown in Fig. 7. The second set of parameters was optimized to capture the flow stress at 600°C.
The calculated stress at 200°C from this set of data would be lower than the actual experimental
data. The Taylor simulation result from the second set of parameters for the JC model is plotted in
Fig. 11(b). The overall response in terms of final height and the final Taylor cylinder diameter at

[0
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Figure 10: Schematic drawing of a Taylor cylinder impact test (left) and a photograph of the
post-test geometry for a tantalum Taylor samplel!8] (right).

Table 1. Taylor cylinder calculation* results

Final Length (mm)  Final Diameter (mm) Ditoge' Phrs
JC model - fit 200°C 34.95 11.39 0.877
JC model - fit 600°C 34.16 12.46 0.959
ZA model 35.08 11.42 0.879
MTS model 34.49 12.99 1.000

* Initial length = 38.1 mm, initial diameter = 7.62 mm, initial velocity = 175 m/s.
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Figure 11: Comparison of Taylor cylinder impact simulation results among the three
constitutive models.

i/




the impact surface is close to the measurements from the MTS model calculation. However, the
depth of the deformation zone and the detail of its shape are not the same. The JC model is suitable
to describe a material with a mildly rate-dependent yield strength and mildly to strongly rate-
dependent work hardening response. As shown for the case of Mo and other bce metals, the type
of mechanical response doesn’t fall within the range for which the JC model was derived. It is not
possible to derive a unique set of parameters for the JC model that is capable of accurately
describing the yield and hardening behavior for most bce metals, for test conditions in the range of
0-2 in strain, 25-1000°C in temperature, and 10°-10*s™ in strain rate.

Strain Hardening at High Rate and to L arge Strains

There are two questions which remain to be answered in order to complete the derivation of the
constitutive model parameters. The first one is what is the actual strain hardening behavior at high
strain rates and how to obtain it, and the second question is what is the mechanical response at
large strains and how to describe it. An isothermal stress-strain curve at high strain rate was

obtained via incremental tests on a Hopkinson bar for tantalum(8]. An attempt was made to reload
the sample after being deformed at 25°C at 1500/s under the same strain rate and the same initial
temperature. The first and second loading stress-strain curves are shown in Fig. 13. Comparing
the reloading (after the sample returned to room temperature) flow stress level to the stress at the
end of the first compression, it is clear that significant thermal softening due to adiabatic heating
from the plastic work occurred at the early part of deformation. The strain rate versus strain profile
from the reloading using the Hopkinson bar was however not a perfect one. Due to further work
hardening in the sample and its change in dimension, it was difficult to control the second test at
the same strain rate as the previous one and to maintain a constant strain rate to large strains in the
sample. ' : '

As stated in the previous section, namely description of models, plastic deformation is controlled
by the thermal-activated interactions of dislocations with obstacles. In the thermally activated glide
regime, the interaction kinetics for short range obstacles are described by an Arrhenius expression

of the form[6.9-141;

é=& exp( _'/?TGJ' (12)

The strain rate and temperature are therefore interchangeable such that different combinations will
yield the same thermal activation energies. It is expected that under those circumstances, the
overall mechanical responses would be very similar as long as the controlling deformation
mechanism is dominated by thermal-activated processes. Based on this idea, a low-temperature
compression fixture was built for an MTS servo-hydraulic test frame capable of performing tests at
temperatures between -180 and 25°C and at strain rates between 10° and 10/s. The temperature is
controlled by regulating the amount of liquid nitrogen flowing through channels inside the platens
(Fig. 12) and was found to be accurate within = 1°C.

Thermal softening resulted from adiabatic heating at high strain rate made the determination of the
hardening behavior difficult. In the previous section of constitutive modeling, according to the
past experience with bec metals(!8] the overall strain hardening behavior was obtained from a
quasi-static test at 25°C at 0.1/s where adiabatic heating is minimized. Figure 13 shows four quasi-
static tests from 77K to 298K. The strain hardening rates are not a strong function of temperature
except at 77K where twinning may occur at such low temperature. The flow stress at 298K at
0.1/s can be considered to be parallel to the “isothermal” stress/strain response at high rate (by
connecting the 5-10% of strain from the first deformation to the data from reloading). At 183K,
the quasi-static stress/strain behavior is very close to that of dynamic test at room temperature.
This substantiates the applicability of thermal-activation theory to the P/M-Mo investigated. The
stress/strain response at 133K is similar to that which would be achieved if extrapolating the strain
rates to 10° s™' at room temperature supports the assumption that the strain hardening rate is
insensitive to the temperature for the P/M-Mo plate studied. The quasi-static low temperature tests
therefore provide an alternative to obtain the strain hardening behavior at high rate under a better
controlled test condition.
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Figure 12: Low-temperature fixture for a quasi-static loading frame.

After establishing a method to measure the strain hardening behavior suitable for both quasi-static
and dynamic conditions, the flow stress at large strains is of particular interest for modeling the
Taylor cylinder impact test as well as some defense applications. The samples at 298 and at 183 K
were reloaded incrementally with intermittent re-lubrication to large strains. The data up to strains
of 0.8 are plotted in Fig. 14. The strain hardening behavior seems to be insensitive to the
temperature at large strains. With large-strain data, the accuracy of predicting the flow stress by
the constitutive models discussed previously is evaluated. The mechanical threshold stress (MTS)
model fit (filled circles) and the Zerilli-Armstrong (ZA) model fit (open triangles) for the P/M-Mo-
20 plate material calculated to large strains are plotted with the experimental data in Fig. 15. The
MTS model accurately capture the yield stress and the work hardening at low strains and then
satisfactorily follows the experimental flow stress data to large strains. The ZA model (as well as
JC model) when fitted correctly to the small-strain data, over-predicts the flow stress at large
strains due to its use of a power-hardening law. This is the major factor that accounts for the
difference in the Taylor cylinder calculations shown in Figs. 11 (c) and (d) for the ZA and the MTS
models, respectively. The degree of difference can be alleviated by re-fitting the ZA model to

include the data at large strains to lower the hardening coefficient “»” in equation (2) to capture the
flow stress at large strains (diamonds in Fig. 15). In this new fit, the yield and flow stresses up to
strain of 0.1 are missed as displayed in Fig. 15. The severeness of the misfit increases for
annealed metals whose work hardening rates are too complicated for a power-hardening law to
handlel4l). -The phenomenological based hardening law (equation (6)) seems to capture the
hardening behavior accurately in the small-strain regime and further “predict” the flow stress

behavior at large strains reasonably well(35:41.42],
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Figure 13: Compressive stress-strain response of the P/M-Mo-20 plate material. Several

test conditions were carried out to acquire the hardening behavior at high strain rate.
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Figure 14: Compressive stress-strain response of the P/M-Mo-20 plate material to large

strains through several incremental tests with intermittent relubrication.
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Figure 15: Mechanical Threshold Stress (MTS) model fit (closed symbols) and two Zerilli-
Armstrong (ZA) model fits (open symbols) for the P/M-Mo-20 plate material to large
strains. The ZA model was fitted to small strains only (triangles) -and to including large
strains (diamonds).

Summary

The current study of the mechanical properties and constitutive relations for molybdenum under
high strain-rate deformation yields the following observations:

- (1). The high strain-rate and temperature sensitivity of the flow stress and the insensitivity of the
strain hardening rate indicate that the rate controlling mechanism for deformation of Mo at
high strain rate from low to intermediate temperatures is thermal activation over a high Peierls
stress.

(2). Quasi-static low temperature tests prov1de an alternative to obtain the strain hardemng

_ behavior at high strain rate to large strains under a better controlled test conditions.

(3). Three constitutive relations, namely the Johnson-Cook (JC), the Zerilli-Armstrong (ZA), and
the Mechanical Threshold Stress (MTS) models, have been examined to describe stress-strain
rate-temperature relations of Mo-plate in the high strain rate regime. The empirical relations
used in the JC and ZA models for strain hardening (o, .K.¢") may introduce substantial

deviations from the actual stress levels at large strains if the coefficients were derived from
low-strain data. The physically-based MTS model overall is seen to provide better fitting
results for a wider range of strains. The comparison from Taylor cylinder impact test
simulations indicates the significance of accurately capturing the large-strain behavior as well
as the temperature and strain-rate sensitivities.
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