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Abstract

An Al-0.2wt%Zr alloy was subjected to accumulative roll-bonding (ARB) process up to
a strain of 8.0. The aim of this study is to investigate the fracture surfaces of Al-0.2wt%Zr
alloy fabricated by the ARB process. The three kinds of different microstructures, i.e. solution-
-treated, 350◦C pre-aged and 450◦C pre-aged ones, were prepared as the starting structures for
the ARB process. Investigation of the fracture surfaces was carried out by scanning electron
microscope (SEM). Also, the microstructure evolution after the ARB process were studied by
atomic force microscope (AFM).
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1. Introduction

The severe plastic deformation (SPD) processes
were developed to achieve ultrafine grained (UFG)
microstructure having a mean grain size smaller than
1 µm [1, 2]. Several methods were developed for
SPD processes, which include equal channel angular
pressing (ECAP) [3], accumulative roll bonding (ARB)
[4], high-pressure torsion (HPT) [5], cyclic extrusion
compression (CEC) [6], repetitive corrugation and
straightening (RCS) [7]. The ARB process developed
by Saito et al. [8] in 1998 is the only SPD process
that can be applied to the continuous production
of bulky sheet materials [9]. The ARB allows us to
accumulate very large strains in materials without
changing the initial dimensions of the materials by
repeating the process of cutting the rolled sheets,
stacking them to the initial thickness and roll bonding
the stacked sheets again. The principle of the ARB is
schematically shown in Fig. 1 [8]. The microstructure
evolution, mechanical properties and texture evolution
of ARB-processed alloys have been studied by many
researchers [1, 9–15]. However, some characteristics of
ARB-processed alloys such as fracture surfaces study
still need in-depth research. The fracture study is
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Fig. 1. Schematic illustration showing the principle of the
ARB process [8].

important to clarify the rupture mechanisms in the
ARB processed specimens.
In the present study, the ARB process was carried

out on Al-0.2wt%Zr alloy having different starting
microstructures to research on the fracture behavior
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Ta b l e 1. Chemical composition of Al-0.2wt%Zr alloy
(wt.%)

Elements Zr Fe Si Mg Cu Mn Al

0.208 0.004 0.002 0.001 0.002 0.001 Balance

of the alloy during the ARB process.
The Al-Zr system exhibits particular promise for

developing thermally stable precipitation-strengthe-
ned aluminum alloys [16]. On the other hand, the
properties of Al alloys often improve by Zr addition
[17, 18]. In Al-Zr system, fine Al3Zr particles precipita-
te within the matrix during aging from supersaturated
solid solution. The precipitates are stable even at high
temperatures and inhibit recrystallization and grain
growth by pinning grain boundaries [16–18].

2. Materials and methods

The chemical composition of Al-0.2wt%Zr is given
in Table 1. A binary Al-0.2wt%Zr alloy was prepared
as sheets with a thickness of 2 mm, a width of
60 mm a length of 200 mm. The sheets were solution
treated (ST) at 635◦C for 24 h and then immediately
water-quenched. The average grain size of the matrix
in the ST-sheets was 1.5 mm. Some of the ST-
sheets were aged at 350 or 450◦C for 3 h, to have
Al3Zr precipitates. Sato et al. previously showed that
Al3Zr precipitates could be produced after aging
process [19], therefore, after the aging process in this
research probably Al3Zr precipitates are formed in Al-
0.2wt%Zr alloy with different size of precipitates due
to different aging temperatures.
Figure 2 shows the schematic illustration of the

thermal and mechanical processes used in this study.
Fractography was studied by scanning electron

Fig. 2. Schematic illustration of the thermal and mechanical process used in this study.

Fig. 3. AFM micrographs of TD planes after 1-cycle ARB: a) ST, b) 350◦C-Aged ARB, and c) 450◦C-Aged ARB specimens.

Ta b l e 2. The mean grain size after ARB process

The mean grain size (µm)
The number of
ARB cycles, N ST-ARB 350◦C Aged-ARB 450◦C Aged-ARB

1 1.5 0.9 1.2
10 0.4 0.3 0.32
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Fig. 4. AFM micrographs of TD planes after 10-cycle ARB: a) ST, b) 350◦C-Aged ARB, and c) 450◦C-Aged ARB
specimens.

Fig. 5. Fracture surfaces after tensile test in a) ST, b)
350◦C-Aged and c) 450◦C-Aged specimens before the ARB

process.

microscope (SEM). Also, the grain size of specimens
during the ARB process for ST and Aged specimens
was measured by atomic force microscope (AFM).

3. Results and discussion

AFM micrographs of the ST-ARB and Aged-ARB
specimens from TD planes after 1 and 10 cycles of
ARB process are shown in Figs. 3, 4.
The value of the mean grain size is also shown

in Table 2. Figures 3, 4 and Table 2 clearly indicate
that the mean grain size decreases with increasing the
number of the ARB cycles in all the specimens. After
1-cycle ARB, the mean grain size of the ST-ARB,
350◦C Aged-ARB and 450◦C Aged-ARB specimens
reaches 1.5, 0.9 and 1.2 µm, respectively. After 10-
cycle ARB, the mean grain size of the ST-ARB, 350◦C
Aged-ARB and 450◦C Aged-ARB specimens reaches
0.4, 0.3 and 0.32 µm, respectively.
Types of fractures can be roughly divided into

two categories, which are brittle and ductile fractures
[20]. Ductile and brittle fractures describe the amount
of macroscopic plastic deformation that precedes
fracture [21]. A ductile fracture occurs by micro-
void formation and coalescence. The former has,
however, gained much interest due to its catastrophic
results whenever happens. A limited amount of
plastic deformation occurring during brittle fracture
promotes a sudden failure without warning. Ductile
fracture, on the contrary, exhibits rough and dull
fracture surfaces with gross plastic deformation, there-
fore allowing more time to correct or prevent such
failure. Also, types of fractures can be described
by transgranular fracture and intergranular fracture
[20]. The transgranular fracture can be classified
into brittle cleavage fracture, ductile fracture and
fatigue fracture. Also, the intergranular fracture can
be classified into intergranular fracture without micro-
void and intergranular fracture with micro-void. A
brittle fracture occurs by either transgranular or
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Fig. 6. Fracture surfaces after tensile test in a) ST, b)
350◦C-Aged ARB, and c) 450◦C-Aged ARB specimens

after 3-cycle ARB process.

intergranular cracking [21]. Fracture surfaces of ST,
350◦C Aged and 450◦C Aged specimens before the
ARB process are shown in Fig. 5, respectively.
Figure 5a shows the dimples indicating the micro-

void coalescence (MVC) mechanism of ductile fracture
before the ARB process. Whereas, Figs. 5b,c show
transgranular cleavage fractures. The shape of the
dimples can determine the type of loading the
component has experienced during fracture, and the
orientation of the dimples reveals the direction of crack
extension [22]. Ductile fracture almost has a gray,
fibrous appearance and equiaxed or hemispheroidal
dimples [20, 23] which are clearly seen in Fig. 5a.
Transgranular cleavage fracture is usually associated

Fig. 7. Fracture surfaces after tensile test in a) ST, b)
350◦C-Aged ARB, and c) 450◦C-Aged ARB specimens

after 7-cycle ARB process.

with defects such as cracks, porosity, inclusions or
second phase particles in which dislocations movement
is obstructed. This suggests precipitation of Al3Zr at
350◦C and 450◦C in the specimen after aging process
[19]. The obtained results are in good agreement with
previous reports [21, 22].
The fracture surfaces of specimens after 3, 7

and 10 cycles of the ARB process are shown in
Figs. 6, 7 and 8, respectively. After 3-cycle ARB
(Fig. 6), the size of dimples are smaller compared
to initial cycle and cleavage facets are clearly seen
as indicated by red arrows. Ductile fractures can be
detected in an annealed sample [20] that has been
already reported [22]. Also, at Aged-ARB specimens
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Fig. 8. Fracture surfaces after tensile test in a) ST, b)
350◦C-Aged ARB, and c) 450◦C-Aged ARB specimens

after 10-cycle ARB process.

the cleavage facets and the river lines are seen.
The river lines or the stress lines are steps between
cleavage or parallel planes, which are always converged
in the direction of local crack propagation. The
river lines and the cleavage facets are indicated by
yellow and red arrows, respectively. This direction
is normally observed pointing to inclusion, porosity,
crack or second-phase particle, which create stress
concentration. Stress is therefore concentrated in front
of these defects, initiating a crack of a critical size [20].
The propagation of this crack then finally causes the
global failure with very little plastic deformation.
With increasing the number of ARB cycles, the

brittle fracture can be detected. This result has been

Fig. 9. Fracture surfaces in ST specimen after tensile test
a) before ARB process, b) after 7-cycle, and c) after 10-

cycle ARB process.

previously reported [21]. At ST-ARB specimen, with
increasing the number of ARB cycles, the dimples are
not as deep as in the initial material. After 7 and 10
cycles of ARB (Figs. 7, 8), at ST-ARB and Aged-ARB
specimens, a brittle fracture is dominant. The river
lines and the cleavage facets are seen at the specimens
after 7 and 10 cycles of ARB. At the final cycle, the
brittle fracture can be detected. The river lines and
the cleavage facets are indicated by yellow and red
arrows, respectively. It can be seen in Fig. 8a that the
dimple size significantly decreases with increasing the
number of ARB cycles.
In Figures 9a–c the fracture surfaces at a higher

magnification are shown. The deep equiaxed dimples
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Fig. 10. Fracture surfaces in 350◦C Aged-specimen after
tensile test a) before ARB process, b) after 7-cycle, and c)

after 10-cycle ARB process.

are clearly seen in the initial cycle (Fig. 9a), that cause
a ductile fracture that occurs by nucleation of micro-
voids [20, 23]. Also, the river lines and the cleavage
facets at the final cycles (Figs. 9b,c) are seen in ST
specimens.
Also, the fracture surfaces of Aged-specimens

are shown in Figs. 10 and 11. As can be seen in
these figures, in the initial cycle the transgranular
fracture is dominant because of the presence of the
precipitates after the aging process. It is thought
that there are interesting differences in aging and
precipitation behavior between conventionaly coarse-
grained materials and UFG materials [9, 19]. With
increasing the number of ARB cycles, it can be

Fig. 11. Fracture surface in 450◦C Aged-specimen after
tensile test a) before ARB process, b) after 7-cycle, and c)

after 10-cycle ARB process.

detected that a brittle fracture is dominant, and the
cleavage facets are seen at the final cycles.

4. Conclusions

1. The mean grain size after 10-cycle of ARB in the
ST-ARB, 350◦C Aged-ARB, and 450◦C Aged-ARB
reached 0.4, 0.3 and 0.32 µm, respectively.
2. Fractography of Al-0.2wt%Zr alloy showed that

at initial cycles the ductile fracture and at final cycles
the brittle fracture were detected.
3. Before the ARB process, in the ST and the

Aged specimens, the ductile fracture and transgran-
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ular cleavage facets were detected, respectively.
4. With increasing the number of ARB cycles, the

brittle fracture occurred in all the specimens, and
dimples were not as deep as in the initial cycle.
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