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Abstract A dislocation-based model is presented to study
the strain-rate effect on the deformation resistance of
metals over a wide range of strain rates. The model is able
to take into account the multi-mechanisms, such as dislo-
cation generation, viscous drag, and thermal activation.
The results reveal that at high temperatures, the mechanism
of viscous drag may play a more significant role than the
thermal activation mechanism; whereas at lower tempera-
tures, the viscous drag may be important only under high
strain-rate loadings. The cause of deformation instability is
also probed. At small plastic strains, deformation instabil-
ity may be induced by the decrease of the thermally acti-
vated stress with increasing deformation. When plastic
strains are large, the decreasing of the resistance for dis-
location generation with increasing deformation may be the
cause.

Introduction

The deformations of metals are usually dominated by the
mechanism of thermal activation. The gliding dislocations
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can overcome the local barriers with the assistance of
thermal fluctuation. In the last 30 years, dislocation theory
combined with thermal activation mechanism has been
widely used to develop the mechanism-based constitutive
relations in literature [1-6]. When the strain rate is larger
than a critical value, other deformation mechanisms, such as
viscous drag [1-3] and dislocation generation [4, 7], can be
important. Armstrong et al. [7] pointed out that for metals
deforming under high strain rates with shock loadings, the
mechanism of dislocation generation is predominant over
viscous drag, and under shockless isentropic loadings, the
viscous drag may be distinguished. In order to improve the
accuracy of theoretical predictions, in the region of high
strain rates, the resistance of viscous drag for dislocation
gliding has been introduced into the thermal activation-
based constitutive relations. Kocks et al. [8], and subse-
quently Zerilli and Armstrong [9], considered the resistance
of viscous drag coupled with the thermally activated term,
whereas Kapoor and Nemat-Nasser [10] treated the con-
tribution of viscous drag as a long-range resistance, and
uncoupled with thermally activated term. Zerilli and Arm-
strong [9] further showed that the mechanism of viscous
drag may produce a region of tensile instability at small
strains whatever the strain rate is. For materials under large
deformations, the variation of dislocation density can be
significant. Voyiadjis and Almasri [3] considered this effect
on the thermally activated gliding process, and introduced
the effect of plastic strain into the dislocation density.
However, under high strain-rate loadings, the coupling
between viscous drag and dislocation generation was less
studied, and few works took into account the deformation
resistance during the formation of new dislocations. This
resistance can be important for metals under shock load-
ings, for which rapid dislocation generation will appear at
the propagating shock front.
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The current study aims at investigating the effects of
dislocation generation, viscous drag, and thermal activation
on the strain-rate-dependent resistance for deformation,
and a constitutive description is presented by adopting the
dislocation theory. The deformation instability due to these
mechanisms is also treated.

Theory
Thermal activation and viscous drag

The mechanism-based constitutive relation is based on the
Orowan equation [11], which establishes the relation
between the macro-plastic strain ¢ and the gliding distance
of micro-dislocations [ as:

&= pbl, (1)

where p is the density of dislocations, and b is length of
Burgers vector. During the dislocation gliding, both the
gliding distance / and the dislocation density p may evolve
with plastic strain, thus it is convenient to use a rate form of
Eq. 1 as:

&= pbv + pbJ, 2)

where v is the average speed of dislocation gliding. 4 is the
mean free path of dislocations gliding between thermal
barriers. The first term on the right side of Eq. 2, pbv,
represents the contributions of dislocations gliding in
the macro-strain rate. The second term, pbA, describes the
effects of dislocation generation, by considering the
changes of crystal volume as a result of the appearance of
dislocations. The contributions of the coupling between the
two mechanisms to the strain rate can be neglected, how-
ever, the variations of the two terms pbv and pbA are
coupled. The decomposition as Eq. 2 has been widely
accepted in literature, see, e.g., Colvin et al. [12] and
Dorgan and Voyiadjis [13]. The parameter A is usually
chosen as a constant A, for the fixed thermal barriers, or as
1 / \/p, depending on the dislocation density, for the cases
that thermal barriers evolve with dislocation density [14].
A mixed form for 1 as g+ 1 / \/p can also be found in
literature [5].

The local barriers arresting the gliding dislocations can
be overcome by the thermal activation mechanism.
The relation between the frequency of successful jump v
and the absolute temperature 7 is in the Arrhenius form [6]:

v = voexp(—G/kT), (3)
where k is Boltzmann constant, and vy is the frequency of
basic jump. The thermal activation energy G is usually a

function of the thermally activated stress, which satisfies
Tih = T — Tam. Here 7 is the applied stress, and T, is the
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athermal stress resulting from the resistance of crystal
lattices and long-range interactions, and is independent of
the strain rate. The waiting time ¢, for a dislocation to
overcome the localized obstacle is the inverse of v, e.g., 1/v.

The thermal activation energy G in Eq. 3 is a function of
the applied stress 7. Kocks proposed a well-known
formation for G [8, 15]:

G = Go[l — (tw/2)")", (4)

where 7 is the thermally activated stress at 0 K, and Gy is
the reference activation energy, which describes the barrier
strength. The parameters p and g are in the ranges of 0-1
and 1-2, respectively, describing the energy profile of
thermal barriers.

After jumping successfully, dislocations will glide in the
regions free of barriers, until they are arrested by other
barriers. The resistance for dislocation gliding in the bar-
rier-free region mainly comes from the mechanism of
viscous drag, and the flying velocity is v¢ = bt¢/B [16],
with B the viscous drag coefficient, and 1 = T — Ty the
driving force for dislocation gliding. The corresponding
flying time #; = /v, and the average speed of dislocation
gliding v in Eq. 2 can be written as [8, 9]:

Avobtg

V=4t i) = bty exp|G(tw)/kT] + Bvy )

The waiting time #,, decreases as thermally activated stress
increases, and approaches its minimum value 1/v, at
Tn = T, whereas the flying time #; always decreases as 7¢
increases. It should be noted that 1y and 1y, are the driving
terms for the movements of dislocations in the region
between gliding barriers and in the vicinity of thermal
barriers, respectively. The two terms are identical when the
thermally activated stresses Ty, are below a critical value 7.
However, when 7ty achieves its maximum value 7, the
activation energy G equals zero, and the waiting time ¢,
tends to a constant 1/vy, whereas the flying time f#; con-
tinues decreasing with the increase of the driving term 7.

Under low strain rates which result in # < t,, the
thermal activation mechanism will dominate, and with the
increase of strain rate, t,, may decrease more rapidly than
tr. Then at high strain rates, the condition f,, < t; may
appear, and the dominant mechanism may change to
viscous drag.

Generally, the viscous drag coefficient B is a function of
the gliding speed v, which is a result of the relativistic
effects. The speed-dependent character is especially sig-
nificant when the gliding speed is around the shear wave
speed in the solids [17], under which, however, the macro-
strain rate can be considered merely determined by the
dislocation generation and the contribution of dislocation
gliding can be neglected. This study is mainly focused on
investigating the coupling effects of different mechanisms
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of dislocation gliding, thus the viscous drag coefficient B is
chosen to be independent of the gliding speed. In fact, this
assumption is widely adopted in literature and can be
applicable for materials deformed with the strain rates up to
10* s7', as shown by Ferguson et al. [18].

Dislocation generation

In order to establish the relation between strain rate ¢ and
¢, an equation that describes the dislocation generation rate
p in Eq. 2 is acquired.

The evolution of dislocation density p with plastic
deformation has been widely studied in literature [13, 14,
19-27]. Kocks and Mecking [14, 24] proposed a simplified
and widely accepted form as:

. (1 . dp 1 (©)
P=\pa " "P)% " @ T pa P

where 1/(bA) represents the contribution of fixed Frank—
Reed sources, with A the corresponding segment length. x
is a constant describing the annihilation process. More
complicated forms that consider the effects of strain rate
and temperature on x can be found in literature, e.g.,
Stainier and co-workers [28, 29] and Mecking et al. [30].
Equation 6 describes the contributions of dislocation mul-
tiplication (1/bA) and annihilation (kp) to the generation
rate of dislocation during the gliding process.

Since the dislocation generation p is usually formed
during the process of dislocation gliding, it can be found by
recalling Eq. 2 that the strain rate ¢ in Eq. 6 has been
included in the contribution of dislocation generation,
which is not the case and should be modified. It is noticed
that p in Eq. 6 is directly related to the gliding velocity
v rather than to the strain rate & Considering this, it is
convenient to replace the strain rate ¢ in Eq. 6 with pbv,
which gives:

p=(p/A~Kbp*)v, (7)
Combining Eqgs. 2 and 7 gives:

&= (14 A/A— Axbp)pbv, (8)
dp _ 1/4 — kbp

de B[l + A(1/A — kbp)]

The term A/A — Axbp in Eq. 8 represents the contribution
of dislocation generation p in Orowan equation.

The average speed v for dislocation gliding in Eq. 5
always increases as 1y increases, and the dislocation density
p increases monotonously with the increase of plastic
strain. Thus, as long as the dislocation density p(¢) is below
a critical value p., with p, = (1 + 1/4)/(22kDb), the glid-
ing velocity v in Eq. 8 would decrease as the plastic strain
increases when the strain rate is kept unchanged. This

means that the thermally activated stress may decrease
when plastic strain increases. If the decrease of the
thermally activated stress is more than the increase of the
athermal stress 7,5, the deformation instability may be
resulted in. Zerilli and Armstrong [9] believed that the
viscous drag mechanism may cause the deformation
instability for all strain rates. However, when the disloca-
tion generation effect is considered, it is shown from Eq. 8
that the deformation instability may appear only when the
initial dislocation density is below p.. This type of defor-
mation instability can be important for dislocation-free
metals under plastic deformations, e.g., as the experiment
research reported by Kamada and Tanner [31].
The solution of Eq. 9 gives:

ln<11_'bﬁo> + (P — o) =&, (10)

where the dimensionless parameters are p = p/pg, py =
Po/ps, &= ke, and & = 1/ A, with p, the initial dislocation
density, p, = (Akb)”" the saturated dislocation density,
and p, = (1 + }fl> (ps/2) the critical dislocation density,

below which the deformation may be instable. Equation 10
describes the relation between the dislocation density p and

the plastic strain ¢, with parameters p,, 4, and x.
Substituting Eqs. 4 and 5 into 9, the dimensionless strain
rate can be obtained as:

E=Ip[14+ 201 = p)|lexp@ -y + 0747, ()

where & = 1 (&/v) is the derivative of & with respect to the
dimensionless time 7 = vpt. The parameters are defined as
g = Gy/kT, T = 1¢/%, and 0 = ABv,/(bt) which is dimen-
sionless. The function (x) satisfies (x) = x for x>0 and
(x) = 0 for x < 0. The term A(1 — p) on the right side of
Eq. 11 represents the effects of dislocation generation on
strain rate, and is what makes our relation different from
those existing ones, e.g., that proposed by Zerilli and Arm-
strong [9]. Using Eq. 10, the constitutive relation which
accounts for the effects of strain rate, temperature and plastic
strain can be derived as © = (e, T) + e(e, &, T).

In order to determine the range of the model parameters
in Eq. 11, we will investigate the effects of the model
parameters on the transition of the deformation mechanism
between thermal activation and viscous drag in the
following section.

The transition of deformation mechanism
between thermal activation and viscous drag

The parameter 0 = ABvy/(bt) in Eq. 11 is important in

determining the transition of the deformation mechanism
between thermal activation and viscous drag, since the
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Fig. 1 The evolution of f(7) with T at different values of g, with
p=054¢g=15

effects of viscous drag coefficient B, activation frequency
vg, and thermal barrier strength 7 are reflected. When the
term f(7) = Texp(g(1 — 7)7) > 6, the dislocation gliding
is governed by the mechanism of thermal activation, and
when f(7) < 0, the mechanism of viscous drag may
dominate. The variations of f(7) with 7 for different values
of g are shown in Fig. I, with p = 1/2, ¢ = 3/2, and
g = 0.1, 8,20, respectively. When 7 > 1, dislocations can
overcome the thermal barriers with frequency, vg and f(7)
is independent of g. When 7 < 1, the evolution of f(7) can
be differentiated into two groups according to the value of
g. When g is below the critical value g, f(7) increases with
the increase of 7 monotonically, whereas if g > g., with the
increase of 7, f(%) would increase at the beginning and may
decrease after some value of 7; when T approaches 1, f(7)
will increase again. The critical value g. can be derived as
follows:

ge= (- 1/g) ", (12)
P
which only depends on the parameters p and g of the
activation energy profile. The contours of g. are shown in
Fig. 2. It can be found that the value of g, is sensitive to p,
which is in accordance with Kocks [15].
For most metallic materials, g > g., and 0 is larger than
1 as well as below the maximum value of f(7) in the region
that T<1. This corresponds to the condition of strong
thermal barriers and is commonly a viscous medium case.
In the region that T<1, if f(T) > 0, the deformations are
dominated by the mechanism of thermally activated
gliding.
When 7 increases to a value 7 and f(7,) = 0 is satisfied,
the viscous drag should be considered. This corresponds to
the transition of the deformation mechanism between
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Fig. 3 Variation of the critical strain rate & with dimensionless
temperature

thermally activated gliding and viscous drag, and the cor-
responding critical strain rate for transition can be written

as & = Ap(71/20) [1 + (1 — ,5)} The strain rate for

transition & is proportional to 7;, which implicitly depends
on temperature 7" through g for a given material. Figure 3
shows the variation of éc (or 7;) with the dimensionless
temperature T = T(k/Go) = 1/g, with parameters p =
172, ¢ = 3/2, and 6 = 10. It can be found that with the
increase of temperature, the critical strain rate & gradually
decreases, and when the temperature becomes larger than a
critical value fc, the thermal activation-dominated region
may vanish, and the viscous drag may dominate for all
strain rates. It should be noted that under high temperature

<u

below fc, there exist two values of EC, denoted as Eé and &;
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(¢ > &), respectively. The mechanism of viscous drag
may play a more important role than thermal activation for

materials under both ranges of strain rate: i< Eé and ¢ > Z:é‘
Things are different for the cases under room or low
temperatures where only under high strain-rate loadings,
the viscous drag is important.

However, if 6 is larger than the maximum value of f(7)
in the region of 7 <1, the viscous drag may dominate the
dislocation gliding in the entire range of strain rate. This
corresponds to the case of an extremely viscous medium.
0 < 1 corresponds to the case of a weakly viscous medium,
and f(7) can be larger than 6 in most regions of stress. The
waiting time ¢, is rather long, and the mechanism of
thermal activation can be important over a wide range of
strain rates. g < g. corresponds to weak thermal barriers, in
which f(7) increases with the increase of 7 monotonically,
and if 6> 1, the viscous drag resistance cannot be
neglected.

It should be noted that if 6 > 1, 7, > 1 holds for 0 =
f(%) that corresponds to the stress up to which the waiting
time ¢, = 1/vy is longer than the flying time #;. In this
region, the viscous coefficient B cannot be considered as a
constant, and the effects of velocity on B should be con-
sidered [16].

Effects of plastic strain

During the loading process, the evolution of dislocation
density with plastic deformation may have additional
effects on the resistance for deformation. The effects of
plastic strain on deformation resistance can be classified
into two groups. The first is due to the interaction between
gliding dislocations and other dislocations, which may
increase along with the dislocation density, and contributes
to the resistance for dislocation gliding. This effect is
known as strain hardening. Taylor [32] suggested using the
following equation to describe the contribution of strain
hardening to the deformation resistance as:

T = ap/p. (13)

Another effect is that the evolution of dislocation density
may result in strengthening of the thermal barriers. This
effect is coupled with the thermally activated gliding
process, and can be taken into account through the
evolution equation of the parameter T by Eq. 4. Voce [33]
proposed the following equation:
dz
de e~

Ts— 1

(14)

where 7 and % are the initial and saturated values of %(¢),
respectively. The hardening rate of 7 in Voce model
decreases linearly with the increase of 7. Other nonlinear

forms of the evolution equation can be found in literature,
e.g., Preston et al. [34] and Gourdin and Lassila [35].

Integrating Eq. 14 with respect to the plastic strain &
gives:

T =1, — (Ts — %o) exp[—en/(Ts — %0)]. (15)

By considering these effects, the deformation resistance
can be written as:

T =10+ ou\/p+ T T, 7), (16)

where 7o is a constant. The thermally activated stress
Tn(& T, 1) in Eq. 16 can be obtained using Eq. 11, and the
effects of plastic strain on thermally activated stress 1y, is
implicitly introduced through 7 in Eq. 15.

Resistance of dislocation generation for deformation

In the previous sections, the deformation resistances of
dislocation gliding (thermal activation and viscous drag)
and plastic strain effects are investigated. During the dis-
location gliding, the formation of geometrically necessary
dislocations may give an additional resistance for defor-
mation: 7.

Armstrong and Zerilli [7] suggested to use a thermal-
activation-type equation to describe p, which is similar to
Eq. 3, and the difference between the deformation resis-
tance of dislocation generation and the thermally activated
gliding can be attributed to the difference in activation
volume, which is defined as V = —0G/0ty,.

During the dislocation generation process with rate p,
the power needed to produce dislocations in a unit volume
pU, is supplied by t,, where U, is the energy needed to
form a unite length of dislocation. By neglecting the con-
tributions of kinetic energy, and considering the energy

conservation, we obtain:
pU, = 1,v,

(17)

where v is the average speed for dislocation gliding in
Eq. 2. Substituting Eq. 7 into 17 gives:

1, = (p/A — kbp*)U,. (18)

By counting the contribution of 7, into Eq. 16, the total
resistance for deformation can be written as:

t =t + /B + (p/A)(1 = p/p)Up + b, T, 2).
(19)
The athermal component stress in Eq. 19 corresponds to:

Tan = To + 2py/p + (p/A)(1 = p/py)U,, (20)

which may evolve with the plastic strain through the
dislocation density p.

Under shock loadings, the parameter A in Eq. 7 may be
smaller than that under shockless isentropic loadings. Thus
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at the same deformation stage (with the same macro-plastic
strain), shock loadings may result in a dramatically larger
dislocation density than shockless isentropic loadings.
Consequently, the athermal stress in Eq. 20 corresponding
to a deformation dominated by dislocation generation
should be larger than that by viscous drag. For a shockless
isentropic loading, the opposite is true.

Discussion
Effects of strain rate on flow stress

The mechanism of viscous drag is widely adopted to
explain the upturns in the curves of strain rate and flow
stress at regions of high strain rate [7]. Zerilli and Arm-
strong [9] introduced the mechanism of viscous drag into a
thermal activation-based model (Z-A model), to capture
the strain-rate dependent flow stress at regions of high
strain rates. Figure 4 shows the comparison between the
predictions by the present model and the Zerilli and
Armstrong model [9], with the experimental results of
copper from [2] at the strain ¢ = 0.15. The model param-
eters in Eq. 11 are chosen as p = 2/3, g =2, g = 68,
which are the same as those used by Nemat-Nasser and Li
[36]. The other parameters are 6 = 8, 7 = 200MPa,

T = 140 MPa, and /p(vo/x) [1 (1 - [))} =2 % 10°. 1t

can be found that the prediction by the present model is
closer to the experimental result than by Zerilli and Arm-
strong model.

In “Dislocation generation,” we have discussed that with
the increase of plastic strain, the thermally activated stress

= The Present Model
450 { ===+ Zerilli and Armstrong
@ Follansbee and Kocks

L

400

350 +

L.

e
L

300

True Stress r (MPa)

Strain Rate £ (s ™)
Fig. 4 Comparison between the predictions by the present model and

the Zerilli and Armstrong model [9] with the experimental results by
Follansbee and Kocks [2], under ¢ = 0.15
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should decrease for dislocation density below a critical
value p. (corresponding to the dimensionless value
Pe = po/ps = (14+471)/2). The evolution of dislocation
density with plastic strain is governed by Eq. 10. For sim-
plification, we choose the initial dislocation density py = 0
in Eq. 10, and # = 0 in Eq. 14 in the following discussion.
Under these assumptions, 7 can be considered a constant,
and p is always below the critical value p, at the initial of
plastic deformations. Based on Eq. 10, the plastic strain
corresponding to p. can be obtained as & = Zﬁc —In
(1 — p.). Figure 5 shows the variation of the dimensionless
thermally activated stress 7 with dimensionless strain &,
based on Egs. 10 and 11, with the dimensionless strain rate
& =2.7and 3.6, respectively. In Fig. 5, the parameters p, ¢,
0, and g are the same as those used in Fig. 4, and p, = 0.6
(corresponding to /. =5.0). At the beginning of plastic
deformation, since p = 0, the materials are free of dislo-
cations, and the deformation resistance is close to its theo-
retical strength. When the initial dislocation density p, is
above zero, and is below the critical value p,, the dimen-
sionless thermally activated stress T dramatically decreases
with the increase of plastic strain & and may result in
deformation instability. If py > p., T always increases with
an increasing plastic strain, and the metals may deform
stably. The dimensionless thermally activated stress 7 in
Fig. 5 depends on the plastic strain, until the dislocation
density reaches its saturated value pg (i.e., p = 1). The
increase of the thermally activated stress due to the increase
of the strain rate depends on the plastic strain, which means
that the value m = 07/ 0% can increase along with the plastic
strain, and can gradually tend to a constant when p
approaches 1.
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Effects of dislocation generation on the long-range
resistance

With the increase of plastic deformation, the evolution of
dislocation density may lead to two additional long-range
deformation resistances, i.e., the resistance for the inter-
actions between dislocations, t; = ap,/p, and for the
generation of new dislocations, 7, = (p/A4)(1 — p/p,)U,,
as discussed in “Effects of plastic strain” and “Resistance
of dislocation generation for deformation.” The latter can
be important for materials under shock loadings, with a
small value of A corresponding to fast dislocation gener-
ation. The corresponding resistance for deformation may
decrease with the increase of deformation, if the disloca-
tion density p becomes larger than py/2, ie., p > 1/2.
That may result in the deformation instability.

Using Eq. 20, the dimensionless form for the athermal
stress can be written as:

Tan = To+ T + 7, = %o + /P + Ep(1 — p), (21)

where Ty = Tam/T, To = T0/%, Tt = /T =c\/p, Tp =
7,/T=¢p(1 =" p), and the parameters ¢ = a(u/T)\/ps.
and ¢ = (p,U,/tA). Figure 6 shows the variation of
dimensionless athermal stress 7,5, Wwith dimensionless
plastic strain &, with parameters set as { = 10, & = 40, and
p. = 0.6.

Both the variations of thermally activated stress 7y, and
the resistance for dislocation generation 7, with the
increase of plastic strain may lead to deformation insta-
bility. However, Eq. 11 reveals that the former condition
may appear for the dimensionless dislocation density p
below p., and larger than 1/2, whereas the latter may
appear for p > 1/2. Thus, the deformation instability may
be in response to the decrease of thermally activated stress
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Fig. 6 Variation of » and + 7, with dimensionless
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7, for small plastic strain (p <1/2), and to the decrease of
1,, for larger deformation (p > p.). These two causes can
coexist for materials deforming under high strains, e.g., the
experimental results of annealed tantalum reported by
Hoge and Gillis [37].

Conclusion

A dislocation-based model is presented to study the strain-
rate-dependent behavior of materials, with multi-mecha-
nisms counted in, such as dislocation generation, viscous
drag, and thermal activation. The results show that the
strain rate corresponding to the transition of deformation
mechanism between viscous drag and thermal activation
decreases with increasing temperature. Besides, the viscous
drag mechanism may play a more important role than the
thermal activation for materials deforming under high
temperature and both regions of low and high strain rates.
There are two mechanisms for deformation instability: the
decrease of thermally activated stress is dominant for small
deformations (with low dislocation density), and the
decrease of the resistance for deformation contributed by
dislocation generation answers for the deformation insta-
bility occurred under large deformations. The athermal
stress for deformation dominated by dislocation generation
is larger than that by viscous drag for materials under high
strain-rate loadings, and the condition for thermally acti-
vated stress is the opposite.
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