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The effects of strain rate, temperature, and tungsten alloying on the yield stress and the strain- 
hardening behavior of tantalum were investigated. The yield and flow stresses of unalloyed Ta and 
tantalum-tungsten alloys were found to exhibit very high rate sensitivities, while the hardening rates 
in Ta and Ta-W alloys were found to be insensitive to strain rate and temperature at lower temper- 
atures or at higher strain rates. This behavior is consistent with the observation that overcoming the 
intrinsic Peierls stress is shown to be the rate-controlling mechanism in these materials at low tem- 
peratures. The dependence of yield stress on temperature and strain rate was found to decrease, while 
the strain-hardening rate increased with tungsten alloying content. The mechanical threshold stress 
(MTS) model was adopted to model the stress-strain behavior of unalloyed Ta and the Ta-W alloys. 
Parameters for the constitutive relations for Ta and the Ta-W alloys were derived for the MTS model, 
the Johnson-Cook (JC), and the Zerilli-Armstrong (ZA) models. The results of this study substantiate 
the applicability of these models for describing the high strain-rate deformation of Ta and Ta-W 
alloys. The JC and ZA models, however, due to their use of a power strain-hardening law, were 
found to yield constitutive relations for Ta and Ta-W alloys that are strongly dependent on the range 
of strains for which the models were optimized. 

I. INTRODUCTION 

THE microstructure/property relationships of tantalum 
and tantalum-based alloys continue to attract scientific and 
engineering interest due to their high density, melting point, 
excellent formability, good heat conductivity, good fracture 
toughness (even at low temperatures), corrosion resistance, 
and weldability.V] Since 1950, numerous studies have 
probed the microstructure-chemistry/property response of a 
large number of tantalum and tantalum-based alloys, both 
in single-crystal and polycrystalline form.[' 51 Tantalum, 
like all bcc metals, exhibits deformation behavior that is 
markedly influenced by impurities, alloying additions, crys- 
tallographic texture, temperature, and strain rate. t~81 Tan- 
talum and its alloys are increasingly being utilized in 
defense-related applications where their mechanical prop- 
erties under high strain-rate deformation are attractive. In 
this article, a wide range of data on unalloyed tantalum and 
Ta-W alloys subjected to high strain-rate compression at 
various temperatures will be presented. Yield and flow 
stresses are shown to be sensitive to the changes in tem- 
perature and strain rate at low temperatures and/or high 
strain rates. A large Peierls stress in bcc materials has been 
proposed as the rate-controlling mechanism in this temper- 
ature and strain-rate regime. [7.91 This large intrinsic lattice 
resistance results in restricted movement of screw disloca- 
tions; long straight screw segments are often observed in 
this class of materials after deformation, t3,7,~~ This suppres- 
sion of cross-slip of screw dislocations results in linear 
glide and, therefore, a lower degree of dynamic recovery. 
The strain-hardening rates in this class of materials at low 
temperature or high strain-rate loading states are seen to be 
temperature insensitive [2.71 The addition of alloying solutes 

to tantalum raises its yield and flow stresses through solid 
solution strengthening, tvl The overall work-hardening rates 
are increased relative to unalloyed Ta due to dislocation- 
solute interactions. The temperature and strain-rate depend- 
ence of the yield and flow stresses, as well as the 
strain-hardening rate, are changed upon solute additions in 
commercially pure tantalum. While a large number of stud- 
ies have probed the mechanical behavior of a broad spec- 
trum of tantalum alloys, details of the underlying defor- 
mation mechanisms remain poorly understood and, in some 
cases, controversial. 

The availability of modem high-speed computers makes 
it possible to develop more sophisticated material consti- 
tutive model descriptions capable of modeling complex 
problems. [1~,12,~3j An accurate description of a materials re- 
sponse 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 bcc metals and alloys bring many challenges for the de- 
velopment of physically based constitutive models. The in- 
fluence of impurities and the effect of tungsten alloying on 
the constitutive behavior of Ta and Ta-W alloys will be 
presented in this article. Several currently utilized consti- 
tutive models, namely the mechanical threshold stress 
(MTS) model, tl41 the Johnson-Cook (JC) model,r15] and the 
Zerilli-Armstrong (ZA) model,V6] are examples of consti- 
tutive models currently implemented in a range of finite 
element codes, such as EPIC, t17j MESA, t~Sl and DYNA, t~91 
were examined. The same data set is used to derive the 
parameters for each model enabling direct comparisons be- 
tween each model. 

II. EXPERIMENTAL PROCEDURE 

SHUH RONG CHEN and GEORGE T. GRAY III, Staff Members, are 
with the Los Alamos National Laboratory, Los Alamos, NM 87545. 

Manuscript submitted March 24, 1995. 

The materials used in this investigation were commer- 
cially pure (triple electron-beam) annealed unalloyed Ta 
plate, Ta bar stock, Ta-2.5 wt pet W (Ta-2.5W), Ta-5 wt 
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Table I. Alloy Compositions (in Weight Parts per Million A. JC Model t~51 
Unless Otherwise Noted) 

C O N H W Nb Ta 

Ta-A TM 9 44 18 < 1 < 150 123 bal 
Ta bar 10 65 20 <5 <25 80 bal 
Ta 12 <50 <10 <5 60 250 bal 
Ta-2.5W 18 98 <10 <5 2.4 wt pct 330 bal 
Ta-5W 15 <50 <10 <5 5.2 wt pct 65 bal 
Ta-10W 11 63 <10 <5 9.6 wt pct 385 bal 

pct W (Ta-5W), and Ta-10 wt pct W (Ta-10W) supplied 
by Cabot Corporation, Boyertown, PA, with compositions, 
as listed in Table I. The unalloyed Ta, Ta-2.5W, and Ta- 
10W materials were prepared by melting 254-mm diameter 
or greater ingots. The Ta-5W, in contrast, was cast in a 
smaller research-scale electron beam melter, triple melted 
similar to the other ingots. All the ingots were forged into 
billets, the billets were annealed and cut prior to cross roll- 
ing. The plates were straight rolled in the final finishing 
passes. Each material was supplied in 6.35-mm-thick plate 
form. The as-tested microstructures of the 6.35-mm-thick 
unalloyed Ta, Ta-2.5W, Ta-5W, and Ta-10W plates exhib- 
ited equiaxed grains with average grain sizes of 42, 45, 48, 
and 42/zm, respectively. 

The mechanical responses of the tantalum materials were 
measured in compression using solid-cylindrical samples 
6.35 mm in diameter by 6.35 mm in length, lubricated with 
molybdenum disulfide grease. Compression samples were 
machined from the plates in both the through-thickness and 
in-plane longitudinal orientations. An initial description of 
the influence of tungsten alloying on the mechanical prop- 
erties and texture of Ta was published previously.tZ01 Quasi- 
static compression tests were conducted at strain rates of 
10 -3 and 10 -1 s -1, at 77 and 298 K, respectively. Dynamic 
tests at strain rates of 1000 to 8000 s -1 were conducted 
from 77 to 1273 K in a vacuum utilizing a Split-Hopkinson 
pressure bar. t2q 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. 

The shear modulus was calculated for bcc Ta using the 
formula 

( C l l  - -  C12 "q- C44 ) 
/z = 3 [1] 

where C,j are the elastic constants, t22~ For simplicity, an em- 
pirical equation tz3~ was used to fit the data to incorporate 
the temperature dependence of /x  in the form of 

D 
/x = /z o - [2] 

exp ( ~ )  - 1 

where /x0, D, and To are fitting constants. The same tem- 
perature-dependent shear modulus was used for the Ta-W 
alloys. 

IlL DESCRIPTION OF MODELS 

The constitutive equations used in this study have the 
following forms. 

o- = (A + B .  ep")(1 + C .  In k*)(1 - T *m) [3] 

where k* is a nondimensional strain-rate value, ep is the 
plastic strain, and 7"* is ( T  - Troom)/(Tmol, - Troom). The value 
of Tis in degrees kelvin, and A, B, n, C, and m are constants 
for this model. 

B. ZA Mode l  f o r  bce Materials  t16j 

0-= Co +  C , . e x p ( - C 3 " T +  C a ' T ' l n k )  
+ C5" ep" [4] 

where Co, C1, C3, C4, C5, and n are constants for this model. 
The athermal stress term Co can be replaced with a Hall- 
Petch relation o" o + k �9 d -~/2, where d is the grain size, to 
address a grain size dependence on the yield stress.t~61 In 
the ZA model, it is presumed that the work-hardening rate 
is independent of temperature and strain rate. Both of the 
preceding models use a power-law stress-strain relationship 
that exhibits continual work hardening without approaching 
a saturation in the flow stress at large strains. 

For the JC and ZA models, computer programs were de- 
velopedt24J to optimize the fitting constants to the stress- 
strain data over a wide range of temperatures and strain 
rates. A range of corresponding constants is given to cal- 
culate the stress at a certain strain followed by a comparison 
of this value to the experimental values. This process is 
repeated for every curve of interest until the best agreement 
to the entire set of stress-strain data is achieved. A param- 
eter indicating the degree of fit is defined as 

k 
]~ I~.co,cul.to~ ( e , )  - ~oxp . . . . .  ~1 ( e , ) l  

6 = t = 1 O'exp . . . . .  tal (•,) 
k [5] 

Four points representing the characteristic hardening be- 
havior for each stress-strain curve were taken to compare 
the calculated stresses at the corresponding strain values. 
For the modeling results presented in this article, fits with 
deviation parameters of better than 4 pct were achieved. 

C. M T S  Mode l  

The framework and detailed description of the MTS 
model are given elsewhere.t14.25.261 A summary of the MTS 
model is presented here to facilitate comparisons with the 
JC and ZA models and discussion of the results. Plastic 
deformation is known to be controlled by the thermally 
activated interactions of dislocations with obstacles. In the 
MTS model, the current structure of a material is repre- 
sented by an internal state variable, the mechanical thresh- 
old (~r), tz71 which is defined as the flow stress at 0 K. The 
mechanical threshold is separated into athermal and thermal 
components: 

6 = 6-~ + Z gr, [6] 

where the athermal component b-, characterizes the rate- 
independent interactions of dislocations with long-range 
barriers, such as grain boundaries, dispersoids, or second 
phases. The thermal component b', characterizes the rate- 
dependent interactions of dislocations with short-range ob- 
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stacles (i.e., forest dislocations, interstitial, solutes, Peierls 
barrier, etc.) that can be overcome with the assistance of 
thermal activation. The summation of the contributions 
from different obstacles does not need to be linearY~ The 
flow stress of a constant structure at a given deformation 
condition can be expressed in terms of the mechanical 
threshold as 

o" = o" a + 2~ o', _ o" a + 2~ S(k,T)  &' [7] 
/z /~ p~ /z /~0 

where the athermal component is a function of temperature 
only through the shear modulus, and the factor S specifies 
the ratio between applied stress and mechanical threshold 
stress. This factor is smaller than one for thermally acti- 
vated controlled glide because the contribution of the ther- 
mal activation energy reduces the stress required to force a 
dislocation past an obstacle. In the thermally activated glide 
regime, the interaction kinetics for short-range obstacles are 
described by an Arrhenius expression of the form 

= k0 exp (~)-AG [8] 

The free energy (AG) is a function of stress and a phenom- 
enological relation was chosen [27] 

[ A G  = gol.6b 3 1 \fr,/tZo / d [9] 

go in units of /zb  3 is the normalized activation energy for 
the dislocations to overcome the obstacles. It is also an 
indication of the sensitivity of  overcoming this obstacle to 
changes in temperature and strain rate. The terms p and q 
are parameters with the ranges 0 < p < 1 and 1 < q < 2. 
They detail the glide resistance profile in the higher and 
lower activation energy regions, respectively.tin Upon re- 
arrangement, we have the following relation between ap- 
plied stress (~r,) and mechanical threshold stress (b-t) at a 
constant structure... 

[ ( g ~  e__o.][ 1-  I n .  
/x /x 0 

For single-phase materials with cubic crystal structures, the 
thermal component (o- 3 consists of the linear summation of 
a term describing the thermal portion of the yield stress (o-, 
= ~ry - o'o) and a term describing the evolution of the 
dislocation structure ~, as a function of temperature, strain 
rate, and strain. Eq. [7] can be written as 

or _ o'~ + 5 + o'~= o'~ + S , ( ~ , T ) & ,  

IX I~ I z I~ tz IXo 

+ S~ (k,T) O, [11] 
/Zo 

The second term on the right-hand side of the equation 
describes the rate-dependent portion of the yield stress, 
mainly due to intrinsic barriers, such as the strong Peierls 
stress in bcc materials at low temperatures or at high strain 
rates. It is further assumed that this term does not evolve 
after yielding. The term &~ in Eq. [11] evolves with strain 
due to dislocation accumulation (work hardening) and an- 
nihilation (recovery). This structure evolution, 0 = d b'/de, 

is written as 

0 = O o -  Or (T,k,&) [12] 

where 0 o is the hardening due to dislocation accumulation 
and Or is the dynamic recovery rate. The physical under- 
standing of the work-hardening behavior of polycrystals is 
still inadequate to unify this complex process and represent 
it entirely by physically based parameters. Follansbee and 
KocksU4~ have selected the following form to fit their ex- 
perimental hardening data for Cu, and the same form was 
found to provide a robust fit to hardening behavior in Ni E26j 
and Ti-6A1-4V: f25j 

I tanh 

0 = 0 0  1 -  [13] 

where a approaching zero represents a linear variation of 
strain-hardening rate with stress (Voce law). The saturation 
threshold stress &~ is a function of temperature and strain 
rate. Kocks t281 has proposed a description for 3% that has 
the same form as that proposed by Haasent291 for the begin- 
ning of dynamic recovery, which in tum, was based on 
calculations by Schoeck and SeegerO01 of the stress de- 
pendence of the activation energy for cross slip in fcc met- 
als. The relation is written 

goes t zb3 O'es 
I n - -  -- - - I n - -  [14] 

/~sO kT b-~ o 

where e~0, go~, and &~0 are constants. 

IV. RESULTS AND ANALYSIS 

A. Compression Test Results 

The compressive stress-strain responses of  unalloyed Ta 
and Ta-W alloys at 25 ~ and 500 ~ as a function of  Ta- 
alloying content and strain rate are shown in Figure 1. The 
lower yield and flow-stress levels in the tantalum and tan- 
talum alloys are seen to increase with increasing strain rate. 
As observed in many bcc materials at low temperature or 
at high strain rate, these materials show very high strain- 
rate sensitivities in their yield and flow stresses. The addi- 
tion of tungsten to tantalum results in an increase in the 
yield stress and flow stress in Ta-W alloys in a similar way 
to increasing the strain rate for unalloyed tantalum. The 
room temperature stress-strain response of unalloyed tan- 
talum at a strain rate of 2500 s -~ is very close to that ex- 
hibited by Ta-10W deformed quasi-statically at a strain rate 
of 10 3 s-1 at 25 ~ (Figure 1). This observation is consis- 
tent with the well-established solute strengthening effects 
of tungsten alloying additions on Ta. [2,3,311 

The strain-rate and alloying effects of W on the flow- 
stress response of tantalum are quantified further in Figure 
2, where the stress level at high strain rates, designated (hr), 
and low strain rates, designated (Lr), at two different strain 
values are plotted vs the tungsten alloying content in weight 

2996~VOLUME 27A, OCTOBER 1996 METALLURGICAL AND MATERIALS TRANSACTIONS A 



1 5 0 0  . . . .  , . . . .  i . . . .  , . . . .  , . . . .  , . . . .  I . . . .  
- 25~ 2500/s 

25~ 0.001Is 
....... 500~ 0.001Is ,,, 1" " Ta-10W 

1 2 0 0  .,- 
, g . -  

/ ~ ,  ,~  T a - 5 W  
j , [ ~  ,, ,.,r r "  

r - -  Ta-2.5W 

0.. LI 1 ~ -- "~ ""  

I~ 600 ~ . . . . . . . . . . . . . . . . . . . . . .  
Y ....... 

. . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  

10"3--> 10"25 "1 
0 I I I I I I ' ' ' I " ' ' ' I ' ' ' ' I ' t ' ' I ' ' ' ' I ' ' ' ' 

0 0 .05 0.1 0 .15  0.2 0 .25  0.3 0 .35  

E 

Fig. 1 - - C o m p r e s s i v e  stress-strain response o f  Ta, Ta-2 .5W,  Ta-5W, and  
T a - 1 0 W  at s t rata  rates o f  2500 and  10 -3 s i at 25 ~ and  at strain rates 
o f  10 -3 s t at 500 ~ 
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Fig .  2 - - R o o m  t e m p e r a t u r e  f l o w  stresses at  s t ra ins  o f  0.1 and  0. ] 8 at s t ra in  

rates o f  2500 and 10 -3 s ~ as a funct ion o f  tungsten a l loying  content  in 
tantalum. 

percent. The flow-stress levels at low strain rate are seen to 
increase linearly with alloying content (dashed lines with 
open symbols in Figure 2). At two different strain values 
(0.1 and 0.18), the linearity between the flow stresses and 
the tungsten content ]s preserved with the same functional 
relationship suggesting that tungsten alloying does not alter 
the strain-hardening behavior of these materials deformed 
at low strain rates at room temperature. The flow stresses 
obtained at the same strains under dynamic loading (solid 
lines with solid symbols in Figure 2) increase nonlinearly 
with respect to the alloying content compared to that ex- 
hibited under quasi-static conditions. The difference in the 
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Fig. 3 ~ o m p r e s s i v e  stress-strain curves  o f  the una l loyed  tanta lum under  
dynamic  and  quasi-stat ic  deformat ion at var ious  temperatures .  

stress levels at high strain rate, for strains of 0.1 and 0.18, 
increases with increasing alloying content. This divergence 
reveals the increase in strain-hardening rate commensurate 
with increasing tungsten content in tantalum. The flow- 
stress differences between high and low strain-rate com- 
pression, given in Figure 2 as the finely dotted lines, 
increase with increasing tungsten content, except for the 
unalloyed tantalum which exhibits a higher difference than 
from alloying with 2.5 pet tungsten. This discrepancy can 
be explained in terms of the high sensitivity of the flow 
stress in bcc materials to impurities at low temperature or 
high strain rate. Alloying with an ample quantity of tung- 
sten tends to overshadow the impurity effects observed in 
less pure tantalum.t20] The flow-stress decrease after yield- 
ing, which was interpreted as an influence of impurities, 
during quasi-static deformation at 25 ~ disappears when 
tantalum is alloyed with 2.5 or 5 pet tungsten or when the 
materials are deformed at elevated temperatures, as shown 
in Figure 1. The flatness of the slopes of the curves de- 
scribing the stress differences further indicates that the ma- 
jor influence of tungsten alloying on the mechanical 
properties of tantalum is to: (1) substantially raise the yield 
and flow stresses of tantalum with tungsten alloying, and 
(2) either weakly, as in the case of the 2.5 or 5 wt pet 
alloys, or moderately, as in the case of the 10 wt pet alloy, 
affect the strain-hardening response of tantalum. 

The effect of temperature and strain rate on mechanical 
properties of unalloyed and alloyed tantalum was investi- 
gated through a series of compression tests at different tem- 
peratures and strain rates. The results for the unalloyed 
tantalum are plotted in Figure 3. Below 200 ~ this material 
exhibits a high temperature and strain-rate sensitivity. Increas- 
ing the test temperature by the same increment (200 ~ but 
over two different temperature ranges shows that the dif- 
ference in stress response diminishes. The constitutive re- 
sponse shows less temperature sensitivity at higher 
temperatures, as demonstrated by the curves numbered 7, 
8, and 9 v s  curves 3, 4, and 5 in Figure 3. This behavior 
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Fig. 5--Dynamic flow stresses at strains of 0.05 and 0.2 at temperatures 
of 200 ~ and 600 ~ as a function of tungsten alloying content in the 
Ta-W alloys studied. 

is primarily due to dislocations overcoming the intrinsic 
short-range obstacle(s), such as strong Peierls stress. The 
intrinsic barrier(s) that exhibits very high temperature and 
strain rate sensitivities becomes transparent to dislocation 
motion at higher temperatures through thermal activation 
process. The dependence of the flow stress on temperature, 
therefore, dramatically decreases. However, the strain-hard- 
ening behavior is essentially unchanged, even when de- 
formed at 1000 ~ at a high rate, as compared to room 
temperature and high strain rate. 

The effect of temperature on the stress-strain response of  
alloyed tantalum is illustrated in Figure 4, which is a plot 
consisting of unalloyed Ta, Ta-2.SW, Ta-SW, and Ta-10W 

deformed at a high strain rate at two different temperatures, 
namely, 200 ~ and 600 ~ Within this range, all the ma- 
terials show a relatively high sensitivity to the temperature 
change. The strain-hardening rate decreased when the test 
temperature increased for Ta-5W and Ta-10W. Less of an 
effect was observed for the hardening behavior of unalloyed 
Ta or Ta-2.5W. Figure 5 correlates the stress levels taken 
from Figure 4 at two different strains of 0.05 and 0.2, re- 
spectively, and plots them as a function of tungsten content. 
Overall, the result is similar to that, as shown in Figure 2, 
in which the strain rate was changed instead of the tem- 
perature. This result further supports that the deformation 
processes in Ta and Ta alloys can be explained in terms of  
thermal activation theory, which requires that temperature 
and strain rate are coupled in a form of k T .  log (P~/~), 
which is rearranged from Eq. [8]. Increasing (decreasing) 
the strain rate logarithmically has the same effect as de- 
creasing (increasing) the temperature linearly. The stress 
increase observed at a low temperature, mainly due to solid 
solution hardening of W, remains at high temperatures. The 
change in strain-hardening rate varies from almost nothing 
for unalloyed Ta to a moderate degree for Ta-10W, as in- 
dicated by the separation of these two dotted lines in Figure 
5, which represents the stress increment at strains of 0.05 
and 0.2, respectively. If the strain-hardening rate remains 
unchanged, these two points will be coincident, as is shown 
for the unalloyed Ta. As deformation continues, the diver- 
gence of the stress-strain curves results from changes in the 
strain-hardening rate. This will be reflected in the separa- 
tion of the two dotted lines and symbols, which is precisely 
what is seen in Figure 5. 

B. Constitutive Modeling 

1. JC and ZA models 
The basic approach to fitting the JC and ZA models is 

to select a wide range of data to represent the temperature 
and strain-rate sensitivity, as well as the hardening behavior 
of  a given material. A range of corresponding parameters 
(.4, B, n, C, and m in the JC model; Co, C~, C3, C4, C5, and 
n in the ZA model) varied by specified increments are then 
tested in a computer optimization routine developed for the 
personal computer to compare the calculated and experi- 
mental stress levels at certain strains for all the data. Min- 
imum deviation of the calculated stress from the experiment 
is used as a guideline to judge the fitting. This process is 
repeated and the range of the parameters is decreased as 
well as the increment for each parameter. In general, to 
calculate a few hundred thousand sets of parameters to fit 
ten stress-strain curves takes about 5 minutes. Less than five 
adjustments to the parameter range and increment were 
found to give a best fit to the data. Because no single pa- 
rameter is dominant or redundant, this optimization for the 
whole spectrum of data of interest does yield a best set of 
parameters without excessive prejudgement. A comparison 
of the results derived for tantalum, from the tantalum data 
of Hoge and Mukherjee, Egj by Zerilli and Armstrong [321 and 
by the current method was recently presented, p4~ It was con- 
cluded that the current parameter optimization method is as 
satisfactory as or better than the method used originally. 

The fit to the ZA model for unalloyed Ta is shown in 
Figure 6. The experimental data at strains less than 0.2 were 
treated as an isothermal condition for all strain rates. The 
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Fig. 7 - -The  stress-strain curves of  unalloyed tantalum showing the fit to 
the JC model as the open circles. 

effect of  adiabatic heating at high strains rate was neglected 
for low strains. In order to make an isothermal curve, a 
relation between temperature and stress has to be assumed 
that may not be accurate and, therefore, introduce uncer- 
tainties to the stress levels. A possible approach in the fu- 
ture will be to assume there is not much temperature change 
at strains less than 0.2 then fit the data set as the isothermal 
condition. After a better description between temperature 
and stress is obtained, this relation can be used to correct 
the original curves for adiabatic heating. Finally, the tem- 
perature-corrected curves can be refit to the model to derive 
the final fitting parameters. The temperature increase for 
tests at strain rates above 500 s -m can be calculated assum- 
ing a certain percentage (qr) of  the work of plastic defor- 

Table II. Fitting Parameters for ZA Model  

C 0 C I C 3 C 4 C 5 
(MPa) (MPa) (K-') (K-'.s ~) (MPa) n 

Ta 140 1750 0.00975 0.000675 650 0.650 
Ta bar 25 1040 0.00525 0.000300 480 0.575 
Ta-2.5W 140 1300 0.00825 0.000525 650 0.400 
Ta-5W 140 950 0.00650 0.000425 775 0.400 
Ta-10W 140 900 0.00550 0.000325 1200 0.350 
Ta* 55 1750 0.00975 0.000675 510 0.338 
Ta bar* 5 1200 0.00650 0.00035 390 0.300 
Ta-2.5W* 55 1300 0.00825 0.000525 735 0.325 
Ta-5W* 55 950 0.00500 0.000325 780 0.375 
Ta-10W* 50 950 0.0055 0.000325 1200  0.300 
Ta [321 30 1125 0.00535 0.000327 310 0.440 

*Enforcing the stress-strain behavior at large strains as predicted by 
the MTS model. 

Table IlL Fitting Parameters for JC Model 

A B T,, 
(MPa) (MPa) n C m (K) 

Ta 340 750 0.7 0 . 0575  0.400 3250 
Ta-2.5W 390 700 0 .575  0.0400 0.500 3250 
Ta-5W 400 875 0 .525  0.0363 0.550 3250 
Ta-10W 470 1000 0 .425  0.0300 0.600 3250 
Ta* 220 520 0 .325  0.0550 0 .475 3250 
Ta-2.5W* 270 650 0 .325  0.0375 0.600 3250 
Ta-5W* 290 800 0 .325  0.0388 0 .563 3250 
Ta-10W* 300 1025 0 .275  0.0300 0.650 3250 
Ta [24] 185 675 0.300 0.0470 0 .425 3250 

*Enforcing the stress-strain response at large strains as predicted by 
the MTS model. 

mation is converted into heat according to 

*f AT = ~ o-(e)de [15] 

where ~r and e are the true stress and strain, p is the density, 
and Cp is the heat capacity that can be written in the form 
ofAo + Am �9 T + A2/T:.p3I Adiabatic heating makes a large 
difference at higher strains under high rate deformation. 

Fitting results for Ta to the ZA model are good for strain 
rates from 10 -3 s -l (not shown in the figure) to the rate of  
5000 s -m, and over the temperature range of 25 ~ to 1000 
~ (Figure 6). The fit to the JC model to the same data set 
is shown in Figure 7. The formulation of the JC model, Eq. 
[3], presumes that the stress-strain curves diverge upon in- 
creasing deformation after yield. However, in this study, 
we have shown that the strain-hardening rate is insensitive 
to strain rate and temperature in unalloyed Ta within the 
range investigated. Substantial deviations of the model pre- 
dictions from the experimental data for the Ta strain-stress 
data at 25 ~ and at 1000 ~ for the JC model are seen. 
The fitting parameters for the unalloyed Ta and Ta-W al- 
loys studied are listed in Table II and III for the ZA and 
JC models, respectively. 

2. Mechanical threshold model 
As stated in Eq. [11], the contribution to the flow stress 

arising from different obstacles has to be examined to 
achieve a physically based modeling fit. Athermal stress 
depends on the temperature through the shear modulus 
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only, and it is a constant after being normalized by the shear 
modulus. Based on previous tantalum data 13,34,35j over a 
wide range of strain rates and temperatures, a value of 3 • 
10 -4 for o-Jkt was chosen. Athermal stress has been shown 
to be a function of alloying concentration in Ta-W single 
crystals.t3n The critical resolved shear stress was ~80 MPa 
at 25 ~ and ~5 MPa at 1800 ~ for a pure Ta single 
crystal while it was ~190 MPa at 25 ~ and ~10 MPa at 
1800 ~ for a Ta-3.75 at. pct W single crystal oriented for 
single slip. Athermal stress was even lower than the yield 
stress at 1800 ~ The small fraction of the athermal stress, 
with respect to the higher yield stress, exhibited within the 
temperature range for the Ta and Ta-W alloys and the con- 
stitutive models applied to them makes an accurate selec- 
tion of the athermal stress actually insignificant in the 
analysis. This is mainly used to take grain size effect into 
consideration. The second term on the right-hand side of 
Eq. [11] represents the thermal contribution to the yield 
stress on top of the athermal contribution. It is further as- 
sumed that it does not evolve with strain. In well-annealed 
materials, the initial dislocation density is low enough so 
that the contribution from the strain-hardening term at very 
low strains can be neglected. From the plot of the yield 
stress (%) as a function of the normalized activation energy, 
the corresponding parameters which describe the deviation 
from the mechanical threshold (6",) as a function of tem- 
perature and strain rate can be determined. The governing 
Eqs. [10] and [11] can be rearranged as 

( ~ - J - z )  p ' =  (~oo)P'- ( ~  I n  ~) l/q/* (~o)p, [16] 

where P-o, is an adjustable parameter. An optimum value of 
ko, will bring all the data at different temperatures and strain 
rates into a single curve. The term go, is the normalized 
activation energy for the dislocations to overcome the in- 
trinsic barrier(s) or to unpin from impurities or solutes. It 
is also an indication of the sensitivity of overcoming this 
obstacle to changes in temperature and strain rate. The 
terms p, and q, are parameters previously defined in Eq. [9]. 

The results of the preceding analysis, which unified sev- 
eral state parameters in the MTS model for the Ta and Ta- 
W alloys, are shown in Figure 8. Extensive study on a 
previous tantalum T a - m ,  13'34] with the composition listed in 
Table I, will be published elsewhere with an emphasis on 
dynamic strain aging. This material contained slightly less 
impurities than the unalloyed Ta. After the data was plotted 
according to Eq. [16], it is clear that two distinct defor- 
mation regimes are associated with this material under dif- 
ferent testing conditions. Each has its own dominant 
rate-controlling mechanism. Within the low normalized ac- 
tivation energy region (lower temperature, higher strain 
rate, indicated as region 1 in Figure 8), go, is relatively 
small, tt is 0.123 for the Ta-A and 0.133 for the unalloyed 
Ta in this study. This value increases to 0.178 for the Ta- 
2.5W, 0.210 for the Ta-5W, and 0.280 for the Ta-10W. 
The small values of the normalized activation energy sug- 
gest that the rate-controlling mechanism in these materials 
is overcoming the Peierls barrier, which has a small acti- 
vation volume, r9,36] Increasing the W content in Ta de- 
creases the rate sensitivity of the alloy. However, disloca- 
tions are more difficult to move due to solution hardening, 
thereby increasing the yield strength in Ta-W alloys. Nev- 
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Fig. 8 - -Yie ld  stresses o f  Ta and Ta-W alloys plotted according to Eq. 
[16]. The g~,~ o f  the unalloyed Ta and Ta-W alloys was calculated from 
a limited number  o f  high temperature data. 

ertheless, the small change in the normalized activation en- 
ergy suggests that the rate-controlling mechanism remains 
the Peierls barrier in both unalloyed and alloyed Ta. There 
is a reasonably sharp transition when the normalized acti- 
vation energy is higher than a certain value, which seems 
to be a function of the material composition; the slope of 
the curve changes dramatically to yield a much higher go,. 
In this region (indicated by 2 in Figure 8), yield stress is 
not a strong function of temperature or strain rate. Dislo- 
cation pinning 137] by interstitial impurities (in the unalloyed 
Ta) or by solutes (in the W alloying Ta) is believed to be 
the rate-controlling mechanism in this regime. A limited 
number of data points at higher temperatures were obtained 
for the unalloyed Ta and Ta-W alloys and are shown in 
Figure 8. The long dashed line in the lower activation en- 
ergy region was the best fit to the data for the Ta-5W. 
Extrapolating this curve to a test at 500 ~ at 10 -3 s -1 will 
predict a normalized yield stress at a value less than 0.1, 
which is marked as a " + "  in Figure 8. This low yield 
stress is not reasonable because it is much lower than the 
one exhibited by the unalloyed Ta. An experimental data 
point is plotted as the solid triangle directly above the cross 
symbol in Figure 8. It is seen that a second regime, mainly 
under higher temperatures with a different rate-controlling 
mechanism, also exists for the Ta-W alloys. Based on the 
slopes of the fitted dashed lines for the Ta-5W alloy as 
opposed to that of the solid lines for the unalloyed Ta, it 
is suggested that the temperature and strain-rate sensitivity 
of the tantalums is significantly modified by W alloying. 
Alloying with W makes the change from region 1 to region 
2 less apparent due to an increase in the importance of 
dislocation-solute interactions when the solute concentra- 
tion is increased. Additional high temperature/lower strain- 
rate experiments are needed to accurately determine the 
normalized activation energy go,2, and to precisely derive 
the demarcation for the transition between regions 1 and 2. 
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The next step toward a complete constitutive relation for 
the MTS model is the description of strain hardening due 
to dislocation storage. The constants used in Eqs. [10] 
through [14] are next determined from the experimental 
data. For each a(e) curve, a corresponding mechanical 
threshold &,(e) is derived according to 

]'~0 (Or(e) Ora S t &') [17] 

The constants used in the S, factor were ~ ,  = 10 7 s -1, go, 
= 1.6, p ,  = 2/3, and q, = 1, with go, the more critical 
parameter, based on previous experience with Cur41 and 
other materials, t25,261 The hardening curve at 0 K was fitted 
to Eq. [1 3] to obtain the saturation stress of the mechanical 
threshold. This saturation stress at 0 K was calculated for 
each test condition, and the results were plotted according 
to Eq. [14] to derive the remaining parameters. Final 
model-fitting results for the unalloyed Ta are shown in Fig- 
ure 9. The constants of the MTS model for Ta and the 
Ta-W alloys are summarized in Table IV. 

V. DISCUSSION 

A. Description of Hardening Behavior in Constitutive 
Models 

In general, material structure evolves as a result of the 
imposed external stresses. The description of structure ev- 
olution is important in constitutive models. One of the most 
commonly used equations for many decades to describe the 
stress-strain curves of polycrystalline metals is due to Lud- 
wik t38] in 1909. Stress increases according to a power func- 
tion with respect to the strain in the following way 

o- = o- 0 + K -  E n [ 1 8 ]  

where o" o, K, and n are material constants. This form of 
hardening behavior was adopted into the constitutive mod- 
els by Johnson and Cook t151 and Zerilli and ArmstrongY 61 
It is generally accepted however, that at large strains most 
metallic materials tend to approach a finite "saturation 
stress"t28J or approach a constant but small hardening rate 
at large strains (stage iV).t39.4o] Such a saturation is lacking 
in the form of Eq. [18]. The MTS model contrarily uses a 
differential form as written in Eq. [13] to fit the experi- 
mental data. The ill-defined integrated strain (from the en- 
tire previous deformation history) is thereby avoided. The 
parameter a determines how a material reaches saturation. 
With the saturation concept built in and a differential form 
of a hardening law in place, the data obtained under a well- 
controlled condition to a reasonable value of strain are suf- 
ficient to derive all the parameters needed in Eq. [13]. In 
the JC and ZA models, for large-strain applications, as seen 
for example in ballistics or metal forming, stress-strain data 
at large strains are, therefore, essential for deriving the con- 
stants for these models. Such data can be achieved through 
a series of reloading experiments to obtain isothermal 
stress-strain data to large strains. However, the lack of a 
saturation stress as an integral part of the JC and ZA models 
negates a satisfactory model fit at small strains if these two 
models were previously optimized for large-strain applica- 
tions and vice versa. Utilization of either the ZA or JC 
models in large-scale system calculations where portions of 
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Fig. 9 - - T h e  stress-strata curves o f  unal loyed tantalum showing the f i t  to 
the M T S  model as the open circles. 

the problem simultaneously span from low to high strains, 
particularly in the case of localization problems, makes op- 
timized fitting of these models nearly impossible. One ex- 
ample of the model-fitting result for unalloyed Ta is shown 
in Figure 10. The figure shows two curves from the test 
matrix plotted in Figure 3. Isothermal stress data are cal- 
culated to a strain of one to demonstrate the large differ- 
ences in stress levels at large strains using different 
approaches for deriving the parameters for all three consti- 
tutive models. The ZA model fit previously discussed was 
optimized to data obtained to a strain of 0.25, as shown in 
Figure 6. Yield stresses and strain-hardening behavior were 
described by this best set of parameters extremely well. 
However, the open circles in Figure 10 at large strains sug- 
gest that continual hardening due to the absence of a sat- 
uration stress in these models will predict high flow stresses 
at large strains. The manifestation of this over prediction is 
that calculations using the finite element method (EPIC 
code) to simulate the extremely high rate deformation in a 
ballistic application where the average strain was larger 
than two showed differences in the final sample shapes. 
Stiffer mechanical properties were predicted by the JC and 
ZA models, while the MTS model was closer to the ex- 
perimental observations.t4q Accordingly, stress-strain data 
at large strains calculated from the MTS model (open 
squares in Figure 10) using Eq. [13], along with the ex- 
perimental data at small strains, were used as inputs to the 
fitting program to reoptimize the JC and ZA model con- 
stants for large-strain behavior. By this method, the physics 
within the MTS model which incorporates both thermal 
softening and saturation stress can be utilized to generate 
high-strain data to serve as input data for fitting the JC and 
ZA models to large-strain data if not previously measured. 
The new fit based on the MTS prediction is plotted as the 
open triangles for the ZA model in Figures 6 and 10. Op- 
erationally, there is no significant deviation from the ex- 
perimental data measured to a strain of 0.25. Detailed 
examination of the newly fitted curve shown in Figure 6 as 
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Table IV. Parameters for the MTS Model 

Equation Parameter Ta 

Value 

Ta-2.5W Ta-5W Ta- 10W Units 

2 ~o 65.25 65.25 65.25 
/x D 0.38 0.38 0.38 

To 40 40 40 
10, 14 k/b 3 0.5881 0.5881 0.5881 

11 o-,,//x 0.0003 0.0003 0.0003 
6",//x o 0.0161 0.0178 0.0171 
&,2//Xo 0.0053 0.0074 0.0084 

10, 11 go,1 0.133 0.178 0.210 
S, go,2 0.400 0.526 0.585 

g,o~mq 0.157 0.17 0.17 
e0, 107 107 107 
q, 3/2 3/2 3/2 
p, 1/2 1/2 1/2 

10, 11 /~o~ 107 107 107 
S~ go~ 1.6 1.6 1.6 

q, 1 1 1 
Pe 2/3 2/3 2/3 

13 0 o 3000 2000 2500 
0 a 2 1 0.5 
14 gog 1.6 1.6 1.6 
b'~ 6-~o 650 650 750 

Cog l 07 107 107 
15 p 16.6 16.6 16.6 
AT A o 0.1455 0.1455 0.1455 

AI 0.09544 • 10 -4 0.09544 • 10 -4 0.09544 • 10 -4 

A2 -68.9 -68.9 -68.9 
0.95 0.95 0.95 

65.25 
0.38 

40 
0.5881 
0.0003 
0.0193 
0.0124 
0.280 
0.604 
0.17 

107 
3/2 
1/2 
107 
1.6 
1 

2/3 
3100 
0.5 
1.6 
850 
107 
16.6 

0.1455 
0.09544 • 10 -4 

-68.9 
0.95 

GPa 
GPa 
K 

MPa/K 

S l 

S - I  

MPa 

MPa 
S 1 

Mg/m3 
J/g'K 
J/g'K z 
J'K3/g 

the open triangles for curve number 2 reveals that: (1) yield 
stress is lower than the experimental value, (2) the stress 
level is higher than the experimental data at strains less than 
0.1, and (3) the stress level is lower than the experimental 
value at strains above 0.15. Mathematically, unless large- 
strain data are generated either through nontrivial reloading 
tests or calculated from an assumed hardening law, there is 
no unique set of  constants to predict large-strain behavior 
from the small-strain data for the ZA and JC models. The 
JC and ZA model-fitting parameters so fit which enforce a 
"saturation" at large strains are listed in Tables II and III 
with asterisks. The unalloyed Ta data presented in Figure 
10 has a different initial hardening behavior, which causes 
a large difference in these two fitting results, as can be seen 
by the exponent n in Tables II and III. 

In order to demonstrate the differing capabilities for cap- 
turing the large-strain behavior by these three constitutive 
models, pure tantalum in bar form of sufficient size to pro- 
vide samples to be upset forged to large strains was studied. 
For the ZA and JC models, the strain-hardening coefficient 
n depends on the range of strain over which the coefficient 
was optimized, t421 The best fit to small-strain data of  the Ta 
bar is achieved using n = 0.575 for the ZA model. Fixed 
n values of  0.5, 0.4, and 0.3 were then used to refit the data 
for high-strain applications before the large-strain experi- 
mental data was available. The MTS model coefficients 
were derived based on the same well-controlled low-strain 
experimental data. 

In this study, various plastic strains (0, 0.42, 0.95, and 
1.85) in Ta were achieved through upset forging cylinders 
of  the Ta bar at room temperature. Compression samples 
were subsequently machined from the forged plates to study 

1500 

1200 

,--, 900 
13- 

600 

300 

Ta 
I I I I 

0 
O 

0 
0 

0 I 
0 0.4 

E 

o 

o o ~  

o o 
o o 

o 
o 

o 

0 0 v v V V  V 

** _~,~v~V~ o%~ ~ 
0 0 ~ V ~ V !  v ~ 0 0 0 0 

0 V Lw- 0 0 
o 

v . ~ , ~ -  . . . . .  25  C; 1300 /s  
o J C  best fit 
v JC+satura t ion  
[] M T S  fit 

2 0 0 ~  2 8 0 0 / s  
o Z A b e s t f i t  
A ZA+satura t ion  

M T S  fit 

i I f I I I I 

0.2 0.6 0.8 

Fig. 10--Experimental data of the tests at 25 ~ and 200 ~ under high 
rate compression. The symbols are the results of the model fits for 
isothermal conditions. 

the mechanical properties associated with that degree of 
prestraining. The thin surface layers, where surface shears 
due to friction during forging are known to dominate, were 
machined off the forged plates before the samples were 
cored from the plates using electrodischarge machining. 
One needs to keep in mind the effect of  deformation history 
effects on extrapolating large-strain behavior to other load- 

3002--VOLUME 27A, OCTOBER 1996 METALLURGICAL AND MATERIALS TRANSACTIONS A 



8 0 0  I I ' A  A '  I = 

Ta-bar Z A  ( n = 0 . 5 7 5 )  A a zx a - ,x ~ Z A  (n=0 .4 )  ^ o ':' ':' 
T = 2 5 ~  ~ A o o o o o o o ,, 

10"3s  "1 A a z~ o o o o o o Z A  ( n = 0 . 3 )  " 
,, ,, , , "  o o o o o o  o o o- 6 0 O  

zx o o ' / ~  oq~ o g  o t ~  o o  ~ ~ 1 7 6 1 7 6  M T S  
,, n o o p r e - s t r a i n =  

�9 - '  ,A ~, ? ~ '  o ~176  ~ 1 7 6  1 . 8 5  
13. tx 

400 ~ t~ 500 

pre-strain= 300 

p re - s t r a i n=  ~ 5  200 
2 0 0  0 . 4 2  

/ 100 
0 I I I I I I I 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 

i i i i I i I I I I I I I I I i i 

0 0 . 5  1 .5  2 2 . 5  

Fig. 11---Compressive stress-strain response of the Ta-bar matenal as a function of upset forging strain. 

ing paths. Tantalum is known to exhibit little or no de- 
pendence on deformation path [43] when deformation is 
dislocation generation and storage dominated. Accordingly, 
the mechanical property data gathered through reloading 
the large-strain prestrained plates in this study can, there- 
fore, be used to "check"  the fit of  the constitutive models 
to large strains and thereafter applied to other deformation 
paths. 

Prestrained samples were tested in compression at room 
temperature at a strain rate of 10 -3 s -l. The reload stress- 
strain responses after offsetting for the corresponding 
amount of quasi-static forging prestrain are shown as the 
solid lines in Figure 11. It is seen that reproducibility in 
the stress-strain response is diminished after prestraining. 
The nonhomogeneities in this Ta bar, which were docu- 
mented elsewhere,t44] clearly identified the existence of 
banding in the microstructure and a texture gradient in this 
material. Because of the scatter shown in the stress-strain 
data, the absolute large-strain behavior is not readily avail- 
able. Because the reloaded samples were machined from 
various parts of the upset forged discs, the data can be 
viewed providing bounds  on the mechanical response at 
large strains. Comparison with the model calculations is 
shown as open symbols in the same figure. The best fit of  
the ZA model to the small-strain data with n = 0.575 leads 
to an unrealistically high stress level at large strains. Lower 
n values seem to substantially decrease the stress levels at 
large strains. For the ZA model, n = 0.3 seems to capture 
the large-strain behavior, even though it totally missed the 
yield and low-strain flow-stress experimental data (magni- 
fied as the insert in this figure). The hardening laws used 
in the MTS model and in the JC and ZA models are com- 
pared in Figure 12. The abscissa in this plot represent the 
flow stress normalized by the saturation stress, while the 
ordinate is the strain-hardening rate normalized by the in- 
itial strain-hardening rate (0/0o in Eq. [13]). The solid lines 
show a few possibilities that phenomenologically describe 
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Fig. 12--Hardening curves used in the MTS model (solid lines) plotted 
with experimental data (symbols). The fit to the ZA model with different 
hardening exponents (n) to Ta-bar data is shown as the long and medium 
dashed lines. The insert table is the data of  Cu. 

the hardening behavior in the MTS model. Experimental 
data on Cu and the Ta bar are plotted as symbols in this 
figure. In general, for metallic materials, the strain-hard- 
ening rate decreases rapidly after yielding and then slows 
down at large strains. The flow-stress increment within a 
fixed strain range at higher strains is smaller than the one 
accumulated at lower strains. Therefore, the major part of 
this curve is actually determined by stress-strain data to 
small strains. In the case of Cu, the normalized stresses vs 

the deformation strains are listed as a table in the figure. 
At true strain of 0.6, the normalized stress is 0.8, which is 
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Fig. 13--Stress-strain curves of  Ta-10W and a comparison of  the JC, ZA, 
and MTS model fits to the high strain-rate data at 25 ~ and 600 ~ 

sufficient to determine the hardening parameter a for this 
material. In the case of Ta bar at 25 ~ at 10 -3 s -1, the 
hardening curve is represented by the open squares in Fig- 
ure 12. This hardening curve is well represented by the fit 
of  the hardening part in the MTS model (short dashed line) 
and the power hardening law in the ZA model with n = 
0.575 (long dashed line) to a normalized stress up to 0.4, 
which is 0.25 in true strain. Reloading this sample to higher 
strain values (e.g., 0.5) would allow a more accurate de- 
scription of the hardening curve. However, the reasonably 
accurate fit to large strains between the calculated data of 
the MTS model and the experimental data, as has been 
demonstrated in Figure 11, substantiates the applicability of 
the hardening law used in the MTS model. The data beyond 
a normalized stress value of 0.4 in the ZA model show a 
much higher strain-hardening rate and lead to a high pre- 
dicted stress level at large strains (open triangles in Figure 
11). With a fixed lower n value (= 0.3), the hardening 
curve (medium dashed line in Figure 12) is close to the one 
for the MTS model at higher normalized stress, but totally 
missed the strain-hardening behavior exhibited by the ex- 
perimental data in the lower normalized stress regime (i.e., 
small strains). This exercise shows that the hardening be- 
havior in a constitutive model that uses a power-hardening 
law depends on the strain range within which the 
coefficients were optimized. The dependence of the n value 
on the strain range optimized for the ZA and JC models 
makes it difficult to derive a unique set of material param- 
eters covering a large strain range. The MTS model, due to 
its inclusion of approaching saturation in stress at large 
strains, is able to satisfactorily predict the large-strain be- 
havior based solely upon low-strain data (Figure 11). This 
comparison in predicting large-strain behavior by different 
models provides a strong justification for using the hard- 
ening law adopted in the MTS model to regenerate the fits 
to the JC and the ZA models for large-strain applications 
if either the JC or ZA model has to be used. Furthermore, 
the "saturation" stress used in the MTS model for this 

particular strain rate (10  -3 S - l )  and temperature (25 ~ will 
be achieved when the true strain exceeds a value of seven. 
This is in excess of the strain range observed in many dy- 
namic loading applications. Therefore, the saturation con- 
cept is used as a limiting condition for the mechanical 
response of a material in the MTS model, rather than a 
demanding phenomenon in constructing the model. 

Since it is both experimentally difficult and costly to do 
multiple reloading experiments to achieve large plastic 
strains at constant high strains at high strain rates, most 
users 05'45'46] tend to derive, for instance, the strain-hardening 
exponent n from a single or limited number of low strain- 
rate stress-strain curves. Based upon studies of a number 
of cubic materials, it is well known that the hardening be- 
havior at low strain rates is lower than that exhibited in 
dynamic tests.t35] The MTS model has a strain rate and/or 
temperature-dependent parameter 00 (in Eq. [13]), whose 
function is to model the hardening behavior of a material 
as a function of strain rate and/or temperature. 

B. Comparison of Constitutive Modeling Results 

A comparison of the stress-strain and hardening behavior 
of the unalloyed Ta and Ta-10W for the JC model, the ZA 
model, and the MTS model is shown in Figure 6, 7, 9, and 
13. The ZA model parameters best fit to the unalloyed Ta 
data over a wide range of temperatures and strain rates as 
compared to the low-strain experimental data is shown in 
Figures 6, 7, and 9. The fit to the MTS model can be im- 
proved to more accurately capture the yield stresses if some 
of the parameters in Eq. [16] were allowed to more freely 
vary within the ranges prescribed. For example, instead of 
using p, = 1/2 and q, = 3/2, which are often suitable, an- 
other set of p, and q, values can be used. The JC model 
uses a power-law hardening relation, which is multiplied 
by the terms representing strain rate and temperature sen- 
sitivity (Eq. [3]). Application of this formula to the unal- 
loyed Ta data which exhibits a high rate sensitivity of the 
flow stress, but an almost rate-insensitive strain-hardening 
response, shows that calculated stresses deviate substan- 
tially from the experimental data. On the other hand, this 
intrinsically presumed rate and temperature dependence of 
the yield and flow stress in the JC model as well as the 
strain-hardening rate quite adequately described the stress- 
strain behavior of the Ta-10W alloy (Figure 13), in fact 
better than for the unalloyed Ta (Figure 7). 

Our observations have shown that the JC model is more 
effective for material classes which exhibit moderate strain 
rate and temperature sensitivity of the yield and flow 
stresses and the strain-hardening rate, i.e., some fcc alloys. 
Unfortunately, for most pure metals and many engineering 
alloys, either the yield and flow stresses are a strong func- 
tion of temperature and strain rate, and the strain-hardening 
rate is temperature and strain-rate insensitive (e.g., in Ta 
and other pure bcc metals), or the yield stress is relatively 
rate and temperature insensitive but the hardening rate is a 
strong function of both variables due to a high dynamic 
recovery rate at large strains (e.g., in Cu and other fcc met- 
als). Overall, the lack of a sufficient physical descriptive 
basis within the JC model fails to capture the real material 
properties of a large number of engineering metals except 
when carefully " tuned" over a very narrow range of ex- 
perimental conditions, i.e., strains, temperatures, and strain 
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rates. The stress level at larger strains calculated from using 
this best set of parameters for the JC and ZA models using 
power-hardening laws may well be above the actual stress 
levels obtainable at large strains, as has been shown in Fig- 
ure 11. Optimizing these model parameters to fit large- 
strain behavior results in poor model fits to the yield and 
small-strain data (e.g., fits to 200 ~ data as represented by 
the circles and triangles in Figure 6). The apparent "good"  
fit of the ZA model to the unalloyed Ta data at small strains 
is diminished if (1) they are extrapolates to large strains or 
(2) refit to a different larger strain range. Furthermore, the 
mandatory strain-hardening rate insensitivity to temperature 
and strain rate in the ZA model for bcc structures results 
in unsatisfactory calculations for the stress-strain behavior 
of the Ta-10W deformed dynamically at 600 ~ (Figure 
13). 

The original ZA model separated the mechanical re- 
sponse of metals into two main classes, namely, those pos- 
sessing either an fcc or a bcc crystal structure. The 
constitutive relation for the fcc metals was formulated as 

~r= C 0 +  C 2 " e f t ' e x p ( - C 3 " T +  C 4 . T . l n k )  [19] 

This formulation states that yield stress is nominally a con- 
stant and that the strain-hardening rate intimately depends 
on both temperature and strain rate. The degree of rate de- 
pendence can vary somewhat depending on alloy content. 
Neither Eq. [4] nor Eq. [19] can, however, satisfactorily 
represent the mechanical response of the Ta-10W shown in 
Figure 13. Nevertheless, the ZA model adequately repro- 
duces most of the pure bcc and fcc metals which fall into 
the above two distinct categories when accurately "tuned" 
to a fixed data set. 

The MTS model is based on the description of the phys- 
ical processes and kinetics of dislocations overcoming ob- 
stacles. Long-range obstacles such as back stresses can only 
be overcome due to applied stresses, which are termed ath- 
ermal barriers, while short-range obstacles, such as impu- 
rities, forest dislocations, and Peierls stress can be 
surpassed by moving dislocations with the assistance of 
thermally activated processes, in addition to the applied 
stresses. Each process in the MTS model is described by 
physically based equations or phenomenologically observed 
relations. Summation of the contributions from the stresses 
required to overcome different obstacles yields the flow 
stress at the current structure for prescribed deformation 
condition. In the case of yield stress for the unalloyed-Ta 
and Ta alloys in the current study, the experimental data 
suggest two different mechanisms are governing the defor- 
mation process. With a combination of variables in a phys- 
ically sound way (kT.  log (Pff~)), the same form of the 
constitutive equations can be used with different normal- 
ized activation energies (go,) that characterize the corre- 
sponding rate-controlling mechanisms. The structure 
evolution as described by Eqs. [13] and [14] supports the 
same interpretation. With a large normalized activation en- 
ergy (got) of 1.6 for unalloyed Ta opposed to 0.312 for 
coppeW 4j the dependence of strain hardening on tempera- 
ture and strain rate as observed in this study on Ta and 
previous fcc materials is seen to be well represented by the 
same formulation. This eliminates in the MTS model the 
need to invoke different empirically observed descriptions, 
such as the two distinct constitutive equations used for the 

ZA model for different crystal system materials.* This find- 

*Combining Eqs. [4] and [19] into a new constitutive relation was done 
recently by Zerilh and Armstrong. I47] 

ing is consistent with the fact that the deformation mech- 
anisms in both bcc and fcc materials are dominated by ther- 
mally activated processes under the currently studied 
deformation conditions. 

VI. CONCLUSIONS 

The current study of the influence of tungsten alloying 
additions on the mechanical properties and constitutive 
modeling of tantalum indicates the following. 

1. Tungsten alloying additions significantly increase the 
yield and flow-stress levels attained and also increase 
the rate of work hardening in Ta-W alloys compared to 
unalloyed tantalum, under both quasi-static and dynamic 
strain rates. 

2. 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 de- 
formation at high strain rate from low to intermediate 
temperatures in Ta and Ta-W alloys is thermal activation 
over the Peierls stress. At higher temperatures, the yield 
stresses become less rate and temperature dependent in- 
dicating a change in the rate-controlling mechanism. Al- 
loying with W makes this change less apparent due to 
an increase in the importance of dislocation-solute in- 
teractions when the solute concentration is increased. 
Overall, the temperature and strain-rate sensitivities are 
changed upon alloying tantalum with tungsten. 

3. Three constitutive relations, namely, the JC, ZA, and 
MTS models, have been examined to describe the stress- 
strain rate-temperature relations of Ta and Ta-W alloys 
in the high strain-rate regime. It is shown that the em- 
pirical relations used in the JC and ZA models for strain 
hardening (~r o + K "  e") may introduce substantial de- 
viations from the actual stress levels at large strains. The 
physically based MTS model is demonstrated to overall 
provide better fitting results to the Ta and Ta-W alloys 
investigated. The stresses at large strains calculated us- 
ing the MTS model can be used to regenerate the pa- 
rameters for the JC and ZA models for high strain 
applications when only experimental data at low strains 
are readily available. 
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