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Abstract: A multi-layer accumulative roll bonding (MARB) process was applied to fabricate Al-1 vol%
SiC composite (M3) with bimodal structure consisting of 1.07 um ultrafine grain layers and 0.48 um
finer grain layers. The differences in microstructure, texture and mechanical properties of the M3
samples were systematically compared with conventional MARB-processed Al (M1) and bimodal
Al (M2) samples. Optical microscopy (OM), scanning electron microscopy (SEM) and electron
backscatter diffraction (EBSD) analysis were used to characterize the microstructure evolution of
the composites, while the mechanical properties were analyzed by tensile and microhardness tests.
As revealed by EBSD results after three cycles, the M3 samples had a bimodal grain structure of
0.48 and 1.07 pm. The texture components of the M3 samples were Brass {011} <211>, S {123} <634>,
Cube {001} <100> and Copper {112} <111>. According to SEM observation, ductile fracture of M3
was characterized by acicular dimple and circular micropores. Bimodal Al-SiC composites with high
strength (225 MPa) and elongation (13%) were finally synthesized after three cycles. Compared with
M1 sheets, the strength and elongation of the M3 sheets increased by 23.2% and 7.4%, respectively,
indicating that the M3 samples achieved a synergistic improvement in strength and plasticity.

Keywords: accumulative roll bonding; aluminum matrix composites; bimodal grain structure;
mechanical properties

1. Introduction

High strength and ductility are the primary objectives to achieve for the research and
development of structural materials. The external properties of the materials reflect the
characteristics of their microstructure, and the grain size is a major factor that affects the
mechanical properties of metal materials. Therefore, ultrafine and nanocrystalline materials
have attracted extensive attention in recent years [1-4]. In the process of severe plastic
deformation (SPD), a large strain is applied at the original grain scale of the material to
effectively refine the coarse-grained (CG) microstructures into ultrafine-grained (UFG) or
even nanocrystalline microstructures. It does not cause any significant change to the overall
material dimensions or lead to impurities and micropores. The mainstream SPD techniques
include accumulative roll bonding (ARB) [5-8], equal-channel angular pressing (ECAP) [9]
and high-pressure torsion (HPT) [10,11]. Among them, ARB is one of the most promising
and cost-effective solutions to the continuous preparation of ultrafine metal sheets [12,13].

The major challenges in preparing the materials with both high strength and ductility
through ARB are technological limitations and the match of strength and plasticity. In order
to design and develop aluminum alloys with an excellent combination of strength and
ductility, it is urgent to design the material microstructure and improve the ARB process.
The fabrication of metal matrix composites (MMCs) is an effective way to further increase
strength and hardness [14-18]. However, it has been demonstrated that the production of
MMCs by the ARB method requires a larger extent of rolling reduction and strain. [19,20].
The conventional ARB process means two-layer rolling in a cycle, so the newly formed
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interface in the previous pass often causes poor bonding, and the accumulation of strain is
low in efficiency. Therefore, the ARB process has been improved and optimized to multi-
layer accumulative roll bonding (MARB) [21,22]. In addition to improving the efficiency
of strain accumulation and making the interface bond well, the MARB technique also
promotes the uniform distribution of ceramic particles within the metal matrix.

Achieving reasonable ductility in MMCs with high strength and hardness is a chal-
lenge. As a mix of micron-sized and submicron/nanocrystalline grains, the bimodal
structure is effective in preventing premature local plastic deformation [23-26]. The micron-
sized grains have strain hardening capability and can be used to delay the local plastic
deformation of materials, which is conducive to the uniform elongation of the materi-
als [27,28]. Based on the further investigation of the literature, the uniform elongation
may suddenly drop in the aluminum alloys by decreasing the deformed grain size below
1 pm in the normal direction (ND) [29]. It is possible to control grain size by intermediate
annealing in a single MARB cycle. This study attempts to fill the research gap concerning
the preparation of MMCs with bimodal grain structure (below and above 1 um).

In conclusion, the objective of producing bimodal structured Al-SiC composites (short
as M3) by the MARB process is to obtain favorable properties, and also to investigate
the evolution pattern of microstructure and mechanical properties of the samples under
MARB passes. To manifest the advantages of the M3 samples, there are two groups of
samples designed: Al (short as M1) and bimodal Al (short as M2) sheets prepared by the
MARB process.

2. Materials and Methods
2.1. Materials

The experimental material used in the study was 1050 plate, sized 100 mm x 30 mm
x 1 mm. The chemical composition of the samples is detailed in Table 1 and the SEM of
SiC ceramic particles is shown in Figure 1a. The SEM instrument was the Zeiss Gemini 300
(Oberkochen, Germany). The average particle size (APS) of SiC was about 3.09 um, which
is shown in Figure 1b. The sheets were annealed at 500 °C for 2 h and cooled in air, with
the layers of annealed plates (short as L1) whose grain structure is shown in Figure 1c. The
average grain size (AGS) of the annealed Al sheet was about 31 um, which is shown in
Figure 1d.

Table 1. Chemical composition of 1050 Al.

Element Al Si Ti Fe Others
Wt.% 99.61 0.08 0.013 0.26 0.37

2.2. MARB Process

All plates were scraped and polished with a stainless-steel brush (100 mm in circum-
ferential diameter, 0.3 mm in wire diameter and 2000 rpm) before MARB to ensure the
purity and roughness of the surfaces. Subsequently, the sheet was washed with acetone
and dried in air. The MARB process was accomplished on the rolling mill with a 180 mm
diameter at the rotational speed of 25 rpm.

The major links of roll bonding are shown in Figure 2. In step 1, the experimental
sheets of M1, M2 and M3 were prepared. All samples were stacked using nylon ties to
avoid defects. The two annealed plates were roll-bonded with 50% reduction to obtain
one pass plates and the layers of them were denoted as L2. Sample M1 consisted of four
annealed sheets, while sample M2 consisted of two annealed core-sheets and two one-pass
outer-sheets. The difference between M3 and M2 was that the M3 samples had a total of
1 vol% SiC particles uniformly distributed between the plates. In step 2, the fixed four-layer
sample plate was rolled with a 50% reduction. Subsequently, the sheets were annealed at
200 °C for 10 min. Then, they were rolled again with 50% reduction to obtain the first-cycle
sample. After removal of cracks on the sample plate’s edge, it was equally divided into
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four pieces, brushed and polished. Finally, the process of step 2 was repeated until the total
MARB process reached 4 cycles.
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Figure 1. (a) SEM image of micron-sized SiC particles; (b) APS distribution of SiC particles; (c) optical
micrograph of annealed 1050 Al (d) AGS distribution of annealed 1050 Al
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Figure 2. Schematic illustration of producing M1, M2 and M3 samples by the MARB process and
illustration of L1 and L2 layers.

2.3. Microstructure

The microstructures of the sample after different MARB passes were characterized by
OM, SEM and EBSD. The annealed Al samples were anodized with 10 wt.% HBF4 aqueous
solution at voltage 25 V and current 0.2 A for 60 s to observe the features of the grain.
The OM, SEM and EBSD instruments were the Zeiss Axio DIM (Oberkochen, Germany),
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the Zeiss Gemini 300 (Oberkochen, Germany) and the EDAX-TSL (Berwyn, PA, USA),
respectively. The specimens used for EBSD were polished on a rolling direction—normal
direction (RD-ND) surface with 2000# sandpaper and subsequently polished with a 0.5 pm
diamond paste at 900 rpm speed. Then, samples were electrochemically polished in a
mixture of 900 mL CH3 OH and 100 mL HCIOj. Electropolish was performed at —30 °C
and 20 v about 20 s. The EBSD data were analyzed by using TSL OIM 7.3 analysis software.

2.4. Mechanical Properties

Vickers hardness tests were performed using the 4025XV hardness tester (Shanghai,
China) at room temperature on specimens of different passes in the RD-ND plane under
a load of 100 g for 20 s. Tensile specimens were prepared along the rolling dimension by
a wire-cut electric discharge machine, as shown in Figure 3. SANS-CMT5305 tensile test
machine (St.Paul, MN, USA) was used with an initial strain rate of 1 mm/min, according
to ASTM E8 M—11. The mechanical tests were repeated at least three times to verify the
accuracy of the results.

R=1.5 mm

\L /

£ £
£ g
o w)
/| 10 mm |\
I | | 7 mm
I
27 mm

Figure 3. Schematic of the tensile-test samples.

3. Results
3.1. Microstructure Evolution

Figure 4 shows the OM images of bonding interfaces in M3 after the third and fourth
cycle of the MARB process. Micron-sized SiC particles in the M3 samples dispersed between
the interfaces of plate layers (Figure 4a,b). As the number of MARB cycles increased, the
plastic flow of Al matrix promoted the SiC particles to gradually diffuse from the cluster
area to the surrounding area, and finally distributed uniformly in the matrix (Figure 4a,b).
The MARB way was effective in improving the bonding condition of the interface, so
the Al layers of the M3 samples were firmly bonded and the boundary between layers
could not be distinguished after the third cycle (Figure 4a). The bonding interface of the
Al layers consisted of large, uniformly distributed SiC particles and a few particle-free
zones (Figure 4a). The SiC particles were basically uniformly distributed in the Al matrix
(Figure 4a), which indicated that the Al-1 vol%SiC composite with a uniformly distributed
hard phase was prepared successfully after three MARB cycles.

Figure 5 shows the EBSD (IPF + GB) of M1 (Figure 5a), M2 (Figure 5b,d) and M3
(Figure 5c,e) after three MARB cycles. The thick black line indicates a high-angle grain
boundary (HAGB), while the thick white line indicates a low-angle grain boundary (LAGB).
L1 layers (Figure 5a,d,e) were dominated by the grains elongated along the RD, and L2
layers (Figure 5b,c) were dominated by the thinner grains along the RD. Some recrystallized
grains were also observed at the grain boundaries. Figure 6 shows the AGS distribution
in the M2 and M3 samples. The AGS in the ND of the L1 layers in M1 (Figure 5a), M2
(Figures 5d and 6a) and M3 (Figures 5e and 6b) were 0.92, 1.15 and 1.07 pm, while that of
the L2 layers of M2 (Figures 5b and 6a) and M3 (Figures 5c and 6b) were 0.46 and 0.48 pm.
There, the AGS of L1 layers and L2 layers had about a two-fold relationship in size to that
of ND. Thus, the grain size of the L2 layers was smaller than 1 um and that of the L1 layers
was larger than 1 um after three MARB passes. The AGS in the RD of the L1 layers in M1
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(Figure 5a), M2 (Figures 5d and 6a) and M3 (Figure 5e) were 2.81, 2.75 and 2.68 um, while
that of the L2 layers in M2 (Figure 5b) and M3 (Figure 5c) were 1.52 and 1.58 um. The grain
axial ratio of the L1 layers in M1 (Figure 5a), M2 (Figures 5d and 6a) and M3 (Figure 5e)
were 3.05, 2.39 and 2.5, while that of the L2 layers in M2 (Figure 5b) and M3 (Figure 5c)
were 3.3 and 3.29.

Figure 4. Optical micrographs of the bonding interfaces in the M3 samples after three (a) and four (b)
MARSB cycles.

M1 specimen M2 specimen M3 specimen

(a)

> L2 layer

L1 layer <

RD = = ; 111
L)ND — 1 pm omA 101
Figure 5. EBSD map of (a) M1, (b,d) M2 and (c,e) M3 sheets after three MARB cycles.

Figure 7 demonstrates the {111} pole figures (PFs) for the M1 (Figure 7a), M2 (Figure 7b)
and M3 (Figure 7c) samples after three cycles. The positions of ideal orientation for the
Cube {001} <100>, Goss {011} <001>, Brass {011} <211>, S {123} <634> and Copper {112}
<111> texture components were marked in the {111} PFs [30,31]. It was observed that in the
M1 (Figure 6a) specimen, the main texture components were the S {123} <634> component
with an intensity of 2.1 x R, and the weak texture showing in M1 were Cube {001} <100>
and Brass {011} <211> with an intensity of 1.6 x Rand 1.2 x R. In the case of the M2 samples
(Figure 7b), the main texture components were Brass {011} <211> and S {123} <634> with a
maximum intensity of 5.5 x Rand 2.4 x R. A weak Cube {001} <100> texture component
was also present in the M2 samples with an intensity of 1.2 x R. The texture components of
the M3 samples (Figure 7c) could be characterized as Brass {011} <211>, S {123} <634> and
Cube {001} <100> with a maximum intensity of 3.8 X R, 2.2 x Rand 1.3 x R, respectively.
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Figure 7. {111} pole figures for the (a) M1, (b) M2 and (c) M3 samples after three MARB cycles.

Figure 8 shows the orientation distribution function (ODF) of the M1 (Figure 8a), M2
(Figure 8b) and M3 (Figure 8c) samples after three MARB cycles were analyzed by EBSD
data. There were some components that partially overlap in the PFs [32]. ODF can be
used for quantitative analysis about the change in texture during the MARB process. The
ideal orientation positions for the typical texture of a face-centered cubic (FCC) crystal
are indicated in Figure 7d [33]. It shows that the M2 and M3 samples exhibit a sharper
texture component than that of M1. Textural components of M1 (Figure 8a) were Brass {011}
<211>, S {123} <634> and Cube {001} <100> with maximum intensity of 5.4 x R, 4.1 x R
and 0.7 x R. The development of Brass {011} <211>, S {123} <634>, Copper {112} <111>
and Goss {011} <100> components with intensity of 10.8 X R, 4 x R, 1.9 x Rand 0.6 x R
were analyzed in the ODF for the M2 samples (Figure 8b). Additionally, in the M3 samples
(Figure 8c), the maximum intensity of S {123} <634>, Brass {011} <211>, Cube {001} <100>
and Copper {112} <111> were 4.6 X R, 2.5 x R, 0.8 x Rand 0.6 x R, respectively.
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Figure 8. Orientation distribution function for ¢2 = 0°, 45° and 65° in (a) M1, (b) M2, (c) M3 after
three MARB cycles, and (d) ideal positions for typical texture of FCC crystals.

3.2. Mechanical Properties

Figure 9 illustrates the engineering stress—strain curves for M1 (Figure 9a), M2 (Figure 9b)
and M3 (Figure 9c) after different cycles. Table 2 provides details for other comparable
composites used in the research [34-37]. It is clear that the bimodal Al-SiC composite
prepared by the MARB process was more than other samples in strength and elongation.
Annealed Al had a low strength (78 MPa) but a high elongation (47%). After the third
MARSB cycle, a bimodal Al-SiC composite with high strength (225 MPa) and elongation
(13%) (Figure 9c) was developed. After the fourth cycle, the TS and elongation of the M3
composites decreased in different degrees (Figure 9¢c). Compared with M1 after three cycles,
the strength and elongation of the M3 samples improved by 23.2% and 7.4% (Figure 9a,c).
Compared with M2, the tensile strength of the M3 sample increased by 17.6%, but the
elongation decreased by 6.1% (Figure 9b,c). The overall performance of M3 reached a fine
balance between strength and ductility after three cycles (Figure 9c¢).

Table 2. Summary of mechanical properties reported by similar research.

Materials Nucr;l?lirs()f APvaerl;?cngsszftin(;f TS (MPa) Elorzg/;tion Reference
Al-0.5 vol%SiC 7 0.05 140 8 [34]
Al-0.5 vol%SiC/WOs3 7 0.05 180 6 [34]
Al-1 vol%SiC 5 5 220 8 [35]
Al-1 vol%SiC 6 5 205 11 [36]
Al-1.6 vol%SiC 8 7.5 210 7 [37]

Figure 10 shows the microhardness profile for M1, M2 and M3 after different cycles.
Each specimen’s hardness was tested from the center to the surface of the RD-ND plane.
For each sample, a minimum of five measurements were made. A greater than 40% increase
was estimated for the three samples after only the first MARB cycle, and the hardness
improvement for the M3 samples could reach about 52%. The microhardness improved
continually from the second to the fourth cycle. The hardness growth trend slowed down
as the number of cycles increased. The microhardness performance of the M2 and M3
groups with bimodal structure were higher than that for the M1 group. The addition of
micron-sized SiC particles effectively improved the hardness of the material, so the M3
samples showed the best hardness performance after each cycle.
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Figure 9. Diagram showing the engineering stress—strain for (a) M1, (b) M2 and (c) M3 after different
cycles of MARB.

3.3. Fractography

Figure 11 shows the SEM images of fracture surfaces in M1 (Figure 11a,b), M2
(Figure 11c,d) and M3 (Figure 11e,f) after three cycles. It was observed that all samples
had typical ductile fractures characterized by equiaxed fine dimples, which existed in
the longitudinal interfaces. Ductile fractures were the result of nucleation, growth and
agglomeration of cracks or micropores [25]. Some micropores were observed at the frac-
ture interface that was formed by the gradual peeling of the bonding interface during the
tensile process (Figure 1la,c,e). In the bonding interface of the M3 samples with hard-
phase particles, micron-sized SiC particles were uniformly distributed between the layers
(Figure 11e,f).
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T sof
©
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n 40
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S 30
s
20 |
10}
0 - - 3 - -
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Figure 10. The hardness of M1, M2 and M3.
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Figure 11. SEM micrographs of the fracture surfaces for the (a,b) M1, (c,d) M2, and (e,f) M3 samples
after three MARB cycles.

4. Discussion
4.1. Microstructure Evolution

Alizdeh et al. [20] studied the effects of carbide particles on the bonding strength of
aluminum sheets. The results showed that SiC particles decreased the bonding area and
strength of the composites. The successful surface bonding of the material requires 50%
(without SiC) and 66% (with SiC) reduction in the ARB process. The total reduction for a
single cycle in the MARB process was 75% (Figure 2), which can break the limitation of
50% reductions during the traditional ARB process. Compared to the ARB process, there
is stronger and tighter bonding at surfaces and interfaces because of a larger deformation
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in a single cycle of the MARB process. It was difficult to identify the number of layers
in the M3 samples (Figure 4a) after several cycles. With increasing numbers of MARB
cycles, micro-sized SiC particles dispersed from the interfaces to the bulk of the aluminum
layers (Figure 4). In other words, the MARB process promoted the disappearance of
the discontinuity in the interface and the uniform distribution of SiC particles in the
aluminum matrix.

Tsuji et al. [29] found that 1100 Al and IF steel with an average thickness greater than
1 pm had obviously localized deformation and high elongation (>30%). However, it was
a sudden drop in uniform elongation and total elongation while the grain size was less
than 1 um. In order to control the thickness of the grains in ND, the samples used in
abovementioned study were annealed at different temperatures for a fixed time after the
ARB process. The samples of the MARB process were annealed in a cycle to control the
thickness. The AGS of the L1 layer in the M2 and M3 samples was more than 1 pm after
three MARB cycles, while that of the L2 layer was less than 1 um (Figures 5 and 6). The AGS
in ND (thickness) indicated that Al-SiC composites with a bimodal grain structure had been
prepared. The embedded larger grains of the L1 layer stabilized the localized deformation
and increased the elongation, and grains of the L2 layer maintained strength [25].

The process of surface preparation, cutting, roll-bonding and preheating made the
textual evolution of the microstructure more complicated [32]. The deformation mode of
the MARB process is a complex combination of plane-strain deformation and redundant
shear [38]. Textures in the M1 samples (Figures 7a and 8a) comprised Brass {011} <211>,
S {123} <634> and Cube {001} <100>, which was similar to that of rolled aluminum sheets.
In the M2 samples (Figures 6b and 7b) with bimodal structure, Brass {011} <211> and S
{123} <634> components were developed as the main texture components, while the Cube
{001} <100> component decreased and even disappeared.

In low plane-strain deformation of FCC materials, texture deformation orientations
develop uniformly along the a-fiber and (3-fiber [39,40]. With increasing strain deformation,
the B-fiber becomes stronger. The intensity of the Brass {011} <211>, S {123} <634> and
Goss {011} <100> texture components along the 3-fiber mainly depend on the degree of
deformation. The intensity of the S {123} <634> and Brass {011} <211> components in the
M3 and M2 samples (Figure 7b,c) with L2 layers was stronger than that in the M1 samples.
However, the Brass component decreased in the alloys with added particles [32,39]. Grains
in the periphery of SiC particles had different texture orientations and components than
others during the MARB process. The strongest orientation of the M3 samples (Figure 8c)
was S {123} <634> texture component. The S {123} <634> and Brass {011} <211> texture
components decreased in M3 sample compared with that of M2 sample. It is clear that the
weak texture components existed such as Cube {001} <100> and Copper {112} <111> in the
M3 samples.

The recrystallization texture of the three samples mainly consists of Cube {001} <100>
and Goss {011} <100>. Wang et al. [41] found that the particle-stimulated nucleation
effect should be the recrystallization mechanism during the Cube {011} <100> orientations
formed in the alloy, while the formation of the Goss {011} <100> texture component could
be attributed to the nucleation at shear bands. The recrystallization mechanism of the M1
and M3 samples was the particle-stimulated nucleation effect and that of the M2 sample
was nucleation at the shear bands. The main texture component of the three samples was
Brass {123} <634>. Zhao et al. [42] have revealed that the fracture crack easily penetrated
through the Brass grains and the grains closed to the orientation, while the Goss grains
were able to facilitate crack deflection. The Goss grains, demonstrating their ability to
retard propagation in the M2 sample, may be a profitable factor for its high elongation.

4.2. Mechanical Properties

Strain hardening, grain refining, precipitation hardening and solid solution hardening
are the main mechanisms to improve metal strength. In pure aluminum processed by
MARSB, strain hardening and grain refining are the major strengthening mechanisms.
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The strength increased by 90.7%, 97.7% and 112.5% after the first MARB cycle (Figure 9)
compared with annealed plates. Higher improvement in the strength of the M2 (Figure 9b)
compared with M1 (Figure 9c) was due to more strain hardening in the L2 layer. In
addition to the aforementioned mechanisms, dispersion of particles was also one important
mechanism in the M3 samples [43]. Yield and tensile strength greatly increased from the
second to third MARB cycle and then increased slightly from the third to fourth cycle. After
three MARB cycles, the tensile strength of the M3 group (Figure 9¢c) was about 1.23 times
higher than that of the M1 group. Saturation was observed in the strength after four
MARSB cycles, and tensile strength increased by 8.5%, 5% and —0.53% (M1 to M3 samples)
compared with that of the third-cycle samples. With an increasing number of layers, the
number of bonding interfaces caused a limited reduction in tensile strength [44].

According to Figure 8, the elongation of the three sample groups gradually increased
in the first three cycles. The grain size of the L1 and L2 layers (Figure 5) was about 1.07 and
0.48 pm after three MARB cycles. Elongated coarse grains in the L1 layer have a greater
ability to accumulate dislocations, which can increase the uniform elongation and achieve
reasonable ductility [25]. Elongation of the M2 and M3 samples after three cycles increased
by 14% and 7.4% compared with that for the M1 specimen (Figure 9). Non-uniform
distribution of SiC particles, reduction in bonding area and presence of porosities were the
main reason for the decrease in the ductility of the M3 composites. As grain size decreased
after four MARB cycles, the elongation of M2 and M3 with bimodal structure had different
degrees of reduction (Figure 9). The Al-SiC composites produced by MARB achieved the
best match of strength and plasticity after three cycles.

The hardness of the M1, M2 and M3 samples increased with variation in the number of
cycles (Figure 9). Microhardness of the bimodal structure material was higher in all cycles
than that for the M1 sample prepared by the conventional MARB process. The average
hardness of the M3 sample reached 63 and 67 HV after the third and fourth cycle. Dispersion
of SiC particles and adequate bonding between the layers as the number of cycles increased
promoted an improvement in strength, ductility and hardness (Figure 4). The content of
SiC particles per unit area was also an important factor affecting the microhardness of the
Al-SiC composites.

4.3. Fractography

The fracture surfaces after the tensile test of all the samples exhibited a typical ductile
fracture with different features and morphologies (Figure 11). Ductile fracture occurred
with three stages: nucleation of cracks or cavities, growth with continued deformation,
and coalescence until complete rupture [45]. Significant deformation and necking occurred
during the tensile test. The failure of the M1 and M2 samples (Figure 11b,d) was influenced
by shear stress, and the bonding interfaces tended to form curved depressions. The dimples
at the bonding longitudinal interfaces of the M1 sample (Figure 11b) were equiaxed and
fine, while those of the M2 sample (Figure 11d) were equiaxed, hemispherical and deep.
The overall appearance of the dimples in the M2 samples in the bonding longitudinal
interfaces were similar to honeycomb, which was related to the high elongation exhibited
in the tensile tests. Ductile fracture of M3 (Figure 11f) was characterized by acicular dimple
and circular micropores.

In the Al-SiC composite, voids and cracks nucleated and grew in the aluminum matrix
and Al/SiC interface (Figure 11f). Comparing the dimples that formed among the particles
with others, the former were larger and deeper than the latter. The overall features of
ductile fracture were determined by the size, number and distribution of the particles in the
bonding interfaces. Elongation of the M3 samples (Figure 9) was lower than that of for M2,
perhaps the result of the addition of micron-sized reinforcing-phase particles (Figure 11f).

5. Conclusions

In this paper, a study was conducted on the evolution of microstructure, crystallo-
graphic texture and mechanical properties of Al-SiC composites with bimodal structure,



Coatings 2023, 13, 512 12 of 14

as prepared with 1050 Al. Additionally, a comparison was performed between samples
M1, M2 and M3. The evolution process was analyzed by SEM, EBSD and tensile test. The
following conclusions were drawn from this study:

(1) Grain size less than and greater than 1 um bimodal Al-SiC composite with high
strength (225 MPa) and elongation (13%) was obtained. The bimodal MMCs reached
a reasonable balance between strength and ductility.

(2) The AGS in the ND for the L1 layers of samples M1, M2 and M3 were 0.92, 1.15 and
1.07 um, while that for the L2 layers of M2 and M3 were 0.46 and 0.48 um after three
MARB cycles. The grain size was controlled by intermediate annealing during one
MARSB cycle.

(3) The texture components of the M3 samples consisted of S {123} <634>, Brass {011}
<211>, Cube {001} <100> and Copper {112} <111>. The texture components of the M1
were Brass {011} <211>, S {123} <634> and Cube {001} <100>. Brass {011} <211>, S {123}
<634>, Copper {112} <111> and Goss {011} <100> components were analyzed in the
M2 samples. The differences in the three samples caused the variation in the texture
components.

(4) With an increasing number of layers, the number of bonding interfaces caused a
limited reduction in tensile strength. Strength saturation was observed in the M3
samples after four MARB cycles.

(5) All samples conformed to ductile fracture with an equiaxed dimple. Dimples in
the M1 sample were fine and equiaxed. Honeycomb, equiaxed and deep dimples
were found in M2. The morphology of M3 was mainly acicular dimples and circular
micropores along the SiC particles.
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