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JIANG Jing-hua(YL#%)", MA Ai-bin(5%Z#k)', N. SAITO?, A. WATAZU?,
LIN Ping-hua(#k4:4£)", Y. NISHIDA®

1. Department of Materials Science and Engineering, Hohai University, Nanjing 210098, China;
2. National Institute of Advanced Industrial Science and Technology, 2266-98, Anagahora, Shimoshidami,
Moriyama-ku, Nagoya 463-8560, Japan

Received 18 December 2006; accepted 27 March 2007

Abstract: Three kinds of Al-11%Si (mass fraction) alloy samples with different processes were produced to investigate the effect of
microstructures on its superplasticity. Among them, the as-ECAP sample pressed 16 passes has ultrafine grains (300 nm) and the
finest secondary particles. The ECAP-T6 sample, with ECAP 16 passes followed by T6 treatment, has fine secondary particles (3 pum)
but the largest grains (8 pm). Contrarily, the T6-ECAP sample, with T6 treatment followed by ECAP 16 passes, has ultrafine grains
and the large secondary particles (7 pm). The tensile testing results show that the as-ECAP sample exhibits superplasticity at high
strain rate of 5.75X 107" s™' due to its fine secondary particles and ultrafine grains. The ECAP-T6 sample, however, does not exhibit

superplasticity at the same high strain rate of 5.75X 107" s

because it has relatively large secondary particles and large grains.

Remarkably, the T6-ECAP sample does not have superplasticity even at the lower strain rate of 1.15X 107" 57!, attributing to its
comparatively large secondary particles. When most secondary particles are larger than 7 pum, the high strain rate superplasticity

could not be obtained even if this sample has ultrafine grains.
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1 Introduction

In the conventional materials, superplasticity is
usually obtained in the strain rate range from 10~ to 10~
s”'. Nevertheless, NIEH et al[1] firstly discovered high
strain rate superplasticity (HSRS, & >10"" s™') in 1984
for the aluminum matrix composite reinforced by
ceramic short fibers. Using high strain rate superplastic
forming, the production efficiency of industrial
components could be significantly enhanced. Since then,
HSRS[2—-4] has attracted the researchers’ great attentions,
and most reports regarding to HSRS were obtained from
metal matrix composites (MMCs) processed by hot
working such as hot-extrusion[5], hot-rolling[6—7] and
hot-forging[8].

Al-11%Si (mass fraction, the same below) alloy is
one of the commercial aluminum alloys, and widely used
in automobile engines. The components of the alloy are
usually produced by casting or die-casting due to its poor
plasticity. About thirty years ago, superplasticity of an
Al-Si eutectic alloy was obtained at the strain rate range

of 10107 s™! by MOLES and DAVIES[9]. In recent
years, FUJINO et al[10] and SATOH et al[11] reported
that high strain rate superplasticity could be obtained in
the hypereutectic Al-Si alloy by using rapidly solidified
powder metallurgy(RSP) followed by hot extrusion
process or by P/M process. Subsequently, HSRS was
obtained from the Al-11%Si alloy after severe plastic
deformation (SPD) by using equal-channel angular
pressing(ECAP) with a rotary die[12].

As shown in Ref.[12], the ultrafine grains, fine
secondary particles and modified grain boundaries after
ECAP should be the reason for exhibiting high strain rate
superplasticity for the Al-11%Si alloy. The problem is
that, however, the HSRS was obtained at the temperature
of 773—-803 K that is in the temperature range for the
solution treatment for this alloy. This means that the
silicon particle sizes and the grain sizes would increase
during warm-up if the warm-up time was too long.
Therefore, it is necessary to investigate the effect of the
silicon particles and the grains on the superplasticity if
the alloy has large secondary particles or large grains.
Three kinds of samples of Al-11%Si alloy were made in
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the present work, in which larger secondary particles or
larger grains were produced by the combination of T6
treatment and ECAP. Then, the effects of the grain sizes
and the second particle sizes on superplasticity were
investigated and discussed.

2 Experimental

Materials of Al-11%Si alloy used in the present
work were the same as those used in the previous
papers[12—13]. The details of RD-ECAP described by
NISHIDA et al[14]. The processing route of multi-pass
RD-ECAP was similar to the “route A” accepted in the
conventional ECAP[15]. The RD-ECAP processing
temperature was 573 K. The first kind of samples used
for superplasticity were pressed 16 passes (as-ECAP
sample). Another kind of samples was processed 16
passes followed by T6 treatment (as ECAP-T6 sample).
The solution treatment was completed at 793 K for 2 h
followed by artificial aging at 443 K for 10 h in an oil
bath. The other kind of samples was the Al-11%Si alloy
processed by T6 treatment followed by ECAP 16 passes
(as T6-ECAP sample). Tensile test specimen with 2.5
mm in diameter and 13.5 mm in gauge length (the aspect
ratio is 5.4) was cut from the ECAP billets (20 mm in
diameter and 36 mm in length) along the longitudinal
direction. Four specimens were made from one billet.

A Shimadzu AGS-10kND testing machine was used
for tensile test at a constant rate of the crosshead
displacement and with the load recorded on a strip-chart
recorder. Tensile tests were carried out at the strain rate
range from 5.75X 107 to 1.15 s™" after keeping 5 min at
the test temperature of 788 K. A Nikon Eclipse ME600
optical microscope was used to observe the
microstructures. A JEOL-2010 transmission electron
microscope(TEM) was applied to obtain the grain sizes
of the aluminum alloy matrix for the T6-ECAP sample. A
JEOL JSM-5200 scanning electron microscope(SEM)
was used to observe the deformed specimen surfaces.

3 Results and discussion

Fig.1 illustrates the superplasticity of the samples of
as-ECAP and ECAP-T6 tested at 788 K as a function of
the strain rate: elongation to failure and flow stress (the
maximum nominal stress was used as the flow stress).
The typical tested specimens are shown in Fig.2. As
shown in Fig.1(a) and Fig.2, the elongations to failure of
all as-ECAP specimens are larger than 100% at the strain
rate range from 5.75X 107 to 1.15 s™'. At the strain rate
of 575X 107 s, a peak of elongation to failure is
obtained (157%). Near the same strain rate, maximum
total elongations were reported by MOLES and
DAVIES[9] at 781 K and by OTSUKA  and

HORIUCHI[16] at 823 K in a similar composition Al-Si
eutectic alloy. Except for at the low strain rate, however,
other two peaks of elongation to failure are obtained at
the high strain rate of 1.15X 107" and 5.75X107" s
from the as-ECAP sample. The maximum elongation to
failure 192% is obtained at the high strain rate 5.75X
107" s™'. On the other hand, the ECAP-T6 sample shows
only one peak at this curve at the lower strain rate of
1.15X 107" s7'. In addition, the ECAP-T6 sample has
much smaller elongation to failure than the as-ECAP
sample at the high strain rate of 5.75X 107" s™'. This
indicates that the plastic deformability of the as-ECAP
sample after T6 treatment descends at the high strain rate
of 575X 107" s7'. Fig.1(b) shows that the strain rate
sensitivities (M value) of the two kinds of samples are
around 0.3. The superplasticity of the other specimen of
the T6-ECAP sample is shown in Table 1, in which the
experimental results of all three kinds of samples are
listed as a comparison. It is clear that the T6-ECAP
sample has much lower elongation to failure than the
other two kinds of samples at the strain rate of 1.15X
107" s7'. These results indicate that the super- plasticity
of the Al-11%Si alloy is significantly affected by the
secondary particle sizes.
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Fig.1 Superplasticity of two kinds of samples of Al-11%Si
alloy as function of strain rate: (a) Elongation; (b) Flow stress
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(a)

(b)
Fig.2 Photographs of as-ECAP specimens: (a) Un-tested,
(b) Tested at 5.75X 10" s™"

Table 1 Elongation to failure of three kinds of Al-11%Si alloy
samples with different microstructures (%)

Strain rate/s !

Sample ) = =) =
5.75X107 1.15X107 2.30X107 5.75X10
As-ECAP 116 130 102 192
ECAP-T6 128 147 123 81
T6-ECAP - 86 - -

Fig.3 shows optical microstructures of the three
kinds of samples before tensile testing, in which Fig.3(a)
shows the as-ECAP sample, Fig.3(b) shows the
ECAP-T6 sample, and Fig.3(c) shows the T6-ECAP
sample. It is significant that the secondary particle sizes
are quite different in the three samples. The as-ECAP
sample has the finest secondary particles among the three
samples and most of the particles are smaller than 2 pm,
although these particles distributions are not much
homogeneous. In contrast, the T6-ECAP sample has the
largest secondary particles and the sizes of these particles
are around 7 pm that is quite larger than that in the other
two samples. As reported in Ref[13], the as-ECAP
sample has ultrafine grains (around 300 nm). Contrarily,
the ECAP-T6 sample has much larger grains (around 8
um) as shown in Fig.3(b), and the secondary particles
sizes are about 3 pm. Therefore, the low elongation value
(81%) of the ECAP-T6 sample at the high strain rate of
575X 107" s7' should be connected to the large grains
and large secondary particles. In order to open out which
factor is more important for superplasticity between the
grain sizes and the secondary particle sizes, another
samples of the T6-ECAP sample were examined by TEM
for grain sizes and the micrograph is illustrated in Fig.4.
It shows that the T6-ECAP sample has ultrafine grains
and the grain size is also around 300 nm that is similar to
the grain sizes of the as-ECAP sample. However, as
shown in Table 1, the T6-ECAP sample exhibits small
elongation to failure (86%) at the optimum strain rate of
1.15X 107" s7'. This indicates that the secondary particles
sizes have greater effect on superplasticity than the grain
sizes of the sample.

It is accepted that grain boundary sliding(GBS) is
the primary deformation mechanism for superplasticity
at high temperatures[17—18]. In addition, the observation
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Fig.3 Optical micrographs of three kinds of Al-11mass%Si
samples before tensile testing: (a) As-ECAP sample;
(b) ECAP-T6 sample; (c) T6-ECAP sample

Fig.4 Transmission electron micrograph of T6-ECAP sample

of the specimen surface after deformation is usually
applied to reveal the evidence of GBS[1,19]. Fig.5 shows
the surface micrographs of the superplastically deformed
specimens, where Figs.5(a) and (b) show that the
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Fig.5 Scanning electron micrographs of specimen surface after tensile testing: (a) and (b) As-ECAP sample (elongation 130% at
1.15X 107" 57" at lower and higher magnification; (c) and (d) ECAP-T6 sample (elongation 147% at 1.15X 107 s™") at lower and

higher magnification

as-ECAP sample (total elongation 130% at 1.15X 107"
s7') at a lower and at a higher magnification, respectively.
Figs.5(c) and (d) show that the ECAP-T6 sample (total
elongation 147% at 1.15X 107" s7') at a lower and at a
higher magnification, respectively. These micrographs
show the offset of surface scratch lines on the surface,
illustrating the grain boundary sliding process[1]. Some
differences between the two specimens can be found
from these micrographs. The as-ECAP specimen surface
has much finer scratch lines compared with the
ECAP-T6 specimen. This means that the microstructure
of the as-ECAP sample has advantages for grain
boundary sliding during superplastic deformation. As
increasing the secondary particle sizes and the grain sizes,
more grains move cooperatively as a group shown in
Figs.5 (c) and (d), and the scratch lines become rough.
This phenomenon could be interpreted that large
secondary particles would obstruct the grain boundary
sliding. As reported in Ref.[1], the elongation to failure
of the SizNg/Al-Mg-Si composite decrease with
increasing the Si;Ny particle sizes. In the present work,
although the elongation to failure of the ECAP-T6
specimen exhibits slightly larger value than the as-ECAP
specimen at 1.15X 107" s7', but it is much smaller at the
higher strain rate of 5.75X 107" s™', as shown in Fig.1,
because the ECAP-T6 specimen has larger secondary

particles and/or larger grains. The result of the present
work emphasizes the effect of the secondary particle
sizes on the superplasticity. As shown in Fig.4, although
the T6-ECAP sample has the finest grains (300 nm), it
exhibits smaller elongation (as listed in Table 1, only
86%) at 1.15X 107" s' than the other two kinds of
samples due to the larger secondary particles. This
indicates that the secondary particle size has dominant
effect on superplasticity. On the other hand, the values of
superplasticity obtained from the as-ECAP and the
ECAP-T6 specimens at 1.15X 107" s™' reveal that the
homogenous microstructure is also important for getting
large elongation. The slight conglomeration of the
particles in the as-ECAP specimen should be the reason
that the elongation to failure of the as-ECAP sample is
slightly smaller than the ECAP-T6 sample at the strain
rate of 1.15X 107" s™'. It has been made sure that the
Al-11%Si alloy after ECAP at elevated temperatures
exhibits higher elongation with increasing the ECAP
passes, and the grains sizes and the secondary particles
sizes in the alloy do not change greatly with increasing
the ECAP passes after over 8 passes[12]. Thus, one of
the reasons for the elongation increase with ECAP passes
is that the particles distribution becomes more
homogenous with increasing the ECAP passes[13]. This
could be used to explain why the ECAP-T6 specimen
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having more homogenous distribution of particles
exhibits slightly larger elongation at 1.15X 107" s™' than
the as-ECAP specimen. Therefore, in order to increase
superplasticity for the Al-11%Si alloy, it is feasible to
increase the ECAP passes or to change the ECAP
technical parameter such as processing temperature for
getting fine secondary particles (lower than 3um) and
their homogenous distribution.

4 Conclusions

1) The as-ECAP sample exhibits superplasticity at
the high strain rate of 5.75 X 107" s due to fine
secondary particles and ultrafine grains. Contrarily,
superplasticity can not be obtained from the ECAP-T6
sample and the T6-ECAP sample at the same high strain
rate.

2) The secondary particles sizes have dominant
effect on superplasticity in this alloy. When the
secondary particles are larger than 7 pum, it is difficult to
obtain high strain rate superplasticity even if the sample
has ultrafine grains.

3) The secondary particles
important effect on the superplasticity value. It is feasible
to produce homogenous microstructure for obtaining
large elongation.

4) The ECAP-T6 sample having small secondary
particles and homogenous distribution exhibits high
strain rate superplasticity at 1.15 X 10" s™'. The
maximum elongation to failure is 147% (the specimen
aspect ratio 5.4) and the m value is around 0.3.

distribution has
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