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a b s t r a c t

Laminated metal composites as a type of heterostructured materials, consisting of two or more metals,
have attracted extensive attention for their excellent mechanical properties, electrochemistry charac-
teristics and corrosion resistance. In this study, an Al-(TiB2þTiC)p/6063 laminated composite was suc-
cessfully prepared for the first time using accumulative roll bonding (ARB) process up to three cycles. The
particle distribution in Al-(TiB2þTiC)p layer became more dispersive with the increasing ARB cycles and
the matrix a-Al grains were also refined significantly. The interfaces of 6063 and Al-(TiB2þTiC)p layers
were well bonded and kept straight without any necking or fracture during the plastic deformation. The
tensile strength and ductility of the laminated composites were increased simultaneously with
increasing ARB cycles. Ultimate tensile strength, yield stress and elongation to failure of the composites
increase to 255.8MPa, 247.4MPa and 11.6% after three ARB cycles, increased by 21.9%, 22.4% and 17.2%,
respectively. It is revealed that hetero-deformation induced (HDI) stress played a crucial role in signif-
icant enhancement of tensile strength and ductility for the laminated composites.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

With the development of modern technology, single material
hardly satisfies the increasing demands of properties. Laminated
metal composites (LMCs), consisting of two or more metals, have
been developed for their excellent mechanical properties, electro-
chemistry characteristics and corrosion resistance [1e3]. Actually,
LMCs as a type of heterostructured (HS) materials have recently
attracted extensive attention from the materials community [4].
During tensile deformation of HS materials, the soft domains will
start plastic deformation first while the hard domains remain
elastic. In this elastic-plastic deformation stage, geometrically
necessary dislocations (GNDs) will be blocked by and pile up
against domain boundaries, which produces long-range internal
stress, i.e. back stress, in the soft domain. Back stress is believed to
make the heterostructured materials stronger [5]. At the
fundamental level, the heterostructure leads to hetero-deformation
among HS domains [6]. Then the hetero-deformation leads to the
development of back stress and forward stress, which collectively
produces the strengthening and extra work hardening, which is
described more accurately as the hetero-deformation induced
(HDI) hardening in the latest literature [4].

However, the vast majority of research work focus on the metal-
metal laminated composites, such as Al/Al, Al/Fe and Cu/Zn [7e9].
Recently, particle-reinforced aluminum matrix composites
(PRAMCs) have received increasing attention due to their high
specific strength, high stiffness and good wear resistance [10e12].
While their low ductility limits their wide applications. In order to
further improve the comprehensivemechanical properties of the Al
matrix composites, the particles distributions and their architec-
tures were tailored by following deformation process, such as
rolling, extrusion, accumulative roll-bonding (ARB) and high pres-
sure torsion (HPT) [13e16]. ARB process is considered to be the
most promising severe plastic deformation process (SPD) in prac-
tical industry, since it does not require any major modification of
equipment design as well as production in continuous form is
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feasible [17e19]. M. Alizadeh et al. [20] fabricated the nano-
structured AleSiCP composites by accumulative roll bonding (ARB)
process, leading to a uniform distribution of the reinforcement
particles and a distinct increase in strength.

In the present work, an Al-(TiB2þTiC)p composite was selected
as one of laminated component, and the laminated structure were
designed to improve the mechanical properties. The laminated
composites were fabricated by accumulative rolling of alternately
stacked Al-(TiB2þTiC)p composite sheets and 6063 sheets.

The microstructure and mechanical properties of the Al-
(TiB2þTiC)p/6063 laminated composites with different ARB cycles
were investigated. Especially, HDI stress strengthening in lami-
nated Al-(TiB2þTiC)p/6063 composites was evaluated.

2. Experimental

2.1. Fabrication of the laminated composites

The raw materials used in this study are 6063Al alloy and Al-
5(TiB2þTiC) (Al-3.6TiB2-1.4TiC) composites prepared by in-situ
synthesis (as mentioned in our previous work [15]). The chemical
compositions (all compositions quoted in this work are in wt.%
unless otherwise stated) of 6063Al alloy are shown in Table 1.

The 6063 alloy and Al-(TiB2þTiC)p specimens with dimensions
of 50� 26� 2mm3 were machined for ARB processes. Firstly, the
6063 sheets were treated at 530 �C for 2 h in a resistance furnace
and then quenched in cold water, and then the 6063 and Al-
(TiB2þTiC)p sheets were subjected to the ARB process. A schematic
illustration of the ARB process is shown in Fig.1. The contact surface
was degreased and decontaminated by acetone and wire brushing
to provide rough surfaces and then stack the sheets together and fix
the four corners with wire to achieve a good bonding between
sheets. The stacked sheets were preheated for 10min at 530 �C in a
resistance furnace and then rolled for 50% reduction in thickness
without using lubricant. Then the roll-bonded composite sheet was
cut in half and stacked to the initial thickness. The stacked sheets
were again preheated at 530 �C and rolled with the same reduction
ratio, and then the same procedurewas repeated up to three cycles.
Finally, the obtained laminated composites were put into oil bath
furnace for 2 h at 175 �C for aging treatment.

2.2. Microstructure characterization and tensile tests

The microstructures of the ARB processed specimens were
characterized using a field emission scanning electron microscope
(FESEM, Quanta 250 F, FEI, Hillsboro, OR, USA) equipped with an
energy dispersive spectroscopy (EDS, Oxford Instruments, Oxford,
UK), X-ray diffraction (XRD, D8, Bruker, Coventry, Germany) and
Electron back-scattered diffraction (EBSD) test. Specimens for SEM/
EBSD characterization were prepared by mechanical polishing. The
operation voltage for SEM and EBSD scanning were 20 kV and
15 kV, respectively, and the step size for EBSD scanning was
0.15 mm. Due to the limitation of angular precision, misorientaion
below 2� were not measured in order to avoid spurious boundaries.
EBSD data were analyzed using the Channel 5 software. And all the
microstructures were observed on the rolling direction-normal
direction (RD-ND) plane of the sheets. A Vickers microhardness
experiment was conducted on the surface of rolling direction-
Table 1
Chemical compositions of the 6063 and the Al-(TiB2þTiC)p (wt.%).

Alloy Mg Si Fe Cu Al

6063 0.64 0.63 0.11 0.03 Bal.
transverse direction (RD-TD) plane of the multilayered compos-
ites using a tester (HMV-G 21DT, Shimadzu, Tokyo, Japan) at a load
of 0.49 N held for 15 s. For each specimen, at least ten randomly
selected points were tested to obtain a mean value with a standard
deviation error.

The tensile test specimens were machined from the processed
sheets with a gauge size of 15� 2.5� 2mm3 oriented along the
rolling direction (RD) in accordance with the ASTM: E8M standard.
The tensile direction of the specimen was also parallel to the RD of
the sheets and tensile samples were tested at room temperature
with a universal tensile testing machine (LFM-20, Walter þ baiag,
L€ohningen, Switzerland) at an initial strain rate of 5.6 � 10�4 s�1.

3. Results and discussions

3.1. Microstructure of the laminated composites

Fig. 2 shows the microstructure of Al-(TiB2þTiC)p/6063 com-
posites on RD-ND planes under different ARB cycles. The interfaces
between 6063 and Al-(TiB2þTiC)p layers formed during each cycle
were straight and no obvious cracks were observed (Fig. 2aec),
indicating that deformation of the two layers during rolling process
seemed to be almost homogenous and a good bonding between
layers was achieved. Both the average layer thickness of 6063 and
Al-(TiB2þTiC)p are similar and was reduced from about 2mm to
240 mm after three cycles. Generally, the compatible co-
deformation is determined by the elastic modulus and flow prop-
erties of each layer [21,22]. Therefore, it is considered that the
similar flow behavior of 6063 and Al-(TiB2þTiC)p layers leads to the
good atomic bonding at the interfaces during the ARB treatment
[23].

Fig. 3 shows EDS line-scanning analysis of the interfaces of Al-
(TiB2þTiC)p/6063 laminated composites after three cycles. As
shown in Fig. 3b, the high peak of Ti element arises from TiC and
TiB2 particles. While, it is noted that a Mg element distribution
gradient was formed at the interface, indicating that Mg diffused
into the adjacent Al-(TiB2þTiC)p composite layer during the treat-
ment. As a result, the diffusion of alloying elements at the interfaces
promoted the good atomic bonding at interfaces.

The particle distribution in Al-(TiB2þTiC)p layer was shown in
Fig. 4. It indicates that TiB2 and TiC reinforcement particles were
uniformly distributed in the Al matrix after the treatment and its
distribution became more uniform along the RD direction with
increasing ARB cycles (Fig. 4aec). The morphology of the particles
can be clearly observed at a higher magnification shown by SEM
(Fig. 4def) and the mean size is about 2 mm.

In order to evaluate the grain structure of the aluminum matrix
during the deformation, EBSDmaps of these samples on the RD-ND
planes were shown in Fig. 5. As shown in Fig. 5a, as-cast structure
consists of equiaxed grains with an average size of ~35.2 mm.While,
a-Al grains are elongated along RD direction during the ARB
treatment as shown in Fig. 5b and c. The mean grain size was
reduced to ~15.5 mm after one cycle. As the rolling cycle increases,
the average grain size decreased continually to ~8.9 mm and 6.5 mm
after two and three cycles, respectively. Especially, after two cycles,
many small grains can be observed in Fig. 5c and d, indicating a
significant grain refinement has been achieved at a higher defor-
mation strain.

Fig. 6 shows the misorientation angle distribution of Al-
(TiB2þTiC) layer after different ARB cycles. It shows that mean
misorientation angle is increased from 13� to 19�, and the fraction
of high angle grain boundaries (misorientation angle larger than
15�, HAGBs) reaches up to ~26% after one cycle. With increasing
strain, these values increase to ~15� and 34% after two cycles,
respectively. The high fraction of LAGBs indicates that a large



Fig. 1. Diagrammatic illustration of the accumulative roll-bonding (ARB) process.

Fig. 2. SEM micrographs of the Al-(TiB2þTiC)/6063 composites after (a, d) one; (b, e) two; (c, f) three cycles.

Fig. 3. SEM micrograph and the EDS analysis of the Al-(TiB2þTiC)p/6063 composite.
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number of sub-boundaries were formed by the dislocation tangles
during the ARB deformation and the elongated grains were mainly
composed of sub-grains. While, with the increase of deformation
strain, sub-grain boundaries turn into high angle grain boundaries
and then the fraction of HAGBs increase to about 43% after three
cycles. Also, the mean misorientation angle of the boundaries
increased and the grain size decreased. Finally, a typical rolling
structure containing large amount of coarse elongated grains along
RD and some fine grains was obtained. Based on the conventional
dislocation theory, a very high dislocation density is created at the
primary stage of deformation, which leads to the formation of an
intragranular cell structures with thick cell walls and low angles of
misorientation. These walls converts to grain boundaries, and
finally arrays of ultra-fine grains with HAGBs are formed.

The interface grain structures of 6063/Al-(TiC þ TiB2)p lami-
nated composite after different ARB cycles are shown by EBSD



Fig. 4. Particle distributions in Al-(TiB2þTiC) layer after (a, d) one; (b, e) two; (c, f) three cycles.

Fig. 5. EBSD maps of Al-(TiB2þTiC)p layer in the laminated composites before and after
ARB treatments: (a) as-cast; (b) one; (c) two; (d) three cycles.

Fig. 6. The misorientation angle distribution of Al-(TiB2þTiC) processe
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maps (Fig. 7aec), respectively. It can be seen that the two layers are
well bonded without any obvious cavities or cracks. Meanwhile, an
obvious grain size difference existed between the two layers, which
can be considered as a bimodal structure; the coarse grains in the
6063 layer reach up to 120 mm, while the fine grains in the Al-
(TiC þ TiB2) layer was below than 6.5 mm as shown in Fig. 7a. With
the increase of ARB cycles, a-Al grains in both layers are elongated
along RD (Fig. 7b and c). In Fig. 7a-c,the white circles indicate the
matrix grains at the interface with a width of about 10e20 mm,
which shows that the grains were significantly refined. It is
considered that the high shearing stress at the interfaces during
rolling deformation promotes the dynamic recrystallization in the
local area.
3.2. Tensile mechanical properties of the laminated composites

The engineering stress-strain curves of the laminated compos-
ites after different cycles and the following aging treatment are
illustrated in Fig. 8a and the detail is given in Table 2. It shows that
both the ultimate tensile strength (UTS) and yield strength (YS) of
the laminated composite have been enhanced significantly to
~209.8 MPa and 202.1 MPa after the first ARB cycle, while main-
taining a reasonable ductility of~9.9%. UTS of the composite after
the first cycle is improved by ~37.9% and 15.6%, compared with that
of original Al-(TiC þ TiB2)p and 6063. According to role of mixture:
d by ARB after different cycles: (a) one; (b) two; (c) three cycles.



Fig. 7. EBSD maps of interfaces of the laminated composites after different ARB cycles: (a) one; (b) two; (c) three cycles.

Fig. 8. (a) Engineering stress-strain curves of the Al-(TiB2þTiC)p/6063 composites with different cycles; (b) UTS, YS and EL variations of the composites for various cycles.

Table 2
Mechanical properties of the laminated composites with different cycles.

Sample UTS/MPa YS/MPa EL/%

1c 209.8 202.1 9.9
2c 226.9 219.4 11.1
3c 255.8 247.4 11.6
6063 181.5 116.3 15.2
Al-(TiB2þTiC)p 152.1 111.2 10.5
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s¼V1s6063 þ V2sAl�ðTiB2þTiCÞ (1)

where s6063 and sAl-(TiB2þTiC) are UTS of original 6063 and Al-
(TiB2þTiC)p sheets, respectively. V1 and V2 are the corresponding
volume fractions, which are 0.54 and 0.46 in the composite after
one cycle. s Is calculated to be 167.9MPa. Therefore.

UTS of the composite after the first cycle is much higher than
that calculated one, indicating that the efficient strengthening of
the laminated structure for the composite materials during the ARB
process. Furthermore, both the tensile strength and ductility of the
laminated composites are increased with increasing ARB cycles.
Fig. 8b shows the variation of UTS, YS and EL of the composites with
increasing ARB cycles, which are enhanced simultaneously. After
three cycles, values of UTS, YS and EL increase to ~255.8MPa,
247.4MPa and 11.6%, increased by 21.9%, 22.4% and 17.2% compared
with those after one cycle, respectively. Therefore, the good
comprehensive mechanical properties demonstrate significant
superiority of heterogeneous laminated structure in mechanical
enhancement.

In oder to analyze the enhanced tensile mechanical properties of
the laiminated composites with increasing ARB cyles, the strain
hardening behaviors of these composites are compared in Fig. 9. It
shows that the unfirom elongation of the laminated composites
was increased continoulsy with increasing ARB cycles, as shown by
the ture sress and strain curves in Fig. 9a. The strain hardening rate
(Q) is calculated according to the formula:

Q ¼ vs
vε

(2)

where s is the true stress and ε is the true strain. The truncation of
true stressestrain curves and strain hardening rate curves relies on
Consid�ere criterion [24]:

s ¼
�
vs

vε

�
_ε

(3)

As illustrated in Fig. 9b, the value of Q decreased rapidly with
increasing strain. But the values of the 2c and 3c samples are much
higher than that of 1c sample, when the strain is smaller than
~2.35% as indicated by the red arrow. At a higher strain, Q value of
2c sample drops rapidly and becomes lower than that of 1c sample.
While, 3c sample always has the best Q-retention and the highest
strain hardening rate throughout the entire tensile deformation. It
demonstrates that the strain hardening rate of the laminated
composites was enhanced with increasing ARB cycles, which lead



Fig. 9. (a) true stressestrain curves of the different composites; (b) the corresponding strain hardening rate curves of the three samples.

Fig. 10. HDI stress of Al-(TiB2þTiC)p/6063 composites with different cycles: (a) LUR stress-strain curves; (b) hysteresis loops of the 4th and 5th cycles; (c) the 2nd measured
hysteresis loop with su and sr defined; (d) HDI stress of the three samples versus applied strain.
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to the increased ductility of the composites.
3.3. HDI stress strengthening in laminated Al-(TiB2þTiC)p/6063
composites

The main reason for the increased strain hardening (Fig. 9) can
be attributed to the lamellar structure and the increased hetero-
geneous interfaces in the composites [25,26]. It has been reported
that the elongated grains produce higher strain hardening than
spherical ones, especially when its long axis is aligned in the
loading directions. The lamella geometry makes mutual constraint
between the soft and hard lamellae more effective, which produce
higher HDI hardening. Besides, dislocations can pile up at the
interlamella interfaces and accumulate to enhance the HDI
hardening.

To probe the high strain hardening and the contribution of HDI
stress to the observed yield strength, we conducted Loading-
Unloading-Reloading (LUR) testing to estimate the contributions
of the HDI hardening to the flow stress. Fig. 10a shows the LUR test
hysteresis loops measured at varying tensile strains for three ARB
treated composites. The HDI stress (sHDI) at different tensile strains
can be calculated by the following equation (1) [26]:

sHDI ¼
sr þ su

2
(4)

where the sr and su is the reloading yield stress and unloading
yield stress (as indicated in Fig. 10c). As shown in Fig. 10d, the HDI
stress increased with the increasing strain, especially at the early
stage, which contributed to the high strain hardening. HDI stress is
about 128.7MPa near the yield point with a strain of ~2.5% for the
composites with three ARB cycles, which is ~56.7% of the flow
stress. It also increases significantly with increased ARB cycles,
which is mainly due to the increased lamellar interfaces at higher
cycles. With increasing cycles, the number of interlamella in-
terfaces between hard domains and soft domians per unit area is
increased. GNDs will be generated to accommodate the strain
gradient [27], leading to the development of high HDI stress [4,25].
Therefore, it is revealed that the high HDI stress contributes
significantly to the enhanced strength of the laminated composites.

In addition to the high HDI hardening in the laminated com-
posites, other strengthening mechanism including grain bound-
aries strengthening, dislocation strengthening, precipitation
strengthening and the strengthening induced by the reinforcement
particles, are also responsible for the enhanced tensile strength
during ARB treatment. Revealing the HDI hardening in the het-
erogeneous laminated structured composites will supply the sci-
entific guidance for the design and fabrication of high performance
structure materials.
4. Conclusions

(1) Laminated Al-(TiB2þTiC)p/6063 composites were success-
fully fabricated by ARB process up to three cycles. The
laminated interfaces were well bonded and kept straight
without any necking or fracture throughout the entire plastic
deformation process. Meanwhile, TiC and TiB2 particle
became more dispersive during the deformation process, in
addition to significant grain refinement of the Al matrix.

(2) The tensile strength and ductility of the laminated compos-
ites were increased simultaneously with increasing ARB cy-
cles. Compared with the composite after one cycle, UTS, YS
and EL increase to 255.8MPa, 247.4MPa and 11.6% after three
ARB cycles, increased by 21.9%, 22.4% and 17.2%, respectively.
(3) It shows that the strain hardening rate of the laminated
composites was enhanced with increasing ARB cycles, which
lead to the increased ductility of the composites. Hetero-
deformation induced (HDI) stress developed by GNDs at
the heterogeneous interface, contributes significantly to the
enhanced strength, which reaches up to ~56.7% of the flow
stress near the yield point.
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