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Abstract Accumulative press bonding (APB) is a novel variant of severe plastic deformation processes, which is devised
to produce materials with ultra-fine grain. In the present work, the mechanical properties and microstructural evolution of
AAT1100 alloy, which is produced by APB technique, were investigated. The study of the microstructure of AA1100 alloy
was performed by optical microscopy. The results revealed that the grain size of the samples decreased to 950 nm after six
passes of APB process. The yield strength of AA1100 alloy after six passes of the process increased up to 264 MPa, which
is three times higher than that of the as-cast material (89 MPa). After six passes, microhardness values of AA1100 alloy
increased from 38 to 61 HV. Furthermore, the results showed that the behavior of variations in mechanical properties is in
accordance with the microstructural changes and it can be justified by using the Hall-Patch equation. Moreover, the rise in

the yield strength can be attributed to the reduction in the grain size leading to the strain hardening.

KEY WORDS: Severe plastic deformation; Accumulative press bonding; Mechanical properties;

Metallurgical properties; AA1100 alloy

1 Introduction

Aluminum alloys are the most used nonferrous materials in
industry that have extensive applications in home appli-
ances, aerospace and automotive industries [1, 2]. They
play a crucial role in the field of modern engineering due to
their superior mechanical and metallurgical properties such
as good corrosion resistance, machinability, weldability
and relatively low cost [3-5]. The investigations reported
that alloying and age hardening are the best strategies to
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improve the strength of the aluminum alloys [4, 6]. How-
ever, new techniques have been recently developed to
improve the properties of these materials. Therefore, the
researchers have recently paid significant attention to the
study of the aluminum alloys in order to produce ultra-fine
grains (UFG) structure via novel techniques [7, 8].

The UFG materials can be produced with two approaches:
up to down and down to up [4, 7, 8]. In the first method, the
main purpose is to change the coarse-grain structure of the
material and subsequently obtain a material with the nanos-
tructure. In the second approach, a bulk material is produced
by the arrangement of atoms with nanoscale components. The
first approach has several advantages over the second one,
which are as following: (1) The scale and the volume of the
obtained samples are bigger, (2) there is not any trace of
porosity or pollution in the material that can be attributed to
the manufacturing process and (3) by using this method, it is
feasible to process a wide range of materials, including metals
and their alloys [8]. In the up-to-down approach, there are
various ways that a series of them are in the category of
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introducing the mechanical work in the material. One of the
main techniques of this group is the severe plastic deformation
process. As a matter of fact, severe plastic deformation (SPD)
is the most effective method to obtain ultra-fine grains in the
materials. SPD process includes various techniques, mean-
while, some important methods are equal-channel angular
pressing (ECAP) [9, 10], multidirectional forging (MDF) [7],
accumulative roll bonding (ARB) [10] and high-pressure
torsion (HPT) [6, 7]. Generally, for producing UFG materials
by using the SPD methods, it is necessary to introduce a severe
plastic strain that can produce the high density of the dislo-
cations. Furthermore, it is crucial that the produced disloca-
tions experience the recrystallization process in order to form
an array of the grain boundaries [11, 12]. Ultra-fine grain
(UFG) materials usually show more excellent mechanical and
physical properties than the coarse-grain materials [11].

One of the newest methods of the severe plastic defor-
mation processes is accumulative press bonding (APB).
This process has been developed by Amirkhanlou et al. [13]
for the first time, in order to produce Al/WCp composites. In
this newly developed field, there is not any other published
work except above-mentioned work. The process has sig-
nificant potential in the fabrication of materials with ultra-
fine grain size and even nanomaterials. Additionally, it can
be properly used for joining of similar or dissimilar metals,
in both hot and cold form. Another main advantage of this
approach is its simplicity and low cost—since it can be
performed without any expensive and special equipment in
comparison with other SPD methods. That is why in this
paper the feasibility of APB process for producing alu-
minum parts with very fine grains was investigated in var-
ious passes of the process by studying of mechanical and
metallurgical properties.

APB process consists of the different stages, which are
surface preparation, putting the strips on each other, press-
ing with thickness reduction of 50% and producing an
integrated plate with the initial thickness. After these stages,
the fabricated samples are cut from the longitudinal direc-
tion and the previous steps are applied to attain the desirable
strain. Considering the fact that the thickness of the sheet is
constant during the APB process, there is not any limitation
on the amount of the strain that can be applied to the samples
and it is viable to produce UFG and high-strength materials.
The principal objective of this article is to investigate the
influences of APB process and the number of passes on the
mechanical and metallurgical properties of AA1100 alloy.

2 Experimental
At the present work, the sheets of AA1100 alloy were used

as the test materials. Chemical composition and mechani-
cal properties of the alloy are shown in Table 1. Aluminum
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sheets are cut in the dimension of 50 mm x 50 mm
x 1.5 mm. After this stage, the samples are annealed for
2 h at 370 °C in an electrical furnace [14]. The image of
the annealed microstructure of AA1100 alloy is illustrated
in Fig. 1. According to the optical microscopy, the
obtained average grain size for the annealed sample is
36 um. As it can be seen in this figure, there is not any
trace of the mechanical work on the samples and the grains
are almost spherical in a way that the elongation cannot be
observed in the longitudinal and transverse directions.

In order to form a satisfactory bonding between the strips
in APB process, any contamination such as the grease and
oxides should be removed from the surface of the sheets
[15]. There are various methods for carrying out this pro-
cess; however, the researchers have proposed that the best
approach is degreasing the surface by scratch brushing [8].
First of all, two sheets are washed in an acetone bath in
order to remove any contamination; then, the scratch
brushing process, by a steel brush with wire diameter of
0.4 mm, is performed to remove the oxide layers. After this
process, two strips with thickness of 1.5 mm were put on
each other from the brushed surfaces of the sheets, in a way
that the total thickness would be 3 mm. Then, they were put
between the plates with hardened surface and the press
bonding process is done with a 50% reduction in the
thickness so that the total thickness of two strips would be
1.5 mm. After these stages, the press bonded strips are cut
from the middle of the sheets and one side of the cut strips
was cleaned and wire-brushed, and then again they are put
on each other to begin the same press process again. These
steps are repeated for six times in order to achieve a material
with ultra-fine grain size. It is suggested that the time
between the surface preparation and the press bonding
should be less than 120 s in order to prevent the formation
of the oxide films on the surfaces of the work piece [14].
The schematic illustration of the APB process is shown in
Fig. 2.

To investigate the microstructure of the fabricated
samples with APB method, an optical microscope was
utilized. First of all, to perform the metallography, the
obtained samples with the different numbers of passes are
mounted and polished mechanically. The etching process
of the polished samples is completed using electro-etch
approach. Compositions of the etching solution are 5 ml
HBF, and 200 ml distilled water. Then, the prepared
solution is poured in a container; thereafter, the cathode
(stainless steel) and anode (APB sample) of an electric
source (20 V) can be inserted in this container. The anode
and cathode should be held into the solution for 10 s, which
is required for electro-etching. Subsequently and immedi-
ately, the optical microscopy of samples is prepared.
Eventually, an optical microscope is utilized to record the
microstructure of the fabricated samples.
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Table 1 Specification of the commercial pure (CP) aluminum strip used in this study

Grade Chemical composition (wt%) Temper  Tensile strength  Yield strength  Elongation =~ Hardness  Grain size
(MPa) (MPa) (%) (HV) (m)
AA 1100 99.16 Al, 0.17 Si, 0.45 Fe, 0.05 Cu, 24 89.19 121.45 27.09 38 36
0.055 others
8.5 R5.6 )
Unit: mm

Fig. 1 Image of optical microscopy of the annealed AA1100 alloy
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Fig. 2 Schematic illustration of APB process

It should be mentioned that one of the main key steps of
metallography is the etching and polishing of sample sur-
face, since it is very vulnerable to the formation of oxide
layers. It is really challenging process to determine the
grain size of the samples, especially in the last passes of the
process, since the grains’ size in these stages is very fine.
Therefore, an image analyzer software was used in order to
determine the approximate grain size of the samples. By
using this software, the grain size of the samples was
determined on several areas and then the average grain size
was recorded.

The samples for tensile test were prepared according to
ASTM E8/E8M standard [9] and the dimensions are shown
in Fig. 3. The tensile test machine of the sample is zwick/

/| 15

. 42 |

A
A

Fig. 3 Dimensions of the samples for tensile test

roell—Z010 with speed of 1 mm/min. Microhardness val-
ues of the samples were measured with 0.5 N load by
M-400 G-G7-6363 machine according to the ASTM-E384-
11el standard [13]. According to this standard, seven tests
were done on seven different locations of the samples. The
average microhardness value was obtained [14]. In this
test, the amount of the load was 50 gr and the duration was
10 s.

Moreover, the obtained results from this novel approach
were compared by other conventional and similar tech-
niques. For drawing a comparison between this method and
other techniques, the obtained results from ARP process,
which is very similar to APB process, were utilized (results
of Ref. [16]). In the published paper [16], commercially
pure aluminum was used, which was processed via ARP
with 6 passes. In the ARP method, the experiment was
done in the ambient temperature and the raw sheet had
been annealed in 370 °C for 2 h before starting the process.

3 Results and Discussion
3.1 Microstructure

The optical microscopy images of the longitudinal sections
of the polished samples, which were not etched, are shown
in Fig. 4. It can be seen that in the initial pass of the pro-
cess, there is not a complete bonding among the layers, and
in some areas, the discontinuity can be observed on the
interface of two layers. It is due to the existence of the
contamination and the oxide layers on the interface of these
layers. In order to join two layers in the cold weld condi-
tion, it is crucial to have the sufficient amount of the
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applied forces to break the surface oxide layers and to
provide the enough extrusion in both layers and subse-
quently to produce the formation of atom bonding and cold
weld (Fig. 5) [15, 17].

The microstructures of the etched samples are shown in
Fig. 6. The microstructural image of the samples fabricated
with one pass is shown in Fig. 6a. As it can be seen, the
grains become thinner along the longitudinal direction. In
other words, the grains are stretched at this direction. The
sizes of these grains are measured on different locations of
the cross section, and the calculated average value is
approximately 22 um. After the third pass, the stretching
phenomenon is more intense; however, there is not any
trace of the grain crushing, and the average grain size is
15 um. Nevertheless, after the fifth pass, besides the thin-
ning effect in longitudinal direction, the crushing phe-
nomenon can be clearly seen, and the average grain size is
1 um (Fig. 6c). Eventually, after sixth pass of the APB
process, the crushing phenomenon is completely

observable and the approximate average value of the grain
size is 950 nm (Fig. 6d). It can be seen that with an
increase in the number of passes, the size of grains goes
down and this decrease in the size of the grains is surely

Contamination film

Fig. 5 Illustration of the mechanism of the surface film formation in
the first pass of APB process

10
. =B

Fig. 4 Optical microscopy of the samples produced by APB process in x 10 magnification: a the first pass, b the third pass, ¢ the fifth pass, d the

sixth pass
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Fig. 6 Polarized optical microscopy of the cross section a the first pass, b the third pass, ¢ the fifth pass, d the sixth pass

from the increase in the plastic deformation. Nonetheless,
in the final passes, the local agglomeration of the disloca-
tions and the angular difference in the matrix can result in
the crushing effect and the formation of the grains with
smaller sizes [18, 19]. Moreover, severe shear deformation
is formed under the surface via the friction between the
press and the sheets. This severely deformed area can
spread into the deeper parts of the sheets as the pass
increases, leading to the ultimate strain value. Therefore,
after some passes of the process, the whole thickness of the
sheet may be affected by severe shear strain [13, 20].

3.2 Mechanical Properties

The results of the tensile tests show that with the increase
in the number of passes of APB process, the yield strength
can go up (Fig. 7). The yield strength of AA1100 raw
material is 89 MPa; however, this value can reach
264 MPa in the samples processed with six passes, which
clearly suggests an almost three times rise in the value of
the yield strength. It has been reported that the strength
variations in the severely deformed materials are governed
by the two main strengthening mechanisms: grain

280
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Fig. 7 Stress—strain curve of fabricated samples with different
numbers of passes of the APB process

refinement and strain hardening [13, 21, 22]. (1) Strain
hardening or dislocation strengthening: By increasing the
number of APB passes, plastic deformation of an alloy
increases and more dislocations are generated. Thus, the
dislocations are pinned together and cause strengthening of
the alloy. (2) Grain refinement strengthening: Regarding
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the Hall-Patch equation, by decreasing the grain size, the
strength of the metal increases, and this technique is one of
the conventional mechanisms used for the strengthening of
metals [22, 23]. Therefore, with the increase in the number
of passes, the yield strength can increase and the elongation
can decrease (Fig. 8). Microstructural investigation reveals
that after the sixth pass, the size of the grain can decrease
from 36 pm to 950 nm. Furthermore, the relationship
between the size of the grains and the increase in the
strength can be justified by the Hall-Patch equation [4, 24].

Ky

E. (1)
In this equation, o, is yield strength, o; is yield strength

before the performing of refining process, K, is a constant

which depends on the material and D is the grain size.
According to the diagram of Fig. 8, the percentage

elongation is initially decreased. In fact, this abrupt

reduction in elongation after the initial stages of the APB

Oy =0;+

28 1( T T T r T

24 1 ]

20} \ ]

o)\ .

Elongation (%)

pure 1 2 3 4 5 6
Number of APB passes

Fig. 8 Diagram of percentage elongation of AA1100 alloy fabricated
by different passes of APB process

Microhardness (HV)

pure 1 2 3 4 5 6
Number of APB passes

Fig. 9 Variation of the hardness with the passes of the APB process
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process (after 50% of reduction in the thickness) can be
described with the decrease in the dislocation movements,
with the reduction in the rate of the strain hardening and
the number of shear bonds. The reduction in the flexibility
is usually affected by the work hardening of the material
[25]. Generally, the materials with very fine structure show
lower amounts of deformation in comparison with the
materials with coarse grains due to the lack of dislocations
activity or the insufficient rate of the strain hardening
[25-27]. The previous investigations showed that with the
reduction in the grain size, the rate of the strain hardening
is not increased, even can be decreased too [25, 26].

The results of the microhardness test are shown in
Fig. 9. It can be seen that the microhardness value can be
increased by a rise in the number of APB passes, and this
value is increased from 38 to 61 HV after 6 passes. The
rapid and considerable amount of the rise in the

200 | e
190 | o ]
180 | o ]
1701 ; ]
160 | /' ]

150 | >

Yield Strength (MPa)
N

140 1 -

130f ]
' 4 1
22— ..

1 15 2 25 3 35 4 45 5 55 6

Number of ARB passes

Fig. 10 Yield strength of pure aluminum fabricated via ARB in
various passes of process

260
240
220
200
180
160
140

1201
1 2 3 4 5 6 7
Number of passes

Yield strength (MPa)

Fig. 11 Comparison of yield strength of AA1100 fabricated via APB
and ARB in the first and last passes of both processes
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microhardness value in the primary stages of the process
can be contributed to the strain hardening effect and
increase in the dislocation density [28]. However, in the
final passes, the dominant effect for increasing the hardness
is the recrystallization, which is more effective than the
strain hardening, and as a result the rate of layer hardening
can be decreased [22, 28-30].

The results of tensile tests of processed samples in
various passes are presented in Fig. 10 [16] and the com-
parison of these two processes is presented in Fig. 11. It
can be seen, with an increase in the number of passes, the
ultimate tensile strength can be increased; however, the rise
of the strength in APB process, especially in final passes, is
much more than that in ARB process. In other words,
although the maximum obtained strength for ARB process
is 205 MPa [16], the ultimate tensile strength of AA1100
alloy after the sixth pass of APB is approximately
265 MPa. Therefore, in this novel process, the increase in
the strength is 1.3 times much more than that of the con-
ventional one, which is an outstanding achievement.

4 Conclusions

1. With increasing the number of passes of APB process,
the quality of the joint can be improved.

2. According to the microstructural investigation, very
tiny grains with the approximate values of 950 nm
were produced after six passes of the APB process.

3. The yield strength of the fabricated samples increased
by the rise in the number of APB passes and reached
the maximum value of 264 MPa at the end of the sixth
pass, which was 3 times higher than that obtained for
the raw and annealed AA1100 alloy.

4. With the increase in the number of passes of the APB
process, the percentage elongation was decreased.

5. The microhardness test results showed that a rise in the
number of passes can increase the microhardness value
of the alloy reaching 61 HV at the end of the sixth
pass.
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