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Abstract: Thermal deformation can improve the proper-
ties of aluminum matrix composites (AMCs) prepared by
powder metallurgy (P/M) due to the dense and uniform
microstructures. And the final microstructure of the AMCs
is related to the dynamic recrystallization (DRX) behavior
and nucleation mechanism in the thermal forming
process. In this regard, the hot compression tests of
dual-scale SiC particles reinforced A356 (SiCp/A356) com-
posites prepared by P/M method were carried out at tem-
peratures of 460–520°C and strain rates of 0.01–5 s−1 on a
thermal simulation tester. The corresponding microstruc-
ture evolution was analyzed by electron back-scattered
diffraction and transmission electron microscopy. The
results indicated that the stress–strain curve was a typical
DRX unimodal stress curve. The comprehensive influences
of the strain rate and deformation temperature on the
stress were investigated using the Zener–Hollomon para-
meter (Z), where the deformation activation energy was
443.204 kJ/mol. The DRX critical strain model and DRX
volume fraction model were established. DRX behavior
of the SiCp/A356 composites was sensitive to the deforma-
tion temperatures and strain rates. The micro and nano
SiCp can promote the DRX nucleation of Al matrix due to
the particle-stimulated nucleation.

Keywords: dual-scale, SiCp/A356 composites, dynamic
recrystallization, nucleation mechanism

1 Introduction

Aluminum matrix composites (AMCs) reinforced by parti-
cles are wildly used in aerospace, national defense industry,
automobile industry, electronic packaging, and other high-
tech fields due to their excellent mechanical and physical
properties [1–3]. Generally, the properties of the AMCs may
be improved by adding a single micron or nanoparticle as
the reinforcing phase. The research shows that micron par-
ticle significantly enhances the strength, hardness, and
wear resistance of AMCs, while leading to a sharp decline
in their plasticity and toughness [4,5]. For the nanoparti-
cles, they have apparent size effects, which can enhance the
strength, plasticity, and toughness of AMCs. However, the
AMCs reinforced by high-volume fraction nanoparticles are
challenging to prepare due to the easy agglomerate of nano-
particles, which significantly limits the application [6,7].
However, more attention has been paid to developing
micron and nanoparticle hybrid aluminum matrix compo-
sites (HAMCs) with good comprehensive properties due to
the different strengthening mechanisms of the reinforce-
ments [8–10]. Zhang et al. [8] have investigated the effects
of SiCp with varying scales on the microstructure and prop-
erties of Al2014 composites. The research shows that com-
pared with Al2014 alloy, micron SiCp composite and nano
SiCp composite, and dual-scale SiCp/Al2014 composites pre-
sent more excellent mechanical properties. The creep resis-
tance of the different-sized TiCp/Al–Cu composites has been
studied by Tian et al. [9]. Their results demonstrate that
the creep resistance of the dual-scale (micron + nano)
TiCp/Al–Cu composite is 10–38 times and 3–6 times higher
than that of the Al–Cu matrix alloy and single-scale com-
posites, respectively.

To improve the performance of AMCs prepared by
powder metallurgy (P/M), further processing, such as
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hot extrusion, forging, and rolling, should be proceeded
to obtain the dense and uniform microstructure. However,
the hot workability of AMCs is usually poor due to the differ-
ence in hardness and thermal expansion coefficient between
the particles and the Al matrix [11,12]. Researchers have
revealed that dynamic recrystallization (DRX) behavior is
advantageous to the refinement and homogenization of the
grain in AMCs, which is a crucial deformation mechanism to
reconstitute the microstructure and enhance its properties
during the hot working process [13,14]. Therefore, it is sig-
nificant to research the DRX behavior of HAMCs during hot
deformation to improve the microstructure and enhance the
properties.

Presently, it is commonly accepted that the addition
of reinforcement particles has an essential effect on the
DRX behavior of aluminummatrix. When the particle size
is greater than 1 μm, due to the mismatch between the
deformation of the particle and matrix, the deformation
zone with high dislocation density and orientation gra-
dient will be formed near the particle, which can promote
the nucleation of DRX. This is called particle-stimulated
nucleation (PSN) [15,16]. As the particle size is less than
1 μm, the small-scale particles have a strong pinning
effect on the grain boundaries, delaying the recrystalliza-
tion process and inhibiting the recrystallization nuclea-
tion to a certain extent [17]. However, the research on
AMCs by Zhao et al. [18] and Kai et al. [19] shows that
nanoparticles can promote the nucleation of DRX. Mean-
while, Radi andMahmudi [20] also obtained the same results
in nanoparticle-reinforced magnesium matrix composites.
Therefore, when micro and nano scale particles coexist in
HAMCs, the DRX behavior and nucleation mechanism will
be more complex in the thermal forming process, due to the
influence of SiCp at different scales on the DRX behavior of
composites.

Until now, there have been few reports about the DRX
behavior of HAMCs in the available literature. Consequently,
in the present study, based on the stress–strain curves and
the relationship of the work hardening rate-strain of dual-
scale SiCp/A356 composites, the critical strain model and
kinetic model of DRX were determined to describe the DRX
behaviors ofHAMCs.Meanwhile, themicrostructure evolution
of the studied composites was explored by electron back-scat-
tered diffraction (EBSD) and transmission electron micro-
scopy (TEM). The DRX behavior and nucleation mechanism
were investigated. It provides significant data support for
improving the microstructure and comprehensive perfor-
mance of HAMCs accurately.

2 Experimental materials and
procedures

The material used in this experiment was A356 compo-
sites reinforced with dual-scale SiCp. One scale of SiCp
was 10 μm with a fraction of 23 vol%, and the other was
80 nm with a fraction of 2 vol%. The matrix material was
A356 alloy powders with a mean size of 7 μm, and the
chemical compositions of the A356 alloy are listed in
Table 1.

Figure 1 displays the fabrication process of the com-
posites used. The A356 powders were mixed with nano-
sized SiCp by the high-energy ball milling for 12 h with a
rotation speed of 150 rpm and a ball-to-powder weight
ratio of 8:1, and then the pre-prepared composite pow-
ders were mixed with micro-sized SiCp using the same
process. After that, an LDJ 200/600-300 YS cold isostatic
pressing equipment was employed to press the mixed
powders with a 240MPa pressure for 15 s, and then the
cold-pressed specimens were sintered in a VAF-7720 fur-
nace with 2 × 10−2 Pa at 550°C for 4 h. The specimens were
hot extruded by an XJ-500 type extruder at 500°C. The
extrusion ratio was 15:1, and the speed was 1 mm/s. At
last, the bars were annealed at 300°C for 2 h.

Morphologies of the composites were observed using
a ZEISS EVO 18 scanning electron microscopy (SEM)
operated at 20 kV and a JEOL JEM-2100 transmission elec-
tron microscope (TEM) operated at 200 kV. The samples
for TEM observation were thin foils with a diameter of
3 mm and thickness of about 50 μm, which were twin-
jet electropolished in a 75% methanol and 25% nitric
acid solution at about −30°C. Figure 2a–e reveals the
microstructure of raw material powders and mixed pow-
ders. The microstructures of the studied composites are
shown in Figure 2f–h. Obviously, micro-SiCp are uniformly
distributed in the Al matrix (Figure 2f). Meanwhile, no
agglomerations of nano-SiCp are observed (Figure 2g).

The hot compressed samples with a length of 12 mm
and a diameter of 8 mm were prepared. The hot deforma-
tion was tested at temperatures of 460–520°C and strain
rates of 0.01–5 s−1 by a Gleeble-1500D thermal simulation

Table 1: The chemical compositions of the A356 alloy used

Element Si Mg Cu Fe Al

Weight percent (wt%) 7.0 0.3 0.1 0.1 Bal.
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tester. The true strain was 0.7 in the trial. The schematic
diagram of the hot compression process is shown in
Figure 3. In addition, to analyze the microstructure evo-
lution of the composites during thermal deformation,
compression specimens with the true strains of 0.1, 0.3,
and 0.5 at the temperature of 500°C and strain rate of 1 s−1

were water quenched immediately. The microstructures
of the compressed specimens were analyzed by EBSD and
TEM. EBSD images were tested by the JMS-7800F field
emission SEM operated at 20 kV. The EBSD data were
analyzed by the Transmission Channel 5 software. The
samples for EBSD measurements were electro-polished
using 25 vol% HNO3 in methanol at 20°C and 5 V, and
then the observation surface was carried out in a Preci-
sion ion polishing system.

3 Results and discussion

3.1 True stress–strain curves

The true stress–strain curves of the used composites
under different deformation conditions are presented in
Figure 4. The temperatures and strain rates significantly
affect the flow stress of the HAMCs. The curves show
typical DRX characteristics with single peak stress [21].
During the hot deformation process, with the increase in
the strain, the true stress rapidly reaches a peak value
due to the work hardening. It then decreases slowly
owing to the dynamic recovery (DRV) and DRX.

The peak stress of the composites used under various
deformation conditions is displayed in Figure 5. The peak

Figure 1: The fabrication process of dual-scale SiCp/A356 composites used.
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stress decreases as the temperature increases. It indicates
that the composites are sensitive to the deformation tem-
peratures, which is similar to that of single-scale micro or
nano-SiCp/Al composites as reported in refs [22,23]. It is
attributed to the stronger dynamic softening at high tem-
peratures. Figure 5 also demonstrates that the peak stress
increases with the strain rate at the same temperature.
Because of the increased strain rate, the time for the defor-
mation structure nucleation and growth is insufficient,
and the dislocation multiplication increases rapidly. It is

evident that work hardening occurs, suggesting that the
flow stress increases. Thus, the composites studied have a
positive sensitivity to strain rate.

3.2 Constitutive equation

For the hot deformation behavior of AMCS, the equations
(1)–(3) are generally employed to demonstrate the rela-
tionship between the strain rate (ε̇), deformation tem-
perature (T), and flow stress (σ) [24–26]. Besides, as
a temperature-compensated strain rate factor, the
Zener–Holloman parameter (Z) can be used to describe
the combined effects of the temperature and strain rate
during the hot deformation process, which is expressed
using equation (4) [24].
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Figure 2: Morphologies of the preparation process of dual-scale SiCp/A356 composites used: (a) A356 powders; (b) nano-SiCp powders;
(c) micro-SiCp powders; (d) mixed powders after ball milling; (e) high-magnification image of the mixed powders showing the uniform
distribution of nano- SiCp on the A356 particles; (f) SEM images of the composites; (g) TEM images of the composites; and (h) corre-
sponding diffraction pattern of the nano-SiCp.

Figure 3: Schematic diagram of the hot compression process.
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where A1, A2, A, α, n, β, and n´ are constant ( = / ′α β n ); R, T,
andQ stand for the gas constant (8.314 J/mol K), deformation
temperature (K), and deformation activation energy (kJ/mol),
respectively.

Taking the natural logarithms on both sides for equa-
tions (1)–(4), we get

= + ′ −ε A n σ Q
RT

ln ̇ ln ln ,1 (5)

= + −ε A βσ Q
RT

ln ̇ ln ,2 (6)

[ ( )]= + −ε A n ασ Q
RT

ln ̇ ln ln sinh , (7)

[ ( )]= + / = +Z ε Q RT A n ασln ln ̇ ln ln sinh . (8)

Substituting the peak stress and corresponding strain
rate values in equations (5) and (6). Scatter diagrams and

Figure 4: The true stress–strain curves at different strain rates: (a) ε̇ = 0.01 s−1; (b) ε̇ = 0.1 s−1; (c) ε̇ = 1 s−1; and (d) ε̇ = 5 s−1.

Figure 5: Peak stress under different deformation conditions.
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linear regression fits of the −σ εln ln ̇ , −σ εln ̇ ,
[ ( )]−ασ εln sinh ln ̇ , and [ ( )]/ −

− − −T K ασ10 ln sinh1 3 1 are
shown in Figure 6. By calculating the average slopes of
various fitting lines (Figure 6a and b), n´ and β can be
obtained to be 11.88984 and 0.15909, respectively. There-
fore, this gives a value of α = β/n´ = 0.01338.

According to equation (7), Q can be obtained from
equation (9).

[ ( )]
( ) ( )

=

∂

∂ /

·

∂

∂

=Q R ασ
T

ε
ασ

nRKln sinh
1

ln ̇
ln sinh

,
ε Ṫ

(9)

where n and K are the slopes of [ ( )]−ε ασln ̇ ln sinh and
[ ( )]− /ασ Tln sinh 1,000 curves.According toequation (7), their

calculated results are 8.9168 and 5.9784 (Figure 6c and d),
respectively. Using equation (9), the value of Q can be calcu-
lated as 443.204kJ/mol.

Figure 6: Scatter diagrams and linear regression fits: (a) σ εln −ln ̇ ; (b) σ ε−ln ̇ ; (c) [ ( )]ασ εln sinh −ln ̇ ; and (d) [ ( )]/T K ασ10 −ln sinh−1 −3 −1 .

Table 2: The values of Zln under different deformation conditions

ε̇ (s−1) T (°C)

460 480 500 520

0.01 68.12082028 66.18918707 64.35750900 62.61822327
0.1 70.42340537 68.49177216 66.66009409 64.92080836
1 72.72599047 70.79435725 68.96267919 67.22339346
5 74.33542838 72.40379516 70.57211710 68.83283137
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According to equation (8) and Q value, the values of
Zln under the different T and ε̇ are summarized in Table 2.
Zln and [ ( )]ασln sinh exhibit a linear relationship deter-

mined by Figure 7 with a correlation coefficient of 0.986,
meaning that all σ values in equation (3) are reliable.
Moreover, the Zln value increases gradually with the
decrease in deformation temperatures or the increase in
strain rates, which is like the evolution characteristic of
peak stress. Therefore, the Z parameter synthesizes the hot
deformation conditions of materials, representing the rela-
tionship between flow stress, deformation temperature,
and strain rate during hot deformation.

3.3 The critical strain for DRX

In general, the appearance of peak stress in stress–strain
curves of a material suggests that DRX occurs. Moreover,Figure 7: The relationship between the peak stress and Z parameter.

Figure 8: The relationship curves between θln and ε under different deformation conditions; (a) ε̇ = 0.01 s−1; (b) ε̇ = 0.1 s−1; (c) ε̇ = 1 s−1; and
(d) ε̇ = 5 s−1.
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the DRX has occurred before it reaches the peak strain.
Therefore, the determination of critical strain has a great
significance on the hot working process [27,28]. The work
hardening rate-flow stress ( −θ σ) curves may be employed

to describe the microstructure evolution of materials
during hot deformation [29]. Meanwhile, the work hard-
ening rate is defined as = ∂ /∂θ σ ε. Based on the approach
of Poliak and Jonas [30], the −θ σ curve shows a distinct
inflection point, which is described as −∂ /∂ =θ σ 02 .
The inflection points of −θ σ curves indicate the initia-
tion of DRX. According to the relationship of partial deri-
vatives, ( )−∂ /∂ = ∂ /∂θ ε θ σln equation can be deduced.
It suggests that the curves of −θ εln also render corre-
sponding inflection point features [31]. Therefore,
according to the stress–strain curves, the −θ εln and

( )−∂ /∂ −θln ε ε curves can be obtained. Then, the corre-
sponding critical strain value (εc) can be directly acquired
by the minimum value of the ( )−∂ /∂ −θ ε εln curves.

Figure 8 presents the relationship curves between
θln and ε of the composites used under various defor-

mation conditions. The curves of −θ εln show a similar
trend. The variation law of the work hardening rate

Figure 9: The relationship curves between ( )/θ ε−∂ ln ∂ and ε under different deformation conditions: (a) ε̇ = 0.01 s−1; (b) ε̇ = 0.1 s−1;
(c) ε̇ = 1 s−1; and (d) ε̇ = 5 s−1.

Table 3: Critical strain (εc) and peak strain (εp) of DRX under dif-
ferent deformation conditions

ε̇ (s−1) Parameter T (°C)

460 480 500 520

0.01 εc 0.01911 0.01757 0.01446 0.01265
εp 0.03942 0.03548 0.03048 0.02597

0.1 εc 0.02198 0.01915 0.0155 0.01328
εp 0.04529 0.04083 0.03111 0.02715

1 εc 0.02496 0.0225 0.01995 0.01815
εp 0.05325 0.04505 0.04095 0.0374

5 εc 0.02781 0.02467 0.0224 0.02128
εp 0.05785 0.05062 0.0452 0.0429
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decreases quickly with the increase in strain, then decreases
slowly, and finally enters a rapidly decreasing stage again.
Meanwhile, the inflection point can be obtained at the cor-
responding strain place.

The relationship curves between ( )−∂ /∂θ εln and
ε under various deformation conditions are displayed
in Figure 9. With the increase in strain, the values
of ( )−∂ /∂θ εln gradually decrease, and then slowly rise
after the minimum values appear. The minimum value
of the ( )−∂ /∂θ εln −ε curve corresponds to the critical
strain causing DRX. Combining with the peak strain in
Figure 4, the vital strains and peak strain under various
deformation conditions can be captured, which are listed
in Table 3.

The critical model of DRX proposed by Sellars et al.
[26] is used to demonstrate the influence of temperatures

Figure 10: Relationship of (a) ε ε−c p and (b) ε Zln −lnc .

Figure 11: Relationship between [ ( )]Xln −ln 1 − DRX and [( ) ]/ε ε εln − c p .

Figure 12: The relationship curves between XDRX and the strain based on equation (11): (a) ε̇ = 1 s−1 and (b) T = 500°C.
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and strain rates on the essential strain of DRX in the
present work. The equation can be described as follows:

=ε kε ,c p (10)

=ε aZ ,c
b (11)

where k, a, and b are constants, εc, εp, and Z are critical
strain, peak strain, and Zener–Hollomon parameter, respec-
tively. According to the data in Table 3, there is a certain rela-
tionship between the critical strain and peak strain of DRX. As
shown in Figure 10a, the ratio of the two (εc/εp) is 0.486. Based
on the critical strain values and their corresponding Z values
under different deformation conditions, the relationship dia-
gram of −ε Zln lnc is drawn, as shown in Figure 10b.
Obviously, there is an ideal linear relationship between ln εc
and ln Z by linear fitting. Therefore, the critical strainmodel for
DRX can be expressed as follows: εc = 1.604 × 10−4Z0.07.

Figure 13: Experimental and predicted values of DRX volume
fraction.

Figure 14: IPF maps and misorientation angle distributions of HAMCs at 500°C with a strain rate of 1 s−1 and strains of (a) 0.1, (b) 0.3, (c) 0.5,
and (d) misorientation angle distributions in (a–c).
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According to the above analysis, the peak strain lags
behind the critical strain, meaning that DRX occurs prior to
the peak strain. The increase inZ valuewill lead to the increase
in the critical strain, which is a disadvantage for the occur-
rence of DRX. Therefore, increasing the deformation tempera-
ture and reducing the strain rate will be a large favor to the
microstructure uniformity and grain refinement, which will
also improve the comprehensive properties of the materials.

3.4 DRX kinetic model

It can be seen from Figure 4 that DRX is the most impor-
tant softening mechanism of the studied composites.
Because of the important role of DRX in improving the
plastic formability and performance of materials, it is an
effective approach to explore the deformation mechanism

of the composites by constructing DRX kinetic model. At
present, the most widely used DRX dynamic model is the
Johnson–Mehl–Avrami (JMA) equation [32,33].

⎟
⎡

⎣
⎢

⎛

⎝
⎜

⎞
⎠

⎤

⎦
⎥= − −

−X B ε ε
ε

1 exp ,
m

DRX
c

p
(12)

where XDRX is the DRX volume fraction; B and m are
constants; ε is the true strain; εc and εp represent the
critical strain and peak strain of DRX, respectively. It is
well known that the softening behavior of DRX can effec-
tively reduce the flow stress during hot deformation.
Accordingly, the XDRX can be calculated based on the
characteristic stress value in the flow stress curves, which
can be represented as follows [34]:

=

−

−

X
σ σ

σ σ
,DRX

p

p ss
(13)

Figure 15: EBSD maps of HAMCs at 500°C with a strain rate of 1 s−1 and strains of (a) 0.1, (b) 0.3, (c) 0.5, and (d) fractions of three types of
microstructures in (a–c).
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where σ, σp, and σss are the transient stress, peak stress, and
steady-state stress, respectively. Equation (14) can be expressed
by taking the natural logarithms on both sides of equation (12).

[ ( )] ⎡
⎣⎢

⎤
⎦⎥

− − = +

−X B m ε ε
ε

ln ln 1 ln ln .DRX
c

p
(14)

According to equation (14), linear regression is per-
formed for [( ) ]− /ε εln εc p and [ ( )]− − Xln ln 1 DRX , as shown
in Figure 11. Therefore, the values of B and m can be
obtained to be 0.0248 and 2.0306, respectively. By sub-
stituting B and m in equation (12), the DRX kinetic model
of the composites can be described as follows:

⎟
⎡

⎣
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⎢

⎛

⎝
⎜

⎞
⎠

⎤

⎦
⎥
⎥

= − −

−X ε ε
ε

1 exp 0.0248 .DRX
c

p

2.0306

(15)

Figure 12 displays the relationship curves of XDRX and
strain under various deformation conditions. It can be
found that the curves are similar and present the char-
acteristics of S-type curves. In the initial stage of defor-
mation, XDRX grows at a relatively low rate and then
increases rapidly. After reaching a certain value, XDRX

tends to grow slowly. Additionally, when the strain remains
constant, XDRX increases with the increase in the deforma-
tion temperatures and decrease in the strain rates.

Figure 16: TEM microstructures of the HAMCs at different strains (T = 500°C, ε̇ = 1 s−1): (a) and (b) ε = 0.1; (c) ε = 0.3; (d) ε = 0.5; (e) and
(f) are selected-area electron diffraction patterns of particles A and B in (c), respectively.
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To verify the accuracy of the DRX kinetic model, the
experimental values measured are regressed linearly with
the predicted values calculated by the model, and the fit-
ting precision is 0.989 (Figure 13). It means that the XDRX of
the composites can be well predicted by the kinetic model.

3.5 Microstructure evolution

Figure 14 displays the inverse pole figure (IPF) maps and
misorientation angle distributions of the used composites
at the temperature of 500°C, strain rate of 1 s−1, and strain
of 0.1, 0.3, and 0.5. In the initial deformation stage, the
original grain boundaries bulge and form a sawtooth
shape (Figure 14a). With the increase in strain, the grain
morphology of HACMs changes obviously. The initial
grains are flattened or elongated, resulting in a color

gradient between adjacent sub-grains in the slender
grain (Figure 14b). With the further increase in strain,
many fine equiaxed DRX grains are formed, and their
orientation is obviously different from their adjacent
grains (Figure 14c).

Additionally, it can be seen from misorientation angle
distributions (Figure 14d), with the increase in strain, that
the proportion of high-angle grain boundaries (HAGBs)
is 33.6, 53.1, and 63.2%, respectively. This result illustrates
that with the increase in strain, the HAGBs always
increase, and the low-angle grain boundaries (LAGBs)
gradually transform into HAGBs. Therefore, the increase
in strain will promote the continuous migration from
LAGBs to HAGBs, resulting in a higher recrystallization
degree [35]. This is also consistent with the prediction
trend of the DRX kinetic model.

Figure 15 shows the EBSD images of the HAMCs after
hot deformation. Blue color represents recrystallized,

Figure 17: Schematic illustration of microstructure evolution mechanism of the used composites during hot deformation: (a) initial
microstructure; (b) dislocations pile-up around reinforced particles and grain boundary bulging; (c) DRX nucleuses around grain boundaries
and reinforcing particles; and (d) microstructure after deformation.

DRX behavior and nucleation mechanism of dual-scale SiCp/A356 composites  13



yellow color represents substructure, and red color repre-
sents deformed in Figure 15d. It confirms that the DRX
occurs during the deformation. The proportion of XDRX in
Figure 15(a–c) are 13.2, 50.9, and 82.6%, respectively. The
XDRX gradually increases with the strain. Although there
is a certain gap between the actual detection results and
the theoretical calculation value through the DRX kinetic
model (Figure 12), the overall change trend is consistent,
which further verifies the applicability of the DRX kinetic
model.

To further explore the DRX behavior of the compo-
sites, the microstructures of different strains are investi-
gated by TEM, as shown in Figure 16. At the beginning of
hot deformation (ε = 0.1), severe dislocation accumula-
tion occurs around the particles, owing to the deforma-
tion mismatch between the SiC particles and Al matrix.
Thus, high-density dislocations can be easily found in the
deformed grains (Figure 16a). At the same time, the
deformed grain boundaries are uneven, and the original
grain boundaries bulge as marked using the red arrow in
Figure 16b. With the increase in strain (ε = 0.3), disloca-
tions gather near grain boundaries and particles through
climbing and crossing slip, and obvious sub-grain struc-
tures are formed. The sub-grain boundaries are clear
and have the trend of merging and combination-grow
up (Figure 16c). With the further increase in strain (ε = 0.5),
the sub-grain boundaries gradually transform into grain
boundaries with the clear and sharp large angles through
merging and rotation. Finally, the new recrystallized
grains occur, and the dislocations inside the grain basi-
cally disappear (Figure 16d). According to the results of
these microstructural observations, the primary softening
mechanism of the HACMs is DRX during hot deformation
obviously [36–38]. However, there is a difference about the
softening mechanism of the HACMs reported in ref. [39].
Their results indicate that the dominant softening
mechanism of Al–Si/(SiCp + TiB2) HAMCs is DRV, accom-
panied by partial DRX. This may be related to the thermal
deformation parameters and the content of reinforcing
particles.

According to the above observation and analysis,
Figure 17 depicts the microstructure evolution mechanism
of the composites in the DRX process. In the initial stage of
hot deformation, high density and orientation gradient
deformation zones appear near the micro-SiCp due to
deformation mismatch between the Al matrix and these
particles. Besides, dense dislocations can also be found
around the nano-SiCp owing to the pinning effect of these
particles [40,41]. So many dislocations will occur around
these micro-SiCp and nano-SiCp particles. At the same
time, the original grain boundaries bulge because of the

strain (Figure 17b). When the dislocation accumulation
and proliferation in the material reach a certain degree,
DRX will preferentially nucleate around grain boundaries
and reinforcing particles as the strain increases (Figure 17c).
With the further increase in strain, the misorientation
angle of new DRX grains gradually increases due to the
accumulation and reorganization of dislocations. Then,
the LAGBs can be transformed into the HAGBs. Finally,
uniform and fine equiaxed grains are formed due to the
pinning impact of nano-SiCp (Figure 17d). In conclusion,
the DRXmechanism of the studied composites mainly con-
sists of grain boundary bulgingmechanism, PSNmechanism,
and sub-grain rotation induced nucleation mechanism. With
the increase in strain, the DRX characteristics of sub-
grain rotation and combination-grow up were further
revealed [42,43].

Furthermore, it indicates that both micro-SiCp and
nano-SiCp can facilitate the DRX nucleation of the alu-
minum matrix in the PSN mechanism. The existence of
micro-SiCp plays a primary role in stimulating the DRX
nucleation by forming the particle deformation zone
(PDZ) [16]. However, PDZ by nano-SiCp is relatively small,
which has a minor impact on DRX nucleation. The addi-
tion of nano-SiCp increases the dislocation density in
the Al matrix continuously, resulting in the dislocations
pile-up, thereby stimulating DRX nucleation. Thus, the
dual-scale particles both play a role in promoting DRX
nucleation of the HACMs. Meanwhile, the pinning effect
of nanoparticles on grain boundaries leads to grain
refinement. Similar behavior has been reported in SiCp
reinforced Mg matrix composites [44].

4 Conclusion

The hot compression tests of dual-scale SiCp/A356 matrix
composites were performed under different deformation
conditions. DRX behavior and mechanisms were care-
fully investigated. The main conclusions are summarized
as follows:
1) The stress–strain curves show typical DRX character-

istics with single peak stress. The comprehensive
influences of the strain rate and deformation tempera-
ture on the stress are investigated using the Z para-
meter, in which the deformation activation energy is
443.204 kJ/mol.

2) The critical strain causing DRX is obtained by the
inflection of −θ εln . The relationship between the cri-
tical strain and peak strain is described as εc = 0.486εp.
Furthermore, the model for the critical strain of DRX is
determined as εc = 1.604 × 10−4Z0.07.
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3) Based on the stress–strain curve data, the DRX kinetic
model of composites can be constructed by the clas-
sical Avrami equation as follows:

⎜ ⎟
⎡

⎣
⎢

⎛
⎝

⎞
⎠

⎤

⎦
⎥= − −

−X ε ε
ε

1 exp 0.0248DRX
c

p

2.0306

4) The dominant softening mechanism of dual-scale
SiCp/A356 composites during the hot deformation is
the DRX mechanism, which includes grain boundaries
bulging mechanism, particle stimulated nucleation
mechanism, and sub-grain rotation induced nucleation
mechanism. Both micro-SiCp and nano-SiCp can sti-
mulate the DRX nucleation of the Al matrix because
of the PSN mechanism.
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