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Accumulative press bonding (APB) is proposed as a novel method for inducing severe plastic deformation. This process can produce a homo-
geneous and ultrafine-grained nanocomposite, which is extremely difficult to obtain by other processes. AA1050/SiCp nanocomposite with an average
grain size of 280 nm and well-developed high-angle grain boundaries (39� average misorientation angle and 82% high-angle boundaries) exhibited the
highest tensile strength reported in the literature, i.e. 284 MPa. Theoretical models revealed that the contributions of Orowan and grain refinement
strengthening mechanisms to yield strength were 76.6% and 14.8%, respectively.
� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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20 It is known that severe plastic deformation (SPD)
of bulk metallic materials leads to the formation of nano-
crystalline (NC) or ultrafine-grained (UFG) microstruc-
tures. The mechanical properties of SPD-processed
materials are significantly enhanced compared to those of
coarse-grained materials due to extensive grain refinement
and increased dislocation densities [1]. In addition, rein-
forcing NC/UFG structured materials with nanoparticles
provides great potential for further improving the mechan-
ical properties. In this paper, accumulative press bonding

30 (APB) is proposed as a novel and unique SPD process in
order to obtain homogeneous UFG Al/SiCp metal matrix
nanocomposites (MMNCs).

The materials used in this study were aluminum of com-
mercial purity P99.5% (AA1050) with dimensions of
100 mm � 50 mm � 1.5 mm, and SiC nanopowder with a
particle size of 55 nm. Before APB processing, the alumi-
num was annealed at 623 K for 1 h. Figure 1 presents the
APB procedure. This process was performed in two steps
to produce Al/2 vol.% SiCp MMNC. After surface prepara-

40 tion (degreasing with acetone followed by scratch brush-
ing), ultrasonicated SiC nanopowder in acetone was
sprayed between two aluminum strips with an air-gun ato-
mizer. Then, the two strips were stacked and bonded

together at room temperature, without use of lubricants,
via a laboratory hydraulic press machine (Toni Technik
Baustoffprüffsysteme GmbH). The press bonding process
was carried out with a specific amount of reduction equal
to 50%. The deformation process was performed in a sim-
ple channel-die, resulting in no lateral/width spreading.

50After the press bonding, the strips were cut in half and
the same procedure was repeated up to five cycles in the
first stage. In the second and final stage, the same procedure
was repeated again up to 14 cycles without adding SiC
nanopowder. The same process was employed for the pro-
duction of the monolithic aluminum, for which the alumi-
num strips were processed by APB without adding any
SiC nanopowder through the process. Electron backscatter
diffraction (EBSD) mapping of the monolithic aluminum
alloy and Al/SiCp nanocomposite were conducted in a

60JEOL JSM 6500 F field emission gun scanning electron
microscope (SEM) operating at 20 kV with a working dis-
tance of 15 mm and tilt angle of 70�. The microstructures
of the specimens were also characterized by transmission
electron microscopy (TEM, JEOL JEM 2000) operating
at 200 kV and field-emission scanning transmission electron
microscopy (FE-STEM, Hitachi S-4800) operating at
30 kV complemented by energy-dispersive spectroscopy
(EDS). The tensile test specimens were machined according
to the ASTM E8/E8M standard, oriented along the longi-

70tudinal direction (strain rate of 1.6 � 10�1 s�1).
Figure 2 shows the TEM micrographs of pure aluminum

after various cycles of APB, taken from the longitudinal
direction (LD)–transverse direction (TD) planes. The
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selected-area electron diffraction (SAED) patterns taken
from the center of the field, using the largest aperture, are
also shown. After one cycle of APB (Figure 2a) the speci-
men shows a subgrain structure with high dislocation den-
sity in the subgrain interiors and dislocation-tangle zones
(DTZs). Accordingly, the SAED pattern shows a single

80 net pattern, which confirms that the first cycle results in
low misorientation. The specimen after three cycles of
APB process (Figure 2b) shows a similar subgrain struc-
ture, though the dislocation density and its value within
the subgrains has increased and the subgrain size has
become finer. Although subgrains are surrounded by
uncondensed dislocation boundaries (UDBs) having irregu-
lar shapes, these boundaries are much denser than those
observed from the one-cycle APB specimen. This indicates
that the dislocations are redistributed near the boundaries.

90 Some of these dislocations could form condensed disloca-
tion boundaries (CDBs), as shown in Figure 2b. After five
cycles, ultrafine grains with diameters <1 lm and with a
new type of boundaries, i.e. high-angle boundaries (HABs),
begin to appear, as shown in Figure 2c. After seven cycles
of APB (Figure 2d) a UFG structure becomes more domi-
nant and the specimen is covered with ultrafine grains
�700 nm in average size and characterized by clear bound-
aries. After the 10th cycle, the average grain size is
�550 nm. The SAED patterns also show a more ring-like

100 pattern than those after three or five cycles. In fact, the
grain structure of this specimen is nearly the same as that
of the seven-cycle specimen except for the shape and size
of the ultrafine grains, which are now more equiaxed than
in previous cycles. As shown in Figure 2f, after 14 cycles,
the specimen presents homogenously distributed ultrafine
grains with an average grain size of �450 nm. The SAED
pattern in Figure 2f contains many spots situated around
Debye–Scherrer circles indicating the presence of a large
number of highly misoriented grains. In summary, Figure

110 2 provides evidence that there is a sequence of grain refine-
ment when the number of APB cycles, i.e. strain, increases.
According to Figure 2, the APB refining mechanism is con-
tinuous dynamic recovery characterized by subdivision to
ultrafine grains by severe deformation and progressive
recovery to form clear ultrafine grains.

EBSD/orientation imaging microscopy (OIM) maps of
the initial material and AA1050 pure aluminum processed
by APB after different cycles are shown in Figure 3. In all

images, the colors within the grains correspond to the ori-
120entations of each grain as depicted by the unit triangle at

the figure, the grain boundaries shown as gray lines have
misorientations (h) between 2� and 15�, and the boundaries
shown as black lines have misorientations of h > 15�. For
each specimen, the mean misorientation angle (�h) and the
fraction of high-angle boundaries (fHAB) are represented
in the figure. The fraction of high-angle boundaries is ini-
tially low but increases to 63% after five cycles and contin-
ues to increase to 78% after 14 cycles. It should be noted
that the mean misorientation angle increases with increas-

130ing strain during APB and reaches a saturation value of
�34�–35� after 10 cycles. According to the EBSD results,
dislocation cells and subgrain structures with low-angle
grain boundaries are formed during initial APB cycles. In
these initial cycles, due to multidirectional slip, the afore-
mentioned structures became finer. Increasing the number
of APB cycles resulted in an increase in the misorientations
of the dislocation cell structures and subgrains. Finally, a
UFG structure comprised mainly of high-angle boundaries
is created. This continuous increase in misorientation dur-

140ing APB resulting in high-angle boundaries is attributed
to the rearrangement of the dislocations through short-
range diffusion. Therefore, with increasing numbers of
cycles, both the average misorientation and the variety of
colors in the maps increase.

Figure 4a and b show STEM micrographs of AA1050
pure aluminum and Al/SiCp nanocomposite processed by
APB after 14 cycles, respectively, taken from the press direc-
tion (PD)–longitudinal direction (LD) planes. The EDS
data taken from the SEM (Figure 4c) confirm that the sphe-

150rical nanoparticles are SiC. According to Figure 4a, the PD–
LD plane of the specimen shows a homogeneous distribu-

Figure 2. TEM micrographs and corresponding SAED patterns of
AA1050 pure aluminum processed by APB after different cycles, taken
from the LD–TD planes: (a) 1 cycle, (b) 3 cycles, (c) 5 cycles, (d) 7
cycles, (e) 10 cycles and (f) 14 cycles. The blue arrows mark dislocation
tangle zones (DTZs), the green arrows and dashed lines indicate
uncondensed dislocation boundaries (UDBs), the numbers denote
subgrains, the purple arrows show condensed dislocation boundaries
(CDBs), the yellow arrows mark high-angle boundaries (HABs), and
the brown stars mark ultrafine grains (UFGs). (For interpretation of
the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Figure 1. Schematic illustration of accumulative press bonding (APB)
process.
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