Low-Temperature Superplastic Behavior of a
Submicrometer-Grained 5083 Al Alloy Fabricated by

Severe Plastic Deformation
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A submicrometer-grained structure was introduced in a commercial 5083 Al alloy by imposing an
effective strain of ~8 through equal channel angular pressing. In order to examine the low-temperature
superplastic behavior, the as—equal channel angular pressed (as-ECAP) samples were tensile tested
in the strain rate range of 1075 to 1072 s™* at temperatures of 498 to 548 K corresponding to 0.58
to 0.65 T,,, where T,, is the incipient melting point. The mechanical data of the alloy at 498 and 548
K exhibited a sigmoidal behavior in a double logarithmic plot of the maximum true stress vs true
strain rate. The strain rate sensitivity was 0.1 to 0.2 in the low- and high-strain rate regions and 0.4
in the intermediate-strain rate region, indicating the potential for superplasticity. At 523 K, instead
of the sigmoidal behavior, a strain rate sensitivity of 0.4 was maintained to low strain rates. A
maximum elongation of 315 pct was obtained at 548 K and 5 X 10~ s™%. The activation energy for
deformation in the intermediate-strain rate region was estimated as 63 kJmol. Low-temperature
superplasticity of the ultrafine grained 5083 Al alloy was attributed to grain boundary dliding that is
rate-controlled by grain boundary diffusion, with alow activation energy associated with nonequilib-
rium grain boundaries. Cavity stringers parallel to the tensile axis were devel oped during deformation,

and the failure occurred in a quasi-brittle manner with moderately diffusive necking.

[. INTRODUCTION

SUPERPLASTICITY refers to the ability of some
materials to exhibit an extraordinarily large neck-free elon-
gation prior to failure. In spite of its high potential as a
forming technology of complex-shaped components, its
application has been limited, since optimum superplasticity
generaly occurs under the conditions of fine grain sizes
(less than 10 um), high forming temperatures (higher than
half of the homologous temperature), and slow forming rates
(lessthan 10~2s™1). In the past decade, in order to overcome
the deficiency of the conventional superplasticity, consider-
able effortdY have been devoted in both academic and indus-
trial fields to achieve low-temperature and/or high-strain
rate superplasticity by two synergistic motivations: (1) most
theories explaining superplasticity predict the possibility of
low-temperature and/or high-strain rate superplasticity by
further grain refinement, and (2) advanced technologies for
fabricating materials with a submicrometer or smaller grain
size have been developed.

In the present investigation, a submicrometer-grained
(SMG) 5083 Al aloy was processed by equal channel angu-
lar pressing, and its low-temperature superplasticity was
examined. The 5083 Al alloy is a representative non-age-
hardenable Al-Mg based aloy which possesses many inter-
esting characteristics as a structural material, such as low
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price, moderately high strength, good corrosion resistance,
high formability in conjunction with superplasticity, etc.l?
These advantages of the aloy are quite attractive in the
automobile industry for producing vehicles with high fuel
efficiency by replacing steels with the alloy as abody sheet
material. In particular, the superplastic property of the alloy
provides cost-effectiveness by minimizing the processing
steps such as stamping, machining, joining, etc. If superplas-
tic forming of the alloy at low temperatures is possible,
the cost-effectiveness will be further enhanced by energy
savings. Equal channel angular pressing!®4 is, at present,
the most developed severe plastic deformation technique,
producing bulk, porosity-free SMG materias. In equal
channel angular pressing, a SMG structure is obtained via
mechanical fragmentation associated with severe plastic
deformation by subjecting the sample to repetitive pressing
into a die with the two equal cross-sectional channels inter-
secting at a certain angle. Several previous studies reported
low-temperature and/or high-strain rate superplasticity in
some equal channel angular pressed (ECAP) SMG materi-
als>® However, in spite of the engineering significance
of the 5083 Al aloy and its low-temperature forming tech-
nology, there is still a lack of systematic studies on the
low-temperature superplasticity of a SMG 5083 Al aloy
produced by equal channel angular pressing, such as the
deformation mechanisms based on the relationship between
stress and strain rate and the failure mechanisms.

[I. EXPERIMENTAL PROCEDURE

A commercia 5083 Al alloy (Al-4.4Mg-0.7Mn-0.15Cr
(in wt pct)) was supplied in the form of an extruded bar.
Before being ECAP, the alloy was annealed at 723 K for 1
hour and the linear-intercept grain size of the annealed sam-
ple was about 200 um. After machining the cylindrica
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samples of ¢ 10 X 130 mm from the annealed bar, an equal
channel angular pressing of eight passes was carried out on
the samples at 473 K. The present ECAP die was designed
toyield an effective strain of ~1 by a single pass. the inner
contact angle and the arc of curvature at the outer point of
contact between channels of the die were 90 and 20 deg,
respectively.[¥ During equal channel angular pressing, the
sample was rotated by 90 deg around its longitudinal axis
in the same direction between the passages, i.e., route B..[*%
It was reported that eight passes of equal channel angular
pressing with route B, resulted in the maximum superplastic
elongation among various equal channel angular pressing
conditions™ The detailed equal channel angular pressing
procedure and facility were described elsewhere.[*d

In order to avoid excessive grain growth at the deforma-
tion temperatures that could lead to a deterioration in super-
plastic elongation, the microstructural stability of the ECAP
alloy was examined by conducting static annealing at tem-
peratures of 373 to 773 K for 1 hour in either silicone
oil or molten sat baths. The annealing temperature was
controlled within =1 K. Aswill be discussed later, signifi-
cant grain growth occurred above 573 K. For superplastic
deformation, tensile specimens with a gage length of 8 mm
were machined from the as-ECAP bar. Monotonic tensile
tests were carried out at initial strain rates of 107° to
102 s and temperatures of 498 to 548 K on an INSTRON*

*INSTRON is a trademark of Instron Co., Canton, MA.

machine operating at a constant crosshead speed. In some
cases, two-step strain rate change tests were done to deter-
mine the strain rate sensitivity. While a single specimen was
pulled to failure in the monotonic tests, the initial crosshead
speed was changed abruptly to the predetermined one in the
strain rate change tests after the maximum true stress was
confirmed during deformation at the initial crosshead
speed.[*®! For conventional superplastic materials exhibiting
very large uniform elongation, the crosshead speed isusually
changed several times in the strain rate change tests. How-
ever, in the present study, the crosshead speed was changed
only once, since limited ductility was expected at relatively
low testing temperatures compared to the conventional
superplasticity. All the tests were performed in a three-zone
furnace in air, and the testing temperature was controlled
within =3 K.

The microstructure was examined using a JEOL* 2010

*JEOL is atrademark of Japan Electron Optics Ltd., Tokyo.

transmission electron microscope (TEM) operating at 200
kV. Thin foils for TEM observation were prepared by the
twin-jet polishing technique using a mixture of 25 pct nitric
acid and 75 pct methanol at an applied potential of 25 V
and at 243 K. In addition, the grain structure and cavitation
after failure were observed by optical microscopy after etch-
ing with dilute Poulton’s reagent.

1. EXPERIMENTAL RESULTS
A. Microstructural Stability

The variation of microhardness with annealing tempera-
ture is presented in Figure 1. The microhardness remained
virtually constant up to 473 K after a sharp drop at 323 K
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Fig. 1—The variation of microhardness of the eight passes ECAP 5083
Al aloy with annealing temperature.

and then decreased rapidly with increasing annealing temper-
ature in the range of 473 to 573 K, due to recrystallization
and subsequent grain growth. It was reported that stress
relief in the as-ECAP aloy with extremely high localized
stresses by severe plastic deformation can easily occur by
substructure rearrangement even at relatively low annealing
temperatures:**% for instance, note the rapid loss of hard-
ness at 323 K, as shown in Figure 1. Above 573 K, it
remained low and did not change significantly with increas-
ing annealing temperature.

Figure 2 shows some representative TEM micrographs of
the ass-ECAP sample and the samples annealed at various
temperatures. As typical in SMG materials processed by
severeplastic deformation,* the as-ECAP sampl e exhibited
ill-defined boundaries and a high dislocation density with
dense dislocation debris, etc. The average linear-intercept
grain size of theas-ECAP samplewasabout 0.3 um. Anneal-
ing at 473 K did not result in a significant change in the
TEM microstructure from that of the ass-ECAP sample. At
523 K, didlocation-free recrystallized grains with well-
defined grain boundaries appeared, and the grain size distri-
bution became bimodal due to the coexistence of both rela-
tively coarse recrystallized and ultrafine unrecrystallized
grains. The microstructure of the sample annealed at 573 K
was dominated by very coarse recrystallized grains with a
size of several tens of microns. At 573 K, most boundaries
were curved, indicating that grain growth was in progress
and that a number of particles with a size of 50 to 200 nm
and an aspect ratio of 3 to 5 existed in the grain interior.
The majority of particles were identified as AlgMn interme-
tallics by chemical analysis with the TEM. It is certain that
AlgMn particles existed before the sample was ECAP, and
their presence, obscured by the ill-defined and ultrafine
ECAP structure, became evident when the grain structure
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Fig. 2—Representative TEM micrographs of the 5083 Al aloy annealed at various temperatures fo r 1 h after eight passes ECAP: (a) as-EACP, (b) 473

K, (c) 523 K, and (d) 573 K.

was well defined by annealing. This microstructural evolu-
tion with annealing temperature is well matched with the
trend of the microhardness variation shown in Figure 1.

B. Superplastic Behavior

1. Strain rate dependence of flow stress: strain rate
sensitivity

Figure 3 shows adoublelogarithmic plot of the maximum
trueflow stresses (o7) vstrue strain rates (&) for three temper-
atures of 498, 523, and 548 K. The mechanical data of the
aloy at 498 and 548 K exhibited the sigmoidal behavior
manifested by the presence of three regions. The strain rate
sensitivity (m = d In o/9 In &) was 0.1 t0 0.2 at low (region
I, £ < 107* s 1) and high (region Il1, 10 3 s < &) strain
rates. At the narrow intermediate-strain rate region of one
order of magnitude (region Il, 1074 st < & < 107357,
mwas about 0.4, indicating the potential for superplasticity.
At 523 K, instead of the sigmoidal behavior, region 11, with
m = 0.4, was extended to the lowest strain rate examined
and region | was not observed. The present m value of 0.4
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is higher than that reported previously for low-temperature
superplasticity of the samealloy system under similar experi-
mental conditions: 0.2 to 0.3 by Kawazoe et al.[*1 and 0.3
to 0.4 by Hsiao and Huang.[*®!

2. Temperature dependence of flow stress. activation
energy for deformation

For estimation of the apparent activation energy (Q,) for
deformation, the following expression is often used under
the constant stress condition:

dlné
a(T)

where ¢ is the strain rate, R is the universal gas constant,
and T is the absol ute temperature. However, when the strain
rate range of interest is narrow, an aternative description
for Q, under the constant strain rate condition is valid:[*

Qa=-R (1]

dlno
a(T) 21

where n is the stress exponent that is the reciprocal of m.

Qa = nNR
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Fig. 3—A double logarithmic plot of true stress vs true strain rate of the
as-ECAP 5083 Al aloy (eight passes with route B.) at temperature of 498
to 548 K.

According to Eq. [2], Q. for regions 1l and 111 was estimated
from the plot of log o vs /T, where the slope is equivalent
to Q4/2.3nR. Such aplot is depicted in Figure 4. The value
of Q, was about 61 and 195 kJ/mol at ¢ = 5 X 1074 st
for region Il (n = 25) and at & = 3 X 1073 s for region
Il (n = 8), respectively. The value of Q, for region | was
not evaluated due to the inconsistent value of the stress
exponent at the three testing temperatures. It is worth men-
tioning that the true activation energy (Q), after compensa-
tion for the temperature dependence of the shear modulus,
was nearly the same as the apparent value, i.e., 63 and 187
kJmol for regions Il and Il1, respectively. The value of Q
is expressed by Eq. [3]:[*

~ _aIn(e™/GM 1)
Q=R a(UT) 3]
where G is the shear modulus. For calculation of Q, G
(MPa) = 3.2 X 10* — 16T, where T is in Kelvin, for pure
All2% was used. The plot related to Eq. [3] is superimposed
in Figure 4.

3. Elongation to failure

Atfirst, in order to determine the temperature range show-
ing superplastic behavior, tensile tests were carried out on
the as-ECAP samples between 473 and 573 K at the initial
strain rate of 2 X 107* s7%, and the results are shown in
Figure 5. While the elongation exceeded 200 pct between
498 and 548 K, with the maximum elongation of 250 pct
at 523 K, it was less than 200 pct at 473 and 573 K. As
shown in Figure 2, no recrystallization occurred at 473 K,
and so a large portion of boundaries still remained low
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Fig. 4—The plots of log o and log (¢"/G"T) vs U/T for the calculation
of the activation energy for deformation. (a) Region Il (m = 0.4, n = 2.5).
(b) Region 111 (m = 0.12, n = 8).

angled.'9 At 573 K, very coarse recrystallized grains domi-
nated the microstructure. Under these microstructural condi-
tions, superplastic elongation is hardly expected. The strain
rate dependence of elongation at the three temperatures of
498, 523, and 548 K is presented in Figure 6. At 498 and
548 K, the maximum elongation was obtained at the strain
rate range of 10~* to 10~3 s™%, which corresponds to region
Il in Figure 3. In particular, beyond 5 X 107* s71, the
elongation at 548 K was larger than that at the other two
temperatures. At 523 K, a high elongation of about 250 pct
was obtained even at the lowest strain rate of 5 X 107°s™%,
this being attributed to the high m value being extended to
low strain rates at this temperature, as shown in Figure 3.
Among all testing conditions, a maximum elongation of 315
pct was obtained at 548 K and 5 X 104 s
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Fig. 5—Elongation to failure of the assECAP 5083 Al alloy (eight passes
with route B) at temperatures of 473 to 573 K. The initial strain rate was
2X104sL

4. Cavitation

The fractured samples tested at various initia strain rates
at 548 K are shown in Figure 6(b). The samples broke in
a quasi-brittle manner with moderately diffusive necking,
indicating the occurrence of cavitation. Figures 7(a) and 7(b)
present optical micrographs of the fracture tip and the gage
section of the sample, respectively, tested at 548 K and the
initia strain rate of 5 X 104 s~ Extensive cavitation is
evident at the fracturetip. It is of interest to note that cavities
developed in the form of stringers paralel to the tensile
axis at both locations, having different local strains. The
formation of cavity stringers parallel to the tensile axis is
commonly observed in conventional superplastic materials,
and several mechanisms for their formation have been sug-
gested elsewhere.[?122

V. DISCUSSION

A. The Mechanical Behavior of the ECAP SMG 5083
Al Alloy

Except at 523 K, whereregion |1, showing ahigh mvalue,
extends to low strain rates, the stress dependence of the
strain rate of the ECAP SMG 5083 Al aloy at 498 and 548
K is characterized by a sigmoida behavior, as shown in
Figure 3. The sigmoidal behavior is generally observed in
conventional (high-temperature) superplasticity. In addition,
Neishi et al.l”! recently observed this behavior in the low-
temperature superplasticity of an ECAP Cu-Zn-Sn aloy.
Region I11 (high strain rate region), with a low m value, is
often explained by the breakdown of the power-law creep.
Region | (intermediate strain rate region) iscalled the super-
plastic region, where the maximum elongation is obtained
and grain boundary sliding governs the deformation. How-
ever, the origin of region | (low strain rate region), with a
low mvalue, is still in controversy.

1. High strain rate region (region I11)

The deformation behavior of the present alloy in the high
strain rate region is characterized by m = 0.12 (n = 8) and
Q = 187 kJmol. This behavior does not match with any
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Fig. 6—(a) The variation of elongation to failure with the initial strain rate
at temperatures of 498 to 548 K. (b) Appearance of the sample pulled to
failure at the various initial strain rate (T = 548 K).

standard deformation mechanisms with the power law, sug-
gesting that the experiment was carried out in the power-
law breakdown region. Although the n value (equal to 8) is
close to that predicted from the lattice diffusion controlled
creep with a constant structure,™ Q (equal to 187 kJmol)
is higher than the activation energy for lattice diffusion of
Al (142 kJ/mol). Sherby and Burke!?! proposed that power-
law breakdown in the deformation of fcc materials occurs
at a diffusivity-normalized strain rate of &/D = 10 m™2,
where D is the appropriate diffusivity. In the present case,
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Fig. 7—Cavitation in the as-ECAP 5083 Al aloy (eight passes with route
B,) tested at 548 K and 5 X 104 s 2. (a) fracture tip and (b) gage section.

the critical & level showing the transition from region Il to
region |1l isabout 10~*s™?, asshownin Figure 3. WhenD =
1.24 X 10~ *exp (—130,500/RT) (m?s™1) for Mg diffusionin
A%l was used, since Mg is the major alloying element of
the 5083 Al aloy, the present &/D values being 3.9 X 10*
m~2 at 498 K, 8.7 X 10¥ m™2 at 523 K, and 2.2 X 10%
m~2 at 548 K. These values are comparable to the value
suggested by Sherby and Burke. Accordingly, the present
region 11l is likely to represent the power-law breakdown
behavior.

2. Intermediate strain rate region (region I1)

The mvaue of 0.4 in region Il is comparable to that of
0.5 predicted by the grain boundary sliding mechanism.
The activation energy for superplastic deformation associ-
ated with grain boundary dliding is usualy close to that for
grain boundary diffusion. Besides, in some coarse grained
Al-Mg alloyd?62728 showing extended ductility at testing
temperatures similar to the present study, the activation
energy was reported to be close to that for Mg diffusion in
Al (130 to 140 kJmol): deformation in these alloys was
associated with solute-dragged dislocation glide rather than
grain boundary dliding. In the present case, the activation
energy in region Il (Q = 63 kJ/mol) was lower than that
for grain boundary diffusion (Qg,) of Al (86 kd/mol)?! and
of Mg diffusion in Al. An explanation is needed for this
discrepancy. Very recently, Kolobov et al.?? found that the
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Fig. 8—TEM micrographs taken from the gage section of the samples
tested at 523 K and 5 X 10% s™! (region Il). (@) Low magnification
showing the bimodal distribution of the grain size. (b) High magnification
showing the presence of nonequilibrium grain structure.

Qg value of ECAP Ni was much lower than that of coarse
grained Ni and was close to the activation energy of free-
surface diffusion due to the nonequilibrium nature of grain
boundaries induced by severe plastic deformation. In order
to check this possibility, the microstructures of the sample
deformed in region |l were examined by the TEM. Figure
8 shows TEM micrographs taken from the gage section of
the fractured samples tested at 523 K and the initial strain
rate of 5 X 107* s™L. The bimodal distribution of the grain
sizewas evident in Figure 8(a). The coarse grains, of course,
resulted from continuous recrystallization and subsequent
grain growth during deformation. The fine grains, magnified
inFigure8(b), consisted of recovered grainsand unrecovered
grains with a high dislocation density and ill-defined grain
boundaries. It indicates that a certain portion of the grain
structure remained in nonequilibrium during deformation
and, therefore, a Qg value lower than that in an equilibrium
structure is expected in the present aloy, as pointed out by
Kolobov et al.?dl Accordingly, it isquite probablethat region
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Fig. 9—The true stress—true strain curves of the as-ECAP 5083 Al alloy
(eight passes with route B) tested with the initial strain rate of 5 X 10°°
s™* belonging to region | at various testing temperatures.

Il deformation is governed by grain boundary sliding rate
controlled by grain boundary diffusion with alow activation
energy associated with the nonequilibrium nature of grain
boundaries.

3. Low strain rate region (region 1)

Several different mechanisms have been suggested for
explaining the deformation behavior of superplastic alloysin
region |, such asthe sequential operation of two deformation
mechanisms,*% the existence of threshold stress associated
with impurity segregation at grain boundaries,®™ the micro-
structural evolution during high temperature deformation
such asconcurrent grain growth,!*? etc. Thefirst two sugges-
tionspredict either aconsistent mvalueat all testing tempera-
tures or a devement of the m value with decreasing stress
at asingle testing temperature, respectively. By contrast, the
m value in the present study was not consistent at the three
testing temperatures, but it remained constant at a single
testing temperature. Accordingly, the microstructural evolu-
tion during deformation isthe most likely cause of theregion
| deformation behavior.

Figure 9 shows the true stress—true strain curves of the
as-ECAP 5083 Al alloy tested with the initial strain rate of
5 X 1075 s belonging to region | at the three testing
temperatures. At 498 K, a rapid strain hardening occurred
from theinitial stage of deformation, showing the maximum
stressat true strain of ~0.4. Therapid initial strain hardening
is generally observed in strain-hardened materials having a
high dislocation density.[*¥ From Figures 1 and 2, it is seen
that recrystallization occurred partially at 498 K. Therefore,
a considerable portion of grain boundaries still remained
low angled, and dislocations were in high density, although
recovery wasin progress. That makes grain boundary sliding
difficult, causing the low m value in this region. The same
microstructural explanation can be applied to a relatively
low elongation less than 200 pct at 498 K, even in region
Il with m = 0.4. This fact can be confirmed by the micro-
graphs taken from the gage section of the sample which
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Fig. 10—The microstructure of the gage section of the samples tested to
failure at initial strain rate of 5 X 107° s* (region I). (a) 498 K (TEM),
(b) 523 K (OM), and (c) 548 K (OM).

failed with the initial strain rate of 5 X 107° s™%. As shown
in Figure 10(a), the microstructure of the sample fractured
at 498 K consisted of recrystallized grains with a size of
~1 um and unrecrystallized ultrafine grainswith ill-defined
grain boundaries. A gradual strain hardening was observed
at 523 and 548 K, with the maximum stress at true strain
of ~0.6. This resulted from the occurrence of concurrent
recrystallization followed by grain growth.[334 From Figure
10(b), showing the microstructure of the sample tested until
faillure at 523 K, which was etched with dilute Poulton’s
reagent to effectively revea the high angle boundaries,*®
it is seen that alarge portion of the microstructure consisted
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Fig. 11—The comparison of the elongation data of low-temperature super-
plasticity of 5083 Al alloy. The data of conventional (high temperature)
superplasticity of the same alloy are also presented. (SD—spray deposition,
EX—extrusion, R—rolling, CR—cold rolling, A—annealing, and WR—
warm rolling).

of recrystallized grains of ~5 um. This grain size was
enough to show superplasticity and resulted in the relatively
high elongation exceeding 250 pct and high m value, i.e.,
the absence of region | at thistemperature. At 548 K (Figure
10(c)), significant grain growth occurred and the grain size
was ~20 um, too large for superplasticity, causing the low
m value and low elongation.

B. Low-temperature superplasticity of an ECAP SMG
5083 Al alloy

The elongation data of the present SMG 5083 Al aloy
are compared to those reported from other previous investi-
gationd 183637 in Figure 11. The data for the conventional
superplastic 5083 Al alloy,[537 j.e., high temperatures and
a grain size of the order of several micrometers, are also
included in the figure. Several findings are noted. First, in
spite of a dight difference in chemica composition, the
eight-passes ECAP 5083 Al aloy exhibited larger elongation
at higher strain rates compared to the four-passes ECAP
5056 Al aloy™™ under a similar grain size and deformation
temperatures. It was reported that, with increasing equal
channel angular pressing strain, a portion of high-angled
grain boundaries increases but the grain size virtualy
remains unchanged.[*"-38 This microstructural evolution dur-
ing equal channel angular pressing may lead to the increase
of the grain boundary sliding contribution associated with
high-angled grain boundaries to overall deformation. It
resulted in larger elongation of the eight-passes ECAP 5083
Al aloy at higher strain rates. Second, the elongation of the
eight-passes ECAP 5083 Al alloy was inferior to that of the
warm-rolled (WR) 5083 Al alloy reported by Hisao and
Huang.!*® In their study, the maximum elongation of ~400
pct was obtained at 523 K and 1 X 1073 s™%, but the maxi-
mum elongation of 315 pct was obtained at 548 K and 5 X
107% s71 in the present study. This may be ascribed to the
difference in texture development during materials proc-
essing between the WR and ECAP samples. For the present
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case, the sample was rotated by 90 deg around its longitudi-
nal axis in the same direction between the passages, and so
a less textured microstructure was expected as compared to
the WR sample. Hisao and Huang!*® reported that €l ongation
of the WR 5083 Al samples machined parallel to the rolling
direction was much better than that of the samples machined
perpendicular to therolling direction. Thisfact lends support
to the explanation of the elongation difference between the
ECAP and WR samples in terms of texture. Finaly, as
shown in Figure 11, the elongation data of low-temperature
superplasticity induced by a SMG structure are quite over-
lapped with those of conventional (high temperature) super-
plasticity in the relatively high strain rate range, i.e., 1074
to 10 21 It indicates the engineering significance of grain
refinement in this alloy system in view of low-temperature
forming process.

V. CONCLUSIONS

1. Thelow-temperature superplasticity of a submicrometer-
grained (=0.3 wm) 5083 Al alloy fabricated by equal
channel angular pressing was examined at temperatures
of 498, 523, and 548 K and ¢ = 107 °to 1072 s %,

2. The mechanical data of the alloy at 498 and 548 K exhib-
ited the sigmoidal behavior in a double logarithmic plot
of the maximum true stress vs the corresponding true
strain rate. While the strain rate sensitivity was 0.1 to
0.2 a low- and high-strain rate regions, it was ~0.4 in
the intermediate strain rate region. At the intermediate
strain rate region, the activation energy for deformation
was ~63 kJmol. However, at 523 K, the strain rate
sensitivity of 0.4 was maintained at low strain rates.

3. The analysis indicated that the low-temperature super-
plasticity of the present ultrafine grained alloy was attrib-
uted to grain boundary dliding that is rate controlled by
grain boundary diffusion with a low activation energy
associated with the nonequilibrium nature of grain
boundaries.

4. Below ¢ = 5 X 107* s7%, the elongation at 523 K was
larger than that at the other two temperatures, due to the
high strain rate sensitivity value. But, above ¢ = 5 X
10~*s%, the elongation at 548 K was larger than that at
the other two temperatures, with the maximum elongation
of 35 pctate =5x 1074s L

5. Cavity stringers parallel to the tensile axis developed
during deformation, and the failure occurred in a quasi-
brittle manner with moderately diffusive necking.
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