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Nguyen Q. Chinh a,*, Tamás Csanádi a, Jen}o Gubicza a, Terence G. Langdon b,c
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Abstract

The plastic behavior of four pure face-centered-cubic (fcc) metals (Al, Au, Cu and Ni) was studied at room temperature up to a strain
value of �8 achieved by severe plastic deformation. It is shown that at high strains the saturation flow stress and the total dislocation
density can be scaled with the melting point, and the deformation process can be regarded as steady-state flow leading to a uniform
description of the plastic behavior of these fcc metals at all temperatures. The results suggest that the plastic flow at room temperature
of fcc metals processed by severe deformation is primarily attributable to diffusion-controlled and thermally activated processes due to
the high concentration of deformation-induced vacancies.
� 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

There has been a considerable interest in the last decade
in processing materials using severe plastic deformation
(SPD) techniques and in making use of SPD to achieve
substantial grain refinement to the submicrometer or even
the nanometer level [1]. As a consequence of this interest,
it has become important to characterize the deformation
behavior of materials at very high strains where the flow
stress tends practically to saturation [2–6]. In practice, the
use of the equal-channel angular pressing (ECAP) tech-
nique [7–11] provides a unique opportunity for evaluating
both the microscopic and the macroscopic features of bulk
ultrafine-grained materials.

It is well known that recovery processes, in terms of dif-
ferent dislocation mechanisms, control the behavior of
crystalline materials undergoing plastic deformation. Fur-
thermore, for any specific testing conditions of strain rate
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and grain size, these mechanisms depend critically upon
the testing temperature such that this temperature becomes
the dominant factor in determining the overall behavior
[12–15]. Over a period of more than 50 years, considerable
attention has been devoted to obtaining an understanding
of the characteristics of plastic flow in face-centered-cubic
(fcc) metals such as pure aluminum, copper and nickel,
which are often the basic materials used in industrial appli-
cations. In 1982, Frost and Ashby [13] produced a classic
compendium of data in the form of sets of deformation
mechanism maps covering a very wide range of materials
including fcc metals. For all crystalline solids, these maps
divide the flow behavior into a regime of diffusion-con-
trolled creep dominating flow at high temperatures and a
regime of thermally activated flow which dominates at
low temperatures. As a general rule, these maps show that
the transition from low to high temperature behavior
occurs typically in the vicinity of �0.5Tm, where Tm is
the absolute melting point of the material.

It is well established that for isostructural fcc metals sev-
eral mechanical and physical characteristics, such as the
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Table 1
The room temperature saturation yield stress determined experimentally
on ECAP-processed samples and the equivalent saturation stress obtained
by fitting Eq. (1) to the stress–strain curves of the annealed samples.

Metal Saturation flow stress (MPa)

Determined experimentally
from ECAP samples

Obtained by
fitting Eq. (1)

Al 120 [2]
122 [4] 119

Au 245 [17] 237
Cu 395 [2]

380 [18] 383
390 [19]

Ni – 1138
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self-diffusion activation energy Qself, scale as a monotonic
function with the absolute melting point, Tm [13]. The pres-
ent study was undertaken to extend this approach by exam-
ining the characteristic features of plastic deformation in
four different fcc metals (Al, Au, Cu and Ni) over a wide
range of strain at room temperature. As a primary objec-
tive of this approach, the main features of the microscopic
and macroscopic deformation processes are related directly
to the melting temperature.

The present work was motivated by three separate consid-
erations. First, it is now feasible to use various processing
techniques for inducing severe plastic deformation up to very
high strains. Second, most investigations to date, whether
experimental or theoretical, have been restricted to covering
only relatively low strains in the low temperature regime
and/or relatively high strains under creep conditions in the
high temperature regime. As a direct consequence of this
restriction, the flow mechanisms under creep conditions
are generally well-documented but the flow behavior at low
temperatures invariably is focused exclusively on the charac-
teristics of the regions of work-hardening and the overall
nature of the stress–strain curves. Third, using experimental
data for high purity aluminum and copper, it was shown
recently that it may be feasible to develop an alternative ana-
lytical interpretation for fcc metals by using a new constitu-
tive relationship which appears to accurately describe the
stress–strain behavior over a very wide range of strain at
all testing temperatures [4,16]. Accordingly, the following
section provides a background to the analysis and the subse-
quent sections provide details of the experimental proce-
dures and results.

2. Background to the analysis: general features of the stress–

strain relationship

In a recent analysis of the homogenous plastic deforma-
tion of pure Al and Cu deformed at room temperature
(RT), it was shown that the macroscopic stress–strain
(r�e) relationship may be fitted by a constitutive relation-
ship of the form [4]

r ¼ ro þ r1 1� exp
�en

ec

� �� �
ð1Þ

where ro r1, ec and the exponent n are constant fitting
parameters and the strain e is taken as the absolute amount
of strain relative to the annealed state. It can be seen that
the constitutive relationship of Eq. (1) incorporates the
main features of both the more conventional Hollomon-
type power law relationship and the Voce-type exponential
relationship. By making use of the behavior of samples se-
verely deformed by ECAP, it was noted that the constitu-
tive relationship shown in Eq. (1) applies over a wide
range of strains. It is also apparent that at high strains
(large e) the flow stress, r, tends to a saturation value which
is given by

rsat ¼ r0 þ r1 ð2Þ
In practice, this state corresponds to the very severe
plastic deformation applied in processing procedures such
as ECAP. The general validity of Eq. (1) is further con-
firmed by noting that at high strains the values of the sat-
uration stress, rsat, agree well with the flow stresses
obtained experimentally in ECAP samples of several fcc
metals as shown in Table 1. It was noted earlier for pure
Al that Eqs. (1) and (2) lead to a definition of the low
and high temperature deformation regions such that the
boundary between these two regions occurs at an homolo-
gous temperature of the order of �0.51Tm [5]. Further-
more, in both deformation regions the secondary creep
behavior may be characterized unambiguously by the satu-
ration stress rsat, which delineates the value of the stress in
the steady-state region [5,16].

Considering the characteristics of the deformation at
low temperatures and high strains, Fig. 1 shows representa-
tive plots of true stress versus true strain [5] obtained in
compression testing of pure Al processed by ECAP for
eight passes using route Bc where the samples are rotated
by 90� in the same sense between each pass [20]. Fig. 1a
shows curves for samples tested at relatively low tempera-
tures up to a maximum of 473 K at a constant initial strain
rate of _e0 ¼ 1:0� 10�3 s�1 and Fig. 1b shows curves for
samples tested at room temperature (293 K) over a range
of initial strain rates. Inspection of these plots demon-
strates that, without exception, all of the stress–strain
curves depict an increase in stress in the very early stages
of deformation and then a maximum or plateau stress
which is attained at relatively low compressive strains
and thereafter remains essentially constant during the sub-
sequent deformation. This plateau stress corresponds to
the steady-state condition in creep testing. Furthermore,
considering the very large strain of eo � 8 imposed on the
samples during processing by ECAP and the consequent
very high dislocation densities introduced into the as-
pressed billets, it is reasonable to assume that the flow
stresses attained at the different testing temperatures in
Fig. 1a correspond essentially to the values of the satura-
tion stress for high strains as defined in Eq. (2). It was
shown that these experimental data for pure Al may be
described by using the conventional steady-state conditions



Fig. 1. Stress–strain curves for Al samples processed by ECAP and tested
(a) at different temperatures under a constant initial strain rate and (b) at
different initial strain rates at room temperature (293 K) [5].

Fig. 2. The saturation yield strength normalized by the shear modulus
versus the melting point (Tm) for fcc metals.
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characterized by a strain rate sensitivity, m, of �0.03 and
grain boundary diffusion having an activation energy,
Qgb, of �82 kJ mol�1. Observations using depth-sensing
indentation testing and atomic force microscopy provide
unambiguous evidence for the occurrence of grain bound-
ary sliding in the pure aluminum at room temperature
[5,21]. This observation is attributed to the introduction
of a large number of high-energy non-equilibrium bound-
aries during processing by ECAP and the consequent
excess of extrinsic dislocations in the grain boundaries [19].

It is important to note that the general validity of the
macroscopic approach expressed by Eq. (1) has also been
supported by theoretical modeling which incorporates the
conditions appropriate to the major micro-mechanisms of
plastic deformation [4]. This theoretical model and the cor-
responding numerical calculation are used in the present
analysis.

3. Experimental materials and procedures

The mechanical and plastic behavior of high purity Al
(4 N), Au (4 N), Cu (OFHC) and Ni (4 N) fcc metals was
evaluated using tensile testing. For Au, the samples were
polycrystalline wires of 1 mm diameter and the tensile
gauge lengths were 30 mm. For Al, Cu and Ni, cylindrical
samples were machined having diameters and lengths of 4.5
and 30 mm, respectively. Before testing, the samples were
annealed for 1 h at temperatures of 673, 773, 873 and
973 K for Al, Au, Cu and Ni, respectively, where this cor-
responds to temperatures in the range of �0.55–0.7Tm.
Tensile testing was conducted at room temperature using
an MTS 810 servohydraulic testing machine operating at
a constant rate of cross-head displacement with an initial
strain rate of 1.0 � 10�3 s�1.

In order to extend the plastic behavior to high strains,
several billets having lengths of �70 mm and diameters
of �10 mm were severely deformed by ECAP. Each billet
was processed by ECAP at room temperature using a solid
die with an angle of 90� between the two parts of the chan-
nel and an angle of �20� representing the outer arc of cur-
vature at the point of channel intersection. These internal
angles lead to an imposed strain of �1 on each passage
through the die [22]. The billets were rotated by 90� in
the same sense between each pass in processing route Bc

[20]. The values of the 0.2% proof stresses after ECAP up
to strains between �4 and �8 were taken from earlier
reports for Al [2,4], Au [17] and Cu [2,18,19].

4. Experimental results

4.1. Macroscopic mechanical behavior of fcc metals: the
dependence of the saturation stress on the melting

temperature

For tests conducted at an initial strain rate of
1.0 � 10�3 s�1, Fig. 2 shows a logarithmic plot of the nor-
malized strength, rsat/l, versus the melting point, Tm, for
Al, Au, Cu and Ni, where l is the shear modulus. The lin-
ear relationship in Fig. 2 leads to the following general
relationship:

rsat

l
¼ K � expðAT mÞ ð3Þ

where K = 1.25 � 10�3 and A = 1.42 � 10�3 K�1 are con-
stants. Furthermore, assuming that the saturation flow stress
at room temperature is determined by thermally activated
microscopic processes, Eq. (3) may be rewritten in the form

rsat

l
¼ K � exp

A�T m

RT

� �
ð4Þ
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where A� ¼ 3:46 J K�1 mol�1, R is the universal gas con-
stant (R ¼ 8:31 J K�1 mol�1) and T is the absolute temper-
ature. This empirical relationship suggests that, at least at
the strain rate of 10�3 s�1 used in these experiments, the
normalized saturation flow stress, rsat/l, is an important
macroscopic feature for different fcc metals that can be
scaled in a simple way using only the absolute melting tem-
perature of the material.

4.2. Microscopic processes during plastic deformation

It is well known that the saturation strength in bulk sol-
ids is a statistical consequence of the complex interrelation-
ship between numerous dislocation reactions. Taking into
account the rapid development of a cell and/or subgrain
structure in real solids, two types of dislocation densities,
qm for mobile dislocations and qf for forest dislocations,
must be incorporated into any analysis to accurately
describe the dislocation development during plastic flow,
where the average total dislocation density, q, is the sum
of these two component parts so that q = qm + qf. It was
shown earlier [4] that the Kubin–Estrin (KE) model [23]
can be adopted to describe the development of dislocation
densities. In this model, the approach requires a numerical
solution of the following equations for pure metals:

dqm

de
¼ C1 � C2 � qm � C3 � q1=2

f ð5aÞ

and

dqf

de
¼ C2 � qm þ C3 � q1=2

f � C4 � qf ð5bÞ

where the terms containing the parameters Ci are related to
the primary competing microscopic processes occurring
during plastic deformation such as the multiplication of
mobile dislocations (C1), their mutual annihilation and
trapping (C2), their immobilization through interactions
with forest dislocations (C3) and the advent of dynamic
recovery (C4).

It was shown earlier that the macroscopic stress–strain
relationships for Al and Cu are well represented by this
model [4]. Accordingly, applying Eqs. (5a) and (5b) so that
their numerical solution describes best the experimental
data obtained by tensile testing of the annealed samples
as documented earlier [4], the relevant values of the param-
eters Ci are listed in Table 2. These values now permit a
direct comparison between the roles of individual micro-
mechanisms operating during the plastic deformation of
the different fcc metals.
Table 2
The values of the Ci parameters in Eq. (5a) and (5b) determined by
simulations of the experimental stress–strain curves for the four fcc metals.

Metal C1 (1/m2) C2 C3 (1/m) C4

Al 1.87 � 1014 1.87 9 � 105 2.21
Au 3.91 � 1015 5.95 2 � 106 6.73
Cu 7.23 � 1015 9.91 3 � 106 10.66
Ni 8.32 � 1015 4.58 4 � 106 4.79
For example, Fig. 3a plots the best solution of Eqs. (5a)
and (5b) for Au and the corresponding theoretical stress–
strain curve is shown in Fig. 3b where, for comparison pur-
poses, the plot includes both the theoretical prediction to
high strains and the experimental data obtained for pure
Au at room temperature. It is readily apparent from
Fig. 3b that there is an excellent agreement with the exper-
imental data at the lower strains and this is further con-
firmed in Fig. 3c where the experimental and the
calculated data are plotted together up to a total strain
of 0.20. In practice, a similar excellent agreement was
obtained in this investigation for all four fcc metals,
thereby providing support and confirmation for the basic
principles of the KE theoretical model.
Fig. 3. The solution of Eq. (5) for Au, showing (a) the variation of the
dislocation densities with strain, (b) the corresponding theoretical stress–
strain curve over a wide range of strain and (c) the theoretical stress–strain
curve at small strains.
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5. Discussion

5.1. Dependence of the saturation stress on the melting

temperature: the advent of a steady-state-like process at low

temperatures

The experimental evidence indicates there is a saturation
of the flow stress at very high strains (e � 2–8), which is the
result of a dynamic equilibrium between the formation and
annihilation of dislocations. In the saturation stage, and
despite the relatively low temperature (RT) of deformation,
the behavior is similar to the flow process in the secondary
or steady-state stage of creep in the sense that the flow
stress is constant at a constant strain rate. This can be
understood by assuming that, as in creep, the annihilation
of dislocations is controlled by dislocation climb in the sat-
uration state. Since climb is a diffusion-controlled mecha-
nism, it usually becomes significant only at elevated
temperatures where the rate of diffusion is reasonably fast.
Nevertheless, experiments show that large concentrations
of vacancies may be introduced into metals during SPD
processing [24–27] and, in addition, it is well established
that diffusion in these ultrafine-grained metals may be fas-
ter than in coarse-grained materials by up to several orders
of magnitude [28–30]. These faster rates of diffusion are sig-
nificant because they suggest that diffusion-controlled pro-
cesses may be important in SPD metals such that climb
may play a dominant role in the annihilation of disloca-
tions even at RT.

Assuming that climb controls the annihilation of dislo-
cations at high strains, the plastic process at the saturation
flow stress, rsat, may be described through the relationship
generally applied in steady-state creep:

_e ¼ K1 �
rsat

l

� �n

� exp � Q
RT

� �
ð6Þ

where _e is the strain rate, n is the stress exponent, Q is the
activation energy characterizing the deformation process
and K1 is a microstructure-dependent constant. To date,
Eq. (6) has been used only in descriptions of the creep
behavior of different materials but now it is used to explain
the relationship derived earlier as Eq. (4).

Assuming a constant strain rate, Eq. (6) may be
expressed as

rsat

l
¼ K2 � exp

mQ
RT

� �
ð7Þ

where m is the strain rate sensitivity (=1/n) and K2 is a
constant.

Considering the activation energies, it is well known that
the self-diffusion activation energy, Qself, of fcc metals can
be scaled to the melting point, Tm, as [13]

Qself ¼ B � T m ð8Þ

where B � 155 J K�1 mol�1. As a first assumption, it may
be assumed that the activation energy, Q, in Eq. (7) for a
given fcc metal is proportional to its melting point so that
Q ¼ C � T m ð9Þ
where C is a material-independent constant.

Using Eqs. (7) and (9) leads to

rsat

l
¼ K2 � exp

mCT m

RT

� �
ð10Þ

which describes the steady-state flow of different fcc metals
at high strains. It is apparent that Eq. (10), which is derived
from an analysis based on the fundamental creep relation-
ship in Eq. (6), has the same general form as Eq. (4), which
was determined from the experimental data, where

mC ¼ A� ¼ 3:46
J
K

ð11Þ

Assuming the annihilation of dislocations is controlled
by diffusion along the grain boundaries and dislocations,
the activation energy Q can be approximated by the activa-
tion energy for grain boundary diffusion, Qgb, which is
close to the value for core diffusion and is given, to a first
approximation, by the relationship

Q ¼ Qgb �
2

3
Qself ð12Þ

Thus, C � 2
3
B � 105 J K�1 mol�1 in Eq. (11) which

gives also the value of the strain rate sensitivity so that
m � 0.03. The values for m and the activation energy
(Q � Qgb) are consistent with the corresponding values
reported earlier for Al processed by ECAP [5], thereby val-
idating the consistency of the present analysis.

5.2. The effect of microscopic processes on the evolution of

the dislocation structure

Careful inspection shows that, for all four fcc metals,
the calculations are sensitive to the values of the parame-
ters C1, C2 and C4 given in Table 2. However, the uncer-
tainty in the parameter C3 is very high as the simulation
results change only slightly over a wide range for this
parameter. This low sensitivity on the value of C3 is a
consequence of the fact that, for all four fcc metals, the
value of C3q

1=2
f is one order of magnitude smaller than

any other term in Eq. (5a) or Eq. (5b) over the entire
strain regime. This is demonstrated directly in Fig. 4 for
Au. This means that during the plastic deformation of
fcc metals at room temperature a reduction in the mobile
dislocation density can be attributed to the trapping
mechanism related to the interaction between mobile dis-
locations (by the term C2qm) rather than the effect of for-
est dislocations.

Applying Eqs. (5a) and (5b) to the saturation state leads
to

dqsat

de
¼

dqm;sat

de
þ

dqf ;sat

de
¼ C1 � C4 � qf ;sat ¼ 0 ð13Þ

where qsat, qm,sat and qf,sat are the saturation values of the
total, mobile and forest dislocation densities, respectively.
From Eq. (13) it follows that



Fig. 4. The quantities of C2qm, C4qf and C3q
1=2
f numerically calculated for

Au as a function of strain, demonstrating their contributions in Eqs. (5a)
and (5b).

Fig. 5. A semi-logarithmic plot of the C1/C4 ratio and the numerically
calculated saturation dislocation density, qsat, versus the melting point,
Tm, for fcc metals.
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qf ;sat ¼
C1

C4

ð14Þ

If the term C3q
1=2
f in Eq. (5b) is neglected in the satura-

tion state, and Eq. (14) is substituted into Eq. (5b), it leads
to

qm;sat �
C1

C2

ð15Þ

and for the total dislocation density there is a relationship

qsat �
C1

C2

þ C1

C4

ð16Þ

The results of the simulation given in Table 2 show that
the values of C2 and C4 are very similar but C4 is slightly
higher than C2 for all four materials. As a consequence,
the saturation value of the mobile dislocation density is
only slightly higher than for the forest dislocations, as is
evident for Au in Fig. 3a. Thus, the total saturation dislo-
cation density may be expressed as

qsat ¼ qm;sat þ qf ;sat � 2qm;sat � 2
C1

C2

� 2
C1

C4

ð17Þ

Fig. 5 shows semi-logarithmic plots of the C1/C4 ratio
and the numerically calculated total saturation dislocation
density, qsat, as a function of the melting point, Tm. The lin-
ear relationships in both cases reveal that for these fcc met-
als the total saturation dislocation density, qsat, as well as
the C1/C2 and C1/C4 ratios, follow an exponentially
increasing tendency with an increasing melting point. These
results are in agreement with the experimental observation
for the saturation flow stress described by Eq. (3) and
shown in Fig. 2. For the saturation state, the friction stress,
r0, used in the Taylor equation is about one order of mag-
nitude lower than the value of the saturation stress, rsat,
leading to the approximation that rsat=l /

ffiffiffiffiffiffiffi
qsat
p

, or con-
cerning the effect of the microscopic mechanisms expressed
in Eq. (17):

rsat

l
/

ffiffiffiffiffiffi
C1

C4

r
ð18Þ
Eq. (18) shows that the saturation value of the flow
stress normalized by the shear modulus depends primarily
on the parameters C1 and C4 characterizing the formation
of dislocations and the annihilation of dislocations by
dynamic recovery, respectively. The exponential function
of Tm in Eqs. (4) and (10) indicates that plastic deformation
in SPD-processed fcc metals is primarily attributable to dif-
fusion-controlled and thermally activated processes. The
direct dependence of C1/C2 and C1/C4 on the melting point
suggests that both the trapping of mobile dislocations and
the annihilation of forest dislocations are controlled by
thermally activated non-conservative dislocation motion
as proposed originally by Kubin and Estrin [23]. The defor-
mation processes may include not only the climb of dislo-
cations due to the high concentration of deformation-
induced vacancies and their easier movement along disloca-
tions and grain boundaries but also to other thermally acti-
vated mechanisms of plasticity. For example, there are
recent direct observations [5,21] suggesting that deforma-
tion by grain boundary sliding (GBS) is especially favored
in materials processed by SPD. It is likely this mechanism
becomes significant due to the formation at high strains
in SPD processing of a large fraction of non-equilibrium
high-angle boundaries. It has been proposed that GBS
occurs in these materials by the movement of the extrinsic
dislocations along the boundaries thereby providing a sig-
nificant contribution to the plastic flow [18,19].

It should be noted that because of the significant effect
of dynamic recovery at high strains, as well as the opera-
tion of the GBS process, the average grain size that may
be attained in bulk fcc metals through grain refinement in
ECAP is also limited. For example, in Ni having a high
melting point the grain size achieved by ECAP was
�200 nm [31] whereas in Al, where the melting point is
much lower, the saturation grain size was �1.3 lm [9].

It is important to note that the dislocations in this anal-
ysis are classified as either mobile or forest dislocations.
However, in cell-forming fcc metals it is possible also to
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divide the dislocations according to whether they are in the
cell interiors or in the cell walls. On the basis of this classi-
fication, a model has been developed to describe the strain-
hardening behavior of fcc metals over a wide range of
strains [32,33]. According to this model, the dislocation
density in the walls is much higher than in the cell interiors;
thus, about 90% of the total dislocations may be found in
the cell walls at very high strains when the total dislocation
density approaches saturation. For this dislocation-based
plasticity model [33], the present results suggest that the cell
walls are populated equally by both mobile and immobile
dislocations. However, a more comprehensive evaluation
of the present experimental data in terms of this model is
beyond the scope of this report.
6. Summary and conclusions

1. The room temperature plastic behavior of four represen-
tative fcc metals was investigated experimentally over a
wide range of strain and by simulations using theoretical
modeling which incorporates the conditions appropriate
to the major micro-mechanisms of plastic deformation.

2. At the high strains induced by severe plastic deforma-
tion (SPD), the saturation dislocation density and the
saturation flow stress normalized by the shear modulus
depend exponentially on the melting point, Tm, thereby
suggesting that microstructural saturation is determined
by thermally activated deformation mechanisms.

3. In addition to scaling with the melting temperature, the
deformation process may be regarded as a steady-state
flow because of the enhanced effect of dynamic recovery,
leading to a uniform description of the plastic behavior
of these highly deformed bulk fcc metals.

4. Both the simulations and the experimental results indi-
cate that the plastic flow in fcc metals processed by
SPD is primarily attributable to diffusion-controlled
and thermally activated processes even at room temper-
ature. This is attributed to the high concentration of
deformation-induced vacancies produced by SPD
processing.
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