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Abstract

Subsequent rolling after equal channel angular pressing (ECAP) resulted in a considerable enhancement of the high strain rate

superplastic elongation of a modified 5154 Al alloy, compared to that of the alloy subjected to the identical ECAP strain without

rolling. The mechanical data revealed that the deformation of the former was governed by grain boundary sliding but that of the

latter was dominated by viscous glide.

� 2004 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

It has been well-documented that grain refinement in

some experimental or commercial Al alloys down to the

submicrometer level (i.e. ultrafine grain (UFG) size) by
equal channel angular pressing (ECAP) results in high

strain rate superplasticity (HSRS) [1,2]. The number of

ECAP passage and the selection of ECAP route are

the critical factors for achieving the optimum micro-

structure for the maximum HSRS elongation in terms

of the grain size and grain boundary misorientation.

The previous investigation [3] revealed that 8 passes of
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ECAP with route Bc through a die yielding an effective

strain of �1 per a single pass optimized the UFG micro-

structure for the maximum HSRS elongation. However,

ECAP is a relatively complicated multi-step process

including sample rotation between passages. In addi-
tion, most ECAP die available at present is designed

to fabricate bars with either circular or square cross-sec-

tions, being difficult to fabricate sheets or plates which

are the most widely used material shape in the industrial

field. To overcome these deficiencies of ECAP, it is of

interest to attempt the combined process of ECAP and

conventional rolling. This process is expected not only

to fabricate UFG sheets but also to reduce the number
of ECAP passage. In this regard, Akamatsu et al. [4]

examined the effect of rolling after EACP on the HSRS

behavior of the experimental Al–3Mg–0.2Sc (in wt.%)

alloy. They reported that rolling after ECAP neither
sevier Ltd. All rights reserved.
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degraded nor improved the HSRS elongation (Fig. 3 in

Ref. [4]). By contrast, the present authors applied this

process to a commercial Al alloy, and observed that roll-

ing after ECAP resulted in a considerable enhancement

of the HSRS elongation. In this paper, the enhancement

of the HSRS elongation of a commercial Al alloy fabri-
cated by ECAP and subsequent rolling is discussed by

referring the deformation mechanisms analyzed from

the mechanical data.
2. Experimental

A modified 5154 Al alloy was used in the present
investigation. In general, the 5154 Al alloy contains

0.15–0.30 wt.% Cr. But, in this study, Sc was added in-

stead of Cr while other alloying elements were added to

the level specified for the 5154 Al alloy. This composi-

tional modification was made under consideration that

Sc is the strongest microstructure stabilizer among Al

alloying elements [5,6]. After casting, the ingot was

homogenized (703 K for 24 h+793 K for 12 h), furnace
cooled and then extruded into a billet of 55 mm

(width)·25 mm (thickness) at 673 K. The final chemical

composition is shown in Table 1. The extruded billet

was further solution-treated at 863 K for 1 h: the incip-

ient melting temperature of the present alloy was meas-

ured as 868 K by differential scanning calorimetry.

After machining the cylindrical sample of B10

mm·130 mm from the solution-treated billet, ECAP
was conducted at 473 K with a die yielding an effective

strain of �1 by a single pass. Since grain refinement

by ECAP is usually saturated around an effective strain

of �4 [7,8], ECAP was performed up to 4 passes (an

accumulated strain of �4) with route Bc. After ECAP,

cold rolling was carried out up to a total reduction of
Table 1

Chemical composition (wt.%) of the present modified 5154 Al

Mg Sc Fe Si Zn

3.22 0.13 0.07 0.04 0.01
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Fig. 1. Pictorial illustration showing the sectioning o
85% with 0.2 mm reduction per rolling pass. The sec-

tioning of the ECAPed segment for subsequent rolling

is schematically described in Fig. 1. Rolling was con-

ducted on the sectioned sample such that the X, Y and

Z planes corresponded to the planes perpendicular to

the rolling (RD), transverse (TD) and normal (ND)
directions, respectively, as shown in Fig. 1.

For superplastic deformation, tensile specimens with

a gage length of 8 mm were machined from both as-

ECAPed bars and rolled sheets. The thickness of tensile

specimens was 2 mm except those taken from sheets

rolled to a total reduction of 85% (in this case, 1 mm).

Tensile tests were carried out at the initial strain rates

of 1·10�4–5·10�1 s�1 and temperature of 723 K on
an Instron machine operating at a constant rate of

cross-head displacement: the preliminary test revealed

that 723 K was the optimum HSRS temperature for

the present alloy. All the tests were performed in a

three-zone furnace in air. The testing temperature was

controlled within ±3 K. Microstructures were examined

by transmission electron microscopy (TEM, JEOL 2010

with 200 kV) on the Y plane for the ECAPed sample
without rolling, and the Z plane for the sample fabri-

cated by ECAP and subsequent rolling.
3. Results and discussion

Fig. 2a and b show TEM microstructure taken from

the Y plane of the 4 passes ECAPed sample, and that
taken from the Z plane of the 4 passes ECAPed sample

with subsequent rolling (70% reduction), respectively:

hereafter, the former and latter samples are denoted as

the ECAP and ECAP+CR(70%) samples, respectively.

While the ECAP sample exhibited a nearly equiaxed

UFG structure of 0.2–0.4 lm, the microstructure of
Ti Cu Mn Al
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Fig. 2. TEM micrographs of (a) the ECAP sample and (b) the ECAP+CR(70%) sample of the present modified 5154 Al.
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Fig. 3. The variation of the elongation to failure of the ECAP+CR

samples with the rolling reduction ratio at 723 K and 1·10�2 s�1.
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the ECAP+CR(70%) sample mainly consisted of elon-

gated grain bands delineated by lamellar boundaries.
The band width was comparable to the (sub)grain or cell

size of the ECAP sample. In addition, the dislocation

density at the band interior was extremely high. Being

investigated at present, information on the effect of se-

vere plastic deformation on the boundary misorien-

tation distribution is available in the literature. For

Al–3Mg–0.2Sc alloy, Akamatsu et al. [4] reported that

rolling with 70% reduction after 4 passes ECAP in-
creased the area fraction showing well-defined ring se-

lected area diffraction pattern, indicating the dominant

existence of high angle boundaries, from �30% before

rolling to �70%. By comparing misorientation evolution

in several Al–Mg and Al–Mn alloys fabricated by either

ECAP or rolling, Mishin et al. [9] reported that there

was no significant difference of misorientation evolution

between ECAP and rolling at the similar strain level.
Then, higher strain associated with additional rolling

after ECAP is expected to develop more high angle

boundaries compared to ECAP only. In addition, Apps

et al. [10] addressed that the existence of coarse second

phase particles accelerated the rate of development of

high angle boundaries during ECAP due to plastic flow

inhomogeneity. From the above previous experimental

observations along with the fact that the present Al–
Mg based modified 5154 Al alloy contains a fair amount

of coarse second phase particles, the ECAP+CR sam-

ples are anticipated to possess higher fraction of high

angle boundaries compared to the ECAP sample.

Fig. 3 shows the variation of the elongation to failure

(ef) of the ECAP+CR samples with the rolling reduc-

tion ratio at 723 K and the initial strain rate of

1·10�2 s�1. Without rolling, ef of the 4 passes ECAPed
sample was much smaller than that of the 8 passes

ECAPed sample. For the ECAP+CR samples, ef grad-

ually increased up to 50% reduction and it became com-

parable to that of the 8 passes ECAPed sample over 70%
reduction: the appearance of the samples failed at 723 K

and the initial strain rate of 1·10�2 s�1 was compared in

Fig. 4. A comparison of the ef variation with the initial

strain rate between the ECAP and ECAP+CR(70%)

samples is shown in Fig. 5. ef of the ECAP+CR(70%)

sample was higher than that of the ECAP sample at

all strain rates. It is noticeable that the maximum ef of
the ECAP+CR(70%) sample at 5·10�3 s�1 (810%)

was much higher than that of the 8 passes ECAPed sam-

ple at 1·10�2 s�1 (590%, Fig. 3). The above findings

clearly revealed that subsequent rolling, especially over

70% reduction, after ECAP was effective on enhancing

the HSRS elongation of the ECAPed sample. They also

imply that the number of ECAP passage can be reduced

by replacing it with a conventional rolling for manufac-
turing the HSRS commercial Al alloys.

Fig. 6 shows the stress–strain rate relationship of the

ECAP and ECAP+CR(70%) samples in a double
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inant deformation mechanism domain for the ECAP sample under the

present experimental conditions.
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Fig. 5. Elongation to failure of the ECAP (4 passes) and ECAP

(4 passes)+CR(70%) samples as a function of the initial strain rate at

723 K.
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Fig. 4. Comparison of an appearance of the failed samples at 723 K

and 1·10�2 s�1.
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logarithmic scale. The ECAP+CR(70%) sample exhib-

ited a sigmoidal curve, as typical in the superplastic

materials, in which the strain rate sensitivity (m) at the

intermediate strain rates was �0.45: that is, grain

boundary sliding is responsible for the large HSRS elon-

gation in the ECAP+CR(70%) sample. By contrast, ex-

cept high strain rates faster than 1·10�2 s�1, the

deformation behavior of the ECAP sample was charac-
terized by m=0.33, indicating that viscous glide is a

dominant mechanism. As shown in Fig. 7, the applica-

tion of the dislocation breakaway model [11] which de-

fines the dominant deformation mechanism domain

also confirms that viscous glide governed the deforma-

tion of the ECAP sample at strain rates slower than

1·10�2 s�1. The detailed procedure and the values of

the parameters for the construction of Fig. 7 are de-
scribed elsewhere [11–13]: Wm is the binding energy be-

tween the dislocation and the solute atom, c is the solute

atomic concentration, b is the Burgers vector, G is the

shear modulus, r is the stress, and kT has its usual

meaning. In Fig. 7, the inclined line represents the tran-

sition condition between viscous glide (left side) and

climb (right side) after dislocation breakaway from the

solute atmospheres. The horizontal line covers the pre-
sent experimental range of (r/G) where the r value was

taken from Fig. 6. It can be seen that the observed (r/

G) (the closed symbol) for transition from m=0.2 to

m=0.33 is close to the border line.
4. Conclusions

1. A combined process consisting of ECAP and subse-

quent rolling was applied to fabricate the UFG Al al-

loy sheets and its effect on their HSRS elongation was
examined.
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2. Subsequent rolling over 70% reduction after ECAP

resulted in a considerable enhancement of the HSRS

elongation of the UFG modified 5154 Al alloy, com-

pared to the alloy subjected to the identical ECAP

strain without rolling. Specifically, 4 passes ECAP

with 70% rolling resulted in the elongation compara-
ble to that of the 8 passes ECAPed sample without

rolling.

3. Under the present experimental conditions, grain

boundary sliding was a dominant deformation mech-

anism for the sample fabricated by 4 passes ECAP

and subsequent rolling with 70% reduction. By con-

trast, the deformation of the sample fabricated by

only 4 passes ECAP was governed by dislocation
glide.

4. The present study implies that the number of ECAP

passage can be reduced by replacing it with a conven-

tional rolling for manufacturing the HSRS commer-

cial Al alloy sheets.
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