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The plastic behavior of face-centered cubic metals was investigated over a wide range of strain and testing
temperature. The experimental stressstrain data were described using both macroscopic and microscopic,
well-established relationships. The characteristics of these descriptions are discussed and compared with each
other. The analysis of the characteristics leads to a denition of the low and high temperature deformation regions,
where the kinetics of both the dislocation-multiplication and the dislocation-annihilation (recovery) are dierent.
For pure aluminum, it is shown that the boundary between these two regions occurs at a homologous temperature
of the order of ≈ 0.5Tm where Tm is the absolute melting temperature. From this analysis, correlations are
also drawn between the macroscopic parameters describing the stressstrain relationship and the fundamental
characteristics of the microscopic processes both at room temperature and elevated temperatures.
PACS: 61.66.Bi, 83.50.Uv, 65.40.−b, 81.40.Jj, 61.72.Cc
2. Experimental materials and procedures

1. Introduction

Recently bulk nanostructured materials were extensively investigated because of their special properties and
applications. Severe plastic deformation (SPD) is an
ecient way to create bulk nanomaterials. The most
commonly applied techniques are equal-channel angular
pressing (ECAP) [1, 2] and high-pressure torsion (HPT)
[3, 4]. In order to apply these methods eciently, it is
useful to understand the underlying processes and to describe the plastic deformation over a wide range of strain.
Numerous models have been developed for the description of the plastic ow on both macroscopic and microscopic scales.
In this paper, a recently proposed exponential-power
law constitutive equation [5] was applied to describe the
macroscopic plastic ow behavior of four face-center cubic metals (Al, Au, Cu and Ni). This constitutive equation incorporates the main features of both the conventional Hollomon-type power law relationship [6] and the
Voce-type exponential relationship [7]. On the microscopic scale, a dislocation-based theoretical model [8] is
used to simulate the established major micro-mechanisms
describing the evolution of mobile and forest dislocations
during plastic ow. The present work can be regarded
as a continuation of a recently published study [9] where
the correlations between the characteristics of the macroscopic and microscopic descriptions have been reported.
In the present paper, the investigations of the relationships are extended to cover a wide temperature range.
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Two series of experiments were carried out by tensile tests. In the rst series, dierent, high purity polycrystalline face-centered cubic (fcc) metals (Al, Au, Cu
and Ni) were investigated at room temperature. The
samples were annealed for 1 h at temperatures of 673,
773, 873, and 973 K, respectively. In the second series, high purity (99.99%) polycrystalline aluminum was
tested at dierent temperatures (293, 353, 393, 433, 473,
623, 673, and 738 K). More details about the samples are
reported in the previous papers [1012].
In order to study the plastic deformation over a wide
range of strain, some annealed samples were subjected
to uniaxial tensile tests while others were processed by
ECAP which made it possible to achieve very high strains
corresponding to the saturation state of the ultrane-grained microstructure. In the rst experiment, the tensile test was peformed at room temperature and a constant initial strain-rate of 10−3 s−1 . The values of the
0.2% proof stress after ECAP were taken from the previous papers for Al [5], Au [13], Cu [5], and Ni [14]. In
the case of the second experiment series, the aluminum
samples were tested at the initial strain rate of 10−2 s−1 .
3. Results and discussion
3.1. Relationships between the characteristics of the
macroscopic and microscopic descriptions
3.1.1. Macroscopic description

It has been shown recently [5, 10] that the macroscopic
stressstrain (σ−ε) behavior may be tted by a constitutive relationship of the form
(630)
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[
( ( )n )]
,
(1)
σ = σ0 + σ1 1 − exp − εεc
where σ0 , σ1 , εc and the exponent n are tting parameters and the strain ε is taken as the absolute amount of
strain relative to the initial annealed state. Physically,
the rst constant, σ0 , is the sum of the friction stress and
the ow stress related to the initial dislocation density at
the onset of plastic deformation which is then described
by the three tting parameters, σ1 , εc and n. It is important to emphasize, as noted earlier [5, 9, 10], that Eq. (1)
incorporates the well-known Hollomon [6] and Voce-type
[7] equations. Taking n = 1, Eq. (1) leads to the Voce-type exponential equation
)
(
σsat − σ
(2)
= exp − εεc ,
σsat − σ0
where the saturation stress, σsat is given as
σsat = σ0 + σ1 .
(3)
Furthermore, expressing Eq. (1) as a Taylor expansion at
small strains leads to
σ = σ0 + Kεn ,
(4)
which is the conventional power-law Hollomon relationship where K is a constant. The values of parameters σ0 ,
σ1 , εc and n for some fcc metals deformed at room temperature were determined by tting Eq. (1) to the experimental stressstrain data and listed in Table 1 of
Ref. [9]. An example for tting is shown in Fig. 3 of
Ref. [10]. The values of the parameter n are between
0.69 and 0.86, which dier signicantly from the value
of 1 characterizing the Voce-equation.
3.1.2. Microscopic description

During plastic deformation, the evolution of the dislocation density is aected by the formation and annihilation processes. The dislocation reactions may result
in their trapping and therefore two types of dislocation
densities may be identied: ρm and ρf for mobile and
forest dislocations, respectively. The average total dislocation density, ρ, is then the sum of these two component
parts so that ρ = ρm +ρf . Earlier studies [5, 9, 10] showed
that the dislocation-based theoretical KubinEstrin (KE)
model [8] can be eectively used to describe the development of these dislocation densities. In this model, the
approach requires a numerical solution of the following
equations for pure metals:
dρm
1/2
= C1 − C2 ρm − C3 ρf
(5a)
dε
and
dρf
1/2
= C2 ρm + C3 ρf − C4 ρf ,
(5b)
dε
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 trapping (C2 ),
their immobilization through interactions with forest dislocations (C3 ) and the advent of dynamic recovery (C4 ).
The evolution of the dislocation density as a function of
strain was determined from the stressstrain curve using
the Taylor equation. Fitting Eqs. (5a) and (5b) to the experimental dislocation density versus strain data for the
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fcc metals deformed at room temperature, it was shown
1/2
[9, 10] that the value of the term, C3 ρf is at least one
order of magnitude smaller than any of the other terms
in Eqs. (5a) or (5b) over the entire strain regime. This
means that during the plastic deformation of fcc metals
at room temperature the reduction in the mobile dislocation density can be essentially attributed to the trapping
mechanism related to the interaction between mobile dislocations (characterized by the term C2 ρm ), rather than
to the eect of forest dislocations. The results of the
numerical calculations based on Eqs. (5a) and (5b) also
show that the values of C2 and C4 are practically the
same for all metals, indicating that the same mechanism
controls the trapping of mobile dislocations and the annihilation of forest dislocations.
Considering that the term containing parameter C3
can be neglected, and that there is equality between C2
and C4 (C2 = C4 ), it was also shown that the applied
theoretical model expressed by Eqs. (5a) and (5b) can be
simplied to give an analytical relationship for the evolution of the total dislocation density, ρ, as a function of
strain given by
(
)(
)
1
1
− 2C
− ρ0 1 + C24 ε exp(−C4 ε),
ρ(ε) = 2C
C4
C4
(6)
where ρ0 is the initial dislocation density at ε = 0
(ρ(0) = ρ0 ).
3.1.3.

Relationships between the characteristics of the

macroscopic and microscopic descriptions

On the basis of Eq. (6), the ow stress increment σp,cal ,
produced by the plastic strain can be calculated using the
well-known Taylor equation as
√
√
σp,cal = αµb( ρ − ρ0 ),
(7)
where α is a geometrical constant including the Taylor
factor (α = 0.7 was selected for all fcc metals in these
calculations), µ is the shear modulus and b is the magnitude of the Burgers vector. It should be noted that
Eq. (7) is expressing the oset of the plastic deformation
in term of the Taylor form operating when ρ ≥ ρ0 , which
is equivalent to the description of Eq. (1) when σ ≥ σ0 .
Therefore, the quantity, σp,cal in Eq. (7) corresponds to
the term containing σ1 in Eq. (1). Considering the ow
stresses obtained at high strains (ε → ∞) and at εc , it
was shown that [9]:
(√
√ )
2C1
σ1 = αµb
− ρ0
(8)
C4
and
εc ∼
(9)
= C14 ,
respectively.
Figures 1 and 2 √
show the relationship between the
√
σ1
2C1
quantities αµb and
− ρ0 (Fig. 1) as well as beC4
tween the quantities εc and C14 (Fig. 2) for dierent fcc
metals deformed at room temperature and for Al samples deformed at dierent temperatures. In all cases, the
datum points are tted well by straight lines which go
through the origin. The slopes of ≈ 1 in these gures
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unambiguously conrm the validity of Eqs. (8) and (9)
which describe the relationships between the characteristics (σ1 , εc ) of the macroscopic description and (C1 , C4 )
of the microscopic mechanisms. Equations (8) and (9)
also demonstrate that the values of C1 and C4 can be
estimated from σ1 and εc . It should be emphasized that
these gures have also an additional signicance that
they are conrming the validity of the simplication of
Eqs. (5a) and (5b), i.e. the validity of Eq. (6).

Fig. 2. The relationship between the characteristics of
macroscopic and microscopic descriptions: εc versus C14
for (a) dierent fcc metals deformed at room temperature [9] and (b) Al samples deformed at dierent temperatures.

Fig. 1. The relationship between the characteristics of
σ1
macroscopic and microscopic descriptions: αµb
versus
√
√
2C1
( C4 − ρ0 ) for (a) dierent fcc metals deformed at
room temperature [9] and (b) Al samples deformed at
dierent temperatures.
3.2. Low and high temperature regions of plastic
deformation in Al

It was shown recently [11] that an increase in the testing temperature leads to the advent of the conventional
secondary or steady-state stage of creep at relatively
small strains. For the real work-hardening stage where
∂σ/∂ε > 0, the stressstrain relationship at high testing
temperatures (> 0.5Tm ) may be accurately described by
Eq. (1) and the secondary creep behavior may be characterized unambiguously using a tted saturation condition
(σsat ) given by Eq. (3). Figure 3 shows the temperature
dependence of the macroscopic parameter, σsat derived
earlier for pure aluminum over a wide range of testing
temperatures [11] where the data can be readily divided
into two distinct regions corresponding to a low temperature behavior at T < 0.5Tm and a high temperature
behavior at T > 0.5Tm . This plot leads, therefore, to
the conclusion that there are two separate and distinct
temperature regimes occurring at low and high temperatures, respectively.

Fig. 3. The regions of low and high temperature ow
in pure Al dened by the macroscopic saturation stress,
σsat given by Eq. (3) [11]. The unit of σsat is MPa.

Fig. 4. The natural logarithm of the microscopic parameter C1 for Al as a function of the deformation temperature. The unit of C1 is m−2 .
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deformation, thereby conrming the physical meaning of
the macroscopic characteristics that are often used as tting parameters.
3) It was also found that the regions belonging to the
high and low temperature deformations of Al can be distinguished by the changes of the microscopic parameters
characterizing the multiplication of dislocations and the
annihilation processes. The boundary between these two
regimes occurs at a homologous temperature of ≈ 0.5Tm
where Tm is the absolute melting temperature.
Fig. 5. The value of the microscopic parameter C4 obtained for Al samples deformed at dierent testing temperatures.

Fitting Eq. (6) to the dislocation density versus strain
data obtained experimentally from the stressstrain
curve, the microscopic parameters C1 and C4 representing the dislocation multiplication and annihilation, respectively, were determined for pure Al over a wide range
of testing temperatures. Figures 4 and 5 show the values of these microscopic parameters as a function of the
temperature. It can be seen that in both cases the data,
similar to the change of σsat shown in Fig. 3, can be divided into low and high temperature regions. The results
reveal two main points: (i) the transition at 0.5Tm between low and high temperature deformation regions can
also be dened by the microscopic parameters C1 and C4 ,
(ii) the changes of the dislocation multiplication (C1 ) and
the dislocation annihilation (C4 ) parameters are stronger
in the low (T < 0.5Tm ) and the high (T > 0.5Tm ) temperature regions, respectively. The break in the temperature dependences of parameters C1 and C4 indicates
that the main processes in plastic deformation are controlled by various mechanisms with dierent activation
energies below and above 0.5Tm . For instance, the annihilation of dislocations at low temperatures may occur
by cross-slip and/or pipe-diusion controlled climb while
the recovery at high temperatures is usually performed by
lattice-diusion controlled climb that has much larger activation energy than the low-temperature processes [15].
Further investigations are needed to study the relationships shown in Figs. 4 and 5 in more detail.
4. Summary and conclusions

1) The plastic behavior of fcc metals (Al, Au, Cu, Ni)
was investigated over a wide range of strain and testing
temperature. The experimental stressstrain data were
described by both macroscopic relationships and major
microscopic mechanisms.
2) Quantitative correlations are presented to demonstrate the primary features of the microscopic processes
determining the parameters describing the macroscopic
evolution of the stressstrain relationships during plastic
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