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* University of Maryland, College Park 20742, U.S.A.

Abstract. Further developments are described for the dislocation mechanics based constitutive equation analysis
previously used to describe the separate dynamic stress-strain behavior of fec and bee metal polycrystals. An
enhanced hardening and ductility in copper and certain tantalum materials at higher strain rates in split Hopkinson
pressure bar tests and in shock loading are attributed to enhanced dislocation generation rather than to dislocation
drag. Added material strengthening is accounted for also by deformation twinning in ARMCO iron and titanium
and in shocked copper and tantalum. The separate equations are applied to calculate the critical strain for shear
banding in copper, iron, and the titanium alloy, Ti-6Al-4V. In the two latter cases, the results are very sensitive to
the details of the strain-hardening behavior and the need is demonstrated for a dynamic recovery factor to account
for the onset of shear banding. Consideration is given also to the possibility that shear band behavior requires
explanation on a more fundamental Hall-Petch dislocation pile-up basis.

1. INTRODUCTION

Atthe DYMAT Conference in 1988, a simple dislocation mechanics formulation for constitutive
equations for metals based on the idea of thermally activated motion of dislocations was described [1].
Separate relations were given for face-centered-cubic (fcc) and body-centered-cubic (bec) metals based
upon the nature of the dislocation interactions [2]. For bee metals, the motion of dislocations is governed
predominantly by the interaction with the overall lattice potential (the Peierls-Nabarro stress) which leads
to essentially temperature and strain-rate independent strain hardening. For fcc metals, the predominant
interaction is produced by dislocation intersections, leading to temperature and strain-rate dependent
strain hardening. Hexagonal-close-packed (hcp) metals have a stress-strain behavior falling somewhere
between bee and fee metals.

Recently [3], in order to describe the intermediate behavior of hcp materials and certain alloy steels,
both Peierls stress type interactions (predominant in bec) and intersection-of-forest-dislocations type
interactions (predominant in fcc) were introduced into a single equation written in the form

0 -0, +Be? . Byfee” §))

where
B » po o B]lné! (2)
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o - o, - olng 3)

and

G, =0,

. R (4)

In Eq. (1), o is the Mises equivalent stress, ¢ is the

Mises equivalent strain, ¢ is the strain rate, T is the :"‘FW STRAIN S. STRAIN RATE, OFHC Cu
p’ . » 2 REGAFTONI| & MONTHEILLET, UNIFORM STRAI
absolute temperature, ¢ is the average grain diameter, 08l A REGAZZON & MONTHELLET, MAXMUMLOKD
and og is a constant athermal stress due to the effect of il — ﬁﬂ:ﬁ:ﬁm.mw
solutes and initial dislocation density. The quantites 3 .| FATHTRT AR e

B, B¢, By, Be, @, and «, are constants related to the
thermally activated dislocation interactions while & is
the microstructural stress intensity for overcoming the
resistance to deformation at grain boundaries. The first
term in Eq. (1), o, is an athermal component of the
flow stress determined mainly by the effect of solutes )| S S S ——
and grain boundaries. The second term arises from a
thermal activation analysis of the Peierls stress
interactions, and the third term arises from a thermal
activation analysis for the overcoming of dislocation
intersections that is associated with the strain
hardening behavior of the material. The dependence
of the flow stress on /e follows from Taylor's calculation of the maximum average stress which will
allow a lattice of positive and negative edge dislocations to remain in stable equilibrium [4].

The consequences of Eqgs. (1 -4) and their predecessor separate equations are explored in the
following sections as applied to enhanced ductility effects in copper and tantalum, deformation twinning
in iron, titanium, copper, and tantalum, and susceptibility to shear instabilities in copper, iron, and
titanium alloy Ti-6Al-4V.

UNIFORM STRAIN

tog &

Figure 1: Calculated uniform strain showing that the
effect of dislocation drag at high strain rates is to diminish
the ductility, contrary to experimental results,

2. ENHANCED DUCTILITY IN COPPER AND TANTALUM

Zerilli and Armstrong [5] noted that a dislocation drag explanation of the strong upturn in flow stress of
copper at strain rates above 10° - 10* s*' in split Hopkinson bar tests required a corresponding reduction in
the material ductility. This is illustrated for copper in Fig. 1 wherein uniform strain data of Regazzoni
and Montheillet [6] are compared to calculations in which the drag coefficient is placed in the range
sufficient to reproduce the observed enhancement of the flow stress. Tantalum shows a similar behavior
[7]. Application of Eq. (1) to the calculation of the uniform strain from recent tantalum results of Chen
and Gray [8] showed enhanced ductility at high strain rates [9]. Most recently, Frutschy and Clifton have
reported strongly increased strain hardening behavior for copper at strain rates of the order of 10° s [10].

3. DEFORMATION TWINNING

The dependence of the twinning stress on grain size is similar to the dependence of the athermal part of
the flow stress on grain size (cf. Eq. 4) and may be written [11]
O, = O + kifm {5]

where, for iron, oy, is 330 MPa and k; is 2.8 MPa-m'?, Twinning occurs at a flow stress level of 600
MPa for iron with a grain size of 100 microns. This stress will be achieved in impacts of 200 ms™ in
which strain rates of 10% s™! are generated. Twinning has been shown to occur in fcc metals, but generally



at very much higher stress levels. For copper, the
stress levels are in the range of 1600 to 2800 MPa that
are reached in shocks [12].

With a constitutive model for twinning based on
the idea that enough twinning will occur in a grain to
accommodate the excess by which the Mises effective
stress exceeds the twinning threshold stress, numerical
simulations of Taylor cylinder impacts produced good
agreement with experimental results for iron, titanium,
and zirconium [13]. [ron and titanium results are
shown in Figs. 2 and 3. The twin based strengthening
is accounted for on a Hall-Petch type grain size
refinement basis. The results indicate that twinning
hardens these metals by effectively reducing the
material grain size and the microstructure within the
grains.

L EXPERMENT |
204 m/s, 33 GRAIN SIZE
—— CALCULATION
£ S~ NOTWINNING
E
g °r |
a
TITANIUM
-10 | | | I
0o 5 10 15 20 25
DISTANCE (mm)

Figure 3a: Poor result for titanium when twinning not
accounted for.
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Figure 2: ARMCO iron Taylor cylinder, 221 m/s impact
velocity, with twinning model.
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Figure 3b: Excellent result for titanium with new twinning
model when twinning parameters determined at impact
velocity of 294 m/s,

In describing the twinning model, there are two cases to consider, oy, < o; (elastic deformation), and
oy = o¢ (plastic deformation) where the flow stress is given by

£

and

0, = 0, + Be T .+ Ke".

a,=0,+ K"

©)

Q)

In the elastic case, if oyy > oy, we calculate a new effective grain size by setting o, + ket''? = oyy, giving

iz 5
U}'M"G

or

]1. ®)

In the plastic case, if o> oy, the new effective grain size (for raising oy tooy) is given by

k-k
T

g -0
0

]1. ®

Support for this type of twin based strengthening is provided by results reported by Meyers, et al.,
[14] who found that twinning in large grain size copper shock hardens the material to an extent that can be
explained on a Hall-Petch grain-size refinement basis and concomitantly reduces the strain hardening,
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thereby increasing the susceptibility to shear instability. In small grain size material, no twinning was
observed, little or no initial shock hardening occurred, but increased strain hardening was observed with
concomitant decrease in susceptibility to shear instability (enhanced ductility). Murr, et al., [15] obseryed
profuse twinning in shock deformed tantalum, again sufficient to explain the shock hardening on the Hal.
Petch grain size refinement basis.

4. THERMOPLASTIC SHEAR INSTABILITY

The criterion for the development of localized large
shear deformations is determined by the stability of
the solutions to the equations of motion when small 25
perturbations are applied. Bai [16] has shown that
small perturbations will grow exponentially with time
if

where the subscript 0 indicates the quantity refers to
the uniform base solution of the simple shear Hise g b st e
equations and pyis the inital density (assumed B0 S C en orer” Curves are plotted v,
constant), y is the shear strain, t is the shear stress, K IS gyain rate for several initial temperatures, 7.,
the thermal conductivity, and ¢, is the heat capacity at
constant volume (assumed constant). The term under
the square root on the right hand side of Eq. (10) vanishes when the thermal conductivity is zero and, in
any case, is very small for a typical metal. Thus Eq. (10) amounts to the adiabatic condition proposed by
Zener and Hollomon [17] in 1944 -- the shear instability develops when the rate of thermal softening
overcomes the rate of work hardening.

The critical strain vs. strain rate for the
development of the shear instability in the fcc :
metal, OFHC copper, calculated from Bai's ﬁyco T=573K i
criterion, is shown in Fig. 4. The constitutive 151 J 4
equation for OFHC copper is the fcc equation in |
terms of shear stress and shear strain: ¢

T =c,+ Byye ™ an

1c'gl l!‘fl]

where

B - B, - Bny (12)

T= 77K
D L“-'““““"“‘"""“‘}-""""_'T-'_""" )
10 100 1000 1-’10000 100000 1000000

o

The critical strain vs. strain rate for
development of the shear instability in the bce
metal, ARMCO i.l'OI‘l, usmg Bai's criterion, is Figure 5.: Critical strain 1."0r adiabatic shear instability to -
shown in Fig. 5. In this case, the constitutive ?:::é?;rl:l ?:;i:l:::lncor:;;f;”es M s
equation for ARMCO iron is the bce equation: = "

T-c ¢ Bne‘” + Ky". (13)

The two figures illustrate the general features of shear banding in fcc and bee metals which were predicted
earlier by analysis both of the tensile plastic instability and dislocation pile-up stress concentrations [18].
The bee metals are typically more susceptible to the shear instability, as shown by the smaller critical



strains. The susceptibility increases with increasing
strain rate in the bce case and decreases with
increasing strain rate in the fcc case, although these
trends are reversed at the lowest initial temperatures
in the bee case and at the highest initial temperatures
inthe fcc case. Increasing initial temperature, of
course, always tends to suppress the shear instability.

Critical strains for shear instability in Ti-6Al-4V
were computed using the bee constitutive equation
which gives a close representation of experimental
stress-strain data reported by Ogawa and Nojima [19],
as shown in Fig. 6 [20], and found to be unreasonably
large. It was found necessary to take into account the
reduction of the strain hardening due to dynamic
recovery in order to obtain reasonable results. When
dynamic recovery is taken into account, Eq. (1)
becomes

2500

C3-641

TRUE STRESS (MPa)

TaK 500/
204 K, 500 Is
254 K, 0.00024 fs
373K 0.00024 /s
TZIK, 0.00024 /s

ADIABATIC

0.1
PLASTIC STRAIN

0.2 0.3

Figure 6: Calculated stress/strain compared to data of
Ogawa and Nojima. Adiabatic calculations are shown at
the higher strain rate.
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where e, is a characteristic strain for recovery (the inverse of the probability for mobilizing an
immobilized dislocation) [21]. A value of the recovery strain e, of 0.5 is consistent with small strain data
for the alloy and was chosen for the calculations presented here in Fig. 7. The results indicate that this
alloy is more susceptible to shear banding than iron, as expected. However, the values of the critical
strain are very sensitive to the value chosen for the recovery strain.

Consideration must also be given to the possibility that shear band behavior requires explanation on a
more fundamental Hall-Petch dislocation pile-up basis. Armstrong, et al., [22] estimated the temperature
rise that could be produced by dissipation of the energy in a dislocation pile-up when catastrophically

released during fracturing as

AT < (k"/167x)In(2K /e vb)

(14

1s)

where v is the dislocation velocity, b is the Burgers vector, ¢ is a characteristic grain diameter, and £, is

the theoretical shear stress intensity for fracturing

5

k - nGb"(2-v)/8(1-v)

(16)

where G is the shear modulus and v is Poisson's ratio. The dislocation pile-up/avalanche provides the

thermal fluctuation to trigger the localized shear
instability. The ratio of k, to x provides a criterion
for susceptibility to shear banding. On this basis, Ti-
6AL-4V is very shear band susceptible, followed by
iron, with copper being very low in susceptibility.
This is consistent with the data reported by Ogawa
and Nojima shown in Fig. 6, in which a significant
influence of adiabatic heating on reduction of strain
hardening is seen to occur for Ti-6A1-4V alloy.
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