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Abstract—The axisymmetric deformation behavior of 0.9999 Cu is investigated at strain rates from 0
to 10%s~!. The variations of the flow stress and of the mechanical threshold stress (the flow stress at 0K),
which is used as an internal state variable, with strain rate and strain are measured. The experimental
results are analyzed using a model proposed by Kocks and Mecking: results at constant structure are
described with thermal activation theory; structure evolution (strain and strain rate evolution of the
mechanical threshold stress) is treated by the sum of dislocation generation and dynamic recovery
processes. A significant result is that the athermal dislocation accumulation rate, or Stage Il hardening
rate, becomes a strong function of strain rate at strain rates exceeding 10*s~'. This leads to the apparent
increased strain rate sensitivity seen in a plot of flow siress at a given strain vs the logarithm of strain
rate. An explanation is proposed for the strain rate dependence of this initial strain hardening rate based
on the limiting dislocation velocity and average distance between obstacles.

Résumé—Nous étudions la déformation de symétrie axiale d'un cuivre 4N pour des vitesses de déformation
allant de 10-*s~' 4 10*s~". En fonction de la vitesse de déformation et de la déformation, nous mesurons
les variations de la contrainte d’écoulement et de la contrainte seuil mécanique (la contrainte d’écoulement
a OK) que I'on utilise comme variable d’état interne. Nous analysons les résuitats expérimentaux a I'aide
d’un modéle proposé par Kocks et Mecking: les résultats a structure constante sont décrits par une théorie
d’activation thermique; I'évolution de la structure {(évolution du seuil de contrainte mécanique en fonction
de la déformation et de la vitesse de déformation) est traitée par la combinaison des mécanismes de
création des dislocations et de restauration dynamique. Un résultat important est 4 soulingner: la vitesse
d’accumulation athermique des dislocations, ou vitesse de consolidation du stade II, commence 4 dépendre
fortement de la vitesse de déformation pour des vitesses de déformation supérieures & 10°s~". Ceci conduit
a I'influence apparente accrue de la vitesse de déformation que "on observe sur les courbes de Ja contrainte
d’écoulement a déformation donnée en fonction du logarithme de la vitesse de déformation. Nous
proposons une explication de l'influence de la vitesse de déformation sur la vitesse de consolidation initiale,
explication fondée sur la vitesse limite des dislocations et la distance moyenne entre les obstacles.

Zusammenfassung—Das achsensymmetrische Verformungsverhalten von 0,9999 reinem Kupfer wurde fiir
die Verformungsraten zwischen 10~*s~! und 10*s~! untersucht. Es werden die FlieBspannung und die
kritische mechanische Spannung (FlieBspannung bei 0 K), die als eine Variable des inneren Zustandes
verwendet wird, in Abhéngigkeit von Verformungsrate und der Verformung gemessen. Die experi-
mentellen Ergebnisse werden anhand des von Kocks und Mecking vorgeschlagenen Modelles ausgewertet.
Die Ergebnisse fiir konstante Struktur werden mit der Theorie der thermischen Aktivierung beschrieben;
die Entwicklung der Struktur (Entwicklung der kritischen mechanischen Spannung mit Dehnung und
Dehnungsrate) wird mit der Summe von Versetzungserzeugung und dynamischen Erholungsprozessen
behandelt. Ein wichtiges Ergebnis ist, daB die Rate der Versetzungsanhiufung, oder die Verfestigung im
bereich 11, oberhalb der Dehnungsrate von 10°s~! stark von der Dehnungsrate abhingig wird. Dieser
Sachverhalt fiihrt zu der scheinbar erhéhten Dehnratenempfindlichkeit, die sich in einem Diagramm der
FlieBspannung bei fester Dehnung gegen den Logaritnmus der Dehnungsrate bemerkbar macht. Fir die
Abhingigkeit dieser Anfangsverfestigung von dgr Dehnungsrate wird eine Erkldrung vorgeschlagen,
welche auf der begrenzenden Versetzungsgeschwindigkeit und dem mittleren Abstand zwischen den
Hindernissen beruht.
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1. INTRODUCTION

The deformation behavior of copper at high strain
rates has been investigated in recent work by
Follansbee [1] and Follansbee ¢z al. {2]. This previous
work has shown that the increased strain rate
sensitivity (Fig. 1) typically observed at strain rates
exceeding ~10°s™' in copper and other metals of
face-centered-cubic (f.c.c.) structure is an artefact of
the practice of comparing flow stresses at constant
strain, which is not a valid state parameter. When the
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comparison is instead made at constant structure
(Fig. 2), where the mechanical threshold stress, or
flow stress at 0 K, is used as the structure parameter,
no increase in the strain rate sensitivity is observed in
polycrystalline copper at strain rates as high as
10°s~!. The constant-structure strain rate sensitivity
continues to be controlied by the thermally activated
interactions of dislocations with obstacles at these
high strain rates: the previously postulated transition
in rate controlling deformation mechanism from
thermal activation control at low strain rates to
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Fig. 1. Flow stress of annealed 0.9999 copper measured at
a strain of € = 0,15 as a function of strain rate.
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Fig. 2. Flow stress of annealed 0.9999 copper measured at
a constant mechanical threshold stress as a function of
strain rate [1, 2).

dislocation drag control at high strain rates [3, 4] does
not occur at strain rates below 10°s~7,

The observed change in the strain rate sensitivity at
constant strain must then be due to the strain rate
sensitivity of structure evolution. In the work of
Follansbee et al., this deduction was confirmed by
measuring the mechanical threshold stress on dynam-
ically deformed material and comparing this with the
measured flow stress. A similar conclusion, however,
was reached by previous investigators using flow
stress measurements in strain rate change tests.
Results in aluminum [5] and in copper [6-9] have
indicated large strain or strain rate history effects.
Measurements using the strain rate change test are
usually limited to strain rates <10°s~!, Because the
strain rate sensitivity is found to increase at strain
rates exceeding this, the intent of our previous work
was to verify that history effects, and not a transition
in glide mechanism, are responsible for the observed
behavior; as described above, this indeed was the
conclusion of these previous studies. The purpose of
the present paper is to investigate these history effects
more thoroughly. Specifically, our intent is to pro-

pose and test a physically based model that is used to
describe the observed behavior in copper.

There have been numerous attempts to describe
strain and strain rate history effects in f.c.c. metals at
high strain rates. The presence of these history effects
makes models that use strain as a state variable less
plausible than those which incorporate some other
internal state variable. Klepaczko {7] analyzed results
of experiments in aluminum and copper and pro-
posed a model based on the use of the dislocation
density as the internal state variable and which
incorporated the strain rate dependence of dis-
location accumulation. More recently, Klepaczko
and Chiem [10] reviewed the evidence for history
dependence in f.c.c metals and proposed general
relations for structural evolution, again based on
dislocation accumulation and recovery mechanisms.

The Klepaczko—Chiem model has not been applied
to data obtained at strain rates above 10°s™! where
the constant-structure strain rate sensitivity increases.
To describe the stress—strain behavior at these high
strain rates, a common practice has been to use the
experimentally observed linear relationship betwen
strain rate and flow stress measured at constant strain
[11,12]

U=0’b+ﬂé

M

where ¢, and B are constants which can depend on
strain. Although equation (1), when combined with
an appropriate hardening law, can correctly represent
monotonic stress—strain behavior at high strain rates,
it is an unsatisfactory constitutive description for two
reasons. First, it reintroduces strain as a state variable
without allowing for the possibility of strain-path
history effects. Second, the strain rate sensitivity
expressed by equation (1) is

dlne _ pé
dIné o,+ feé
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which vyields a value considerably higher
(10-100 times) than the actual constant-structure
strain rate sensitivity. Thus, there is a need for a
single constitutive description which accounts for the
high strain rate (¢ > 10°s7!) as well as the low strain
rate deformation behavior of f.c.c. metals.

In the present work the model of Kocks [13] and
Mecking and Kocks {14] is applied and extended into
the high strain rate regime. The model uses the
mechanical threshold stress as an internal state
variable and treats evolution of this variable using
physically based and phenomenologically based
expressions. (For a review of this model, see Estrin
and Mecking [15].) The availability of mechanical
threshold stress data measured in copper at strain
rates as high as 10*s™' permits extension of this
model into the regime where the strain rate sensitivity
(determined at constant strain) is known to increase
dramatically. This allows the proposal and testing of
a single model based only on thermal activation
controlled glide that describes experimental results
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over a wide range of strain rates (107*s™!'gé¥
10*s~"). Although strain rate change tests are not
used to generate data with which to fit the model,
results of such tests are compared with predictions of
the model. Finally, extrapolations of the model to
temperatures and strain rates outside the regime
where the model has been fit are investigated as a
further test of the general validity of the proposed
modeling procedure.

2. THEORY

We consider plastic deformation in a poly-
crystalline aggregate to occur by the accumulation
and motion of dislocations and the rate controlling
deformation mechanism to be the interactions of
dislocations with “defects”, i.e. grain boundaries,
forest dislocations, solute atoms, etc. For pure f.c.c.
metals the dominant short range obstacles are ex-
pected to be other dislocations (forest dislocations)
whereas in solid—solution or dispersion strengthened
alloys the contributions from several sources may
have to be considered. In the present study we specify
the flow stress ¢ as a function of a reference stress ¢
[14], the mechanical threshold stress, or flow stress at
0K (in the absence of any drag or inertial influences).
The mechanical threshold stress is separated into two
components,

6 =6,+ 6,

3

where the component o, characterizes the rate inde-
pendent interactions of dislocations with long-range
barriers such as grain boundaries whereas the
component o, characterizes the rate dependent
interactions with short range obstacles. At finite
temperature, thermal activation can lead to a
lowering of the second component of the flow stress,
while leaving the first unchanged. The relation
between the flow stress and the mechanical threshold
stress becomes

o=6,4+06,=6,+s( T)d,, 4)
where the strain rate and temperature dependencies
are included in the factor st.

With equation (4) as a foundation for a2 model,
there are two separate problems to consider. First,
the form of the factor s in equation (1) must be
specified. Second, evolution of the mechanical thresh-
old stress must be described.

2.1. Thermal activation at constant structure

The factor s in equation (4) specifies the ratio
between the applied stress and the mechanical thresh-
old stress; its value is defined by the glide kinetics.
This factor is <1 for thermally activated controlled

tThere is a slight temperature (and pressure) dependence in
6 from u(T, P) which, for consistency, will be combined
with the s term.
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glide because the contribution of thermal activation
energy reduces the stress required to force a dis-
location past an obstacle. If deformation is instead in
the dislocation drag controlled regime, then an ap-
plied stress greater than the mechanical threshold
stress is required for continued deformation.
Although the exact form of the equation relating
o(d,¢, T) in the transition regime between these two
rate controlling deformation mechanisms has been
derived by Regazzoni et al. [16), our previous results
in copper indicate that at strain rates < 10*s™' the
rate controlling deformation mechanism is thermal
activation and that the contribution of dislocation
drag is negligible.

In the thermally activated glide regime the inter-
action kinetics for short range obstacles are described
by an Arrhenius expression of the form

c=c, exp[—-————AG(o'/&')], )

kT
where ¢, i1s a constant and k& is the Boltzmann
constant. For the free energy AG we have chosen the
phenomenological relation {16, 17]

s 1-(G |
o'l

where g, is a normalized activation energy, which is
expected to remain constant providing the obstacle
character does not vary, u is the shear modulus, b is
the magnitude of the Burgers vector, and p and g are
constants that characterize the (statistically averaged)
shape of the obstacle profile 0<p<1; 1<¢g<2
{17]). Note that this form differs slightly from the form
reported previously [1,2] in the use of only the
thermally activated part of the applied stress. Because
at stresses larger than the yield stress 4, is a small
fraction of 4, this difference is a minor one. Com-
bining equations (6), (5), and (3) and rearranging the
result gives

o0=6,+(6—4,) {l - [gg%%@]‘/q}up, 0

which is a specific form for the more general equation
(4). The application of this expression is straight-
forward; the flow stress is a simple function of the
current structure (6), strain rate and temperature.
Evolution of the structure, however, is more difficult
to describe; this is the topic of the next Section.

©

2.2. Structure evolution

Structure evolution is considered as the balance
between dislocation accumulation and dynamic re-
covery and the strain hardening rate 6 =dé/de is
used to characterize the differential variation of the
structure parameter with strain. The fundamental
relation between the competing processes is written

0 =0,-6.(T,¢ ), @®

where 8, is the hardening due to dislocation accumu-
lation and 6, is the dynamic recovery rate. Applica-
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tion of this equation to a variety of f.c.c. pure metals
and alloys, using data measured over a wide range of
temperatures but a narrow range of strain rates [14],
has led to the conclusion that the first term on the
right-hand side of equation (8) is roughly constant
and equal to /20, which is the strain hardening rate
during Stage Il deformation.

According to the model expressed by equation (8)
the important temperature and strain rate de-
pendencies are found in the dynamic recovery term.
To proceed with the analysis of this term it is useful
to first inspect some characteristics of the strain
hardening behavior in f.c.c. metals and alloys. Figure
3 is a schematic representation of the variation of
strain-hardening rate with mechanical threshold
stress. There are three solid curves shown in this
figure, corresponding to three combinations of strain
rate and temperature. The strain values for one of the
hardening curves, for instance the middle one, given
on the top axis indicate that the curve represents the
strain hardening behavior to uniaxial strains as high
as 2. The 6-0 curves for polycrystalline f.c.c. metals
are generally concave up as shown in Fig. 3, but a
straight line (dashed line in middle curve) does ap-
proximate the behavior over a limited stress or strain
range. A linear variation of strain hardening rate with
stress indicates Voce behavior,

6 -6

o= 90[1 és{Ta é) - éa]’
where 4, is the stress at zero strain hardening rate,
sometimes termed the saturation stress. Kocks {13]
and Estrin and Mecking [15] have given physical
significance to equation (9) by considering the com-
petition between dislocation accumulation and anni-
hilation processes. Estrin and Mecking [15] modified
the Voce law to account for dislocation motion in
dispersion strengthened or fine-grained materials.

®
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Fig. 3. Schematic illustration of the variation of the strain

hardening rate, 8 = dé/de vs 6 as a function of strain rate

and temperature. The dashed line shows Voce law behavior

fequation (9)] and the strain scale on the top axis shows that

significant deviations from simple Voce behavior occur at
large strains.
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Most metals do not show Voce behavior over a wide
range of stresses, but saturation-like behavior is
common. That is, the strain hardening rate continues
to decrease toward zero with increasing stress or
strain, but true saturation behavior is rarely ob-
served. For this study, we will concentrate on strains
<1, assume that the strain hardening curves do
saturate, and model the strain hardening behavior
using an equation of the form

()]
g, —0,

where the function F is chosen to fit the measured
data. In equation (10) as in equation (9) the tem-
perature and strain rate dependencies lie in the
saturation threshold stress d,.

The strain hardening rate decreases with strain and
approaches saturation due to dynamic recovery. At
low temperatures in f.c.c. metals, dynamic recovery
occurs by cross slip [15], which is both thermally
activated and stress assisted. Kocks {13} has proposed
a description for 6,(7, €) that has the same form as
that proposed by Haasen [18] for the beginning of
dynamic recovery which in turn was based on the
calculations by Schoeck and Seeger [19] of the stress
dependence of the activation energy for cross slip in
f.c.c. metals. The relations is written

. 3 A
o[22,
L) s

kT

where &, A, and 6., are constants. The reference
stress d,, is the saturation threshold stress for defor-
mation at 0 K. This expression has been applied by
Kocks [13] to the low strain rate, low and elevated
temperature deformation of aluminum, copper, and
304L stainless steel and by Haasen [18] to the low
strain rate, low temperature deformation of nickel.
Equation (11) completes the development of the
theoretical model to be used to fit the experimental
results described in the following Section.

(10)

an

3. EXPERIMENTAL

Oxygen-free-electronic (OFE) copper (0.9999 Cu)
was chosen for this study. Compression specimens
were machined from the half-hard stock material and
then given a recrystallization anneal at 600°C in
vacuum for 1h to yield the desired well-annealed
equiaxed grain structure with an average grain
diameter of 40 um. All of the experiments reported
here have been performed in uniaxial compression.
Experimental techniques used to measure the flow
stress and the mechanical threshold stress have been
described previously [1, 2].

In the earlier work, mechanical threshold stress
measurements were reported for strain rates from
10~* to 10*s™! and for true strains to 25%. Select
additional measurements to strains as high as 96%
have been added to the test matrix defined above. For
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these large strain measurements, the procedure was to
incrementally load in steps of ~25% strain followed
by relubrication and/or remachining of the solid
cylindrical geometry. This minimized the influence of
frictional constraint on the specimen as well as the
influence of the adiabatic temperature rise for the
high strain rate experiments.

3.1. Results ar constant structure

The mechanical threshold stress is measured by
first deforming several samples identically according
to the strain and strain rate history of interest (all
histories presented here were produced at ambient
temperature) and reloading each sample at various
temperatures (< 300 K) to measure the yield stress as
a function of reload test temperature. The mechanical
threshold stress is the flow stress at 0 K, but tests at
temperatures <76 K are not performed because
contribution from real drag forces can complicate the
measured yield stress; thus, an extrapolation to 0 K
is required. Equation (7) provides the format needed
to perform this extrapolation, which has been de-
scribed in detail previously [l, 2}.

The extrapolated value of the mechanical threshold
stress at 0 K depends on the form of the thermal
activation law [equation (7)], which differs slightly
from that used in earlier work [1, 2] by the inclusion
of an athermal stress. The estimated mechanical
threshold stress values also depend on the values of
p and g chosen in equation (7). In our previous work,
these values were chosen as the medians of the ranges
given earlier, i.e. p =} and ¢ =3. These values, how-
ever, yielded g, values which we consider to be
unrealistic (g, ~ 7) for dislocation/dislocation inter-
actions. Choosing p =% and ¢ =1 led to more plau-
sible values of g, (to be discussed below). This pair of
values corresponds to a random distribution of box-
like obstacles [17].

To fit the reload yield stress data to equation (7),
the athermal stress was estimated as the yield stress
on undeformed material,

6,=40 MPa, (12)

and was assumed to remain constant with strain. The
results of ajl 41 strain and strain rate histories are
listed in Table 1. Included in this table are the
measured flow stress and extrapolated mechanical
threshold stress and normalized activation energy
values. Although as discussed above, the g, value
depends sensitively on the p and ¢ values, the esti-
mated mechanical threshold stress is only weakly
dependent on these exponents. In fact, the mechani-
cal threshold stress estimates reported previously for
P =% ¢ =2 and é,= 0 differ only slightly (<8 MPa)
from those reported here (p =3, 4 = 1, ¢, = 40 MPa).

Most of the reload operations were performed at
a strain rate of 1.4 x 1075, In order to evaluate
the £, term in equation (7), additional tests were
performed at higher strain rates. The measured flow
stress values listed in Table 1 offer another “constant
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structure” meéasurement (at the prestrain strain rate).
Examples of plots of yield stress (or flow stress for the
prestrains) vs test temperature and strain rate are
shown in Fig. 4. In these plots the value of ¢, has been
set at

é,=10"s"" (13)

which gave the best general agreement for all of the
histories. No systematic variation in ¢, with history
was detected, although it should be emphasized that
the low constant-structure strain rate sensitivity in
copper makes it difficult to experimentally determine
this quantity with precision.

The normalized activation energy is determined
from the slope of the line through the data plotted in
Fig. 4. Inspection of the results tabulated in Table 1
suggests that there is a slight increase in g, with
increasing ¢, which is illustrated in Fig. 5. At low
stress there is considerably more variation in the
estimate of g,, due to the almost zero slope at these
stresses. However, at higher stresses the confidence in
the estimate of g, is good. To a first approximation
we will estimate the normalized activation energy as
the average of all the data points (the dashed line in
Fig. 5), which gives

g, =16. (14)

The significance of the slight increase in g, with
increasing ¢ will be discussed in Section 5.

3.2, Application of the results to the description of
Structure evolution

The key to the successful application of equation
(10} to the description of structure evolution is the
choice of the function F. Several functions were
investigated, including the simple Voce law [equation
{10)}, the modified Voce law proposed by Estrin and
Mecking [15] and a Voce law coupled with a linear
strain hardening expression at large strains [20]. To
fit the evolutionary equations to the mechanical
threshold stress data the factors 8, and 6, were varied
iteratively until the lowest error between the experi-
mental data points and the predicted ¢-¢ curve was
achieved. The form of the function F finally chosen
uses the hyperbolic tangent function and is written as

_ tanh(2X)
" tanh(2) as
where X = = %2 (16)
o& - o-ﬂ

Combining this expression with equation (10) gives

_ _ tanh(2.X)
b= 9"[‘ tanh(2) }

A comparison of the best fits of the Voce law
[equation (10)], the modified Voce law [15}, and
equation (17) for the mechanical threshold stress data
at € =0.015s7" is shown in Fig. 6. The agreement
between equation (17) and the experimental results is

an
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far better
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Table 1. Summary of mechanical threshold stress measurements

¢ (MPa) £,

e € o (MPa) Mean SEt Mean SE¢
0.00014 0.05 114 123.1 19 23 1.4
0.00014 610 168 181.1 27 2.7 1.4
0.00014 0.15 206 223.2 27 22 0.7
0.00014 0.20 234 256.9 1.8 2.1 0.4
0.00014 0.25 252 271.6 1.6 2.0 0.2
0.00014 0.468 309 340.2 1.8 1.8 0.2
0.015 0.05 118 127.1 25 1.8 11
0.015 0.10 175 188.5 27 22 0.8
0.015 0.15 218 2343 1.6 20 0.3
0.015 0.20 247 268.0 24 1.9 0.3
0.015 0.25 269 2918 24 2.0 0.3
0.015 0.491 336 367.3 2.2 1.7 0.2
0.015 0.96 402 4358 2.1 1.3 0.1
0.82 0.05 127 1359 4.2 1.6 1.7
0.82 0.10 180 192.5 1.6 23 0.5
0.82 0.15 224 244.2 22 2.0 04
0.82 0.20 268 281.7 1.9 1.6 0.2
0.82 0.25 295 305.7 2.2 1.6 0.2
0.82 0.521 354 396.8 2.5 1.2 0.1
0.82 0.727 381 432.2 1.7 1.1 0.1

81 0.05 130 134.7 30 1.1 0.4
81 0.10 194 203.1 1.6 1.3 0.2
81 0.15 241 2503 19 1.8 0.3
81 0.20 281 2950 1.4 1.5 0.1
81 0.25 307 3242 1.6 1.5 0.1
1800 0.064 144 1738 33 23 1.6
1800 0.107 203 219.1 1.0 2.7 03
1800 0.152 252 275.6 18 1.3 0.1
1800 0.209 299 305.0 1.7 16 0.}
1800 0.253 319 340.0 10 1.2 0.4
1800 0.52 415 4419 28 10 0.1
5000 0.065 157 180.6 1.5 29 0.9
5000 0.10 206 2279 22 1.8 0.4
5000 0.168 21 281.7 14 14 0.1
5000 0.211 309 319.0 1.0 13 0.1
5000 0.257 332 350.1 19 1.1 0.1
9500 0.087 205 2116 1.6 24 0.4
9500 0.134 259 269.5 1.5 1.5 0.1
9500 0.156 280 294.7 2.0 1.3 0.1
9500 0.189 308 320.8 1.6 1.1 0.1
9500 0.226 330 337.0 0.8 1.3 0.1

+Standard error of estimate.

than that obtained with the Voce and

modified Voce laws, which is why equation (17) was
chosen over the more physically based laws.
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Fig. 4. Reload yield stress (open circles) vs test temperature
on samples predeformed as indicated. The results are plotted
according to equation (7) with 6,=40MPa, p =% g =1
and ¢, = 107s~!, The solid circles give yield stress or flow
stress measured at strain tates other than that used for the

open circles (¢ =0.00155™").

We emphasize that the particular evolution law
chosen to fit the results presented here [equation (17)]
is merely a convenient mathematical form which
happens to describe the data. Although it is satisfying
that equation (17) approximates the Voce law at low
strains, we imply no physical significance to the
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- 3 3
0.50}- k& ; §§ § ¢ .
L 4
C“ " A : { " i 5 i
(] 100 200 300 400 s00

THRESHOLD STRESS (MPa)

Fig. 5. Inverse of the normalized activation energy [equation

{6)} vs mechanical threshold stress. The dashed line shows

the mean value, g, = 1.6. The symbols show data at the
strain rates identified in the key of Fig. 7.



FOLLANSBEE and KOCKS: COPPER DEFORMATION 87

500 T T T T

-~

o]

o

=
S

L]

72}

W

o

-

7]

Q

=4

(o}

I

[%2]

i

2

I

-~

o 1 ] ] |
o} 0.2 0.4 0.6 0.8 1.0
STRAIN

Fig. 6. Fit of equation (17) (solid line), the Voce law
[equation (9)] (long dashed line) and the modified Voce law
of Estrin and Mecking [I5] (short dashed line) to the
meéchanical threshold data for deformation at ¢ = 0.015s-1.

particular form of the fit expressed by equation (17),
and in fact doubt that the same evolution law would
fit data in other f.c.c. metals and alloys as well as it
is found to fit data in copper. Hopefully, more
universal, physically based evolution laws will arise as
the fundamental understanding of texture evolution
and Stage IV deformation are advanced.

The fit of equation (17) to the mechanical threshold
stress data at all the strain rates is shown in Fig. 7,
and the values of 6, and §, for the seven curves shown
in Fig. 7 are listed in Table 2. The fitted curves at
strain rates of 1.4 x107% 1.5x10"2, 0.82 and
2 x 10°s~! represent actual best fits to equation (17).
Data at the three other strain rates (81s~', 5 x 10°
and 9.5 x 10*s~!) were limited to strains of 25% and
less, which is not a sufficiently wide strain range to
give a meaningful “best fit” to equation (17). For
these data, the saturation threshold stress results for
the first four strain rates were first plotted according
to equation (11) as shown in Fig. 8. The data points
are well described by a line, which gives confidence in
the specific form of the model chosen to represent
dynamic recovery [equation (11)]. The line in Fig. 8
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Fig. 7. Fit of equation (17) to mechanical threshold stress
data at all of the strain rates.

Table 2. Evolution law parameters

(s é,(MPa) 8,(MPa}
0.00014 482 2293
0.015 530 2305
0.82 564 2425

81 617 2456
1800 655 2550
5000 666 2634
9500 674 2840

defines the saturation threshold stress values for the
three remaining strain rates. The 6, values listed in
Table 2 for these strain rates represent the best fits of
equation (17) to the threshold stress data with the
specified saturation threshold stresses.

As described previously, the mechanical threshold
stress measurements were performed only on samples
given stress and strain rate histories at ambient
temperature. Thus, the data required to best evaluate
the constant 4, in equation (11) is unavailable.
However, stress-strain curves to strains as large as 1
were performed at 76 K and from these data the value
of &, was estimated as

é,,= 900 MPa. (18)

The two remaining constants in equation (11) assume
values of

4 =031 (19

and
6 =162 x10"5"", (20)

The results listed in Table 2 show a definite strain
rate dependence of the Stage II hardening rate 6,
which is in contrast to the expected behavior. [Note
that there was no strain rate dependency of 6,
suggested in equations (8), (9), and (10)]. Figure 9
shows the variation of 6, with strain rate. The curve
fit to these data points has the form

0,(MPa) = 2390 + 12.0In(¢) + 0.034¢. (1)

where ¢ is in units of s~'. The term which is linear in
strain rate is significant because it has a strong
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Fig. 8. Variation of the saturation mechanical threshold
stress (on logarithmic axis) with strain rate for data at
¢ =0.00014, 0.015, 0.82 and 1800s~' and fit to equation
(11).
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Fig. 9. Variation of 8, [equation (17)] with strain rate and
fit to equation (21).

influence at high strain rates. This observed behavior
will be discussed further in Section 5.

4. PREDICTIONS OF THE MODEL

Equation (17) together with equation (11) [with
constants given in equations (18), (19), and (20) and
summarized in Table 3] and equation (21) constitute
the evolutionary description for copper. The
variation of ¢ with ¢ is found by integrating equation
(17) along the prescribed temperature and strain rate
path. For monotonic (and isothermal) loading, a
direct integration of equation (17) gives

. _ = 1326,~46.)
= 7
x {X +0.52 In[~ 1.04 sinh(2X)
+ cosh(2X)]} . (22

However, the differential form [equation (17)] is more
useful for arbitrary strain rate and temperature paths.
At any instant the value of the flow stress is computed
using equation (7) with the constants 4,, ¢,, and g,
given by equations (12), (13), and (14) and sum-
marized in Table 3.

Predictions of the model and comparisons with
experimental results for room temperature defor-
mation at strain rates of 0.015 and 8500s~! are
shown in Fig. 10. The prediction at the higher strain
rate is made for both isothermal (295K) and ad-
iabatic conditions. For the latter condition the tem-
perature is calculated assuming 95% of the work of
plastic deformation is converted into heat which
results in a temperature rise according to

0.95 (-
T= T0+——J s(e)de, 23)
pcp 0

1The pressure-shear experimental curves shown in Fig. 11
are recent results which do not appear in {22] but have
been supplied by R. J. Clifton, Division of Engineering,
Brown University, Providence, R.I. A conversion factor
of \/3 has been used to convert shear stress-shear strain
to axial stress—axial strain.

Table 3. Constants in thermal activation and struc-
ture evolution laws

Relevant
Constant equation(s) Value
é, M, (16) 40 MPa
P ™ 2/3
q Q) 1
¢, (@) 107s~!
g ) 1.6
by an 6.2 x 10"9s7!
A an 0.312
6 (1 900 MPa
k/b? M, A1, (31)  0.823MPaK-'

where s and e are the engineering stress and strain, p
is the density, and ¢, is the heat capacity. The low
strength and high value of pc, for copper make the
correction for adiabatic deformation small, but as
shown in Fig. 10, the correction does bring the
prediction into closer agreement with the experi-
mental data. Flow stress data at strains <5% for the
dynamic curve are not shown in this plot (or in
subsequent plots) because the split Hopkinson
pressure bar experimental technique is inherently
inaccurate at low plastic strains [21].

The comparisons in Fig. 10 show good agreement
between predictions of the model and the experi-
mental results. However, the model was fit to data
obtained for room temperature deformation between
strain rates of 10~* and 10*s~!, and comparisons
made within this fitted regime are not a stringent test
of the modeling procedure. A more critical test of the
general validity of the model is to test it at conditions
outside this regime. Two such comparisons are given
in Fig. 11, which shows predictions of the model and
experimental results for a test at 473 K and a strain
rate of 5000s~' and for two tests at room tem-
perature and a strain rate of ~6.4 x 10°s~! from
measurements of Huang and Clifton using the
pressure-shear experiment [22}t. The fit in Fig. 11(a)
is quite satisfactory. In Fig. 11(b) the model predic-
tion for the latter condition exceeds the mea-
surements; however, the difference between the pre-
dicted and measured flow stress levels could easily be
due to the difference in stress state between the two
experiments. Experience at low strain rates shows
that the flow stress is uniaxial deformation at a von
Mises equivalent strain of 0.8 typically exceeds that
in shear by ~15-20% [23]. Thus, the comparisons
between the predictions of the model and the experi-
mental results in Fig. 11 are close, especially when it
is emphasized that the conditions are extrapolations
outside the conditions over which the model has been
fit.

4.1. Strain-rate change tests

The modeling procedure described in Section 2 is
easily applied to the case of a strain rate change test.
Strain rate influences the saturation flow stress
through equation (11), the initial strain hardening
rate through equation (21), and the instantaneous
ratio of the flow stress to the mechanical threshold
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Fig. 10. Predictions of the model expressed by equations
(17), (11) and (7) and comparisons with experimental results
for (a) ¢ =0.0155"" and (b) ¢ =8500s~'. The calculations
for the latter strain rate are for both isothermal (7" = 295K,
dashed line) and adiabatic deformation (solid line).

stress through equation (7). For the application of the
model to monotonic loading at constant strain rate
and temperature, the values of 8, and 4, do not vary.
In a strain rate or temperature change test, however,
these values must be updated whenever a change in
¢ or T is specified. The adiabatic calculations shown
in Figs 10 and 11, for instance, require small changes
to 4, after each strain increment.

Comparisons of predictions of the model with
results from strain rate-jump tests are shown in Fig.
12. These measurements show the measured
stress—strain curves for deformation at ¢ = 2500 s~!
following deformation at é=14x10"'s7! to a
strain ¢, and unloading. Close agreement between
predictions of the model and the measured behavior
is found for a strain rate change at low values of ¢,
but as ¢, increases, the measured curves approach the
higher strain rate flow stress level more rapidly than
is predicted. The failure of a single-parameter model,
such as the one studied in this investigation, to fully
account for transient behavior following an abrupt
change in strain rate has been noted previously [14].

The model prediction and experimental result for
a strain rate reduction from ¢ = 2500 to 0.0015s~! at
€. = 0.52 are shown in Fig. 13. All calculations for the

high strain rate are performed assuming adiabatic
deformation, whereas the deformation is assumed to
be isothermal for the low strain rate. The defor-
mation at the dynamic strain rate was performed in
two increments. Thus, there is a very slight kink in the
predicted curve at € = 0.25 which corresponds to the
return of the temperature from 311 to 295K between
loading increments. The solid curve following the
strain rate reduction overestimates the measured data
considerably. We believe that this is due to the
variation of g, with strain rate noted in Fig. 5. When
the experimentally measured value (from Table 1,
g,=1.0até=1800s""! and ¢ = 0.52) is used follow-
ing the strain rate change, the agreement (dashed
curve in Fig. 13) between the predicted and measured
behavior is improved. Note, however, that account-
ing for the slight variation of g, with strain would not
improve the agreement between the predicted and
measured behavior in Fig. 12. Implications of the
variation of g, with strain rate are discussed in the
following Section.

5. DISCUSSION

There are two results of these experiments and of
the associated theoretical modeling that require dis-
cussion. The first result is the dramatically increased
initial strain hardening rate that is observed at high
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Fig. 11. Predictions of the model and comparisons with
experimental results for (a) € = 5000s~'and T =473 K and
(b) € =6.4x 10°s~' and T =295K [22].
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Fig. 12. Predictions of the model and comparisons with

experimental results for a strain rate change from

€=0.0015s"" to ¢ =2500s" at strains of ¢ =0.0513,
0.1054 and 0.1625.

strain rates. The second result is the noted variation
of the normalized activation energy.

5.1. Initial strain hardening rate

A fundamental supposition of Mecking and Kocks
is that the initial portion of the stress-strain curve is
affected strongly (almost solely) by the athermal
dislocation accumulation rate whereas the large
strain regime of the stress—strain curve is affected
strongly (almost solely) by the dislocation rear-
rangement and therefore the saturation flow stress
behavior. These features are unaltered by the details
of the evolutionary law, i.e. whether this is assumed
to be the Voce, modified Voce [14], or the particular
law chosen for this study. The mechanical threshold
stress data listed in Table 1 and shown in Fig. 7 show
an unusually large strain rate dependence at low
strains. This behavior cannot be described by equa-
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-
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Fig. 13. Prediction of the model and comparison with

experimental result for a strain rate change from ¢é = 2500

t0 0.0015 s~ at ¢ = 0.52. Solid line shows model predictions

for g, = 1.6 whereas dashed line shows model prediction for

g, =1, which is the actual value measured at ¢ = 18005~}
and € = 0.52 and listed in Table 1.
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tion (10) unless the initial strain hardening rate is
allowed to vary with strain rate. Thus, the observed
variation of 6, with ¢ is not a function of the
particular evolutionary law chosen; it instead indi-
cates a general and unique finding which has not been
noted previously, at least in the context of the basic
model represented by equation (10).

The variation of the initial strain hardening rate
with strain rate was illustrated in Fig. 9. Although the
magnitude of the variation in 8, over the strain-rate
range of these experiments is only 24%, the linear
dependence on € at high strain rates has a dramatic
effect as the strain rate is raised above 10*s~'. This
was demonstrated in the prediction at a strain of
6.4 x 10°s~! shown in Fig. 11. The rapid strain
hardening and approach to saturation behavior com-
puted at this strain rate seem unusual, but the
predictions are supported by the experimental data at
this strain rate.

The recent modification to the Voce law proposed
by Estrin and Mecking [15] provides a hint of how the
strain rate could influence the initial strain hardening
rate. Physical significance has been given to the Voce
law by modeling the competition between dislocation
accumulation and dynamic recovery and assuming
for the former that dislocations become immobilized
and thus are stored after traveling a distance propor-
tional to the average distance between dislocations
[13]. This leads to the constant initial strain hardening
rate, 8, ~ ;1/20. To account for dislocation storage in
very fine grained materials or dispersion strengthened
materials, Estrin and Mecking reasoned that the
dislocation immobilization distance d should remain
constant, which leads to an initial strain hardening
rate 0,oc u?/ds. For the cases considered by Estrin
and Mecking, the constant d would not be expected
to vary. At very high strain rates, however, it might
be speculated that the dislocation immobilization
distance is simply the distance that a dislocation can
move during the imposed time duration of the defor-
mation. This distance would be inversely propor-
tional to the imposed strain rate, which would give
the linear strain rate dependence of 8, suggested by
the measurements reported here.

The coefficient on the term linear in strain rate in
equation (21) was estimated as 0.034. This suggests
that the linear term begins to dominate the 6, value
at strain rates as low as 10°s~'. An estimate of the
strain rate at which the dislocation storage distance
falls below the average spacing between dislocations
follows from setting the dislocations multiplication
rates for the two processes equal.

1

7

K(p)"= Tl

where the left-hand term is dp /de when dislocations
become stored upon traveling the average distance
between dislocations (K ~26,/ub) and the right-
hand term is dp/de when the storage distance is
constant and equal to 4 (which we will allow to vary

29
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with strain rate). Substituting for p'? the well-known
relationship between flow stress and forest dis-
location density,

g = pbp'? 2%
and for d the product of the average dislocation
velocity in free glide,

(26)

where M is a Taylor factor and B is the drag
coefficient, and an appropriate time, which is the
strain divided by the strain rate, gives

Be
20”26_—:&!_6. @7
U o€

When typical values for all the constants

(6,=2000MPa, B=4x10"°Pas™![2], M =3, and
u# =42 GPa) are inserted, the estimated strain rate
above which the storage distance falls below the
average spacing between dislocations at yield is
é =3 x 10*s~!. That this estimate agrees with the
measured result supports the speculation that at high
strain rates the distance a dislocation can travel
begins to define the average storage distance, which
determines the dislocation generation rate.

The limiting travel distance described above has a
strong strain rate dependence, but this is not coupled
to temperature dependence by way of an Arrhenius
law as is normally found in metallurgical processes.
The- temperature dependence arises only through
B(T) and u(T); the latter dependence is typical of
athermal hardening in general. This is consistent with
the fact that investigations at low strain rates but very
low temperatures [24] have not led to the suggestion
of the dramatically increased athermal hardening rate
found at high strain rates and ambient temperature.

Our observation of the strain rate dependent initial
strain hardening rate, and the accompanying strain
rate dependent dislocation accumulation rate, is
made indirectly from measurements of the mechani-
cal threshold stress, rather than directly from, for
instance, dislocation density measurements in the
transmission electron microscope. As noted above,
however, the actual magnitude of change in mechan-
ical threshold stress is small over the strain rate range
of our experiments. For example, at 5% strain, where
the change in ¢ should be primarily due to the change
in @,, the ratio of the highest to the lowest mechanical
threshold stress [from Fig. 7 or equation (22)] is only
1.19. This implies from equation (25) that the total
dislocation densities should differ by only 1.42. The
microstructures at even this low a strain level are
heavily dislocated (p = 5 x 10" m~2) and the pre-
cision of microscopic techniques is insufficient to

tA correction for deformation twinning led these in-
vestigators to conclude that stored energy, but not
dislocation density, is higher in shock-deformed material
than in quasi-statically deformed material.
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measiire with confidence such a small difference in
dislocation density. However, Edington [25] reported
slightly increased dislocation densities in single crys-
tals of copper deformed at strain rates up to
~4 x 10*s™! than found in samples deformed at
quasi-static strain rates to the same plastic strains.

There is additional evidence at even higher strain
rates that the dislocation accumulation rate in copper
becomes rapid. This evidence comes from experi-
ments in the shock-wave regime, which typically yield
strain rates of 10°-10%s™'. Dislocation density mea-
surements reported by Murr [26] in shock-deformed
copper showed significantly increased dislocation
generation at these very high strain rates. Brillhart e
al. [27] measured increased dislocation generation
and stored energy in shock-loaded coppert. These
measurements are consistent with the mechanical
threshold measurements and microstructural obser-
vations by Follansbee and Gray on shock-deformed
copper [28). Clearly, a picture of enhanced dis-
location accumulation and structure evolution at
high strain rates is emerging, even though the mech-
anisms leading to these events are still speculative.

5.2. Variation of the normalized activation energy

The estimates of g, noted in Fig. 5 are made from
the slope of the fits through the reload yield stress
data, as illustrated in Fig. 4. In Fig. 4 the value of ¢,
has been set at 10's~!. For reload experiments at
constant strain rate but variable temperature, the ¢,
value does not have to be prescribed; the convenient
combination of parameters for the abscissa then
becomes (kT/ub*)" and the measured slope S on
these coordinates is proportional to both g, and
log(¢,/€),

S = (é - 6—0)}! log(éo/é) (28)

w(D &

That is, changes in both ¢, and g, contribute to
departures from assumed (i.e. g, and ¢, constant)
behavior. It is evident in equation (28), however, that
because ¢, is within a logarithmic term, very much
larger changes in ¢, are required to achieve the same
effects as from small changes in g,. Roughly a factor
of 2 variation in g, is found when ¢, is assumed
constant (see Fig. 5). For the same change in § the
¢, term would have to vary by a factor of 10°. It is
possible to explain small changes (of the order 10) in
€, due to variations in the mobile dislocation density
Pn and average spacing between obstacles 4 accord-
ing to

é,0¢ p,d. 29

However, a variation of the order 10° seems unlikely.
In addition, because reload yield stress (and flow
stress) data are available as a function of strain rate
as well as temperature, the ¢, value can be estimated,
and, as noted earlier, examination of the data led to
no suggestion of such a large variation in ¢,. It is
likely that both changes in £, and in g, contribute to
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the observed behavior, but the former probably can
be neglected in comparison with the latter.

The increase in g, with stress noted in Fig. 5 is
consistent with previous observations; this behavior
has been described as indicating departure from
Cottrell-Stokes (C-S) behavior [29], which, in the
context of equation (7), requires that g, remain
constant. Violation of C-S behavior in single crystal
and polycrystalline copper has been well documented
[30-32]. The C-S law is generally obeyed at low
strains, particularly in Stage II deformation of single
crystals [33]. Deviations occur as the strain is in-
creased, and as the temperature is raised the strain at
the onset of deviations decreases. This might suggest
that at high strain rates deviations from C-S behavior
would occur at larger strains, but the inverse is
suggested by the results in Fig. 5.

Mecking and Kocks [14] have suggested that the
quantity which correlates with deviations from the
C-S law is the dynamic recovery rate [equation (8)]

0,(6,¢, T)=0,(€) - 0(6,¢,T). (30

This correlation is claimed to be due to a “recovery
strain (rate)” that is associated with the rear-
rangement of dislocations within cell walls, which is
the primary mechanism for dynamic recovery. At
high strain rates the strain rate dependence of the
athermal hardening rate 6, rises, which leads to
accelerated structure evolution and higher dynamic
recovery rates than found at quasi-static strain rates.
This trend is consistent with the stronger departures
from C-S behavior observed when the strain rate is
raised above ~103s~!,

Another possibility for the observed departure
from C-S behavior is that a different type of obstacle
begins to contribute to the controlling deformation
mechanism. We assume in copper that the predom-
inant obstacles are forest dislocations and that the
rate sensitivity is defined by the kinetics of the
interaction between mobile dislocations and these
obstacles. Indeed the average g, measured is consis-
tent with such a mechanism,; this is seen by evaluating
the strain rate sensitivity parameter m,

3 3
o 2InéE _guMb

= = Ml — -1
S = R PX X G
where
x=2"%
G —é,

For typical values (X = 0.91) the m-value calculated
from equation (31) gives m = 173, which is close to
the value reported previously for dislocation—
dislocation interactions [14]. At large strains this m
value is observed to decrease; this would occur if
another, more rate-sensitive obstacle were intro-
duced. It can be speculated, for instance, that the
interaction of dislocations with deformation pro-
duced vacancies would yield an increased strain
rate sensitivity. However, a dramatically increased
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vacancy or loop density has not been reported by
those performing microstructural evaluations of
copper deformed to large strains or at high strain
rates [25, 34, 35].

The detailed analysis of deviations from C-S
behavior is beyond the scope of the present work.
Fortunately, the deviations are slight. As shown in
Figs 10-12 the assumption that g, remains constant
is sufficient for many of the predictions, particularly
at low strains. For calculations at large strains and
high strain rates, however, it may be necessary to
incorporate the actual variation of g, with mechanical
threshold stress and strain rate.

6. CONCLUSIONS

The uniaxial deformation behavior of copper over
a wide range of strain rates has been described using
a single parameter internal state variable model. The
foundation of the model is the separation of the
constant-structure part of the strain rate sensitivity
from the structure evolution part. These are funda-
mentally different processes which require different
theoretical models. A combination of physically
based [i.e. equations (7) and (11)] and phenom-
onologically based [equation (17)] expressions to
describe these processes has been applied and fitted to
mechanical threshold stress measurements from
strain rates of 107*-10*s~! and for strains to ~1.

The major conclusion of this work is that there is
strong evidence that the dislocation accumulation
rate, or Stage II hardening rate, begins to increase
dramatically with strain rate at strain rates exceeding
~10%s~!. This observation explains the origin of the
“increased strain rate sensitivity” of the flow stress at
constant strain found in copper and other f.c.c.
metals at these high strain rates. A simple mechanism
for the increased strain hardening, based on a
velocity-limited dislocation storage distance, has been
proposed. One interesting implication of this finding
is that at strain rates exceeding ~10°s~' the strain
hardening will quickly saturate and the stress—strain
behavior will approach perfect plasticity. The reason
for this is that the strain rate sensitivity of the
athermal hardening rate exceeds the strain rate sensi-
tivity of the saturation stress at high strain rates.
There is limited experimental evidence which sup-
ports this prediction. The measurements of Huang
and Clifton [22] at a strain rate of 6.4 x 10°s~! shown
in Fig. 11 provide one example of the rapid structure
evolution and saturation of strain hardening at high
strain rates. Another example is found in recent
measurements by Sobolenko and Teslenko of the
yield stress of repeatedly shock-deformed Al-6%Mg
[36]. These investigators measured a 73% increase in
yield strength following the first shock loading
increment at 6 GPa but only a 5% total further
increase for up to four additional shock loading
increments.
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A second conclusion of the work is that, as noted
by previous investigators, the constant-structure
strain rate sensitivity is not well described by the
Cottrell-Stokes law. Deviations from this law appear
to increase at high strain rates (as § — 0). Physically
based and generally agreed upon analytical descrip-
tions for these deviations are not currently available.
We noted that the strain rate dependence of the
deviation from the C-S law was consistent with the
concept of a “recovery strain” contribution due to
dynamic recovery, but that the addition of a second,
shorter-range obstacle could also lead to the observed
behavior. Fortunately, to a first approximation, these
deviations can be ignored; but the detailed g,(6)
variation should be incorporated into the model,
either with tabular or empirical formats, for the best
predictions.

Comparison of the predictions of the model with
experimental results showed good agreement. Also,
extrapolations of the model to conditions outside of
the regime where the model was fitted compared well
with available experimental results. Predictions for
the behavior following strain rate change tests agreed
with measurements at low strains but deviated
noticeably at large strains. This supports the general
modeling procedure and demonstrates that a simple,
single-parameter model, which naturally accounts for
history effects, can be used to describe the defor-
mation of copper over a wide range of strain rates.
The single-parameter model described here is more
successful in describing monotonic deformation than
transient deformation, and this will be the case until
the mechanism leading to the enhanced hardening
following a strain rate change is determined. Addi-
tion of a new mechanism such as this into the
modeling procedure outlined here will likely require
the introduction of an additional state parameter.
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