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Defects such as pores and weak interfacial bonding in SiC-reinforced aluminum-matrix composites (AMCs) limit the reinforce-
ment effect. The objective of this study is to control the microstructural defects and status of the Al/SiC interface in an
2009Al/SiCp composite using rolling processes. The influence of the rolling reduction rate on the microstructure and mechani-
cal properties is investigated. The fracture behavior of the 2009Al/SiCp composite is observed through in-situ scanning-elec-
tron-microscopy tensile tests. The results demonstrate that an appropriate rolling reduction rate can effectively eliminate
microstructural defects in the matrix and enhance the interfacial bonding strength of Al/SiC. Plastic deformation during the roll-
ing processes expands the dislocation-strengthening regions near the Al/SiC interface. Consequently, mechanical loads can be
more efficiently transferred from the aluminum matrices to SiC particles. In the as-sintered specimens, cracks primarily initiate
at the Al/SiC interfaces during tensile tests. In contrast, cracks predominantly propagate from the SiC particles to Al matrices in
the as-rolled specimens. This work provides a fundamental understanding of the dynamic changes in the microstructure and the
resulting mechanical properties during hot rolling of SiC-reinforced AMCs.
Keywords: aluminum matrix composite, rolling process, microstructure evolution, fracture behavior, in-situ tensile test

Napake kot so pore, razpoke in slaba medfazna mikro vezava na mejah z SiC delci oja~animi kompoziti z matrico na osnovi Al
zlitine (AMCs; angl.: aluminum matrix composites) zmanj{ujejo u~inek oja~itve. Avtorji v tem ~lanku opisujejo {tudijo kontrole
mikrostrukturnih napak in stanje medfaznih mej med matrico iz zlitine vrste Al 2009 in delci SiC (2009Al/SiCp) med procesom
vro~ega valjanja. Avtorji so raziskovali vpliv stopnje redukcije valjanja (med 30 % in 90 %) na mikrostrukturo in mehanske
lastnosti izbranega kompozita. Obna{anje in potek loma 2009Al/SiCp kompozita so avtorji opazovali in-situ med nateznim
preizkusom skozi vrsti~ni elektronski mikroskop (SEM). Rezultati so pokazali, da pravilno izbrana redukcija valjanja u~inkovito
odpravi vpliv mikrostrukturnih napak v matrici in izbolj{a mejno vezavno trdnost med matrico iz Al zlitine in SiC delci.
Plasti~na deformacija med procesom valjanja {iri podro~ja utrditve zaradi pove~ane koncentracije dislokacij na mejah med
matrico 2009Al in SiC delci. Posledi~no se mehanske obremenitve med valjanjem bolj u~inko prena{ajo s kovinske matrice na
SiC delce. Na sintranih vzorcih se razpoke med nateznim preizkusom primarno za~nejo na mejah med 2009Al in SiC delci.
Nasprotno pa med vro~im valjanjem razpoke prednostno napredujejo z SiC delcev na 2009Al matrico. Ta raziskava po mnenju
avtorjev omogo~a temeljno razumevanje dinami~nih sprememb mikrostrukture in posledi~no spremembo mehanskih lastnosti
med procesom vro~ega valjanja kompozita z izbrano matrico iz Al zlitine oja~ano z delci SiC.
Klju~ne besede: kompoziti z matrico iz Al zlitine, proces vro~ega valjanja, razvoj mikrostrukture, potek loma, in-situ natezni
preizkus

1 INTRODUCTION

Al/SiC composite materials are widely used in the
aerospace, automotive, and electronics industries due to
their preferable properties such as high specific strength
and good wear resistance.1–3 Rolling is a commonly used
method for fabricating thin strips of Al/SiC composites.
It has been demonstrated that plastic deformation can
improve the microstructure and homogenize the distribu-
tion of the reinforcement particles in AMCs.4–6 Mean-

while, plastic forming can heal the defects in AMCs and
improve the interfacial bonding strength between the re-
inforcement particles and metal matrices, resulting in an
increase in the overall strength of the AMCs. However,
the rolling of particle-reinforced AMCs remains chal-
lenging due to poor plasticity and a narrow processing
window caused by the uncoordinated deformation be-
tween hard reinforcing phases and matrices.

Rolling processes of particle-reinforced AMCs have
been studied to optimize the microstructure and enhance
the overall strength.7–10 A study by A. El-Sabbagh et al.11

investigated the hot rolling behavior of stir-cast parti-
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cle-reinforced AMCs and found that there is a "critical
rolling reduction rate" in a rolling process. If the applied
reduction rate during rolling exceeds the critical rolling
reduction rate, it leads to cracking at the edges of parti-
cle-reinforced AMCs, making it difficult to fabricate thin
strips of particle-reinforced AMCs. Jin-feng NIE et al.12

prepared Al-TiB2/TiC in-situ composites using the
in-situ reaction, and then the composites were subjected
to subsequent hot rolling with an increasing reduction
rate. The experiment substantially increased the material
strength by continuously applying rolling deformation.
Jiang et al.13 used a combination of powder metallurgy
and hot rolling to incorporate Gd and B4C particles into
a 6061Al matrix, and this study showed a significant in-
crease in the tensile strength of the composite. Xiaopu Li
et al.14 sintered AA6061-SiC composites with plasma
and performed multi-pass hot rolling. The results showed
that the dislocation density in the matrix was high after
rolling, while the SiC particles exhibited good distribu-
tion after rolling.

In summary, AMCs show a high cracking tendency in
rolling processes due to the presence of reinforcement
particles, and the forming ability is more sensitive to the
processing parameters compared with matrix metals.15

Hence, it is difficult to apply large deformation to AMCs
in rolling, making the fabrication of thin AMC strips
challenging.

To address the fabrication of 2009Al/SiCp thin strips,
this paper investigates the influence of the cumulative re-
duction rate on the microstructure and performance of

2009Al/SiCp composites during a rolling process. The
microstructure characterization and tensile properties of
the as-rolled materials are carried out, and SEM in-situ
tensile tests are used to observe the fracture behavior of
2009Al/SiCp. By establishing the "process-micro-
structure-performance" relationship, the study provides
fundamental guidance for the rolling of AMC thin strips.

2 EXPERIMENTAL PART

In this study, 2009Al/15.vol%SiCp composites pre-
pared with hot isostatic pressing (Jiangxi Baohang New
Materials Co. Ltd.) were utilized as the raw materials,
with an average SiC-particle size of 15 μm. The chemical
composition of the material is shown in Table 1.

Table 1: Chemical composition of 2009Al/SiCp matrix

Element Si Fe Cu Mn Mg Cr Ti Al
Content (w/%) 0.1 0.2 3.6 0.1 1.0 0.1 0.1 Bal.

As shown in Figure 1, the as-sintered 2009Al/SiCp
composites with an initial size of (30 × 40 × 3) mm were
subjected to hot rolling using a two-high mill for multi-
ple passes. The rolls had a diameter of 250 mm. The
samples were heated to 510 °C for 10 min in a tubular
resistance furnace. The reduction for each pass was set
as 0.05–0.3 mm. The final thickness of the as-rolled
samples was approximately 0.1–0.2 mm.

To investigate the distribution of SiC and the
microstructure of the metal matrix, the metallographic
structure of the as-rolled specimens was observed using
a scanning electron microscope (SEM).16 The sample
size was (8 × 10) mm, and the surface was observed
along the normal direction-rolling direction (ND-RD).
Diamond polishing was performed on the samples, fol-
lowed by eroding the Al grain boundaries using a 0.5 %
hydrofluoric acid aqueous solution for 15 s.

As shown in Figure 2, a JOEL-IT500 SEM and an
in-situ tensile-test bench were demployed to observe the
microstructure and fracture behaviors of the materials.
The mechanical properties of the materials with different
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Figure 2: a) Dimensions of in-situ tensile specimens (unit: mm), b) in-situ tensile test rig

Figure 1: Schematic of the rolling process



reduction rates were tested using an Instron 5969 elec-
tronic universal testing machine. The microhardness in
the vicinity of the SiC particles was measured using a
nanoindentation tester (UNHT).

3 RESULTS AND DISCUSSION

Rolling exerts a significant influence on the defects
present in 2009Al/SiCp composite materials.17 Figure
3(a–b) illustrates the presence of numerous microcracks
and pores in the 2009Al matrices and at the SiC/Al inter-
faces in the as-sintered materials, indicating weak bond-
ing between the SiC particles and the matrix in the
sintered state.18

Figure 3c–3h displays the microstructures of the
as-rolled specimens at rolling reduction rates of (30, 50

and 70) %, respectively. It can be observed that the de-
fects, such as microcracks and pores, gradually decrease
with increasing rolling reduction.19 At the reduction rate
of 70 %, the defects are nearly eliminated (Figure
3(g–h)). However, when the rolling reduction rate in-
creases to 93 % and the thickness of the plate reaches ap-
proximately 0.2 mm (Figure 3(i–j)), long cracks appear
along the rolling direction. This phenomenon can be at-
tributed to the higher cooling rate experienced by the
thin plate compared to thicker ones, leading to reduced
formability of the materials.20,21 Additionally, the rolling
processes result in a refinement of the SiC particle size.
Figure 3(f) proves that the SiC particles break during
rolling.

As shown in Figure 4(a–e), the average size of SiC
particles in the as-rolled specimens decreases as the re-
duction rate increases.22 When the reduction rate reaches
93 %, the particle size of SiC decreases to 12 μm.

Figure 5 illustrates the SEM in-situ tensile results for
the as-sintered and as-rolled materials. In the as-sintered
specimens, cracks primarily initiate at the Al/SiC inter-
faces and pores during the early stage of the tensile test,
indicating that defects are the main sources of these
cracks.23,24 In the later stages of the tensile test, cracks
propagate along the grain boundaries within the alumi-
num matrices. When encountering SiC particles, the
cracks propagate along the Al/SiC interfaces. Fractures
of SiC particles can be observed in the as-rolled speci-
mens, as shown in Figure 5(j), providing additional

Z. WANG et al.: EFFECTS OF HOT-ROLLING PROCESSES ON THE FRACTURE BEHAVIORS AND MECHANICAL ...

Materiali in tehnologije / Materials and technology 58 (2024) 4, 497–502 499

Figure 4: SiC particle size distribution of the samples: a) before roll-
ing, and after b) 30 %, c) 50 %, d) 70 %, and e) 93 % reduction

Figure 3: SEM micrographs of the samples: (a–b) before rolling, and
after (c–d) 30 %, (e–f) 50 %, (g–h) 70 %, and (i–j) 93 % reduction



sources for crack initiation and propagation towards the
interface and the matrix.

Rolling has a significant impact on the microstructure
and morphology of defects in the 2009Al/SiCp compos-
ites, consequently influencing their fracture behavior.
The as-sintered composites exhibit a high susceptibility
to fracture at the Al/SiC interfaces, indicating a relatively
weak interfacial bonding strength. However, the rolling
processes effectively eliminate the pores and strengthen
the interfaces, thereby altering the paths along which
cracks propagate during tensile tests.

The microhardness test results, as depicted in Figure
6(a,b,c), indicate that the 2009Al matrices in the vicinity
of SiC particles are effectively strengthened by the roll-
ing processes. Nanoindentation was performed at four
points within the 2009Al matrices, located at distances
of (1, 2, 3, and 5) μm from the SiC particles. Figure 6
shows that during the rolling processes, the presence of
SiC particles hinders the movement of dislocations, lead-
ing to a significant increase in dislocation density within
the material. This results in the formation of dislocation
plugging areas near the interface, and within the alumi-
num matrix. The hardness of the dislocation plugging ar-
eas within the aluminum matrix is significantly higher
than that of the surrounding aluminum matrix, thus con-
tributing to the overall improvement in the hardness due
to rolling. The SiC particles act as dislocation pinning
points within the 2009Al matrices, leading to the mate-
rial strengthening through dislocation strengthening and
grain size reduction.19 Moreover, plastic deformation en-
hances the interfacial bonding to a certain extent.24 Con-
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Figure 6: a), b) Schematic representation of the evolution and interac-
tion of dislocations, SiC particles and grain boundaries before and af-
ter rolling; c) hardness of the interfacial microzone with distance be-
fore and after rolling

Figure 5: SEM in-situ observation of the tensile process: (a–d) as-sintered, (e–j) as-rolled specimens



sequently, the mechanical load can be effectively trans-
ferred to the SiC particles through the interface.
Additionally, rolling induces internal damage to the SiC
particles, rendering them more susceptible to crack initi-
ation during tensile tests.
Table 2: Comparison of mechanical properties between sintered and
rolled states

YTS (MPa) UTS (MPa) EL (%)
As-sintered 103.3 ± 5.2 199.3 ± 6.8 8.2 ± 0.2
As-rolled 395.3 ± 5.0 483.0 ± 26.8 4.4 ± 0.5

Figure 7(a,b) illustrates the tensile properties under
different rolling reduction rates. The yield tensile
strength (YTS) and ultimate tensile strength (UTS) ex-
hibit a significant improvement after rolling, while the
elongation (EL) decreases.25 The specific values are pro-
vided in Table 2.

An increase in the strength can be primarily attrib-
uted to the elimination of defects and refinement of the
microstructure, facilitating an effective transfer of me-
chanical loads from the 2009Al matrices to the SiC parti-
cles. However, as the rolling reduction rate further in-
creases to 93 %, both the strength and elongation of the
material decrease. This reduction can be attributed to the
emergence of long cracks within the material.

4 CONCLUSIONS

In this study, 2009Al/SiCp thin strips were fabricated
using hot rolling. The influence of the reduction rate on
the microstructure and fracture behavior of the compos-
ite materials was systematically investigated. The con-
clusions can be drawn as follows:

1) Rolling significantly enhances the mechanical
strength of the 2009Al/SiCp composites. The current re-
duction rate of 70 % yields the highest YTS of 395.3 ±
5.0 MPa, which is significantly higher than the YTS of
the as-sintered materials (103.3 ± 5.2 MPa). However,
further increasing of the reduction rate to 93 % leads to
the presence of long cracks in the materials, causing a
decrease in both strength and elongation.

2) Increasing the reduction rate results in the refine-
ment of SiC particles and a gradual elimination of de-
fects within the Al matrix. Rolling expands the region
strengthened by dislocations around the interface and
improves the interfacial bonding strength of Al/SiC.
However, the high reduction rate of 93 % introduces new
microcracks, leading to edge cracking of the strips.

3) The reduction in defects within the Al matrix and
the enhancement of interfacial bonding allow for a more
efficient transfer of mechanical loads to the SiC parti-
cles. In the as-sintered materials, cracks primarily initiate
at the Al/SiC interfaces and propagate along the grain
boundaries. Conversely, in the as-rolled materials, the
load-bearing effect of SiC particles is effectively pro-
nounced.

Hence, for sintered AMC materials, applying large
deformation through rolling proves to be an effective
method for controlling defects and improving mechani-
cal properties. This study provides guidance for a
large-scale production of particle-reinforced AMC thin
strips.

Acknowledgement

This work is supported by the National Science
Foundation of China (Project No.52105391); Shanxi
Provincial Fundamental Research Program (Project No.
20210302124321, No. 20210302124115); National Key
Laboratory of Metal Forming Technology and Heavy
Equipment Open Fund (S2308100.W21); Fund for
Shanxi “1331 Project” Key Innovative Research Team;
and Zhejiang Key Laboratory of Parts Rolling Technol-
ogy Open Fund (PR-23004).

5 REFERENCES
1 M. K. Surappa, Aluminium matrix composites: Challenges and op-

portunities, Sadhana., 28 (2003), 319–334, doi:10.1007/bf02717141
2 L. H. Zhang, P. Chen, Application progress of composites in space

remote sensor and its key problems, Acta Aeronautica et Astro-
nautica Sinica, 36 (2015), 1385–1400, doi:10.7527/S1000-6893.
2014.0330

3 M. Ferraris, F. Gili, X. Lizarralde, A. Igartua, G. Mendoza, G.
Blugan, L. Gorjan, V. Casalegno, SiC particle reinforced Al matrix

Z. WANG et al.: EFFECTS OF HOT-ROLLING PROCESSES ON THE FRACTURE BEHAVIORS AND MECHANICAL ...

Materiali in tehnologije / Materials and technology 58 (2024) 4, 497–502 501

Figure 7: a), b) Tensile properties with different rolling reductions



composites brazed on aluminum body for lightweight wear resistant
brakes, Ceramics International, 48 (2022), 10941–10951,
doi:10.1016/j.ceramint.2021.12.313

4 X. J. Zheng, G. F. Mi, Research Status and Development Trend of
SiCp/Al Composite, Hot Working Technology, 40 (2011), 92–96,
doi:10.3969/j.issn.1001-3814.2011.12.029

5 Y. Q. He, J. J. Li, C. C. Qian, H. S. Zhou, Z. G. Chen, Plastic Defor-
mation Densification and Metallurgical Defect Elimination Status of
Spray Deposited SiCp/Al Composites, Journal of Materials Science
and Engineering, 35 (2017), 339–343, doi:10.14136/j.cnki.issn
1673-2812.2017.02.034

6 S. H. Zhang, Q. L. Hou, Z. X. Fu, W. L. Zhang, H. Y. Jiang,
Microstructure and thermal properties of binary ceramic particle-re-
inforced aluminum matrix composites with SiC/LAS, Journal of Ma-
terials Science, 57 (2022), 1796–1809, doi:10.1007/s10853-
021-06639-x

7 Z. Y. Huang, B. L. Xiao, Z. Y. Ma, Correlation of hot deformation
behaviors and microstructures of 17 vol% SiCp/Al-Cu-Mg composite
fabricated by powder metallurgy, Materials Today Communications,
34 (2023), 105304, doi:10.1016/j.mtcomm.2022.105304

8 X. Wang, W. Liu, X. Hu, K. Wu, Microstructural modification and
strength enhancement by SiC nanoparticles in AZ31 magnesium al-
loy during hot rolling, Materials Science and Engineering: A, 715
(2018), 49–61, doi:10.1016/j.msea.2017.12.075

9 Z. Huang, X. Zhang, B. Xiao, Z. Ma, Hot deformation mechanisms
and microstructure evolution of SiCp/2014Al composite, Journal of
Alloys and Compounds, 722 (2017), 145–157, doi:10.1016/
j.jallcom.2017.06.065

10 G. Li, T. Xu, H. Wang, Y. Zhao, G. Chen, X. Kai, Microstructure
study of hot rolling nanosized in-situ Al2O3 particle reinforced A356
matrix composites, Journal of Alloys and Compounds, 855 (2021),
157107, doi:10.1016/j.jallcom.2020.157107

11 A. El-Sabbagh, M. Soliman, M. Taha, H. Palkowski, Hot rolling be-
haviour of stir-cast Al 6061 and Al 6082 alloys–SiC fine particulates
reinforced composites, Journal of Materials Processing Technology,
212 (2012), 497–508, doi:10.1016/j.jmatprotec.2011.10.016

12 J.-f. Nie, F. Wang, Y.-s. Li, Y.-f. Liu, X.-f. Liu, Y.-h. Zhao, Micro-
structure and mechanical properties of Al-TiB2/TiC in situ compos-
ites improved via hot rolling, Transactions of Nonferrous Metals So-
ciety of China, 27 (2017), 2548–2554, doi:10.1016/ s1003-6326
(17)60283-8

13 L. T. Jiang, Z. G. Xu, Y. K. Fei, Q. Zhang, J. Qiao, G. H. Wu, The
design of novel neutron shielding (Gd+B4C)/6061Al composites and
its properties after hot rolling, Composites Part B: Engineering, 168
(2019), 183–194, doi:10.1016/j.compositesb.2018.12.087

14 X. P. Li, C. Y. Liu, M. Z. Ma, R. P. Liu, Microstructures and mechan-
ical properties of AA6061 SiC composites prepared through spark
plasma sintering and hot rolling, Materials Science and Engineering:
A, 650 (2016), 139–144, doi:10.1016/j.msea.2015.10.015

15 Kanhu Charan Nayak, Prashant P. Date, Physical simulation of hot
rolling of powder metallurgy-based Al/SiC composite by plane strain
multi stage compression, Materials Characterization, 173 (2021),
110954, doi:10.1016/j.matchar.2021.110954

16 C. Ji, H. G. Huang, T. Wang, Q. X. Huang, Recent advances and fu-
ture trends in processing methods and characterization technologies
of aluminum foam composite structures: A review, Journal of Manu-
facturing Processes, 93 (2023), 116–152, doi:10.1016/j.jmapro.
2023.03.015

17 Muhammad Hassan Sarfraz, Mirza Jahanzaib, Wasim Ahmed,
Salman Hussain, Multi-response parametric optimization of squeeze
casting process for fabricating Al6061-SiC composite, The Interna-
tional Journal of Advanced Manufacturing Technology, 102 (2019),
759–773, doi:10.1007/s00170-018-03278-6

18 X. P. Li, C. Y. Liu, M. Z. Ma, R. P. Liu, Microstructures and mechan-
ical properties of AA6061–SiC composites prepared through spark
plasma sintering and hot rolling, Materials Science and Engineering:
A, 650 (2016), 139–144, doi:10.1016/j.msea.2015.10.015

19 L. Gao, C. Liu, J. J. Liu, T. Yang, Effect of subsurface damage on
tensile behavior and fracture mechanism of SiCp/Al composites: Ex-
perimental analysis and RVE modeling, Engineering Failure Analy-
sis, 147 (2023), 107162, doi:10.1016/j.engfailanal.2023.107162

20 Z. X. Li, Shahed Rezaei, T. Wang, J. C. Han, X. D. Shu, Zbigniew
Pater, Q. X. Huang, Recent advances and trends in roll bonding pro-
cess and bonding model: A review, Chinese Journal of Aeronautics,
36 (2023), 36–74, doi:10.1016/j.cja.2022.07.004

21 J. Kraner, T. Smola, D. Volsak, M. Lazeta, R. Skrbinek, D. Fridrih, P.
Cvahte, M. Godec, I. Paulin, Influence of the hot-rolling technique
for enaw-8021b aluminium alloy on the microstructural properties of
a cold-rolled foil, Mater. Tehnol., 55 (2021), 773–779,
doi:10.17222/mit.2021.216

22 G. El-Garhy, N. El Mahallawy, M. K. Shoukry, Effect of grain refin-
ing by cyclic extrusion compression (CEC) of Al-6061 and
Al-6061/SiC on wear behavior, Journal of Materials Research and
Technology, 12 (2021), 1886–1897, doi:10.1016/j.jmrt.2021.03.114

23 Q. Shen, Z. Yuan, H. Liu, X. Zhang, Q. Fu, Q. Wang, The damage
mechanism of 17vol.%SiCp/Al composite under uniaxial tensile
stress, Materials Science and Engineering: A, 782 (2020), 139274,
doi:10.1016/j.msea.2020.139274

24 P. Jin, B. Xiao, Q. Wang, Z. Ma, Y. Liu, S. Li, Effect of Hot Extru-
sion on Interfacial Microstructure and Tensile Properties of
SiCp/2009Al Composites Fabricated at Different Hot Pressing Tem-
peratures, Journal of Materials Science & Technology, 27 (2011),
518–524, doi:10.1016/S1005-0302(11)60101-1

25 X. M. Niu, Q. S. Ding, H. R. Zhang, X. Liu, T. Wang, Research on
fabricating Cu/stainless steel composite thin strips by two-pass cold
roll-bonding with intermediate annealing, The International Journal
of Advanced Manufacturing Technology, 130 (2024), 3323–3339,
doi:10.1007/s00170-023-12779-y

Z. WANG et al.: EFFECTS OF HOT-ROLLING PROCESSES ON THE FRACTURE BEHAVIORS AND MECHANICAL ...

502 Materiali in tehnologije / Materials and technology 58 (2024) 4, 497–502


