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Back stress dynamic balancing strategy enabled strength-ductility
synergy in heterostructured Al-SiC composites

Dongxin Mao'?, Xiangchen Meng"*', Yuming Xie"*', Yuexin Chang', Zhiwei Qin', Shuangming Xu’,

Long Wan' and Yongxian Huang"*

ABSTRACT Strength-ductility trade-off dilemma remains a
significant obstacle to high-strength composites due to the
undesirable dislocation storability. Herein, an ingenious
nano-micro SiC-reinforced Al matrix composite (AMC) with
heterogeneous grain structures of coarse and fine grains was
designed via a novel deformation-driven metallurgy method.
The accumulated geometrically necessary dislocations and the
intragranularly dispersed SiC particles were tailored based on
the principle of back stress amelioration, which was a key
point to maintain the dynamic balance with the applied stress
toward strength-ductility synergy. The ultimate tensile
strength and uniform elongation of the designed SiCsyp.5.p/ Al
composite reached 324 MPa and 12.9%, respectively, and the
strength was 181% as high as that of the SiC,,,/Al with only
3% ductility loss. As such, a new strategy was provided herein
to promote strength-ductility synergy via the further modified
back stress.

Keywords: aluminum matrix composites, deformation-driven
metallurgy, heterostructures, back stress, strength-ductility sy-

nergy

INTRODUCTION
Aluminum matrix composites (AMCs) reinforced with ceramic
particles, carbon nanotubes, or graphene, as lightweight struc-
tural materials, have wide applications in the aerospace and
military industries [1-3]. Especially for the SiC particles, the
reinforced AMCs have attracted great attention for their low
costs and high strengthening efficiency [4-6], and have been
widely used in spacecraft such as the dual-axis antenna drive
mechanism in the Zhurong rover. In consideration of the strict
service conditions of aerospace and military, AMCs are required
to be lighter, stronger, and more ductile [7-9]. However, the
high strength of the reinforced AMCs is usually at the expense of
a considerable ductility loss, as the grains refined by SiC particles
have a low dislocation storability [10]. A major challenge for the
AMCs is to achieve a desirable strength-ductility synergy [11-
13].

Designing heterogeneous structures in AMCs to introduce
back stress strengthening is an effective way to evade the

strength-ductility trade-off [11,12,14]. A kind of typical het-
erogeneous AMC contains grains of different sizes [15,16]. The
regions with fine or coarse grains are considered as the hard-
brittle zones and the soft-ductile zones, which undertake the role
of strengthening and straining, respectively [17]. During the
tensile deformation, geometrically necessary dislocations
(GNDs) would be induced between the two zones, leading to an
extra-strengthening, namely back stress strengthening [18]. The
stress partitioning and strain transfer are procured during the
deformation process. The yield strengths of these AMCs exceed
the prediction simply by the rule-of-mixture [19]. The char-
acteristic of such a strengthening mechanism is that the soft-
ductile zones provide enough space for the dislocations to glide,
which promotes accommodating strain incompatibility. The
structure or the proportion of the hard-brittle zones and the
soft-ductile zones are usually modified to enhance the
strengthening efficiency [20]. In AMCs with much more soft-
ductile zones, GNDs may glide relatively freely, as less hindered
by the surrounding hard-brittle zones. Such freely-glide GNDs
are not beneficial to the strength improvement, although the
ductile feature may be kept. As such, a strategy to design het-
erogeneous materials is necessary to further strengthen the back
stress and then promote strength-ductility synergy.

The materials with random mixtures of coarse and fine grains
have a strength-ductility trade-off dilemma [21]. In the present
work, the intragranularly dispersed SiC reinforcements were
introduced into the random mixed coarse-fine grain structures
in the SiC-reinforced AMCs to promote back stress strength-
ening, as the intragranularly dispersed reinforcements could
increase the back stress through the load sharing or the dis-
locations-particles short range interaction [22-24]. The
increased back stress was desired to keep the dynamic balance
with the accumulated applied stress, which was the key point to
maintaining the strength-ductility synergy. The design princi-
ples of the heterogeneous structure with enhanced strength-
ductility are shown in Fig. 1. A novel solid severe plastic
deformation method, namely deformation-driven metallurgy
(DDM), was utilized to prepare the designed structure. The
heterogeneous structure formation and its strength-ductility
synergy mechanism were clarified in detail. An effective strategy
and a theoretical basis were provided to overcome the strength-
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Figure 1 Design principles of the strength-ductility synergy of the SiC-reinforced AMCs.

ductility trade-off dilemma.

EXPERIMENTAL SECTION

Spherical 1060 pure aluminum (Al) powders (purity > 99.6%)
with an average diameter of 5 um were utilized as the matrix.
The exact composition of the 1060 pure Al was given in
Table S1. The 10 wt% mixed SiC particles containing nano-SiC
particles (SiCyp, 10 nm in average diameter, purity > 99.0%) and
micro-SiC particles (SiCyp, 2 um in average diameter, purity >
99.0%) were added to reinforce the matrix. Two types of mixed
SiC particles with different proportions were prepared with mass
ratios of nano-SiC particles to micro-SiC particles being 7:3 and
5:5, respectively. Pure Al powders reinforced by 10 wt% micro-
SiC particles or 10 wt% nano-SiC particles served as the control
groups. The four sets of samples were named SiCgup/Al
SiCrnp-3up/ Al, SiCspp.sup/Al, and SiCigyp/Al, respectively. The SiC
and Al powders were blended by a planetary ball milling
machine at a rotational velocity of 200 r min™" for 10 h. The ball-
to-powder ratio and the size of the milling ball (ZrO,) were 5:1
and 6 mm, respectively. Fig. S1 depicts that both nano-SiC and
micro-SiC particles were mixed with the Al powders uniformly.
The image of raw nano-SiC particles was also given in Fig. Sla.
Especially, the aggregation tendency of nano-SiC particles with a
large surface-to-volume ratio was alleviated, making them dis-
tributed homogeneously over the surface of the Al powders
(Fig. Slc). The milled powders were pre-compacted at 200 MPa
for 60 s by a cold tubular mold. Then, the round preform was
placed in the Al mold and was sheared and stirred by a pro-
cessing tool for 30 s with a rotational velocity of 800 r min~".
The compaction ratio was set as 2:1. As shown in Fig. 2, a perfect
Al composite disc reinforced by the SiC particles was achieved
following the specific three steps. The detailed schematic of the
whole preparation process was given in Fig. S2.

The morphologies of the raw powders and composites were
characterized by scanning electron microscope (SEM) at a
working voltage of 20 kV. Electron backscattered diffraction
(EBSD) was performed with a step size of 0.2 pm to determine
the nature of the grains. The specimen for EBSD was polished by
a JEOL IB-09020CP cross-section polisher for 3.5 h. The HKL
Channel 5 software was used to further analyze the raw EBSD
data. A high-resolution transmission electron microscope (HR-
TEM) was applied to characterize the morphologies of grains
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Figure 2 Schematic of the DDM process and the fabricated composites.

and dislocation distribution at a working voltage of 200 kV. The
Al phase of the composites was investigated by an X-ray dif-
fractometer (XRD). The XRD scanning range was set from 38° to
80° using a Cu Ka (A = 0.1541 nm). An Instron 5569 tester was
applied to test the tensile properties with a strain rate of 3.3 x
10™*s7! at room temperature. Three specimens were tested for
each parameter.

RESULTS

Microstructural characterization and tensile properties

The prepared SiCspps/Al has an obvious heterogeneous
structure with fine and coarse grains separated via the designed
strategy, as illustrated in Fig. 3a. The fine grains were pointed
out by the inverse pole figure (IPF), and the coarse grains were
selected by the band contrast figure (Fig. 3a). The IPF with the
information of grain size and the grain orientation can also be
found in Fig. S3. AMCs with typical heterogeneous structures
could be obtained with the mixed SiC addition via DDM.
During the tensile process, the coarse and fine grains underwent
varying degrees of strain apparently. As shown in Fig. 3b, in the
center field of the view, parabolic dimples (pointed out by blue
lines) surrounded by the equiaxed dimples (demarcated by
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yellow lines) were observed. The morphology features of dimples
were only influenced by stress states. Parabolic dimples under-
went the shear stress, while equiaxed dimples underwent the
axial stress. Usually, the parabolic dimples were formed at the
shear lips of the fracture surface macroscopically. The formation
of mixed equiaxed-parabolic dimples with the micro-scale less
than 20 pm in length indicated that the stress state was different
in this micro-region. The strain incompatibility of the coarse
and fine grains occurred, and the stress partitioning and strain
transfer were procured during the deformation process. With
such typical heterogeneous microstructures, the prepared
SiCsnp-sup/ Al well balanced the strength and ductility. Fig. 4
shows the engineering stress/strain curves of the composites and
summarizes the tensile properties of SiC-reinforced pure Al or
Al alloys among other reported literature [6,25-34]. The SiC-
reinforced AMCs obtained by our strategy exhibit the best
strength-ductility synergy so far. The ultimate tensile strength
and uniform elongation of the designed SiCsyp.5,p/ Al composite
reached 324 MPa and 12.9%, respectively, and the strength was
181% as high as that of the SiCig,,/Al with only 3% ductility loss.
Particularly notable is the uniform-elongation regime (removed
the elastic strain from the uniform elongation), which indicates
the work-hardening capacity of the samples and is usually used
to evaluate the ductility. Compared with the SiCq,/Al, the yield
strength of SiCjonp/Al was increased by 108 MPa with 73%
uniform-elongation regime loss, while the yield strength of
SiCsnp-sup/ Al was increased by 95 MPa with only 4% uniform-
elongation regime loss. The SiCsyps,/Al exhibited great
strength-ductility synergy. Obviously, different from the SiCgpp/

- - . .

Al, the strength of SiCspp.5,,/Al was not simply relying on
mechanisms like Orowan strengthening. The strength
improvement of the samples relying on these conventional
mechanisms was usually at the expense of ductility loss. The
typical heterogeneous microstructures of SiCspp.5,,/ Al must have
played an important role during the strengthening process.

To further investigate the strength-ductility synergy phe-
nomenon, the EBSD data of the SiCo,,/Al were tested and set as
the control group. With the nano-SiC particles mixed, the
proportion of the fine grains (under 1.5 um) in the SiCspp.5,,/Al
was increased by about 10% (Fig. 5) compared with that of the
SiCioup/Al. The difference in the average grain diameter between
the two AMCs was only about 0.3 um, as shown in Fig. 5. The
result declared that the nano-SiC particles did refine the part of
the grains, but a large portion of the coarse grains was still
maintained in the SiCsyp.sup/Al. Thus, the grain size effect was
not the main reason for the desirable strength-ductility synergy
of the SiCsyp.sup/Al. The EBSD data were further processed by
the channel 5 software to give the GNDs distribution informa-
tion of the SiCsyp.sup/Al and SiCigyp/Al, respectively. Under the
same strain rate, the GNDs density of the SiCsyp.s,p/Al reached
5.20 x 10" m™% which was about 31% larger than that of the
SiCyoup/ Al (Fig. 5). The GNDs distribution maps of the SiCspyp.5.p/
Al and SiCyg,/Al were given in Fig. S4. The extra generated
GND:s in the SiCspyp.s,p/Al indicated that its strain was not uni-
form. The deformation incompatibility occurred among the
grains, which is consistent with the result shown in Fig. 3b. The
Gaussian fit was conducted to the distribution of GNDs. The
standard deviation of SiCsp,.5.,/Al was about 61% larger than

Figure 3 Microstructures of the SiCspp.s.p/ Al composites: (a) the IPF mixed with the band contrast figure; (b) the fracture morphology of SiCspp.5,p/ Al with

mixed equiaxed-parabolic dimples.
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Figure 4 Tensile properties of the prepared AMCs: (a) the engineering stress/strain curves of the composites; (b) comparison of ultimate tensile strength vs.

elongation achieved in the present work and the reported literature [6,25-34].
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that of SiCig,/Al, which means the GNDs distribution of
SiCsnp-sup/ Al was less uniform. Such a result confirmed the
heterostructure feature of SiCspp-5,p/Al, which was considered as
the key point determining the property of the designed AMCs.

Microstructural characterization and tensile properties

Fig. 6a, b depict the dispersion condition of SiC particles in
SiCiopp/Al and  SiCsppsp/Al. The mixed SiC particles containing
nano-SiC and micro-SiC particles in SiCspy.5,,/ Al were observed.
The nano-SiC particles had a slight aggregation tendency. The

range of particle cluster size was from tens of nanometers to
200 nm approximately (Fig. 6d). The micro-SiC particles were
broken slightly with the severe plastic deformation (Fig. 6¢). The
average size of micro-SiC particles was about 10 times larger
than that of the nano-SiC particles. The size difference between
the two particles made their distribution site diverse, which
further influenced the dynamic recrystallization (DRX). The
micro-SiC particles were distributed intergranularly, while the
nano-SiC particles were intragranularly dispersed (Fig. 6¢c, d).
More distribution features and the identification of SiC particles
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a 3 =
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Std. Dev: 1.13 ym 90 Std. Dev: 1.44 um
,» 100 id<1.5 pm: 56% P id<1.5 um: 46%
< 5 60
[e]
2 o
© 50 i
0 0 AEEN , .
0 1 2 3 4 5 6 0 1 2 3 4 5 6 7
Grain diameter (um) Grain diameter (um)
12
. 10T 0°"° mean=5.20x10" m p°N\° mean=3.96x10" m2
g 0=2.81x10% m™2 5 o=T.rax 10" mr
5 3
g &
i

0 1 2 3 4 5 6 7
GND density (x10™ m)

3 4 5 6 T 8
GND density (x10' m™2)

Figure 5 Grain diameter and GNDs density analysis of the SiCspp.5,p/Al (a) and SiCigyp/Al (b).

Figure 6 Typical dispersion of (a) micro-SiC particles in SiCigu/Al and (b) mixed SiC particles in SiCsyp-5,p/Al; the distribution of micro-SiC particles

(c) and nano-SiC particles (d) in SiCspp.5up/ Al
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were introduced in Figs S5-S8.

The refinement of Al, as the material with high stacking fault
energies, was mainly caused by dislocation accumulation and
rearrangement. During the DDM process, the dislocations pro-
duced around the micro-SiC particles (Fig. 6¢), served as the
preferable sites for crystallization nucleation. Only the DRX
process adjacent to the particle was promoted, known as the
particle-stimulated nucleation mechanism [35,36]. As dispersed
inside the grains, the nano-SiC particles hindered the further
slide of dislocations. The dislocation interaction was promoted
with the deformation stress accumulated, which accelerated the
pile-up of dislocations (Fig. 6d). These dislocation pile-ups may
turn into new grain boundaries with further evolution of the
microstructure. Some of the nano-SiC particles pinned at the
dislocation pile-ups (Fig. 6d) may be still retained at the newly
formed grain boundaries and hindered their further movement.
The grains in the SiCspp.5,/Al were thus further refined.
Apparently, the nano-SiC particles had a better grain refinement
capacity compared with the micro-SiC particles. These different
capabilities to refine the grains induced the heterogeneous
structure in the SiCsyp.s,p/Al. Moreover, benefiting from the
characteristics of the DDM method, such as short-time pre-
paration, severe plastic deformation, solid-phase method, and
high recrystallization tendency, the influence of different-sized
SiC particles on the matrix grains was magnified. Such a het-
erostructure may be challenging to obtain in other methods.

DISCUSSION

Stress and GNDs state between coarse/fine grains
Fig. 7a depicts the DRX of SiCsyp.s5up/Al during the DDM pro-
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cess. As pointed out by the black dot line, a large elongated grain
containing several minor grains was observed. The high angle
grain boundaries (HAGBs) migrated to form serrations, which
were considered the typical feature of geometric DRX. Along
with direction A (Fig. 7a), three selected minor grains in the
large elongated grains were tested. As shown in Fig. 7c, the three
adjacent grains have diverse lattice orientations. With gradual
lattice rotation near HAGBs, the DRX process was promoted,
which was generally acknowledged as the continuous DRX
process. The large strain rate of the DDM process provided a
sufficient driving force to enable the coexistence of multiple
recrystallization mechanisms, which increased the recrystalliza-
tion tendency of the composites.

The distribution of GNDs among the coarse and fine grains is
shown in Fig. 7b. The high-density sites (the red/yellow sites in
Fig. 7b) of the GNDs were nearly all produced close to the grain
boundaries in the coarse grains. During the deformation process,
the coarse and fine grains had different dislocation storabilities,
which represent different deformabilities. GNDs were thus
generated in the coarse grains to accommodate the deformation
incompatibility. With the continuous generation of GNDs in the
coarse grains, the strength of such sites adjacent to grain
boundaries was improved. As illustrated in Fig. 7b, the soft-hard
interface between coarse-fine grains thus migrated into the
interior of coarse grains, which guaranteed the further genera-
tion of strains, as the inner part of the coarse grains provided
enough space for the dislocations to glide. The ductility of the
composites was thus promoted. As pointed out by the white line
in grain B (Fig. 7b), a linear region with a high density of GNDs
was observed. Such a region was not the stable grain boundaries,
as the line profile test was conducted, and the misorientation

Hard-brittle
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Raw data
Fitted line

800 e
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Figure 7 EBSD analysis of the SiCspp.5.p/Al composites: (a) the IPF and the grain boundaries map; (b) the GNDs distribution and the schematic of the soft-
hard interface migration; (c) the lattice rotation along direction A and the misorientation change along line B; (d) the fitted line of the intracrystalline stress

along the red arrow in grain C.
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was confirmed as about 1.2° (Fig. 7c). Such a phenomenon
indicated that under the severe plastic deformation of DDM, the
GNDs in the coarse grains have a sufficient driving force to glide
through the coarse grains.

The typical grain C (Fig. 7a, d) was selected to investigate the

stress condition inside the coarse grains, which was surrounded
by several fine grains. The stress o was calculated by the fol-
lowing equation [37]:
0 = MaGbp®>, (1)
where M = 3.06 is the Taylor factor, « = 0.2 is a constant for
dislocation strengthening for Al, G = 25.4 GPa is the shear
modulus of the Al matrix, b is the Burger vector and taking
0.286 nm for Al, and p is the dislocation density and was esti-
mated using the strain-gradient-based model [18,37]:

= @
where 6 is the misorientation angle, and u is the step size used in
EBSD analysis.

Along the direction pointed out by the red arrow in grain C
(Fig. 7d), the flow stress was tested and calculated. The raw data
are shown in Fig. 7d (blue dots) and fitted to the following
model (red line in Fig. 7d) [38]:

K
=4+ eTk 3)
where 7 is the flow stress inside the grain, the constant K is the
stress intensity factor, and X is the distance. Parameters A and B
are included to allow for uncertainty in the grain boundary
position and far-field elastic strain state [39].

As shown in Fig. 7d, a stress field directed from the grain
boundary to the intracrystalline side was formed inside the
coarse grains, which was caused by the accumulation of GNDs.
The stress field is consistent with the analysis of Fig. 7b.
Moreover, the stress intensity factor K was calculated as
0.11 MPa m® in the selected coarse grain C, which was higher
than the common value (0.07 MPa m®®) for AL The result
indicated that the pile-ups of GNDs close to the grain bound-
aries induced extra stress compared with the model used in the
conventional homogeneous materials. Such extra strengthening
effect induced by the GNDs was usually considered as back
stress strengthening.

Evaluation of back stress via three basal mechanisms

The value of back stress was evaluated by the value-difference
between the experimentally tested yield strength and the sum of
the three strengthening mechanisms (Orowan strengthening,
grain size strengthening, and dislocation strengthening). During
the DDM process, the micro-SiC particles were broken, and the
nano-SiC particles were agglomerated slightly. Observed by the
TEM and SEM, the mean radius of the particles was counted as
824 nm statistically. According to the Orowan strengthening
theory, the yield strength increased by the SiC particles can be
calculated using the following equation [40]:

2r
04Gb (3) @
afl—-v L~
where v = 0.35 is the Poisson’s ratio of pure Al matrix, r is the

mean radius of the particles, and L is the average inter-particle
spacing and is calculated by the equation [41]:

() %)) ®

Ao, =M

L=r
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where f is the volume fraction of the particles.
The value of the grain size strengthening was estimated by the
Hall-Petch relationship [42-44]:

Aoy = K(d—o,s _ do—o,s) ~ Kd—o,s’ ©6)

where K is a constant (0.07 MPa m®* for Al), dy = 300-400 pm is
the reference coarse grain size of pure Al, d is the average grain
size of the AMCs calculated by EBSD. The value of dy~°* is much
smaller than that of the d™°, which can be ignored to simplify
the calculation.

The contribution of the dislocation was calculated by Equation
(1). The density of the dislocation used in Equation (1) was
estimated via the Williamson-Hall method, as follows [45]:

~0.942
ﬁhklcosﬁ— D

+ 4esing, @)

where fq is the full width at the half-maximum intensity of the
selected peak in degrees (rad), which is calculated by the equa-
tion [46]:

_ 2, 2)%
ﬂhk! o (’BhklM hkl ln) 4 ®)

where By m and B 1n are the observed and instrumental peak
broadening, respectively.
The density of the dislocation was calculated by [46]

P 0.5
p=2BEY ©)

where D and ¢ are the crystallite size and microstrain, respec-
tively. A is the wavelength of Cu-Ka radiation (A = 0.1541 nm).

The five XRD peaks of Al were tested and processed via
Equations (7)-(9). The results are shown in Fig. 8a. Another
method to evaluate the dislocation density was also conducted to
ensure the accuracy of the data (illustrated in Table S2). As
illustrated in Fig. 8c, the yield strength via experiment was about
65 MPa higher than the sum of the three calculated strength-
ening mechanisms.

It can be attributed to the following reasons: (a) the statisti-
cally stored dislocation and the GNDs were treated to have the
same contribution to the strengthening effect, which cannot be
ignored in heterogeneous materials. (b) As shown in Fig. 7d, the
stress intensity factor K was much higher than the common
value (0.07 MPa m®®) for Al, which indicated that the additional
strengthening occurred around the grain boundaries. Such extra
strengthening effect was also reported in another aspect that the
hardening in the grain boundary region was higher when a
Taylor ‘soft’ grain was adjacent to a Taylor ‘hard’ grain [47],
which was also observed in the present research (Fig. 8b).
Apparently, the accumulated GNDs did have a great contribu-
tion to the extra-strengthening while accommodating the
incompatible deformation among coarse-fine grains.

Strength-ductility synergy mechanism

Fig. 9a, b depict the typical pile-ups of dislocations. The dis-
locations were generated to accommodate the deformation
incompatibility between the coarse and fine grains under the
applied stress. The dislocation resource was assumed at point X,
as shown in Fig. 10a. As the dislocations glide forward, the
plastic strain was produced, and each dislocation left a dis-
placement of one Burgers vector in its wake. The accumulated
strain is illustrated in Fig. 10b. The strain was zero at the grain
boundary, and the max strain was performed at the dislocation
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Figure 8 Analysis of the strengthening mechanism of SiCspp-sup/ Al composites: (a) the Williamson-Hall method to estimate the dislocation density; (b) the
Taylor factor distribution and (c) the comparison of the theoretically calculated value with the experimental results.

Dislocation
pile-ups

Figure 9 The two main types of dislocation pile-ups in the SiCsyp.5,5/Al: (a) the dislocation pile-ups, and (b) the corresponding dark field image; (c) the
interaction of the nano-SiC particles and dislocation pile-ups.
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and back stress along the distance from the grain boundary; (c) the increased applied stress; (d) the deformation stages of the heterogeneous materials.

source X. With the continued applied stress (1},), the dislocations
would pile up at the grain boundary, and the responding back
stress (1) would generate. The stress gradient was illustrated by
the red curve shown in Fig. 10b. The back stress induced by the
pile-up dislocations balanced the applied stress and made the
system reach equilibrium. The effective stress derived from the
dislocation at the source X can be expressed as the following
equation [17]:

Te = Ty — The (10)

The further movement of the dislocation needed the higher-
stress effect, which meant the higher applied stress. Simulta-
neously, the back stress would also be increased with the further
pile-up of dislocations. Thus, back stress was a long-range stress
that maintained the dynamic balance with the applied stress.
Such a dynamic balance procedure ensured the strength-ducti-
lity synergized improvement of the heterostructure.

As shown in Fig. 9c¢, the interaction of the intragranularly
dispersed SiC particles with pile-up dislocations was observed.
The local stress gradient caused by the nano-SiC particles would
hinder the movement of the dislocation, which thereby increased
the back stress. To balance this stress, more applied stress was
needed. Thus, the strengthening effect was further promoted
under the coupling of the heterostructure and the intra-
granularly dispersed SiC particles, as illustrated by Fig. 10c.

The deformation process of the heterostructure was classified
into three stages in Fig. 10d. In stage I, the soft-ductile grains
and the hard-brittle grains deformed elastically. In stage II, with
more applied stress, the soft-ductile grains began to deform
plastically, while the hard-brittle grains still maintained the
elastic deformation. This stage was particularly important, as
equilibrium was kept by the back stress and the applied stress
occurred in this stage, which determined the strength-ductility
synergy of the designed heterostructure. The intragranular dis-
persion of nano-SiC particles was designed to extend this stage.
At this stage, the densities of GNDs in the coarse grains were
increased. With elastically and plastically deformed grains at the
same stage (stage II), the strengthening process was not linear
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with the strain gradient, which was considered to be the feature
of the heterogeneous structure theoretically. Such similar results
were reported by Wang et al. [48] in another respect. In stage III,
the soft-ductile grains were hardened by the GNDs, which had
almost the same strength as the hard-brittle grains, and then
deformed plastically together. Among the above three stages, the
soft-ductile grains sustained more strain than the hard-brittle
grains, which produced the strain partitioning, as discussed in
Figs 3b and 7b.

CONCLUSIONS

A heterogeneous grain structure induced by the mixed dis-
tribution of SiC particles was achieved via DDM. The hetero-
geneous microstructural evolution and the back stress-enabled
strength-ductility synergy mechanism were revealed.

(1) The back stress was increased by the accumulated GNDs
and the intragranularly dispersed SiC particles simultaneously.
As a long-range stress, the back stress maintained the dynamic
balance with the applied stress, which was the key point to
ensuring the strength-ductility synergized improvement.

(2) The formation of a typical heterogeneous structure was
induced by the difference in the capacity to refine the grains
between micro-SiC and nano-SiC particles. The GNDs were
generated in the coarse grains to accommodate the deformation
incompatibility in the heterostructures, which has extra hard-
ening in the grain boundary region.

(3) The ultimate tensile strength and uniform elongation of
the designed SiCspp.sp/Al composite reached 324 MPa and
12.9%, respectively, and the strength was 181% as high as that of
the SiCyqup/Al with only 3% ductility loss.

The strength-ductility synergy of the AMCs could be
enhanced effectively through the back stress engineering with
the interface designing of coarse-fine grains and the reinforce-
ments of intragranular-dispersed tailoring.

Received 29 July 2022; accepted 26 September 2022;
published online 14 December 2022
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