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The effect of pre-existing precipitates on microstructure evolution, mechanical properties, and fracture
behavior of Al-2 wt.%Cu alloy during accumulative roll-bonding (ARB) process was investigated. Aging
treatment was done on Al-2 wt.%Cu alloy in order to produce the nano-particle size precipitates. The
microstructure evolution was studied using transmission electron microscope and electron backscattering
diffraction (EBSD), and mechanical properties were investigated using tensile test and Vickers micro-
hardness measurements. The fine precipitates were formed after the aging process and improved the
mechanical properties in the Aged-specimen compared to the solution-treated (ST) specimen. The EBSD
analysis showed that the grain size after 6-cycle ARB process has decreased down to 650 and 420 nm for the
ST-ARB and the Aged-ARB specimens, respectively. Also, with increasing the number of the ARB cycles,
the fraction of HAGBs is increased in both the ST and Aged-specimens. It was found that as the number of
cycles increased, the Vickers microhardness value and the yield strength and the tensile strength increased.
The scanning electron microscope (SEM) images showed that as the number of the ARB cycles increased,
the dimple size became smaller.
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1. Introduction

Interest in the processing of bulk ultrafine grained (UFG)
materials through the application of severe plastic deformation
(SPD) has significantly grown (Ref 1, 2). Several SPD techniques
have been designed for achieving high strength metals with
minimal changes in the initial sample dimensions. Some SPD
techniques, such as equal-channel angular pressing (Ref 3), high
pressure torsion (Ref 4), cyclic extrusion compression (Ref 5),
and accumulative roll-bonding (ARB) (Ref 6) have been
developed. Among these SPD techniques, the ARB process
allows to accumulate very large plastic strains into materials
without changing the dimensions of the materials by repeating
the process of cutting the rolled sheet, stacking them in the initial
thickness and roll-bonding the stacked sheets again (Ref 6).

The microstructure evolution, mechanical properties, and
texture evolution of ARB-processed alloys have been studied by
many researchers (Ref 7-13). However, pre-aging behavior of
ARBed specimens has been rarely studied until now. UFG
materials which are grain boundaries show unique precipitation
behavior (Ref 1, 2, 8-11). One of the limited information about
this issue was reported by Borhani et al. (Ref 10), in which the

effect of pre-aging on microstructure and mechanical property of
Al-0.2 wt.%Sc deformed by ARB process was studied. Their
report clearly showed that pre-aging of starting microstructure
significantly affects both the microstructure evolution and
change in themechanical properties. Also, Borhani et al. reported
microstructural evolution during ARB process of Al-0.2
mass%Sc alloy containing Al3Sc precipitates in starting struc-
tures (Ref 11), and they mentioned after many cycles of the ARB
process, the saturated grain size in the Aged-specimens were
smaller than that in the ST-specimens (non-precipitates).

Tsuji et al. (Ref 14) reported that the temperature is increased in
theSPDprocess due to large plastic strain and it is reached to 130 �C
for 1100 commercial purity aluminum during ARB process.
However, Silcock et al. (Ref 15) showed that this increasing of
temperature (130 �C) is not sufficient for precipitation in Al-2Cu
alloy as the precipitation kinetics is very slow and almost no
precipitation occurs at 130 �C for aging up to 10 days. Also, it is
reported that only h¢ phase precipitates without GP zones at 190 �C
in the Al-2 Cu alloy (Ref 15).Murayama et al. reported unusual and
interesting precipitation behaviors of two-phase Al-1.7 at.%Cu
alloy deformed by equal-channel angular pressing. According to
their report, the formation of metastable phases is skipped in aging
of the SPD sample (Ref 16). In the present study, the effect of pre-
aging process on the microstructure evolution, mechanical proper-
ties, and fracture behavior during the ARB process was studied. On
the other hand, these properties were investigated in the specimen
containing the Al2Cu precipitates in the starting structure compared
to the ST-specimen during the ARB process.

2. Material and Methods

An Al-2 wt.%Cu alloy was prepared as sheets with
thickness of 2 mm, width of 60 mm, and length of 200 mm.

B. Azad, Faculty of Metallurgical and Materials Engineering, Semnan
University, Semnan, Iran; and E. Borhani, Nano-materials Group,
Department of Nanotechnology, Semnan University, Semnan, Iran.
Contact e-mail: bahramazad1987@gmail.com.

JMEPEG (2015) 24:4789–4796 �ASM International
DOI: 10.1007/s11665-015-1800-y 1059-9495/$19.00

Journal of Materials Engineering and Performance Volume 24(12) December 2015—4789

http://crossmark.crossref.org/dialog/?doi=10.1007/s11665-015-1800-y&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11665-015-1800-y&amp;domain=pdf


The chemical composition of the used material is as follows
(wt.%): 1.96Cu-0.001Mg-0.022Fe-0.004Si-0.001Mn-0.006Cr-
0.0001Ti-Al (base). The sheets were solution-treated at 550 �C/
6 h and immediately quenched in the water. The solution heat
treatment was designed to maximize the solubility of solute
elements which are precipitated during subsequent aging. Some
of the ST sheets were aged at 190 �C for 30 min, in order to
have very fine Al2Cu precipitates. These two types of the sheets
were used as the starting materials for the ARB process. The
starting sheets with thickness of 2 mm were first cold-rolled by
50% reduction in the thickness which is named as the first ARB
cycle. The 50% rolled sheets of 1 mm thick were cut into two
pieces. To prepare the sheets and create a satisfactory bond in
the ARB process, the surfaces of the sheets were cleaned by
acetone and were roughened by a wire brush and then roll-
bonded by 50% reduction in the one pass at room temperature.
The same procedures were repeated up to 6 cycles including the
first cold-rolling, which corresponded total equivalent strain of
4.8. The ARB process was immediately carried out to avoid for
any oxide formation. The ARB process was carried out by two
mills with 110 mm diameter rolls having rolling speed of 0.167
m/s. The thermal and mechanical procedures used in this study
are schematically shown in Fig. 1.

Sections normal to the transverse direction (TD) of the
sheets were used for the microstructural observations. Electron
backscattering diffraction (EBSD) analysis was carried out in a
scanning electron microscope (SEM) with a field emission type
gun (FE-SEM; Philips XL30) operated at 15 kV using a step
size of 0.05 lm. The specimens were mechanically polished
and then electro-polished in a solution of 30% HNO3 and 70%
CH3OH before the measurements. The EBSD data were
analyzed by orientation imaging microscopy (OIM) software.
The software determines the position of all grain-delimiting
boundaries, again using the criteria specified by the operator,
and calculates several characteristics of each grain, including
area, equivalent circle diameter, aspect ratio (of a fitted ellipse),
number of neighbors, and internal deformation by lattice
rotation. In order to evaluate more accurately, grain size was
manually evaluated using the EBSD images by interception
method. Interception method was used on the several EBSD
images at each cycle and then the mean value of grain size was
reported. It should be noted that the grain boundary mapping
with a step size of 0.05 lm was used to characterize the
samples. The transmission electron microscope (TEM) obser-

vations were carried out using Hitachi H-800 operated at 200
kV. Thin foil specimens normal to TD were prepared through
mechanical polishing firstly down to approximately 70 lm in
the thickness and then electro-polishing in the same solution as
that for the EBSD specimens. The tensile test was carried out
by a strain rate approximately 8 9 10�3 s�1. The tensile test
specimens were machined from the rolled sheets according to
the ASTM-E8M standard, oriented along the rolling direction
(RD). The mean value of hardness was evaluated by Vickers
microhardness with the load of 0.49 N and a loading period of
10 s at room temperature. Finally, the fracture surfaces were
studied using SEM micrographs.

3. Results and Discussion

3.1 Microstructure Evolution

The TEMmicrograph of the Aged-specimen before the ARB
process is shown in Fig. 2. Because the diffraction spots of
Al2Cu precipitates are very weak, it is difficult to know the
orientation of these Al2Cu precipitates. Therefore, Ashby-Brown
contrasts (Ref 17, 18) are used to understand the degree of
coherency between a particle and the matrix. The Ashby and
Brown contrast consists of spherical strain lines and irregular
strain lines. The Ashby and Brown contrast appears around a
spherical coherent precipitate in bright-field images. Loss of
spherical strain caused by the introduction of interfacial dislo-
cations is detected by the irregularity of the strain lines in the
Ashby-Brown contrast. It is well known that the spherical strain
lines appear around a spherical coherent precipitate, whereas
irregular strain lines appear inside a semi-coherent. As shown in
this figure, there are the fine Al2Cu precipitates having the
average precipitates size of 16 nm, after the aging process. Also,
the average distance between the precipitates is 33 nm.

Grain boundary maps obtained from EBSD analysis of the
ST-ARB and the Aged-ARB specimens after various cycles of
the ARB process are shown in Fig. 3. In the boundary map,
high-angle grain boundaries (HAGBs) with misorientation
angles above 15� are shown as green lines, while low-angle
grain boundaries (LAGBs) with misorientation angles between
2� and 15� are shown as red lines. The boundaries with

Fig. 1 Schematic illustration of the processes for (a) the ST-ARB
and (b) the Aged-ARB specimens

Fig. 2 TEM micrograph of the Aged-specimen before the ARB
cycles showing the fine precipitates (indicated by arrows)
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misorientation smaller than 2� were omitted in order to remove
the inaccuracy due to limited angular resolution in the EBSD
measurements. After the 1-cycle and 3-cycle ARB process,
corresponding to equivalent strain e = 0.8 and 2.4, respectively,
the microstructures of the matrix are not uniform and consist of
two kinds of grain sizes, i.e., the fine grains and the coarse and
elongated grains. The fine grains are surrounded by HAGBs
while the coarse grains include LAGBs. Both 1-cycle ARB-
processed specimens show similar deformation microstructure
composed of aligned dislocation boundaries and small amount
of HAGBs. It seems that the number of the fine grains
surrounded by HAGBs and the amount of LAGBs are both
larger in the Aged-ARB specimen than that in the other
specimen. After the ARB-6 cycle, corresponding to equivalent
strain e = 4.8, the microstructures are still inhomogeneous.
Some regions are relatively included high density of LAGBs
while the other regions show elongated UFG structures with
high density of HAGBs. It is found that the fraction of HAGBs
(fHAGBs) in the Aged-ARB specimen is larger than that of the
ST-ARB specimen. This tendency has been also reported by
Borhani et al. in Al-Sc alloy (Ref 10). The fHAGBs obtained
from the EBSD measurements of the ARBed specimens is
given in Fig. 4. As shown in this figure, with increasing the
number of the ARB cycles up to 6, the fHAGBs increases and
reaches to 13 and 39% in the ST-ARB and the Aged-ARB
specimens, respectively. It is agreed that SPD processes and
dislocation activity give rise to a change in the microstructure
state of HAGBs in metals. Also, it is well known that second-
phase particles can increase the rate of dislocation accumula-
tion, and develop local deformation zones containing large
local misorientation (Ref 19, 20). This can lead to an increased
rate in generation of HAGBs during plastic deformation (Ref
21, 22). The results show that the rate of HAGBs formation is
accelerated in the Aged-ARB specimens by the pre-existing
precipitates compared to the ST-ARB specimens. On the other
hand, the HAGBs evolve with a faster rate in the Aged-ARB
specimens compared to the ST-ARB specimens.

Figure 5 shows change in the grain size as a function of the
number of the ARB cycles. The grain size was evaluated as the
mean spacing of HAGBs along normal direction (ND) by linear
intercept method in the EBSD boundary maps. The grain size
of the specimens decreases with increasing the number of the
ARB cycles and reaches to 650 and 420 nm for the ST-ARB
and Aged-ARB specimens after applying the total equivalent
strain of 4.8, respectively. From the results of the EBSD
measurements, it is concluded that grain refinement by SPD
process is accelerated by pre-existing precipitates. Here, it is
noteworthy that the grain size of the Aged-ARB specimen is
smaller than that of the ST-ARB specimen. This acceleration is
presumably attributed to the inhibition of dislocation motion by
the precipitates (Ref 10, 11). It is expected that the accumu-
lation of dislocations is accelerated because the dislocation
motion is inhibited by the precipitates during the ARB process.
These results are consistent with the previous studies on ARB
process (Ref 10, 11, 23). The results show that the presence of
second-phase particles could potentially have a significant
effect on the formation of the UFG structures during the ARB
process. On the other hand, existence of the fine precipitates in
the starting material greatly accelerates the microstructure
refinement. Therefore, the formation of the UFG microstructure
is accelerated when the starting microstructure involved fine
precipitates. Also, the fine precipitates can inhibit the grain
boundary migration during the ARB process that it causes the

Fig. 3 Grain boundary maps obtained from EBSD measurement for
the ST-ARB and the Aged-ARB specimens by various cycles at
room temperature

Fig. 4 The fraction of HAGBs of the ARBed specimens
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smaller grain size in the Aged-ARB specimen compared to the
ST-ARB specimen (Ref 11). However, we should note that the
UFG structures in the ARB-processed specimens are not
controlled only by the grain growth but are the results of grain
subdivision during heavy plastic deformation (Ref 11).

3.2 Mechanical Properties

Figure 6 shows the Vickers microhardness value of the ST-
ARB and the Aged-ARB specimens. The Vickers microhard-
ness value of the ST-ARB and the Aged-ARB specimens is 69
HV and 79 HV before the ARB process (0-cycle ARB),
respectively. One of the reasons for higher hardness in the
Aged-ARB specimen can be related to the pre-existing
precipitates. Borhani et al. reported that hardness of Aged-
ARB specimens is higher than that of the ST-ARB specimen
(Ref 10). This issue is clearly seen in the present study. ARB
itself causes an increasing of hardness, however, the additional
hardness is resulted by pre-existing precipitates in the Aged-
ARB specimens. In addition, the stress fields around coherent
precipitates can increase the hardness (Ref 24). The Vickers
microhardness value of the ST-ARB specimen increases to 107
HV in 3-cycle ARB process, and slightly decreases with further
ARB cycles and reaches to 101 HV after 6-cycle ARB process.
On the other hand, the Vickers microhardness value of the
Aged-ARB specimen increases with increasing the number of
the ARB cycles and reaches to 116 HV after 6-cycle ARB
process. As can be seen, the rate of increase of the hardness
decreases after 3-cycle ARB process. By continuing ARB
cycles, applied large strains may cause dissolution of the pre-
existing precipitates (Ref 10, 11), therefore, the pre-existing
precipitates have a powerful effect on the microhardness value
at relatively low strains.

Stress-strain curves of the ARB-processed specimens
obtained from the tensile tests are given in Fig. 7. It is shown
that the ST-ARB and the Aged-ARB specimens have different
tendencies in the change of mechanical properties during the
ARB process. Figure 8 shows the results of the tensile test after
various cycles of the ARB process. As shown in Fig. 8(a), the
yield strength of the ST-ARB specimen increases with increas-
ing the number of the ARB cycles monotonously up to 3-cycle
ARB process, and then slightly decreases with further ARB
cycles. The yield strength of the ST-ARB specimen is 55 MPa

before ARB process and reaches to 203 MPa after 6-cycle ARB
process. On the other hand, the yield strength of the Aged-ARB
specimen increases with increasing the number of the ARB
cycles and reaches to 228 MPa after 6-cycle ARB process. As
can be seen in Fig. 8(b), the tensile strength values of the ST-
ARB and the Aged-ARB specimens are 98 MPa and 122 MPa
before ARB process, respectively. The tensile strength of the
Aged-ARB specimen is higher than that in the ST-ARB
specimen, which is almost the same as that in the yield strength.
The difference of the yield strength and the tensile strength
between the ST-specimen and the Aged-specimen before the
ARB process can be due to the existence of precipitates after
the aging process. The tensile strength of the ST-ARB specimen
increases with increasing the number of the ARB cycles, and
keeps nearly a constant value after 3-cycle ARB process. On
the other hand, the tensile strength of the Aged-ARB specimen
increases with increasing the number of the ARB cycles. Here,
it is noteworthy that the effect of the pre-existing precipitates on
the yield strength and the tensile strength is more effective in
the initial cycles that can be related to dissolution of the pre-
existing precipitates due to applying the large strains in the
higher cycles of the ARB process. The dissolution of second
phase occurring in SPD process is an important phenomenon of
phase transformation. It is shown that the ST-ARB and the
Aged-ARB specimens have different mechanical properties
during the ARB process. The results of tensile test corre-
sponded well with the change in the hardness during the ARB
process. Figure 8(a) and (b) clearly show that simultaneous
effect of pre-existing precipitates in the starting structure and
ARB process on the mechanical properties is more effective
than only applying the ARB itself.

The mechanical properties can be calculated based on
strengthening mechanisms, i.e., grain boundary strengthening
and precipitation strengthening. The two kinds of deformation
mechanism observed in materials containing particles are
Orowan mechanism (Ref 25) and cut-through mechanism
(Ref 25). According to these mechanisms and the critical size of
Al2Cu precipitates reported by Hu et al. (Ref 26), Orowan
mechanism should work in the Aged-specimen at least in the
initial cycles, because the precipitates size is larger than the
critical size of Al2Cu precipitate. It should be noted that based
on Orowan and cut-through mechanisms, the size and volume
fraction of the precipitates are the important factors and they
affect the mechanical properties. This has been accepted that as

Fig. 5 Change in the grain size as a function of the number of the
ARB cycles

Fig. 6 Change in the Vickers microhardness value of the speci-
mens as a function of the number of the ARB cycles
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plastic strain increases during ARB process, volume fraction of
precipitates decreases (Ref 10, 11). Accordingly, the rate of
increase of the strength due to the pre-existing precipitates is
reduced with further ARB cycles. This can be related to the
influence of high plastic strains on the pre-existing precipitate
during the ARB process. This issue can be seen in Fig. 8.

As previously mentioned by other researchers (Ref 10, 11,
27, 28), the precipitates may be fragmented to smaller size or
dissolved into the matrix due to strong shear induced by SPD
process. Therefore, as previously discussed, it can be concluded
that the pre-existing precipitates are more effective on the
mechanical properties in the initial cycles corresponding to the
low strains. Also, the mechanical properties are correlated to
grain boundary strengthening. The increase in the proof stress
due to the grain refinement obtained from Hall-Petch equation

(Ref 1), Drgb ¼ kd�1=2
t

� �
, is shown in Fig. 9, where k is a

constant and dt is mean grain size. Various yield strength
obtained from the stress-strain curves were plotted against the
square root of the mean grain sizes (dt

�1/2). The k calculated
from the extrapolated curves is 75 Mpa lm1/2. According to the
Hall-Petch equation, the yield strength is dependent on the
reciprocal of square root of the grain size. Also, it becomes
clear that the grain boundary strengthening of the specimens
increases with decreasing the grain size in both ST-ARB and

Aged-ARB specimens. It should be noted that the grain
boundaries greatly affect the mechanical properties as they can
impede the movement of dislocations (Ref 29). The grains have
different orientations, therefore, dislocation requires more
energy to move into the adjacent grain (Ref 30). However,
this grain boundary strengthening value, as shown in Fig. 9, is
higher in the Aged-ARB specimen compared to the ST-ARB
specimen, since the grain refinement is accelerated in the Aged-
ARB specimen due to pre-existing precipitates (Ref 10, 11, 23),
as discussed in Fig. 5.

The total elongation and the uniform elongation of the
specimens are shown in Fig. 8(c) and (d) after various cycles of
the ARB process, respectively. Before the ARB process, the
total elongation and the uniform elongation of the ST-specimen
are larger than those of the Aged-specimen. This indicates the
pre-existing precipitates inhibit the tensile elongation. By
1-cycle ARB process, the total elongation and the uniform
elongation of the ST-ARB and the Aged-ARB specimens
significantly decrease. The total elongation of the ST-ARB
specimens decreases from 62 to 18.5%, and the uniform
elongation decreases from 41 to 3%. On the other hand, the
total elongation of the Aged-ARB specimen decreases from 45
to 16.5%, and the uniform elongation decreases from 19% to
less than 3%. As can be seen in these figures, the change in the

Fig. 7 Tensile stress-strain curves of (a) ST-ARB and (b) Aged-ARB specimens
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elongation of the Aged-ARB specimen is smaller than that in
the ST-ARB specimen. By continuing the process in the ST-
ARB specimen up to the final cycles, the total elongation nearly
shows a constant value, and the uniform elongation gradually
increases. On the other hand, by continuing the process in the
Aged-ARB specimen up to the final cycles, the total elongation
and the uniform elongation decrease slightly. It can be
concluded from Fig. 8, although the pre-aging process has a
great effect on improving the mechanical properties, but the

existence of the Al2Cu precipitates decreases the total and
uniform elongation in the Aged-specimen before the ARB
process.

3.3 Fractography

Types of fracture can be roughly divided into two cate-
gories, which are brittle and ductile fractures (Ref 31, 32).
Ductile and brittle describes the amount of macroscopic plastic
deformation that precedes fracture (Ref 31). Also, type of
fractures can be described by transgranular fracture and
intergranular fracture (Ref 31). Transgranular cleavage fracture
is usually associated with defects such as cracks, porosity,
inclusions, or second-phase particles in which dislocations
movement is obstructed (Ref 31). The fracture surfaces of the
specimens after various cycles of the ARB process are shown
in Fig. 10. As shown at 0-cycle ARB, the dimples indicate the
micro-void coalescence (MVC) mechanism of ductile fracture
before the ARB process. The shape of the dimples indicates the
type of loading the component has experienced during fracture,
and the orientation of the dimples reveals the direction of crack
extension. Ductile fractures almost have a gray fibrous
appearance and equiaxed or hemispheroidal dimples which is
clearly seen before the ARB process (Ref 31-33). Different
sizes of the dimples are found in the specimens and the sizes of
dimples in the ST-ARB specimen are larger than that of the
Aged-ARB specimen. This result shows that the ST-specimen
and the Aged-specimen have different behaviors in the fracture
due to the different starting microstructures. Also, the presence
of the small second-phase particles causes the formation of
pockets of shallow dimples and microscopic voids of varying
sizes (Ref 34). From the tensile test at 0-cycle ARB, the total
elongation and the uniform elongation of the ST-ARB
specimen are higher compared to the Aged-ARB specimen
that it can be related to the larger and deeper dimples in the ST-
ARB specimen. As shown in Fig. 10, the size of the dimples
significantly decreases with increasing the number of the ARB
cycles. By continuing the process, the samples also show a
ductile fracture with the dimples but these dimples are not as
deep as those in the initial cycle. Also, with increasing the
number of the ARB cycles, it can be said that the cleavage
facets and the river lines, or the stress lines are steps between

Fig. 8 Mechanical properties of the specimens after various cycles
of the ARB process, (a) Yield strength, (b) Tensile strength, (c) Total
elongation, and (d) Uniform elongation

Fig. 9 Flow stress increment from grain size as a function of the
number of the ARB cycles
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cleavage or parallel planes, which are always converged in the
direction of local crack propagation (Ref 31, 33).

4. Conclusion

The effect of pre-existing precipitates on microstructure
evolution, mechanical properties, and fracture behavior was
investigated during the ARB process up to 6 cycles. The main
results are summarized as follows:

(1) In the Aged-specimen were formed very fine precipitates
after the aging process. The specimens containing very
fine precipitates had the potential to significantly im-
prove the grain refinement and the mechanical proper-
ties. With increasing the number of the ARB cycles, the
fHAGBs increased in both the specimens. The fHAGBs in
the Aged-ARB specimen was larger than that of the ST-
ARB specimen. On the other hand, the rate of the
HAGBs formation and the grain refinement were accel-
erated by the pre-existing precipitates. After 6-cycle
ARB process, the mean grain size of the Aged-ARB
specimen was smaller compared to the ST-ARB speci-
men and reached to 650 and 420 nm for the ST-ARB
and the Aged-ARB specimens, respectively.

(2) The value of Vickers microhardness value of the Aged-
ARB specimen was higher than that of the ST-ARB
specimen due to the pre-existing precipitates in the

Aged-ARB specimen. The Vickers microhardness value
of the Aged-ARB specimen increased with increasing
the number of the ARB cycles, while the ST-ARB spec-
imen showed slight softening after 3-cycle ARB pro-
cess. The results of the tensile test corresponded well
with the change in the hardness during the ARB pro-
cess. The yield strength and the tensile strength of the
ST-ARB specimen increased with increasing the number
of the ARB cycles up to 3 cycles. After 3-cycle ARB
process, the yield strength decreased slightly, while, the
tensile strength of the ST-ARB increased up to 3-cycle
ARB process and showed a nearly constant value up to
6-cycle ARB process. On the other hand, the yield
strength and the tensile strength of the Aged-ARB speci-
men increased with increasing the number of the ARB
cycles. The elongation of the specimens significantly de-
creased after the ARB process. The change in the elon-
gation of the Aged-ARB specimen is smaller than that
in the ST-ARB specimen.

(3) From SEM images, the size of dimples significantly de-
creased with increasing the number of the ARB cycles.
By continuing the process, the samples also showed a
ductile fracture with the dimples but these dimples were
not as deep as those in the initial cycle. Also, with
increasing the number of the ARB cycles, it was seen
the cleavage facets and the river lines, that the river
lines or the stress lines are steps between cleavage or
parallel planes, which are always converged in the direc-
tion of local crack propagation.

Fig. 10 Fracture surfaces of the ST-ARB and the Aged-ARB specimens after tensile test at various cycles of the ARB process
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