J Mater Sci (2008) 43:7385-7390
DOI 10.1007/s10853-008-2972-8

ULTRAFINE-GRAINED MATERIALS

Dynamic deformation behavior of ultrafine grained aluminum
produced by ARB and subsequent annealing

Naoki Takata - Yoshitaka Okitsu - Nobuhiro Tsuji

Received: 5 March 2008 / Accepted: 26 August 2008 / Published online: 18 September 2008

© Springer Science+Business Media, LLC 2008

Abstract Commercial purity aluminum (1100-Al) sheets
with various grain sizes, ranging from 0.2 to 10 pm, were
fabricated through accumulative roll bonding (ARB) and
subsequent annealing at various temperatures. Mechanical
properties of these materials were examined at various
strain rates ranging from 102 to 10> s™' (from quasi-static
deformation to dynamic deformation). Yield strength of the
UFG specimens did not change so much when the strain
rate changed. Yielding behavior of the UFG Al with grain
size of 1.4 um was characterized by yield-drop phenome-
non, which appeared at higher strain rate. It was found that
strain-hardening of the Al matrix was significantly
enhanced at high strain rates, which was independent of the
grain size. Uniform elongation increased with increasing
strain rate in the specimens with the grain size larger than
1 pm, while post-uniform elongation increased with
increasing strain rate in the submicrometer grain-sized
specimens. Consequently, total elongation of all specimens
was improved as the strain rate increased.
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Introduction

Energetic research works have clarified that severe plastic
deformation (SPD) of metallic materials is a promising
way to produce ultrafine grained (UFG) microstructures
with mean grain size smaller than 1 pm [1, 2]. The bulky
UFG materials are attractive for engineering application
because of their extremely high strength about 3—4 times
higher than that of the same materials with conventionally
coarse grain sizes of 10-100 um [1-5]. Recent articles
have reported that the UFG or nanostructured materials
exhibit peculiar mechanical properties [6-9], which are
distinguished from those of ordinary metallic materials. For
instance, the UFG or nanostructured materials show larger
strain rate sensitivity of flow stress compared with the
ordinary metallic materials [8, 10—13]. However, there are
still few systematic data concerning the strain rate depen-
dence of mechanical properties of the UFG materials with
various grain sizes. In particular, mechanical properties at
very high strain rate (corresponding to dynamic deforma-
tion) are important for the practical application of the UFG
materials, for example, as the automotive bodies to keep
the safety in collision.

The purpose of the present study is to clarify the strength
and ductility at a wide range of strain rate from 1072 to
10 s (from quasi-static deformation to dynamic defor-
mation) of the UFG aluminum with various grain sizes
fabricated by the ARB process and subsequent annealing.

Experimental
Commercial purity aluminum (Al-0.5 1mass%Fe—0.12mass%

Si—0.11mass%Cu-0.04mass%Ti—0.01mass%Mn—0.01 mass
9%Mg—0.01mass%Zn: JIS-1100) was provided for the ARB
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process in this study. The principle of the ARB process has
been reported earlier [2]. The ARB process was conducted
up to six cycles (equivalent strain: 4.8) at room temperature
without lubrication. The 1100-Al sheets with 1 mm thick-
ness intensely deformed by the ARB process were annealed
for 1.8 ks at various temperatures ranging from 150 to
400 °C, in order to change the grain size [5]. Microstructural
observation by transmission electron microscopy (TEM)
was conducted for the ARB processed and subsequently
annealed specimens. Thin foils parallel to the transverse
direction (TD) of the sheets were prepared by twin-jet
electropolishing in a 150 mL HNOj; + 300 mL. CH;0H
solution. Hitachi H-800 TEM was operated at 200 kV.
Tensile test at room temperature was carried out for the
sheets with various mean grain sizes at an initial strain rate
ranging from 1072 to 10° s~' by using a TS-2000 load
sensing block type material test system [ 14] manufactured by
Saginomiya Seisakusyo Inc. In most cases, the tensile test
was carried out two or three times for each condition. The
specimen used for tensile test was 6 mm in gage length and
2 mm in gage width. Total elongation of the specimens was
determined from the displacement during the tensile test
measured using the magnetic reluctance method. Actual
strain rates were calculated using the time—displacement
profiles measured in the tensile test.

Results and discussion
Microstructure

Figure 1 shows TEM microstructures of the 1100-Al
specimens ARB processed and subsequently annealed at
various temperatures [15]. The symbol d, in Fig. 1 indi-
cates the mean spacing of boundaries along ND.
Hereinafter, d, is referred as the grain size of the specimen.
The 1100-Al sheet severely deformed by the ARB exhib-
ited the lamellar UFG microstructure whose mean spacing
was 0.20 pm, which agreed with the microstructure

Fig. 1 TEM microstructures of
the 1100-Al with various grain
sizes produced by the ARB and
subsequent annealing at various
temperatures. (a) As-ARB
processed. (b) ARB processed
and annealed at 200 °C for

1.8 ks. (¢) ARB processed and
annealed at 250 °C for 1.8 ks
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reported previously [2]. The microstructural characteriza-
tion by electron backscattering diffraction (EBSD) in a
scanning electron microscope (SEM) determined that the
elongated ultrafine grains were mostly surrounded by high
angle boundaries with misorientations larger than 15°. The
dislocation substructures were also found in the lamellar
UFG microstructure. It was found that the elongated UFG
microstructure gradually coarsened and changed into
equiaxed microstructure during the post-ARB annealing.
The annealing at various temperatures can produce the
1100-Al sheets with various grain sizes ranging from 0.2 to
10 um. The recovery simultaneously occurs at grain inte-
rior during the annealing, so that the dislocation
substructures were scarcely recognized in the microstruc-
tures annealed at temperature higher than 250 °C. In
particular, the equiaxed UFG microstructure with the mean
grain size of 1.4 um was observed in the 1100-Al ARB
processed and subsequently annealed at 250 °C, as shown
in Fig. Ic. It can be summarized that the UFG micro-
structures with grain size smaller than 1 pum include
dislocation substructures, while there are very few dislo-
cations within the microstructures with mean grain size
over 1.4 um, which is quite similar to recrystallized
microstructure.

Yielding behavior

Figure 2 shows nominal stress—strain curves of the speci-
mens at various strain rates ranging from 10 to 1072 s
Elastic deformation was removed from the raw data and
nominal stress and plastic strain were plotted in Fig. 2. The
mean grain size (d;) was also indicated in the figure. The
strength at the same strain rate increased with decreasing
the grain size of the 1100-Al specimen. The maximum flow
stress increased with increasing strain rate in all grain sizes.
The as-ARB processed specimen with the smallest grain
size (0.2 pm) performed very high strength of 373 MP at a
strain rate of 10° s™'. The flow curves of the 0.2 and

0.63 um specimens reached to the maximum stress at early
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Fig. 2 Nominal stress—strain (a) As-ARB (d=0.2 pm) (b) Annealed at200°C (d=0.63 um)
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stage of tensile deformation followed by macroscopic
necking, which resulted in limited uniform elongation. In
contrast, the specimens having the grain sizes larger than
1 um showed rather typical stress—strain curves with
yielding, strain-hardening, fairly large uniform deformation
and necking to failure.

The flow curves at very high strain rates of 5 x 10* and
1 x 10% s~' show oscillations in all specimens, as shown
in Fig. 2. It is likely to be caused by the effect of the impact
wave generated during the high-speed tensile test. Thus, it
should be noted that the oscillated flow curves at high
strain rates may not reflect the nature of plastic behaviors
of the materials. In order to look at the yielding behaviors
carefully, Fig. 3 shows the nominal stress—strain curves in
small strain region for the specimens with the mean grain
sizes of 1.4 um (a) and 3.7 um (b). In the 3.7 pm speci-
men, the flow curves stress does not change so much even
if the strain rate changed greatly. However, the flow curve
at a strain rate of 5 x 10°s~' shows an oscillation.
Figure 3a shows that a significant oscillation could be
recognized at high strain rate of 5.1 x 10*s~' in the
1.4 pm specimen as well. However, the flow curves at
relatively low strain rates of 9 and 1.44 x 10 s™' also
showed stress drops only at early stage of tensile defor-
mation. Although the change in stress at 482 s~ is again
considered to be a stress oscillation due to impact wave, the

0 5 10 15 20 25 30 35 40 45 50
Nominal Strain, e (%)

UD 5 10 15 20 25 30 35 40 45 50

Nominal Strain, e (%)
stress drops below 144 s~' seem to be attributed to a dif-
ferent reason. The previous article [5] has reported that the
1100-Al with the grain sizes about 1 ~ 2 pm shows the
unexpected yield-drop phenomenon at a strain rate
8.3 x 10~* s, which has not yet been reported in pure Al
with coarse grain sizes. It can be, therefore, considered that
the stress drops of the 1.4 pum specimens at strain rates
below 1.44 x 10° s~ recognized in the present study are
the yield-drop phenomenon similar to that reported in Ref.
[5]. Table 1 shows the initial peak stresses and the fol-
lowing minimum stress at an early stage of tensile
deformation at various strain rates for the 1.4 um speci-
men. Although the peak stress (upper yield stress) increases
with increasing the strain rate, the minimum stress (lower
yield stress) is nearly constant independent of the strain
rate. This suggests that the yield drop phenomenon can
appear more significantly at higher strain rate in the UFG
Al The tendency is in good agreement with the previously
reported tendency of well-known discontinuous yielding in
mild steels with coarse grain sizes [16].

In order to evaluate the yield strength, the 0.2% proof
stresses of the specimens with various grain sizes (d,) were
plotted as a function of strain rate in Fig. 4. A strain rate
dependence of the 0.2% proof stress differs depending on
the grain size. In the grain size lager than 3.7 pum, the 0.2%
proof stress is nearly constant independent of the strain
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Fig. 3 Nominal stress—strain curves at small strain region for the
1100-Al specimens with the grain sizes of 3.7 um (a) and 1.4 pm (b)

Table 1 Initial peak stress and the following minimum stress at an
early stage of tensile deformation at various strain rates for the 1100-
Al with grain size of 1.4 um

Initial strain rate (s™') 0.01 1 10 100 500

dy = 1.4 pm 0.2% Proof stress 127 126 131 129 144
(MPa) 0.6) (&) (0.9) (1.4) (11.8)

Initial peak stress 128 129 131 133 152

(MPa) 14) O © (O 04

Dropped stress (MPa) 126 127 128 128 125
© = @D @5 ©

The standard deviations for obtained stresses are indicated in
parenthesis

rate. This agrees with the previous knowledge that FCC
metals do not show strong strain rate dependency of flow
stress [17]. In contrast, the UFG specimens with the mean
grain size smaller than 1.4 um exhibited higher 0.2% proof
stress at higher strain rates around 10° s However, these
are because of the presence of 0.2% stresses on the way to
the first peak stress, due to either impact wave oscillation
or yield-drop phenomenon, in these specimens. Therefore,
it can be concluded that the yield stress of the Al specimens
having grain sizes of about 1 pm is independent of the
strain rate.

@ Springer
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Fig. 5 Tensile strength as a function of strain rate for the 1100-Al
specimens with various grain sizes

Plastic deformation behavior after yielding

Figure 5 shows the tensile strength of the specimens with
various grain sizes (d;) as a function of strain rate. The
tensile strength slightly increases with increasing strain rate
in the range from 1072 to 10 s~'. The increase in tensile
strength becomes significant at strain rates above 10% s™'.
This indicates that the increase in strain rate enhances the
strain-hardening of the Al-matrix. It is noteworthy that the
difference in the tensile strength between 1072 and 10° s~
is nearly constant (about 30 MPa), independent of the grain
size.

In order to examine the effect of strain rate on the
deformation microstructures, the gauge portion of the
specimens tensile deformed at different strain rates was
observed in TEM. Figure 6 shows TEM images showing
the dislocation substructure in the matrix of the 1100-Al
having different grain sizes of 0.2 um (as-ARB) and
9.9 um (ARB + annealed at 400 °C) tensile deformed at
different strain rates of 1072 and 10 s™'. The dislocation
substructure composed of ordinary cell boundaries (cell
block [18]) was observed in the coarse grained specimen
deformed at a low strain rate of 1072 sfl, as shown in
Fig. 6a. Dislocation density within the cell blocks was
fairly low. The cell structures are thought to be formed
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Fig. 6 TEM microstructures
showing the dislocation
substructures in the 1100-Al
specimens with the grain sizes
of 9.9 and 0.2 um after tensile
deformation at different strain
rates of 1072 and 10° s™'

Coarse grain
(d;=9.9 um)

Ultra-fine grain
(d;=0.2 um)

through dynamic recovery during the tensile test to rear-
range the accumulated dislocations [19]. On the contrary,
cell substructures were replaced by high-density of tangled
dislocations in the specimen deformed at a high strain rate
of 10° s™, as shown in Fig. 6b. The dislocations randomly
distributed at the interior of the grains. This verifies that the
increase in strain rate can inhibit the annihilation and
rearrangement of dislocations, in other words, dynamic
recovery. The increase in the tensile strength at high strain
rates (Fig. 5) can be explained by the increase in the dis-
location density at the interior of the grains. In the UFG
1100-Al (d; = 0.2 um) deformed at a low strain rate of
1072 sfl, dislocation tangles were seen within the lamella,
as shown in Fig. 6¢. Since this was the as-ARB processed
specimen, there had been some dislocations within the
ultra-fine grains even before the tensile test. Compared
with the microstructure before the tensile test (Fig. la),
there is no significant change in the substructures within
the elongated UFGs. A remarkable change could be rec-
ognized in the UFG specimen deformed at a high strain rate
of 10’ s~'. That is, significant increase in dislocations
within the lamella was found in Fig. 6d. Many parallel
dislocations aligned at very small interval within the
elongated UFGs. It is evident from the TEM results that the
increase in flow stress with increasing strain rate is caused
by the strain hardening in both coarse-grained and fine-
grained Al. In this sense, it can be concluded that the
plastic deformation behavior of the UFG aluminum has a
similarity to that of the aluminum with conventional grain
size of about 10 pm.

Figure 7 shows the change in total elongation and uni-
form elongation of the specimens with various grain sizes

Deformed at strain rate of 102 s™ Deformed at strain rate of 10% s
- 31
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Fig. 7 Total elongation (a) and uniform elongation (b) as a function
of strain rate for the 1100-Al specimens with various grain sizes

as a function of strain rate. The total elongation decreased
with decreasing the grain size, especially the decrease was
the most significant in the grain sizes ranging from 0.63 to
1.4 pm. The critical grain size for a loss of ductility is
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around 1 pm, which coincides with the previous result at a
quasi-static strain rate of 8.3 x 107457t [5]. In contrast,
the total elongation has a tendency to increase with
increasing the strain rate in all grain sizes. On the other
hand, the change in the uniform elongation was somewhat
complicated. When the grain size was larger than 1 um, the
uniform elongation increased with increasing the strain rate
as well as the total elongation. When the grain size was
submicrometer, the uniform elongation did not change.
This indicates that the increase in the total elongation at
high strain rates was mainly due to the increase in the
uniform elongation for the specimens having the grain size
coarser than 1 pum, while it was attributed to the increase in
the post-uniform elongation for the submicrometer grain-
sized specimens. The increase in uniform elongation can be
explained in terms of the enhanced strain-hardening at
higher strain rates that was described in the previous
section.

Summary

Commercial purity aluminum sheets having various grain
sizes from 0.20 to 10 pum were fabricated by the ARB and
subsequent annealing process, and their tensile tests were
carried out at strain rates ranging from 1072 to 10° s~!
(from ordinary quasi-static deformation to dynamic defor-
mation). The major results obtained are summarized below:

(1) The UFG Al with mean grain size of 1.4 m exhibited
the yield-drop phenomenon, which was unusual in the
coarse-grained Al. The yield-drop phenomenon
appeared more clearly at the higher strain rate.
Besides this exceptional phenomenon, the yield stress
was independent of the strain rate.

(2) The tensile strength had a tendency to increase with
increasing the strain rate in all grain-sized specimens.
The increase is significant at strain rates above
10> s~'. It was attributed to an enhancement of
strain-hardening. The enhancement of strain-harden-
ing was confirmed by the increase in dislocation
density in the tensile-deformed specimens.

(3) The total elongation decreased with decreasing the
grain size. The critical grain size for a large change in
ductility was about 1 pm. The total elongation has a
tendency to increase with increasing the strain rate in

@ Springer

all grain sizes. The ductility increase was responsible
for the uniform elongation in grain size above 1 pm,
however, post-uniform elongation below 1 um.
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