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Changes in MiCrostruCture and texture of a Multi-staCk aCCuMulative roll Bonding ProCessed 
CoMPlex aluMinuM alloy with annealing

Changes in the microstructure and texture with annealing temperature of a nanostructured complex aluminum alloy fabricated 
by multi-stack accumulative Roll Bonding (aRB) process using various al alloys are investigated in detail. The aRB process is 
performed up to 4 cycles without lubrication at room temperature. The specimen fabricated by the aRB is a multi-layer aluminum 
alloy sheet in which the aa1050, aa5052 and aa6061 al alloys are alternately stacked to each other. The average grain size of 
the starting material is 140 μm, but after 4 cycles of the ARB process, this is reduced to 150 nm. The complex Al alloy still shows 
an ultrafine grained microstructure at annealing temperatures up to 250℃, but after annealing at 300℃, it exhibits a heterogeneous 
structure containing both the ultrafine grains and the coarse grains due to the occurrence of discontinuous recrystallization. The 
specimens annealed at temperatures above 300 ℃ also show a heterogeneous microstructure even if the heterogeneities of grain size 
differ from each other. The texture develops abnormally at higher annealing temperatures; the deformation textures are developed 
as [112]//nD and [111]//nD components, even in the recrystallized specimens. as the annealing temperature increases, the number 
fraction of the high-angle grain boundaries gradually decreases. The changes in microstructure and texture of the specimens with 
increase of the annealing temperature are compared to those of the specimens processed by 2-cycle of the aRB.
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1. introduction

Lots of studies on lightweight of automobile have been 
done because of importance of the energy saving and green 
environment. In special, the aluminum alloys have been studied 
extensively because of their benefits such as medium strength, 
good formability and lightweight [1,2]. It is also expected that 
the substitution of such aluminum alloys for steels would result 
in great improvement in energy economy, recyclability and 
life-cycle cost.

The accumulative roll bonding (ARB) process [3-10], one 
of the severe plastic deformation processes, is mostly appropriate 
for practical applications because it can be readily applied by 
the conventional rolling process. Previous studies have dem-
onstrated that the ultra-grain refinement by the aRB process 
can be efficiently attained for various metallic materials such 
as aluminum alloys [3-7] and copper alloys [8-11]. This has 
shown that it is not necessary to utilize the same materials in the 
aRB process. Therefore, the aRB of dissimilar materials rather 
than of the same ones, has recently been actively studied. This 
modified aRB has the merit of being able to fabricate various 

metal/metal multi-layer composite materials with heterogeneous 
microstructure, and improve the mechanical properties. How-
ever, most of the studies were of the aRB of different kinds of 
metallic materials such as Al and Cu [12], Al and Mg [13], and 
al and ni [14]. However, the studies of the aRB of disimilar 
alloys of the same metal have seldom been performed [15-17].

It is expected that the aRB of dissimilar alloys of the 
same metal would enable the production of unique alloys that 
consist of more complex and various microstructure such as the 
heterogeneous microstructure in which the grains of nanometer 
and micrometer order coexist together, resulting in enhancing 
the mechanical properties of the aluminum alloys. In particu-
lar, complex al alloys having various mechanical properties 
can be fabricated by the aRB, as reported in previous studies 
[15-18]. In this way, if the stacking number was increased per 
aRB cycle, ultrafine grain refinement would be attained very 
effectively. The authors also report in previous study the changes 
in microstructure and mechanical properties of the aa1050/
aa5052/aa6061/aa1050 alloys fabricated by two cycles of 
the multi-stack aRB with annealing temperature [19,20]. The 
study found that heterogeneous microstructure consisting of both 
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fine and coarse grains could be developed in the complex al al-
loy through the aRB and subsequent annealing [20], however, 
ultrafine grains did not develop due to the lack of aRB cycles. 
Therefore, in this study, the aRB process was repeated up to 
four cycles. In general, the equivalent strain (ε–) introduced by 
the ARB process is calculated by the following equation [7],

 

2
3

nlnk   
 

where, n and k are the number of aRB cycles and the number 
of stacking, respectively. The value of k is equal to 4 due to the 
4-layer stack aRB in both cases, regardless of the number of 
aRB cycles. However, the value of n differs as 2 and 4 for 2 and 
4 cycles, respectively. Thus, the equivalent strain in this study 
is as large as 6.4, equal to that of 8 cycles in the 2-layer stack 
ARB, and twice that (=3.2) of the previous study. Therefore, it is 
estimated that the changes in microstructure with increasing the 
annealing temperature will be significantly different. In this study, 
the changes in microstructure and texture with annealing of a na-
nostructured aluminum alloy fabricated by 4 cycles of multi-stack 
aRB process using different al alloys were investigated in detail.

2. experimental

The materials used in this study were commercial purity 
aa1050, aa5052 and aa6061 sheets with thickness of 2 mm, 

of which TaBLe 1 shows the compositions. The as-received 
AA1050, AA5052, and AA6061 alloys were annealed at 500℃ 
for 1 hour, to remove the stored strain remaining in the materi-
als. Fig. 1 shows the microstructures of the starting materials 
and a schematic of the aRB process. The average grain size 
of the AA6061, AA5052, and AA1050 alloys was (29, 39, and 
72) mm, respectively. As shown in the inverse pole figures, the 
aa5052 and aa1050 alloys exhibited recrystallization texture 
in which the {100}//nD component mainly developed, while 
aa6061 alloy had a rolling texture in which the {110}//nD 
component developed. 

For the aRB process, the al alloy sheets were cut into 
dimensions of 50 mm width × 200 mm length. The aa1050, 
aa5052, and aa6061 sheets were alternately stacked by four 
layers after wire-brushing, and roll-bonded to 2 mm in thickness 
by multi-pass rolling at ambient temperature. This aa1050/
aa5052/aa6061/aa1050 complex al sheet was then stacked 
into and reduced to 2 mm in thickness by the same procedure, 
as shown in Fig. 1. The aRB process was performed up to 4 cy-
cle (c), without lubrication. The as-rolled specimens were then 
annealed for 0.5 h at various temperatures from (200 to 500)℃. 
The microstructure and texture of the specimens were analyzed 
by SeM/eBSD (electron back scattering diffraction) measure-
ment. The eBSD measurement was carried out using the program 
Tsl oIM data Collection ver.3.5 in phillips Xl30s seM with 
Fe-gun operated at 20 kV. The eBSD analysis was conducted 
using the program Tsl oIM Analysis ver. 3.0.

TaBLe 1

Chemical compositions of the aa1050, aa6061 and aa5052 alloys studied (wt. %)

Fig. 1 Microstructure of starting materials and schematic of the multi-stack accumulative roll-bonding (aRB) process studied
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3. results and discussion

The aRB process up to 4c was successfully performed with-
out any shape defects. Fig. 2 shows the normal direction (nD) 
map, the rolling direction (RD) map, and the grain boundary 
(gB) map obtained from eBSD measurement of the as-aRB-
processed and subsequently annealed specimens. The color of 
each point indicates the crystallographic direction parallel to nD 
and RD of the specimens, corresponding to the colored. The as-
aRB-processed specimen showed an ultrafine grained structure 
with average grain diameter of 150 nm, as shown in the figure. 
This indicates that the ultra-grain refinement was successfully 
attained by 4c of the multi-stack aRB, different from the 2c 
aRB in the previous study [20]. From the inverse pole figure, 
it is found that {110}//nD texture, a component of deformation 
texture, developed. In addition, it is clear from the gB map that 
the high-angle grain boundaries (HagB) above 15 degrees have 
higher volume fraction than the low-angle grain boundaries 
(lAgB) below 15 degrees. The specimen annealed at 200℃ 
still shows a typical ultrafine grained structure even though 
the grain size increases slightly due to the occurrence of static 
recovery. However, for the 300℃ annealed specimen, the static 
recrystallization occurred actively along the rolling direction, 
as indicated by the arrows in Fig. 2. Here, it is very interesting 
that the recrystallization occurred mainly along the rolling direc-

tion. We cannot affirm where the recrystallization took place, 
because the various aluminum alloys are intermixed. However, 
it is probable that the recrystallized regions belong to the material 
with low recrystallization temperature such as the aa1050. This 
static recrystallization occurred more actively after annealing 
at 400℃, so that all regions of the specimen were completely 
recrystallized. However, the grain diameter differed depending 
on the region. That is, it exhibited a heterogeneous structure in 
which the various kinds of grains coexisted together. This het-
erogeneous microstructure was still observed in the specimen 
annealed at 500℃ though the grain size distribution differed 
from that of 400℃, as shown in Fig. 2. It was clearly found 
that these changes in microstructure with increasing the anneal-
ing temperature were greatly different from those of specimen 
processed by 2c of the aRB in the previous study. In addition, 
it was found from the gB map that as the annealing temperature 
increased, the fraction of HagBs gradually decreased.

Here, the changes in texture with increasing the annealing 
temperature were also very interesting. The specimens until 
250℃ still showed still a deformation texture that was similar 
to that of the as-rolled material. However, the texture develop-
ment of specimens above 300℃ was changed due to the static 
recrystallization. Fig. 3 shows the change in texture components 
with increasing the annealing temperature. The specimen an-
nealed at 300℃ had both the [001]//Nd component of typical 

Fig. 2 nD, RD and gB maps of the specimens processed by 4c of the multi-stack aRB and subsequently annealed at various temperatures
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recrystallization texture, and the [112]//nD and [011]//nD 
components of the rolling texture. The development of these 
abnormal textures was also observed at the specimens above 
400℃. That is, the [112]//Nd and [111]//Nd components that are 
rarely seen in the recrystallized al alloys developed in the speci-
mens annealed at (400 and 500)℃, respectively. Fig. 4 shows 
the changes in the volume fraction of texture components with 
increasing the annealing temperature. as shown in the figure, 
up to 400℃, there was no significant difference in the volume 
fraction even if the temperature increased. However, the volume 
fraction of the (112)[111–] component, the conventional rolling 
texture, was overwhelmingly high in the specimen annealed at 
500℃, compared to those of the other components. In general, 
the recrystallization texture such as the {001}<100> component 
develops in the specimens annealed at higher temperatures, as 

shown in previous study [20]. Here, the reason why a kind of 
abnormal texture developed in the specimen annealed at 500℃ 
is probably that the specimen was severely plastic deformed 
by 4c of the multi-stack aRB before annealing. 

Fig. 5 shows the misorientation distribution of the grain 
boundaries obtained from the results of eBSD measurement 
for the specimens annealed at various temperatures. as shown 
in the figure, the number fraction of the HagBs tended to de-
crease with the increase of annealing temperature. In particular, 
LagBs below 10 degrees showed an overwhelming fraction for 
the specimens above 300℃. This suggests that the recrystallized 
grains contain lots of dislocation cells and/or subgrains even 
after the static recrystallization. This specific microstructure is 
sometimes observed in the specimens severely deformed by the 
aRB. In addition, it is well known that this decreases the ductility 
in the specimens annealed after the multi-stack aRB process.

4. Conclusions

Changes in the microstructure and textures of a nanostruc-
tured complex aluminum alloy fabricated by 4c of the multi-layer 
stack aRB process using different al alloys such as aa1050, 
aa5052 and aa6061 alloy sheets with increasing the anneal-
ing temperature were investigated in detail. after the aRB of 
4 cycles, the average grain diameter was 150 nm. The specimen 
annealed at 200℃ still showed a typical ultrafine grained struc-
ture, however, after 300℃, discontinuous static recrystallization 
began to occur, while above 400℃, the specimen exhibited 
heterogeneous microstructure in which the various recrystal-
lized grains coexisted together over wide regions. In addition, 
increasing temperature tended to decrease the number fraction 
of high-angle boundaries. The rolling texture such as [112]//nD 
and [111]//nD also developed even in the specimens annealed 
at higher temperatures.

Fig. 3 Textural development of the specimens processed by 4c of the multi-stack ARB and subsequently annealed at various temperatures

Fig. 4 Changes in the volume fraction of texture components with 
increasing the annealing temperature
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Fig. 5 Misorientation distributions of the grain boundaries obtained by eBSD measurement for the specimens aRB-processed and subsequently 
annealed at various temperatures. (a) The as-ARB processed, (b) 200℃, (c) 250℃, (d) 300℃, (e) 400℃, (f) 500℃


	Hee Yeon Jeon￼1, Mijeong Park￼1, Seungheon Han￼1, 
Dong Hoon Lee￼1, Young-In Lee￼1*
	Facile Synthesis of Bumpy-Structured ZnO-ZnS Core-Shell Microspheres 
with Enhanced Photocatalytic Performance

	Minha Park￼1, Gang Ho Lee￼1,2, Hyo-Seong Kim￼1,2, Byoungkoo Kim￼1, 
Sanghoon Noh￼2, Byung Jun Kim￼1*
	Effect of Cooling Rate on Microstructure and Mechanical Properties According 
to Heat Treatment Temperature of Inconel 625

	Minha Park￼1, Gang Ho Lee￼1,2, Gwangjoo Jang￼1, Hyoung-Chan Kim￼1, 
Byoungkoo Kim￼1, Byung Jun Kim￼1*
	The Effects of Post Weld Heat Treatment on Microstructure and Mechanical Properties 
of API X70 Linepipe using Submerged Arc Welding

	Sang-Hyeon Jo￼1, Seong-Hee Lee￼1*
	Changes in Microstructure and Texture of a Multi-Stack Accumulative Roll Bonding Processed Complex Aluminum Alloy with Annealing

	Woo Cheol Kim￼1, Jongmin Byun￼1,2*
	Fabrication of Porous Sintered Body using Shape-Controled 316l Stainless Steel Powder 
by High-Energy Ball Milling

	Hyo-Seong Kim￼1,2,4, Moonseok Kang￼1, Minha Park￼1, Byung Jun Kim￼1, 
Yong-Shin Kim3, Tae Young Lee3, Byoungkoo Kim￼1*, Yong-Sik Ahn￼2*
	Effects of Hot rolling Reduction on Microstructural Evolution 
and Mechanical Properties of 1.25Cr-1Mo-0.5V-0.3C Steel for High-Speed Rail Brake Discs

	Jae-Hyeon Kim1, Jung-Ha Lee2, Seung-Beop Lee2, 
Sung-Jin Kim3*, Min-Suk Oh￼1*
	Improved Thermal Stability of Al-Si Alloy Coated Steel Sheet 
with Cr Thin Film Deposition

	Woo-Chul Jung￼1, Hyunseok Yang￼1, Seon-Jin Choi￼2*, Man-Sik Kong￼1*
	Evaluation of Electropolishing Characteristics of 316L Stainless Steel Tube 
in Contaminated Electrolyte

	Jin Kwang Jang￼1, Jaeyun Moon￼2, Jongmin Byun￼1,3*
	Synthesis of Polycrystalline Bi-Doped Snse by Mechanical Alloying 
and Hydrogen Reduction

	Dohoon Lee￼1, Tae-Yeong So￼1, Ha-Young Yu￼1, Gyunsub Kim￼2, 
Eushin Moon￼2, Se-Hyun Ko￼1*
	Effect of Hot Isostatic Pressing and Solution Heat Treatment 
on the Microstructure and Mechanical Properties of Ti-6Al-4V Alloy Manufactured 
by Selective Laser Melting

	Jae-Yun Kim￼1, Sang-Gyu Kim￼1, Byoungchul Hwang￼1*
	Investigation of Hydrogen Embrittlement of Haynes 617 and Hastelloy X Alloys 
Using Electrochemical Hydrogen Charging

	Junho Lee￼1, Namhyuk Seo￼1, Sang-Hwa Lee￼2, Kwangjun Euh￼2, Singon Kang￼3, 
Seung Bae Son1,4, Seok-Jae Lee￼1,4, Jae-Gil Jung￼1,4*
	Effect of Al–5Ti–1B Addition on Solidification Microstructure 
and Hot Deformation Behavior of DC-Cast Al–Zn–Mg–Cu Alloy

	Ji-A Lee￼1, Bong-Min Jin￼1, Jeong-Whan Han￼1*
	Evaluation of Classification Possibility of Coke Breeze by Drag Force

	Uijun-Ko￼1, Byungjun-Han￼1, Kyoung-Tae Park￼2*, 
Marzieh-Ebrahimian￼1, Jh-Kim￼1*
	Microstructure Evolution Through Cryogenic Rolling 
of Ultra-High Purity Titanium Produced by Electron Beam Melting 

	A. Garbacz-Klempka￼1*, K. Dzięgielewski￼2, M. Wardas-Lasoń￼3
	A Glimpse into Raw Material Management in the Early Iron Age: Bronze Ingots from a Production Settlement in Wicina (Western Poland) in Archaeometallurgical Research

	Qiaoli Wang￼1,2†, Yinan Xiao￼2†, Di Wu￼2, Fang Yang￼3, L.Y. Sheng￼1,2*
	Microstructure, Compressive Properties and Oxidation Behaviors 
of the Nb-Si-Ti-Cr-Al-Ta-Hf Alloy with Minor Holmium Addition


