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Abstract: Ultrafine-grained aluminum processed by a new severe plastic deformation technique, accumulative extrusion bonding
(AEB), was investigated. Microstructural characterization indicated good interfacial bonding and an average grain size of ~440 nm
was obtained after six passes. Tensile testing revealed that the strength reached the maximum value of 195 MPa and the total
elongation exceeded 16% after five passes. The hardness was also significantly improved and almost reached saturation after the first
pass. SEM fractography of AEB-processed specimens after tensile test showed that failure mode was shear ductile fracture with
elongated shallow dimples. Comparison with conventional accumulative roll bonding indicates that this new AEB technique is more
effective in refining grain and improving mechanical properties of the specimens.
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1 Introduction

Aluminum and its alloys as lightweight structural
materials have attracted considerable attention in
aerospace and automobile industries due to their low
density and high specific strength [1]. However, the low
strength limits their utilization. Strengthening aluminum
and its alloys can broaden their engineering applications.
Considering  different  strengthening  mechanisms,
fine-grained strengthening has aroused a great deal of
interest because it can improve both strength and
ductility at the same time. Fine grain materials,
especially ultrafine-grained (UFG) materials with a grain
size of 0.1—1 pum, have become a research hotspot. These
materials can be obtained through severe plastic
deformation (SPD).

Currently, various SPD processes such as high
pressure torsion (HPT) [2], constrained groove pressing
(CGP) [3], multi-directional forging (MDF) [4], equal
channel angular pressing (ECAP) [5], accumulative back

extrusion (ABE) [6], accumulative roll bonding
(ARB) [7], have been proposed for fabricating UFG
materials. Among these processes, ARB, invented by
TSUIJI et al [8], has been considered as an effective
method to fabricate UFG laminates. The ARB process
was firstly carried out on commercial pure aluminum.
Two pieces of the same metal are bonded during rolling,
and the ARB-processed samples are subsequently cut,
stacked and roll-bonded again. This process can be
repeated limitlessly. Consequently, ultrahigh strain can
be achieved with increasing number of passes. As a
continuous processing technology, it is suitable for the
fabrication of metal plates on industrial scale. Although
this technology has great advantages in the preparation
of the multilayer plates, there are some defects, that is,
the rolling process will inevitably produce edge cracks,
resulting in material loss, and 50% deformation is
difficult to ensure the bonding quality of the interface. A
good bond strength for most metals reaches more than
70% deformation during cold roll bonding [9].
Compared with rolling, metal in extrusion is
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subjected to high hydrostatic stress and large plastic
strain, which effectively promotes interface bonding. In
view of this, we developed a new accumulative extrusion
bonding (AEB) method based on extrusion processing.
This new process has been successfully used in
fabricating multilayer magnesium alloys without
generating edge cracks [10]. Compared with traditional
ARB technique, some advantages of this technology
include: (1) it can be carried out at low temperature,
which reduces the processing cost and time; (2) 90%
reduction rate per pass is beneficial to grain refinement;
(3) it can also provide a feasible method for mass
production of multilayer laminates. The AEB is a type of
SPD method because the extrusion can be performed
repeatedly. With increasing number of AEB passes,
severe plastic strain can be accumulated in the sample,
thereby creating extreme grain refinement. In the current
work, in order to refine grain size and improve
mechanical properties, AA1060 pure aluminum
multilayer plates were processed by AEB. The principle
of AEB process was simply described, and the deformed
microstructure and mechanical properties were studied in
detail.

2 Experimental

2.1 Materials

Rolling annealed commercial AA1060 sheets
(99.6 wt.%) were used as the starting material. The
sheets were cut into strips with dimensions of 35 mm X
15 mm X 1.5 mm (RD x TD x ND), where RD, TD and
ND represent the rolling,
directions, respectively.

transverse and normal

2.2 AEB processing

Table 1 lists the processing parameters for samples
deformed to the large plastic strains via AEB. Here, ten
strips were stacked and then extruded. The schematic of
the AEB process is displayed in Fig. 1. In order to
improve bonding, the surface of the ten annealed strips
was degreased and wire brushed before stacking. The
treated ten strips were then stacked together, placed in
the extrusion set-up, and then heated at 80 °C for 5 min
to boost the diffusion bonding between interfaces.
Graphite powder was used as lubricant to reduce friction
between the die and sample. The strips were extrusion-

Table 1 Processing parameters of samples deformed to large strain via AEB (Ten strips with thickness of 1.5 mm were extruded by

reduction ratio of 90%)

Number of passes Number of layers Number of interfaces Layer thickness/pm Reduction ratio/%  True strain
1 10 9 150 90 2.55
2 100 99 15 99 5.1
4 10000 9999 0.15 99.99 10.2
6 1000000 999999 0.0015 99.9999 15.3
n 10" 10"-1 1500/10" (1-1/10")x100 2.55n

Surface treatment

Ten annealed
AA1060 strips

[

Cutting ten segments evenly |

— =

= — — —

Extrusion bonding

Fig. 1 Schematic illustration showing principle of accumulative extrusion bonding process
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bonding with a reduction rate of 90%. Extruded
aluminum strips were air-cooled, and the above process
was repeated for following passes. The same procedure
was repeated up to six passes. The final dimensions of
AEB-processed sheet were 14.96 and 1.47 mm for TD
and ND, respectively. The extrusion speed was ~6 mm/s,
and the extrusion ratio was ~12.8. During AEB
processing, the true strain (€) can be calculated using the
following equation:

e=nln A (D

where n is the number of AEB passes, and A is the
extrusion ratio. A strain of about 2.55/pass has been
obtained.

2.3 Characterization

Microstructural evaluation was investigated by
using optical microscope (OM), scan electron
microscope (SEM, JEOL JSM—7800F) and transmission
electron microscope (TEM, FEI TECNAI G2 F20)
operating at 200 kV. TEM thin rectangular foils were
taken from the longitudinal section perpendicular to the
transverse direction (TD) of the strip in which most
features of the deformation structures in extruded
samples can be unveiled. TEM foils were prepared by
grinding and polishing to a thickness of ~50 pm,
followed by Ar ion milling to perforation. lon milling
was carried out at —20 °C to avoid possible grain growth.
The mean grain size of the AEB-processed samples was
measured from TEM micrographs.

Vickers microhardness (HV) test, using a load of
100 g and dwell time of 10 s, was carried out in the ND

plane. Hardness values were measured randomly at ten
different points on the original and AEB-processed
strips, the maximum and minimum values were
discarded and the mean hardness value was calculated
from the remaining eight values.

Tensile test samples were prepared by wire cutting
from the as-received and extruded strips along rolling
direction (RD) and direction (ED),
respectively. All tensile samples were in dog-bone shape
with a gauge length of 8 mm and a width of 6 mm. The
tensile tests were performed at room temperature and at a
nominal strain rate of 1x10~ s™' on a CMT6305—300kN
electronic universal testing machine. The total elongation
of the samples was measured by the difference in gage
lengths before and after testing. For the repeatability of
the results, three tensile tests were carried out for each
sample condition.

extrusion

3 Results and discussion

3.1 Microstructure evolution

Figure 2 shows the optical micrographs of AA1060
samples before and after AEB. All of the views were
taken on RD/ED—ND plane close to the thickness center.
The microstructure of the as-received strip was slightly
elongated in RD, and the average grain size was about
108 um. After the first pass, the microstructures were
elongated along ED, and two intermittent black belts can
be seen, in which the bonding interface is formed. As the
number of AEB passes increases, the microstructures
become more refined, a few bonded interfaces observed
after etching were discontinuous. It should be pointed out

200pm

200pum

Fig. 2 Optical micrographs of AA1060 samples as-received (a) and after one-pass (b), three-pass (c) and six-pass (d) AEB processing
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that there are (10°-1) interfaces to be formed after six effectively improve the bonding of the interfaces
passes. However, only a handful of poorly bounded introduced in the previous pass.
interfaces are observed, which suggests that AEB can Figure 3 shows the TEM images for the AA1060

Fig. 3 TEM images (a;—d;) and corresponding SAD patterns (a,—d,) of AA1060 samples after one-pass (a), three-pass (b), five-pass
(c) and six-pass (d) AEB processing (Viewing plane is ED—ND plane)
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samples after one-, three-, five- and six-pass AEB
processing. It can be seen that the microstructure after
AEB is characterized with typical elongated UFG
structures almost parallel to the ED. Most grain
boundaries and dislocations inside some grains are
clearly visible. The corresponding SAD patterns under
different strain levels were obtained. With increasing
strain, the SAD patterns become more and more complex.
The separate ring-like spots indicate that a great number
of grain boundaries are high-angle grain boundaries, and
there are large internal stress and lattice distortion within
the sample. The existence and proportions of high-angle
grain boundaries are related to intense straining
introduced by SPD, which has been reported in previous
literatures [11,12]. Here, we notice that microscopic
structures after each pass show a very thick extinction
contour at grain boundaries (the black arrows shown in
Fig. 3), which also implies the characteristics of the
non-equilibrium grain boundary, as well as the existence
of high inner-stress and lattice distortion near the grain
boundaries [13,14]. Figure 4 shows the histograms of
grain size distribution observed in ED—ND plane for
different AEB-processed samples and the Gaussian
fitting of experimental data. The average grain sizes
of the one-, there-, five- and six-pass AEB processed

40 (@) 140

35+ 135
L , Average grain lapg 2
|30 / Vo sized=078um 70 %
% 25t ! ' R?for normal 125 &
ks ' fitting=0.83 2
520 20 £
= S
=15 15 3
g
o
10 10 S

5
0
03 05 0.7 09 1.1 13 1.5
Grain size/um
20 r(c) 120
i Average grain

15k \ size d=0.47 um | 15 X
v R?for normal =
X fitting=0.87 =
= o]
2 ‘B
5 10 110 Z
S el
A~ =
g
5 15 2

0
0.15 035 0.55 0.75 0.95

Grain size/pm

441

AA1060 strips measured from TEM images are about
0.78, 0.51, 0.47 and 0.44 pm, respectively. The fitting
results of experimental data indicate that the grain size
distribution is more homogeneous after six AEB passes.
For AEB-deformed aluminum, the grains are
elongated, which is consistent with pure aluminum
deformed by ARB [15]. The grain subdivision is due to
two dislocation boundaries: geometrically necessary
boundaries (GNBs) and incidental dislocation boundaries
(IDBs). The formation and evolution of these dislocation
boundaries are caused by different mechanisms. GNBs
typically form between regions of different strain
patterns that involve diverse slip activity or strain level,
while IDBs form by random trapping of glide
dislocations [16,17]. With increasing number of passes,
the spacing of these dislocation boundaries decreases
(see Fig. 4). At the same time, the gradual evolution of
the GNBs in misorientation gives rise to the formation of
high angle grain boundaries. For metals with high
stacking fault energy (SFE) such as aluminum, it is well
known that dynamic recovery, which involves the
movement of vacancy and the dislocation slip and climb,
readily occurs even at room temperature. However, it has
been reported [18] that the formation mechanism of
the UFG structures produced by severe deformation is
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Fig. 4 Grain size distributions measured in ED—ND plane for different AEB-processed AA1060 samples after one-pass (a), three-pass
(b), five-pass (c) and six-pass (d) AEB processing (Normal distribution of experimental data is shown in black dotted line)
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continuous dynamic recrystallization, featured by
ultrafine grain refinement, recovery to form subgrain

boundaries, and short range grain boundary migration.

3.2 Mechanical properties

The engineering and true stress—strain curves of the
as-received and AEB-processed samples after different
passes are plotted in Fig. 5. As shown in Fig. 5(a), there
are two distinct features in the engineering stress—strain
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Fig. 5 Tensile engineering (a) and true (b) stress—strain curves
of as-received and AEB-processed samples at different passes,
and variation of strength and total elongation of AA1060
samples with number of AEB passes (c)

curves. One interesting feature is that the AEB-processed
samples with submicrometer grain sizes have a
yield-drop, which could be caused by the change of
strain-path  [19,20]. And continuous decrease of
engineering stress was caused by early necking [21]. As
expected, the as-received coarse-grained sample has
good strain hardening and large total elongation to
failure. Figure 5(c) shows the variation of the mechanical
properties of the samples after different passes (0 pass
represents the as-received sample). It is clearly seen that
the yield strength (YS) and ultimate tensile strength
(UTS) of one-pass AEB-processed sample are increased
by 125% and 45%, respectively, compared with the
as-received sample. Both increase at a slow rate and
reach an approximate saturation after three passes. In
comparison with strength, the total elongation (TE)
exhibits the trend of reduction on the whole, and it is
about 13% after six passes. The changes of average
hardness value as a function of the number of AEB
passes are shown in Fig. 6. A noteworthy increase can be
observed in the hardness value from HV 36 to HV 53
after first pass, which is about 1.5 times that of the
as-received sample. The hardness values from one to six
passes show slightly fluctuations, and the maximum
hardness value about HV 57 is obtained after six passes.

60
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45}
—a— ND plane
40 |

Microhardness (HV)

35t

30 . . . . . s s
2 3 4 5 6
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Fig. 6 Evolution of microhardness as function of number of
AEB passes

S
—

The variation of mechanical properties depends
strongly on the microstructure evolution. According to
the previous studies, the strength—structure relationship

can mainly be expressed by two strengthening
mechanisms: dislocation strengthening and grain
boundary strengthening. The sum of the two

contributions can be expressed as [22,23]
=0, +kd"* + MaGb\[p )

where oy is friction stress, & is the Hall-Petch slope, d is
the average grain size, M is the Taylor factor, a is a
constant, G is shear modulus, b is the Burgers vector
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value, and p is the dislocation density. For FCC
aluminum materials, 0¢,=20 MPa, k=40 MPa-pm”z,
M=3.06, 0=0.24, G=26 GPa, bh=0.286 nm, assuming
p=1x10" m? in a severely deformed material [23].
Inserting d values for different passes, a comparison
between the measured yield strength (0.2% proof stress)
for the AEBed samples and calculated values on the basis
of Eq. (2) is listed in Table 2. It can be seen that the
measured yield stresses of samples subjected to 1-6
passes are slightly higher than the calculated yield
stresses obtained from Eq. (2). The extra part may be
related to some other factors, including texture
strengthening, introduction of new hard surface layer
formed by wire-brushing as well as oxide films and
contamination [11]. Back stress caused by the piling up
geometrically necessary dislocations could also
contribute to the strengthening and strain hardening,
although their effect is relatively small for homogeneous
metals [24,25].

Table 2 Comparison between experimental yield strength and
calculated yield strength based on Eq. (2)

Number of Average Experimental yield Calculated yield

passes  grain size/um stress/MPa stress/MPa
1 0.78 171 120
3 0.51 181 131
5 0.47 183 133
6 0.44 180 135
In contrast to strength, uniform elongation

dramatically drops in AEB-processed samples as shown
in Fig. 5(a). The low uniform elongation can be
contributed to plastic instability (necking in tensile test).
Plastic instability condition is described by Considére
criterion [26]:

o2 do 3)

de
where o is flow stress, ¢ is true strain, and do/de is strain
hardening rate. For UFG materials, the flow stress is very
high, but the strain hardening after yielding is very low,
even close to zero in some cases [27], leading to the very
limited uniform elongation. However, it can be seen that
AEB-processed samples still maintain high total
elongation even up to six passes, which may be largely
due to small sample size used in the tensile test [28]. In
addition, grain boundary sliding (GBS), coordinated
deformation and grain rotation are easy to happen in the
UFG materials during deformation even at lower
temperatures, resulting in increased strain rate
sensitivity, which helps to maintain larger necking strain
before final failure [19].

Previous reports have attributed the increase in
microhardness in materials processed by severe plastic

deformation to grain refinement and high density of
crystalline defects such as dislocations, twins and
stacking faults respectively [29]. The significant increase
of hardness after the first pass in aluminum (see Fig. 6)
can be firstly attributed to the density of dislocations.
The deformation mechanism in aluminum is dislocation
slip, leading to significant increase in dislocation density.
In addition, the formation of fine subgrains and
dislocation cells after the first pass should also have
made major contributions. With increasing number of
passes, the misorientations across the low-angle subgrain
boundaries  will converting them into
high-angle grain boundaries, while dislocation walls may
become subgrain boundaries, leading to grain
refinement. At the same time, the dislocation density will
become lower due to dynamic recovery and
recrystallization [14,16,17]. The combined effect of these
microstructural evolutions led to the microhardness
evolution as shown in Fig. 6.

In order to obtain the work hardening behavior, the
experimental data in Fig. 5(b) for as-received, one-,
three-, five- and six-pass AEB specimens are
smoothened firstly, and then fitted with a polynomial
function, and finally differentiated to get the work
hardening rate, as shown in Fig. 7. As shown, the strain

increase,
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Fig. 7 Strain hardening rate of AA1060 samples before (a) and
after (b) one-pass, three-pass, five-pass and six-pass AEB
processing
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hardening rate of the AEB-processed samples is higher
than that of as-received sample at low true strain and
then it rapidly decreases with the increasing strain. The
results observed in the current study are in agreement
with the previous studies [30,31]. For as-received
sample, the strain hardening rate can be maintained
within a relatively large strain range. Compared with the
as-received sample, the strain hardening rate of
AEB-processed samples at the early stage of deformation
shows a significant decline. This change in strain
hardening rate is responsible for the early deformation
instability and early fracture [30]. The strain hardening
rate of one-, three- and five-pass AEB-processed samples
slightly increases with grain refinement, which shortens
the distance for dislocations to travel before encountering
grain boundaries and in turn increases the resistance for
further deformation [32]. After six passes, the strain
hardening rate slightly drops, which is similar to that of
pure copper in Ref. [31].

3.3 Fractography

Figure 8 demonstrates SEM image of the fracture
surfaces of AEB-processed aluminum after tensile test at
two magnifications. All specimens exhibit a typical shear
ductile fracture showing dimples and gray fibrous
appearance. These results are consistent with the
observations in other works [11,33]. With increasing the
number of passes, the dimples become small and
elongated, which obviously shows that the failure mode
is shear ductile fracture. When the fracture is affected by
the shear stress, the voids tend to be elongated, causing
the fracture surface to form parabolic or elliptical
depressions [34].

As shown in Figs. 8(a, b), the bond interfaces of
AA1060 after one-pass AEB are clearly observed after
tensile fracture. With the increasing passes, the newly
formed interfaces are clearly visible and discontinuous,
and the interfaces formed at previous passes are invisible
due to increasing strain. It is widely acknowledged that
the existing interface, as a kind of defect, is convenient
for crack nucleation and propagation. As for
AEB-processed strips, the interfaces introduced by the
last pass create delamination during tensile test, implying
that these interfaces are weak. Once the plastic instability
occurs in the necking area, the interface shear may form
between successive layers, and many small voids
nucleate at the interface. These small voids grow and
coalesce into a central crack under a continuous strain.
The crack grows in the direction perpendicular to the
axis of the sample until it is near the specimen surface.
Therefore, it can be anticipated that the formation of
necking will lead to the introduction of tri-axial state of
stress, and may result in interfacial delamination,
especially the weak interfaces [34]. The quality of

interfacial bonding is influenced by several factors,
including processing strain, processing temperature,
surface treatment, the number of layers and the layer
thickness [9,35—38]. So, in order to obtain good effect of
interfacial bonding, it is necessary to carry out further
research to determine the relationship among those
factors.

3.4 AEB vs ARB

AEB is a new SPD technique for fabricating bulk
UFG materials. So far, there are no relative data to
compare the effectiveness of AEB and ARB processing
on aluminum alloys. It is necessary to compare the
microstructure and mechanical properties of the samples
after deformed by AEB and ARB. The current results are
compared with experimental data for AA1060 samples
(99.56 wt.%) after deformation by ARB at room
temperature [39]. It should be stressed that such a
comparison can be affected by factors such as
deformation mode and parameters. Here, we make
comparison based on approximate processing strain.

A comparison of average grain size, UTS and
hardness (HV) for AA1060 samples deformed by 2-pass
AEB with a strain of ~5 and 8-pass ARB with a strain of
~ 6, respectively, is listed in Table 3. The average grain
size of 2-pass AEB-processed AA1060 is about 480 nm,
which is slightly smaller than that observed in RD—TD
plan of 8-pass ARB-processed AA1060 samples. The
strength and microhardness of AEB-processed AA1060
samples is about 9% higher than that of ARB-processed
samples. It should be mentioned that the current AEB
processing is carried out at 80 °C, coupled with
deformation heat generated in the AEB processing,
making the recovery process occur more easily than
ARB at room temperature. It can be inferred that grain
refinement and hardening effect will be even more
pronounced if the AEB is performed at room
temperature. Therefore, the AEB technique is more
effective in producing ultrafine grains and good
mechanical properties.

AEB is a new technique with many issues to be
further studied, including, but no limited to, its the
applicability to other metals, determination of the suitable
deformation parameters, etc. It is necessary to carry out
extensive theoretical and experimental research on
different metals such as magnesium, copper and nickel.

Table 3 Comparison of mechanical properties of AA1060
samples after processing by AEB for two passes (processing
strain ~5) and by ARB for eight passes (processing strain ~6)

Number of Average grain  UTS/  Microhardness
passes size/nm MPa (HV)
2-pass AEB 480 182 54.7
8-pass ARB [39] 500 167 50.4
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Fig. 8 SEM images of fracture surfaces after tensile test for one-pass (a, b), three-pass (c, d), five-pass (e, f), six-pass (g, h) AEB

processing

4 Conclusions

(1) Accumulative extrusion bonding (AEB) is
proven to be an effective way in refining grains to
produce UFG AA1060 strips.

(2) The AEB process can produce good interface

bonding quality due to large deformation strain per pass.
(3) The microstructure of the AEB-processed
AA1060 sample is characterized with elongated UFG
structures. With increasing AEB passes, the average
grain size is reduced from 108 to 0.44 pm.
(4) With the increasing passes, both YS and UTS
increase and reach saturation after three passes. The
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maximum hardness value of HV ~57 is obtained after six
passes.

(5) The fracture surfaces after tensile test show
typical shear ductile fracture mode.

(6) The AEB technology has its advantages in
refining grains and enhancing mechanical properties of
AA1060 samples compared with traditional ARB
process, even at similar processing strain.
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