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Abstract

An ultrafine-grained (UFG) Al–4Mg–1Zr alloy with a grain size of �0.7 lm with predominantly high-angle boundaries of 97% was
produced by friction stir processing (FSP). The UFG Al–4Mg–1Zr retained submicrometer grains even after static annealing at 425 �C,
and exhibited excellent superplasticity at 175–425 �C. High strain rate and low-temperature superplasticity of >1200% were observed at
1 � 10�2–1 � 10�1 s�1 and 300–350 �C. Even at 425 �C, a superplasticity of 1400% was achieved at 1 s�1. A linear relationship between
log _eopti and T was observed (where _eopti is the optimum strain rate, and T is the temperature). The analyses on the superplastic data
revealed the presence of threshold stress, a stress exponent of 2, an inverse grain size dependence of 2, and an activation energy of
142 kJ mol–1. This indicated that the dominant deformation mechanism was grain boundary sliding, which was controlled by lattice dif-
fusion. Based on this notion, a constitutive equation has been developed. A new superplastic deformation mechanism map for FSP alu-
minum alloys is proposed.
� 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Superplasticity refers to the ability of materials to exhi-
bit high uniform elongation when pulled in tension. From
the viewpoint of practical industrial fabrication, it is highly
desirable to perform superplastic forming at higher strain
rates and/or lower temperatures. A higher forming rate
of >1 � 10�2 s�1 is very attractive for current industrial
fabrication techniques because one of the drawbacks with
existing superplastic forming technology is its low forming
rate, typically 10�5–10�3 s�1 [1]. On the other hand, a
lower forming temperature would save energy, prevent
grain growth, and reduce cavitation level and solute loss
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doi:10.1016/j.actamat.2010.05.003

* Corresponding author. Fax: +86 24 83978908.
E-mail address: zyma@imr.ac.cn (Z.Y. Ma).
from the surface layer, thereby maintaining superior post-
forming properties [2].

In the past few years, much research has been devoted to
producing fine-grained aluminum alloys exhibiting high
strain rate superplasticity (HSRS) and/or low-temperature
superplasticity (LTSP), by using thermomechanical treat-
ment (TMT) [3–5], equal channel angular pressing (ECAP)
[6–9], high-pressure torsion (HPT) [10], multiaxial alterna-
tive forging (MAF) [11], and accumulative roll bonding
(ARB) [12].

Friction stir processing (FSP) is a relatively new process-
ing technique for producing fine-grained aluminum alloys
exhibiting HSRS and/or LTSP. This has led to considerable
research interest in superplastic behavior of FSP aluminum
alloys. In the past few years, a number of aluminum
alloys, such as 7075Al, 7050Al, 2024Al, 5083Al, A356,
rights reserved.

http://dx.doi.org/10.1016/j.actamat.2010.05.003
mailto:zyma@imr.ac.cn


4694 Z.Y. Ma et al. / Acta Materialia 58 (2010) 4693–4704
Al–4Mg–1Zr, Al–Mg–Sc and Al–Zn–Mg–Sc, have been
subjected to FSP and superplasticity investigations [13–23].

It is important to develop a constitutive equation of
superplastic flow for FSP aluminum alloys. The steady-
state deformation of polycrystalline materials at elevated
temperatures is usually analyzed through the equation
[25–28]:

_e ¼ A
DoEb

kT
exp � Q

RT

� �
b
d

� �p r� ro

E
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; ð1Þ

where _e is the strain rate, A is a constant, Do is the pre-
exponential factor for diffusion, E is the Young’s modulus,
b is the Burger’s vector, k is the Boltzmann’s constant, T is
the absolute temperature, Q is the activation energy depen-
dent on the rate-controlling process, R is the gas constant,
d is the grain size, r is the applied stress, and ro is the
threshold stress. Three variables, n, p and Q, are the most
important for determining the deformation mechanism.

A number of fine-grained FSP aluminum alloys (grain
sizes 1–10 lm) exhibit HSRS [13–19]. Surface observations
have revealed evidence of GBS. The constitutive equations
have been described in the form of [14,16,18]:
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The coefficient A is in the range of 700–1400, which sug-
gests that the kinetics of grain boundary sliding (GBS),
which dominate the deformation in the FSP materials, is
higher than that in conventionally processed materials
[27]. The deformation mechanism is GBS controlled by
grain boundary diffusion.

LTSP has been obtained in several FSP ultrafine-
grained (UFG) aluminum alloys, such as 7075Al, Al–
4Mg–1Zr, Al–Mg–Sc and Al–Zn–Mg–Sc [20–24]. The opti-
mum strain rate, maximum elongation and strain rate
sensitivity shifts to higher values with increasing tempera-
ture. Abnormal grain growth (AGG) usually occurs in
the UFG alloys at elevated temperatures, resulting in the
disappearance of superplasticity. Surface observation of
the deformed specimens indicates that GBS occurs during
LTSP. Marker line offset measurements have shown that
the contribution of GBS to the total strain for FSP UFG
Al–Mg–Sc exceeded 50% even at 175 �C [24]. Despite a
number of LTSP studies on the FSP UFG aluminum
alloys, fundamental understanding of the deformation
mechanism is still poor. Stress exponent, grain size expo-
nent and activation energy should be characterized to clar-
ify the deformation mechanism. A constitutive equation for
the UFG alloys is also needed for superplastic forming in
practical industrial fabrication.

Recently, a UFG Al–4Mg–1Zr alloy with a grain size of
0.7 lm was produced via FSP under a low heat input using
a small tool [22]. It was reported that this UFG Al–4Mg–
1Zr exhibited superplasticity of 240% at a low temperature
of 175 �C, corresponding to 0.48Tm, where Tm is the abso-
lute melting temperature of aluminum. This was the first
report of superplasticity at temperatures below 0.5Tm for
aluminum alloys. Irrespective of good superplasticity at
lower temperatures, superplastic tensile tests over a wide
temperature range, detailed microstructural examinations
and superplastic data analyses on the FSP UFG Al–
4Mg–1Zr are still lacking.

In this work, the superplastic behavior of the FSP UFG
Al–4Mg–1Zr was investigated over a wide temperature
range of 175–425 �C and strain rates of 5 � 10�5–3 s�1.
The purpose of this study is: (i) to examine the boundary
characteristics and thermal stability of the FSP UFG Al–
4Mg–1Zr; (ii) to evaluate the superplastic behavior of the
FSP UFG Al–4Mg–1Zr at elevated temperatures; and
(iii) last, but most importantly, through clarifying the stress
exponent, grain size exponent and activation energy, to
develop a constitutive equation for UFG aluminum alloys
and identify the deformation mechanism.

2. Experimental

Al–4Mg–1Zr was obtained as a 10 mm � 20 mm
extruded bar. Fabrication of the extruded bar has been
described in detail in previous works [29,30]. Single-pass
FSP was conducted on the extruded bar along the extru-
sion direction at a tool rotation rate of 600 rpm and a tool
traverse speed of 25.4 mm min–1. A tool with a shoulder
12 mm in diameter and a threaded cylindrical pin 4 mm
in diameter and 4 mm in length was used.

The specimens for microstructural examination were
cross-sectioned perpendicular to the FSP direction. Micro-
structural characterization and analysis were carried out
using transmission electron microscopy (TEM) and scan-
ning electron microscopy (SEM, Hitachi S-3400N). Thin
foils for TEM were prepared using jet polishing techniques.
Jet polishing was conducted at �25 �C using a solution of
20% HNO3 + 80% methanol (by vol.). The average grain
size in the FSP sample was determined by the mean linear
intercept technique. The specimens for SEM were lightly
electropolished to produce a strain-free surface. Electron
backscatter diffraction (EBSD) orientation maps (with a
resolution of 80 nm) were obtained using a Zeiss Supra
35, operated at 20 kV, and interfaced to an HKL Channel
EBSD system. The indexing rate was 91%. A standard
noise reduction technique was applied before calculating
the misorientation angles. Owing to the limited angular res-
olution, misorientations less than 2� were not considered.

To check the thermal stability of the ultrafine grains
produced by FSP, small specimens with a dimension of
10 � 10 � 10 mm3 cut from the FSP sample were statically
annealed for 20 min at temperatures ranging from 175 to
425 �C, and then water quenched to provide microstructure
information of the FSP sample just before tensile tests at
various temperatures.

Mini tensile specimens with a gauge length of 1.3 mm were
electrodischarge-machined from the FSP region in the trans-
verse direction, ground and polished to a final thickness of
�0.5 mm using a 1 lm polishing paste. Constant crosshead



Fig. 2. Grain boundary misorientation angle distribution for FSP Al–
4Mg–1Zr.
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speed tensile tests were conducted using a computer-con-
trolled, custom-built mini tensile tester. The surfaces of
deformed specimens were subjected to SEM examination.

3. Results

3.1. Microstructure

Fig. 1 shows TEM micrographs of as-extruded and FSP
Al–4Mg–1Zr samples. The microstructure of the extruded
sample was characterized by predominant low-angle grain
boundaries (LAGBs) with grains/subgrains aligned along
the extrusion direction [29], and with nonuniform grain size
(Fig. 1a). For the FSP sample, the microstructure was char-
acterized by uniform and equiaxed recrystallized grains with
predominant high-angle grain boundaries (HAGBs)
(Fig. 1b) and an average grain size of �0.7 lm [22]. A high
density of Al3Zr dispersoids with sizes ranging from 5 to
20 nm were uniformly distributed in the aluminum matrix
(Fig. 1c).

The frequency distribution of boundary misorentation
angles for the FSP Al–4Mg–1Zr is shown in Fig. 2. The
fraction of HAGBs was measured to be 97%. For compar-
ison, the theoretical distribution of grain boundary
misorientation angles for a random polycrystal of cubic
Fig. 1. TEM images showing grain structure and dispersoid distributi
structure [31] is also shown in Fig. 2 by a black solid line.
It is seen that the misorientation distribution for the FSP
Al–4Mg–1Zr shows a close match with the theoretical
distribution.

3.2. Thermal stability of ultrafine grains

Fig. 3 shows the typical grain microstructure of the FSP
Al–4Mg–1Zr after static annealing for 20 min at 175 and
425 �C. It is clear that the fine-grained structure did not
on in (a) as-extruded Al–4Mg–1Zr, (b) and (c) FSP Al–4Mg–1Zr.



Fig. 3. Typical microstructures for FSP Al–4Mg–1Zr after static annealing at (a) 175 �C and (b) 425 �C.

Fig. 4. Grain size as a function of annealing temperature for FSP Al–
4Mg–1Zr.
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exhibit an obvious coarsening after static annealing and the
equiaxed grains were retained. The average grain sizes were
0.72 and 0.98 lm for the annealing temperatures of 175 and
425 �C, respectively. Fig. 4 shows the variation of the aver-
age grain size with the static annealing temperature for the
FSP Al–4Mg–1Zr. It is apparent that the FSP Al–4Mg–
1Zr exhibited excellent thermal stability and retained sub-
micrometer grains even at an annealing temperature of
425 �C.

It should be noted that the Al3Zr dispersoids did not
exhibit noticeable coarsening after static annealing even
at 425 �C (Fig. 5). These precipitates were still of spherical
shape and extremely fine, with a size range of 5–20 nm, and
Fig. 5. Typical micrographs showing precipitates distribution for FSP
homogeneously distributed throughout the matrix (Fig. 5).
It is believed that these coherent Al3Zr dispersoids were
effective in pinning the grain boundaries.

3.3. Superplastic behavior

The overall superplastic data are presented in three sub-
groups based on the observed trend between optimum
strain rate and strain rate with temperature. The three tem-
perature ranges are 175–250, 275–350 and 375–425 �C.

Figs. 6a, 7a and 8a show the variation of superplastic
elongation with the initial strain rate in the temperature
ranges of 175–250, 275–350 and 375–425 �C, respectively.
The largest elongation and corresponding strain rates at
various temperatures are summarized in Table 1. With
increasing the temperature from 175 to 425 �C, the opti-
mum strain rate and maximum ductility increased. At
and above 300 �C, the maximum ductility of >1150% was
obtained at the optimum strain rates. At 425 �C, the opti-
mum strain rate was as high as 1 s�1. Due to the limit of
the ability of the tester, the tensile test at strain rates of
>3 s�1 could not be conducted. It is noted that high values
of superplasticity of >1150% were obtained at high strain
rates (1 � 10�2–1 � 10�1 s�1) and low temperatures (300–
350 �C).

Figs. 6b, 7b and 8b show the variation of flow stress (at
a true strain of 0.1) with the initial strain rate in the
temperature ranges of 175–250, 275–350 and 375–425,
Al–4Mg–1Zr after static annealing at (a) 175 �C and (b) 425 �C.



Fig. 6. Variation of (a) ductility and (b) flow stress with initial strain rate for testing temperatures of 175–250 �C for FSP Al–4Mg–1Zr.

Fig. 7. Variation of (a) ductility and (b) flow stress with initial strain rate for testing temperatures of 275–350 �C for FSP Al–4Mg–1Zr.

Fig. 8. Variation of (a) ductility and (b) flow stress with initial strain rate for testing temperatures of 375–425 �C for FSP Al–4Mg–1Zr.
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respectively. The FSP Al–4Mg–1Zr exhibited the typical S-
type stress–strain rate behavior characteristic of a super-
plastic material. With increasing strain rate, the strain rate
sensitivity m increased from lower values in region I to
maximum values in region II, and then decreased in region
III. At and above 350 �C, no decrease in the m value with
the strain rate, i.e. a lack in region III, was observed due to
the absence of experimental data at strain rate of P1–3 s
�1. The maximum m values and corresponding strain rates
are also summarized in Table 1. The maximum m values of
0.34, 0.36, 0.41 and 0.41 were observed at 175, 200, 225 and
250 �C, respectively. At and above 275 �C, the maximum m

values of �0.5 were consistently observed. It is noted that
the strain rates for the maximum ductility are consistent
with those for the maximum m values.

3.4. Microstructure of deformed specimens

Fig. 9 shows the topography of the FSP Al–4Mg–1Zr
specimens deformed to failure at the optimum strain rates



Table 1
A summary of superplastic properties of FSP Al–4Mg–1Zr at various
temperatures.

Temperature
(�C)

Optimum
strain rate
(s�1)

Maximum
elongation
(%)

Maximum
m value

Strain rate range
for maximum, m

(s�1)

175 1 � 10�4 240 0.34 1 � 10�4–
3 � 10�4

200 1 � 10�4 470 0.36 1 � 10�4–
1 � 10�3

225 3 � 10�4 530 0.41 3 � 10�4–
3 � 10�3

250 1 � 10�3–
3 � 10�3

740 0.41 1 � 10�3–
1 � 10�2

275 3 � 10�3 1235 0.48 3 � 10�3–
3 � 10�2

300 1 � 10�2–
3 � 10�3

1160 0.53 3 � 10�2–
1 � 10�1

325 3 � 10�2 1265 0.51 3 � 10�2–
3 � 10�1

350 1 � 10�1 1200 0.49 1 � 10�1–1
375 3 � 10�1 1410 0.52 1 � 10�1–1
400 3 � 10�1 1280 0.52 3 � 10�1–3
425 1 1405 0.52 3 � 10�1–3
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for various temperatures. Indication of GBS, evidenced by
a surface-relief pattern, i.e. lifting or heaving of grain
boundaries [32–34], was distinctly observed on the surfaces
of the deformed specimens, even at a low temperature of
175 �C. With increasing the temperature from 175 to
Fig. 9. Surface topography of tensile specimens near fracture tip deformed t
425 �C and 1 s�1.
300 �C (Fig. 9a and b), it appears that the size of the grains
increased. However, increasing the temperature to 425 �C
did not result in a further increase in the grain size
(Fig. 9b and c). This is attributed to the shortened time
for high-temperature exposure due to the increase in the
strain rate. The grain structures of the FSP Al–4Mg–1Zr
deformed to failure at various temperatures are shown in
Fig. 10. It is noted that the grains were still equiaxed and
fine after deformation. The average grain sizes were esti-
mated to be 1.5, 2.1, 2.4 and 2.4 lm for the specimens
deformed to failure at 175, 250, 350 and 425 �C, respec-
tively. This indicates that the fine-grained structure of the
FSP Al–4Mg–1Zr was relatively stable during superplastic
deformation. Some level of cavitation was also observed in
the failed specimens. It was documented that dynamic
grain growth during the superplastic deformation was fas-
ter than static grain growth, and increased with increasing
the strain and strain rate [35,36].
4. Discussion

4.1. Thermal stability

It was previously reported that the microstructure of
FSP UFG Al–Zn–Mg–Sc, 7075 and Al–Mg–Sc alloys
became highly unstable at 390, 400 and 350 �C, respectively
[20,21,23,24]. However, ECAP and cold-rolled UFG
o failure at (a) 175 �C and 1 � 10�4 s�1, (b) 300 �C and 1 � 10�2 s�1, (c)



Fig. 10. Grain structures of tensile specimens near fracture tip deformed to failure at (a) 175 �C and 1 � 10�4 s�1, (b) 250 �C and 3 � 10�3 s�1, (c) 350 �C
and 1 � 10�1 s�1, (d) 425 �C and 1 s�1.
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Al–Mg–Sc with similar compositions as FSP Al–Mg–Sc
did not show AGG at testing temperatures as high as
450 �C [37,38].

For a volume fraction Fv of randomly distributed spher-
ical particles of radius r, the Zener pinning pressure exerted
by the particles on a boundary of energy c was given by
[39]:

P z ¼
3F vc

2r
: ð3Þ

The Humphreys model [39,40] assumes that the micro-
structure consists of an assembly of equiaxed grains of
mean equivalent radius R, mean spherical particles radius
r, and mean boundary mobility M . The growth rates of
the grains in the presence of the particles are:

dR
dt
¼ M

c

R
� c

R
� 3F vc

r

� �
ð4Þ

and
dR
dt
¼ Mc

1

4R
� 3F v

r

� �
; ð5Þ

where dR/dt and dR/dt are the growth rates of the grain
and surrounding grains. Eqs. (4) and (5) predict that both
low boundary mobility and energy are beneficial to
decreasing the grain-coarsening rates. The FSP aluminum
alloys are characterized by a high ratio of HAGBs, whose
mobility and energy was generally higher than that of the
LAGBs [39,41]. Therefore, it is not surprising that the
grain-coarsening rate of the FSP alloys is higher than that
of ECAP and cold-rolled alloys, which contain a lower ra-
tio of the HAGB.

For the FSP Al–4Mg–1Zr, although the number frac-
tion of the HAGB was 97%, the UFG microstructure
was stable up to 425 �C. This is attributed to following
two factors. First, based on the higher Zr content of
1 wt.%, the volume fraction of the pinning Al3Zr particles
in the FSP Al–4Mg–1Zr was much higher than that in
other FSP aluminum alloys [20,21,23,37,38]. This was ver-
ified by TEM observations (Fig. 1c). Second, the sizes of
the Al3Zr particles were very fine, ranging from 5 to
20 nm. Based on these factors, the Fv/r is extremely high
in the FSP Al–4Mg–1Zr. Furthermore, the Al3Zr particles
generally exhibit a coherent relationship with the alumi-
num matrix. For the coherent particles, the Zener pining
pressure was computed to be 4 � greater than that pre-
dicted by Eq. (3) [42]. Therefore, the FSP Al–4Mg–1Zr
exhibited excellent thermal stability.
4.2. Correlation between optimum strain rate and

deformation temperature

Eq. (1) predicts that the increase in the testing tempera-
ture results in an increase in the strain rate if the grain size
is kept constant. However, for most fine-grained aluminum
alloys, such an increasing trend was rarely observed over a
wide range of the temperatures due to the remarkable grain
growth at high temperatures.



Fig. 11. (a) Variation of elongation with temperature for various strain rates and (b) variation of optimum strain rate for maximum superplasticity with
temperatures for FSP Al–4Mg–1Zr and other UFG aluminum alloys.
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The FSP UFG Al–4Mg–1Zr exhibited excellent thermal
stability at high temperatures. Fig. 11a shows the variation
of superplasticity with the testing temperature at various
strain rates. It is noted that the optimum strain rate tended
to increase with increasing temperature. In Fig. 11b, the
optimum strain rate for maximum superplasticity is plotted
as a function of temperature for the FSP Al–4Mg–1Zr. For
the purpose of comparison, the superplastic data from
other studies [20,21,23,38,43] are also included in this plot.
It is clear that the optimum strain rate (_eopti) increased with
increasing temperature (T) for the FSP Al–4Mg–1Zr,
which can be described as:

log _eopti ¼ 0:0182T � 12:36: ð6Þ
This indicates that a linear relationship exists between
log _eopti and T. For the present FSP Al–4Mg–1Zr, the ac-
tual grain sizes before deformation remained almost un-
changed in the temperature range of 175–425 �C due to
the effective pinning of numerous Al3Zr particles on the
grain boundaries (Figs. 3 and 4); therefore, the linear var-
iation trend of log _eopti with T indicates a real effect of the
temperature on the optimum strain rate. However, such a
variation trend has not been reported in previous studies.
This is due to the fact that for most fine-grained aluminum
alloys, the grains exhibited an obvious coarsening with
increasing temperature. At high temperatures, the actual
grain sizes before superplastic deformation were much lar-
ger than the initial ones, which resulted in log _eopti deviat-
ing from the linear relationship with T. Fig. 11b clearly
indicates that the superplastic data from other fine-grained
aluminum alloys prepared by FSP or ECAP depart from
the linear relationship at higher temperatures.

A similar relationship is also observed in Fig. 11b, indi-
cated by a dashed line, for FSP 7075Al, whose superplastic
data and microstructural evolution have been previously
reported [23]. The equation is:

log _eopti ¼ 0:0182T � 13:36: ð7Þ
This implies that the most possible relationship between

log _eopti and T for superplasticity of the fine-grained alumi-
num alloys can be expressed as:
log _eopti ¼ 0:0182T þ B; ð8Þ
where B is a constant dependent on the material, grain size
and grain boundary structure. It is well documented that
reducing the grain size results in an increase in the opti-
mum strain rate [14,37,38]. Furthermore, it has been sug-
gested that the increase in the fraction of HAGBs is also
beneficial in terms of increasing the optimum strain rate
[14,15,20]. Fig. 11b indicates that, for a constant tempera-
ture, the optimum strain rate for the FSP Al–4Mg–1Zr is
one order of magnitude higher than that for the FSP
7075Al, whereas for a constant optimum strain rate, the
temperature for the former is 55 �C lower than that for
the latter. This implies that it is easier to achieve HSRS
and/or LTSP in the FSP Al–4Mg–1Zr than in the FSP
7075Al. Because the grain size usually exhibits a remark-
able increase with increasing temperature for most of
fine-grained aluminum alloys, the data that fit Eq. (8) are
quite limited. Therefore, the validity and applicability of
Eq. (8), need more supporting data. Furthermore, addi-
tional analysis is required to understand the physical mean-
ing and implication of the slope of 0.0182 between log _eopti

and T.

4.3. Deformation mechanism

Identification of superplastic deformation mechanism
depends on the precise evaluation of the parametric depen-
dencies, i.e. n, p, Q, and the microstructural features after
or during deformation. The surface observations of the
deformed specimens have revealed evidence of GBS
(Fig. 9). The grains were equiaxed and fine after superplas-
tic deformation (Fig. 10). These indicate that GBS is the
most plausible dominant deformation mechanism. The
accommodation process of GBS would usually be the
rate-controlling mechanism [44]. Quantitative models have
been developed to describe GBS with accommodation by
either diffusion or dislocation motion [45]. However, there
is not an encompassing theory which is able to apply to all
kinds of materials [45–47]. Phenomenological studies of a
large variety of superplastic metallic materials have
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revealed that they fall in two broad categories, character-
ized by either n = 2 and Q = QL [48–50] or n = 2, p = 2
and Q = Qgb [51–54], where QL and Qgb are the diffusion
activation energy in lattice and grain boundary, respec-
tively. In order to establish the deformation model for
FSP UFG aluminum alloys, n, p and Q will be discussed
in the following sections.

4.3.1. Threshold stress and true strain rate sensitivity

For the present FSP UFG Al–4Mg–1Zr, the m values
tended to increase with increasing the strain rate in regions
I and II over temperatures ranging from 175 to 425 �C.
Similarly, the increase in the m value with the strain rate
was observed in FSP fine-grained (1.5 lm) Al–4Mg–1Zr,
though no region III was detected in this FSP sample
[16]. This trend in the variation of the m value indicates
that either a threshold stress was operative, or the deforma-
tion mechanism had changed. It has been suggested that
lower m values in region I do not represent a genuine
change in the rate-controlling mechanism, but rather orig-
inate from the existence of a threshold stress due to segre-
gation of impurity atoms on the grain boundaries [55,56].
An analysis of the superplastic data of the FSP micro-
grained Al–4Mg–1Zr revealed the existence of the thresh-
old stresses [16]. If a threshold stress is responsible for
the change in the m value, it can be determined when the
deformation mechanism is known or assumed. The surface
observation indicated that within the investigated tempera-
ture range, GBS is the most possible primary superplastic
deformation mechanism. Furthermore, a very recent study
indicated that GBS was the predominant deformation
mechanism for FSP UFG Al–5.3Mg–0.23Sc even at
175 �C [24]

To determine the threshold stress, a plot of r against _e1/n

(n = 1, 2, 3 and 5) on double linear scales was adopted [57].
By using the superplastic data in regions I and II, n = 2
gave the best linear fit among the assumed stress exponents
Table 2
Threshold stress of FSP Al–4Mg–1Zr at various temperatures.

Temperature (�C) 175 200 225 250
Threshold stress (MPa) 57.40 29.77 13.00 10.16

Fig. 12. Variation of flow stress as a fun
at all investigated temperatures. Therefore, all values of
threshold stresses were estimated by an extrapolation of
the data to zero strain rate with a linear regression, as illus-
trated in Fig. 12. The calculated threshold stresses are sum-
marized in Table 2. The threshold stress values were highly
dependent on the deformation temperature. Furthermore,
the observed linear behavior on the plot of r against _e1/2

indicates that the true m value is 0.5.
The origin of the threshold stress is not fully understood

at the present time. Murty and Koczak [58] suggested that
the threshold stress arose from the obstruction of grain
boundary mobility by dispersed particles (Zener pinning)
during superplastic flow at low stresses. Mohamed [57] sug-
gested that the threshold stress resulted from the segrega-
tion of impurities at the grain boundaries and their
interactions with grain boundary dislocations. Li and
Langdon [59] suggested that the threshold stress originated
from the inhibition of dislocation movement by dispersed
particles and precipitates. These studies strongly suggest
that the threshold stress in the FSP Al–4Mg–1Zr is associ-
ated with the high density of dispersed Al3Zr particles,
which impeded the movement of the dislocations and grain
boundaries during superplastic deformation.

4.3.2. True activation energy

The activation energy, which depends on a rate-control-
ling process, is also a very important factor in the determi-
nation of the deformation mechanism. The true activation
energies evaluated according to the following equation [5]
are shown in Fig. 13

Qt ¼ nR
@½lnðr� rthÞ�

@ð1=T Þ _ej : ð9Þ

The estimated activation energies under the constant
strain rates are �119–141 kJ mol–1. These values of Qt

are much higher than those for dislocation pipe diffusion
in Al (82 kJ mol–1) and grain boundary diffusion in Al
275 300 325 350 375 400 425
4.82 4.19 2.50 2.46 2.17 1.62 0.68

ction of _e1/2 for FSP Al–4Mg–1Zr.



Fig. 13. Variation of ln(r–ro) as a function of reciprocal temperature for
FSP Al–4Mg–1Zr.

Fig. 15. Variation of (_ekTd2=DLEb3) as a function of (r–ro)/E for FSP
UFG aluminum alloys.

Fig. 14. Variation of ln _e as a function of ln(b/d) for FSP Al–4Mg–1Zr.
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(84 kJ mol–1), and close to those for the Mg diffusion in the
Al matrix (136 kJ mol–1) and lattice self-diffusion of pure
Al (142 kJ mol–1).

It is well documented that the solute drag creep is a
dominant deformation mechanism in coarse-grained Al–
Mg alloys and in fine-grained Al–Mg alloys when
deformed at low temperatures and high strain rates [60–
64]. The solute drag creep is characterized by m values of
0.33 or smaller [61,62]. However, the apparent m value in
the present study is generally higher than 0.33 and the
modified m value is �0.5. Thus, the solute drag creep might
make a quite limited contribution to the observed
superplasticity.

The most acceptable rate-controlling diffusion step
might be the lattice diffusion of pure Al. Similarly, an acti-
vation energy value of 142 kJ mol–1 was observed in the
FSP UFG Al–Zn–Mg–Sc alloy [21]. The activation energy
value will be further identified in Section 4.3.4.

4.3.3. Grain size exponent

At a constant temperature (T) and a normalized stress
(r�ro), for discussion of the relationship between grain
size and flow stress, Eq. (1) can be rewritten as:

ln _e ¼ A0 þ p ln
b
d

� �
þ n ln

r� r0

E

� �
; ð10Þ

where A0 is a temperature-dependent coefficient. The p va-
lue can be determined by finding the relationship between
_e and d at a constant (r�ro value. The superplastic data
of the micrograined (1.5 lm) Al–4Mg–1Zr [16] were used
in this study to determine the p value. The double linear
plot of ln _e against ln(b/d) is presented in Fig. 14. The p va-
lue was determined to be close to 2.

4.3.4. Constitutive equation for superplastic flow

To further elucidate the superplastic deformation mech-
anism in the FSP UFG Al–4Mg–1Zr, superplastic data are
plotted in Fig. 15 as _ekTd2=ðGLEb3Þ vs. (r–ro/E. It can be
seen that all data for the FSP UFG Al–4Mg–1Zr fit onto
a single straight line with a slop of 2 after introducing
the threshold stress, showing that a threshold type defor-
mation behavior with a stress exponent of 2 (_e / (r�ro)2).
The activation energy value, which is dependent on the
rate-controlling process, is similar to the lattice self-diffu-
sion of pure Al (142 kJ mol–1). The constitutive equation
in the FSP UFG Al–4Mg–1Zr is given as:

_e ¼ 5� 107 DoEb
kT

exp � 142000

RT

� �
b
d

� �2 r� ro

E

� �2

: ð11Þ

This indicates that the dominant deformation mecha-
nism for the FSP UFG Al–4Mg–1Zr is GBS controlled
by the lattice diffusion.

For comparison, the data for the FSP UFG aluminum
alloys from other studies [20,21,23] are also included in
Fig. 15. At high temperatures, the actual grain sizes before
superplastic deformation were much larger than the initial
ones for these UFG alloys. Therefore, only the superplastic
data obtained at 6300 �C are added in this plot. It is clear
that the present Al–4Mg–1Zr alloy behaved identically to
other UFG superplastic aluminum alloys.

The constitutive equation for a nanocrystalline Al–Fe
alloy is expressed by [49]:

_e ¼ 1� 106 Deff Eb
kT

b
d

� �2 r� r0

E

� �2

; ð12Þ

where Deff ¼ DL þ ð1:7� 10�2ÞðpddÞDgb: ð13Þ
The activation energy for the nanocrystalline Al–Fe

alloy was 162 kJ mol–1, which is higher than that for the



Fig. 16. A superplastic mechanism map for FSP aluminum alloys.
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lattice diffusion of pure Al. Eq. (13) indicates that the con-
tribution of DL to Deff decreased with decreasing tempera-
ture and grain size. This is not applicable to the FSP UFG
aluminum alloys, whose activation energy value is similar
to the lattice self-diffusion of pure Al.

4.4. Superplastic mechanism map for FSP aluminum alloys

Eqs. 2, 8, and 11 and the reported superplastic data have
made it possible to construct a superplastic mechanism map
for the FSP aluminum alloys. Fig. 16 shows that the overall
superplastic region is divided into three regions according
to grain size. As discussed above, the constitutive equation
for superplasticity in the FSP UFG aluminum alloys is
expressed by Eq. (11). Therefore, in the UFG region, the
dominant deformation mechanism is GBS controlled by
the lattice diffusion. Eq. (2) is usually used to describe the
superplastic flow of the FSP aluminum alloys with grains
in the range of 1–10 lm [14,16,18]. Thus, in the fine-grained
region, the dominant deformation mechanism is GBS,
which, however, is controlled by grain boundary diffusion.
The transition line between the two regions depends on
Eq. (8). Because of the lack of superplastic data of the
FSP aluminum alloys with grains in the range of 0.8–
1.5 lm it is still hard to interpret the transition as a critical
line corresponding to a well-defined grain size or as a region
corresponding to a grain size range. Previous studies have
indicated that the principal mechanism of superplasticity
in coarse-grained Al–Mg alloys is solute drag on gliding dis-
locations [61]. Due to the lack of superplastic data for
coarse-grained FSP aluminum alloys, the plastic deforma-
tion mechanism for these alloys at high temperatures is
unknown. The AGG region is also shown in Fig. 16 based
on the reported results. Reducing grain size usually
decreased AGG to lower temperatures. Fig. 16 also indi-
cates that grain refinement is beneficial for achieving super-
plasticity at higher strain rates and/or lower temperatures.
5. Conclusions

1. Al–4Mg–1Zr alloy with a grain size of 0.7 lm prepared
by FSP exhibited a boundary misorientation distribution
close to that for a random polycrystal. The ultrafine
grains were very stable at elevated temperatures up to
425 �C due to the strong pinning effect of the high density
of fine Al3Zr particles.

2. The FSP Al–4Mg–1Zr exhibited superplasticity under
the investigated temperature range of 175–425 �C. The
optimum strain rate increased with increasing the
temperature, as described in the form of log _eopti =
0.0182T � 12.36. Excellent high strain rate and low-tem-
perature superplasticity of >1200% was observed at
1 � 10�2–1 � 10�1 s�1 for 300–350 �C. Even at 425 �C,
a superplasticity of 1400% was achieved at an exception-
ally high strain rate of 1 s�1.

3. The surface observations of deformed specimens
revealed distinct evidence of GBS at the investigated
temperatures and strain rates. The analyses on the
superplastic data of the UFG Al–4Mg–1Zr revealed
the presence of a threshold stress for superplastic defor-
mation, a stress exponent of 2, an inverse grain size
dependence of 2, and an activation energy close to that
for the lattice diffusion in Al. This indicates that the
dominant deformation mechanism for the FSP UFG
Al–4Mg–1Zr is GBS, which is controlled by lattice diffu-
sion. Based on this notion, a constitutive equation was
developed for the FSP UFG aluminum alloys in the

form of _e ¼ 5� 107 D0Eb
kT

expð� 142000
RT

Þðb
d
Þ2ðr� r0

E
Þ2 .

4. A superplastic mechanism map for the FSP aluminum
alloys was proposed. This map can be used as a guide-
line to design the FSP aluminum alloys with different
grain sizes to obtain good superplasticity.
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