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A B S T R A C T   

An aluminum matrix composite (AMC) containing ~5% TiB2/TiC particles is processed by high-pressure torsion. 
The microstructures and mechanical properties of the composites are analyzed in detail. The processed AMC 
samples are compared to the corresponding monolithic matrix material to investigate the key roles of particles in 
grain refinement and material strengthening. It is found that a small portion of particles is beneficial for grain 
refinement while maintaining the integrity of the material. In addition, the presence of particles grants the 
ultrafine-grained AMC larger strain hardening capacity (energy storage capacity) than the ultrafine-grained 
aluminum.   

1. Introduction 

Aluminum matrix composites (AMCs) are important for automotive, 
aerospace and defense industries due to their high specific strength, 
excellent wear resistance, outstanding dimensional stability and supe-
rior damping capacity [1–4]. The key to the amazing properties of AMCs 
is the reinforcement particles. For example, the interfaces between 
particles and the matrix exert strong back-stress to the matrix [5], 
leading to back-stress strengthening [6]; homogeneous distribution of 
particles prevents the coalescence of micro-cracks and thus help 
avoiding premature failure of AMCs [7]. Manipulation with the particles 
is a very important practice to tailor the mechanical properties of AMCs, 
and has been one of the major focuses in the field of AMCs in the last 50 
years [4,8]. 

It should be noted that metal matrices are the primary constituents of 
the AMCs, which also possess a strong potential for strengthening owing 
to the metallic nature. Grain refinement is an effective strategy for 
strengthening metallic materials [9]. Thanks to the fast development of 
severe plastic deformation (SPD) methods [10,11], extreme grain 
refinement to the ultrafine-grained regime and even the nanocrystalline 

regime is achievable nowadays [12]. Under SPD processing, grain 
refinement of AMCs undergoes complicated dislocation-particle in-
teractions. The sizes, shapes, density and distribution of reinforcement 
particles all have significant effects on the microstructural evolution and 
grain refinement of AMCs [9,13]. For example, the steady state grain 
sizes of the matrix increase with decreasing particle sizes [14]. 
Notwithstanding, the role of reinforcement particles on grain refinement 
is case dependent. Qualitative experimental research is necessary to 
explain the effect of reinforcement particles on the grain refinement 
process. 

It is known that uniform distribution of the reinforcement particles in 
the matrix and seamless integration between the reinforcement particles 
and matrix ameliorate the mechanical properties of AMCs [15–19]. In 
addition, SPD induced extreme grain refinement is capable of improving 
the strength of AMCs to a new high level [10,16,20–26]. SPD processed 
AMCs usually have complex microstructures consisting of high densities 
of dislocations, ultrafine-grained matrix structures and uniformly 
distributed particles [10,16,20]. Moreover, SPD processed AMCs may 
also contain micro-cracks, contaminated interphase interfaces, dissolved 
alloying elements and newly formed precipitates [27,28]. All of the 
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abovementioned microstructural features affect the mechanical prop-
erties of the AMCs. Hence, it is difficult to distinguish the effect of each 
microstructural feature on the mechanical properties of the SPD pro-
cessed AMCs. However, it has been frequently claimed that the rein-
forcement particles have a substantial contribution to the strength of the 
SPD processed AMC [10,16,20–26], but to what extent has never been 
clarified. 

HPT techniques can be classified into three types: constrained, quasi- 
constrained and unconstrained HPT [20]. The stress states in the sam-
ples processed by constrained and quasi-constrained HPT are very close 
to the ideal hydrostatic stress states, due to the lateral constraint. In 
addition, the lateral constraint generated by the depression wall can 
help keeping brittle materials intact by restricting lateral flow of mate-
rials [29–31]. Without the lateral constraint, large amounts of cracks or 
even crumbling of the bulk sample can occur for comparatively brittle 
materials such as metallic glass and metal matrix composites [31,32]. In 
case of processing AMCs, quasi-constrained HPT can impose very high 
strains without cracking the materials, thus to achieve extreme grain 
refinement [16]. Therefore, quasi-constrained HPT technique is chosen 
in the current experimental work. 

2. Experimental procedure 

In this work, an Al-3.6TiB2-1.4TiC (namely Al-5%TiB2/TiC in the 
following text) AMC ingot was fabricated by using an in-situ melt re-
action method to ensure clear and seamless interfaces between the 
reinforcement particles and the matrix. The thermodynamic stabilities 
of interphase interfaces in the in-situ AMCs are generally better than 
those synthesized by exogenous fabrication processes [33,34]. Both TiC 
and TiB2 are insoluble in Al, thus keeping the solid solution a constant 
parameter. The as-cast ingot was machined into disks with a diameter of 
~10 mm and a thickness of ~1.7 mm. The disks were polished me-
chanically by using abrasive papers to a final thickness of ~1.4 mm for 
subsequent high-pressure torsion (HPT) processing. As illustrated in 
Fig. 1a, a disk sample is held between the massive anvils under the 
quasi-constrained condition with a pressure of 6.0 GPa. The bottom 
anvil rotates at a speed of 1 rpm to impose the plastic strain [35,36]. 
Disks were processed by HPT to 1, 2 and 5 turns at room temperature. 
The von Mises equivalent strain, εeq, imposed by HPT is expressed by the 
equation [20,37]: 

εeq =
2πrN
̅̅̅
3

√
h

(1)  

where r is the radius, N is the number of turns and h is the thickness of 
the disk. 

During quasi-constrained HPT processing, a compressive load 
imposed by the anvils, a counter stress generated by the depression walls 

and the friction between the sample and the anvils cooperate simulta-
neously to create a huge hydrostatic stress in the sample material [29]. 
Although, the mean stress is usually calculated by dividing the 
compressive load in the anvils by the circular area of the disk, the actual 
stress state is in fact very complex. According to finite element analysis, 
the stress state at the disk center is close to the ideal compressive stress, 
the stress decreases gradually towards the periphery of the disk, creating 
a stress gradient in the bulk sample [29]. Nevertheless, local stress and 
strain imposed by HPT is very complicated; They are the fundamental 
reasons for the microscopic heterogeneity in HPT materials, and related 
research is still on-going [38]. 

Microstructures of the Al-5%TiB2/TiC AMC samples were charac-
terized by a Quanta-250F field emission gun scanning electron micro-
scope (SEM) equipped with an Oxford energy dispersive X-ray 
spectrometer (EDS) and an electron backscattered diffraction (EBSD) 
detector, and a TECNAI-20 transmission electron microscope (TEM). 
Samples for SEM analysis were prepared by mechanical polishing with 
abrasive papers and fine polishing with Struers OP-U colloidal silica 
suspension. TEM samples were taken at the periphery regions and at the 
half-radius regions of the disks. TEM samples were prepared by ion 
beam thinning at 5 keV acceleration voltage and the beam angle of ~7◦

for perforation, and at 3 keV acceleration voltage and the beam angle of 
~4◦ for final trimming. 

Tensile tests were conducted at ambient temperature on a Walter- 
bai-LFM-20kN universal test machine, with a strain rate of 5.6 × 10− 4 

s− 1 to measure the strength of the as-cast and HPT samples. Dog-bone- 
shape tensile samples were cut by an electric discharge machine from 
HPT disks. As depicted in Fig. 1b, two tensile samples could be obtained 
from each disk, and the gauge section of the tensile sample is approxi-
mately at half radius of the disk. 

3. Results 

As shown by the SEM micrograph in Fig. 2a, the Al matrix in the as- 
cast sample has a coarse-grained (CG) microstructure (the average grain 
size of the Al matrix is ~59.8 μm, as confirmed by both SEM and EBSD 
analysis); TiC and TiB2 particles with bright contrast assembled into 
clusters in the matrix. Clusters of particles are present at both grain 
interior and grain boundary (GB). Particle rich regions and particle free 
regions can be easily identified in the SEM image. After 1 turn and 2 
turns of HPT, the GBs of the Al matrix are no longer identifiable in the 
SEM images shown Fig. 2b and c. However, the distribution of particle 
clusters is still similar to that shown in Fig. 2a. This is because the ma-
jority of the HPT imposed strain was accommodated by dislocation ac-
tivities in the Al matrix and insufficient work was done to disassemble 
the particle clusters [16]. After 5 turns of HPT, the clusters were mostly 
disassembled and particles were homogeneously dispersed in the matrix 
at the location of approximately half-radius of the HPT disk, as shown in 

Fig. 1. (a) Schematic illustration of an HPT facility operating under the quasi-constrained condition, and (b) the dimensions of the tensile samples taken from an 
HPT disk. 
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Fig. 2d. 
Microstructures of the Al matrix processed by HPT were investigated 

in detail by TEM. As shown in Fig. 3a, after 1 turn HPT the grain sizes 
have been refined to an average of ~770 nm at the half-radius of the 
disk. Diffused dislocation boundaries can be frequently found, as indi-
cated by yellow arrows in Fig. 3a, indicating that the grain refinement 

process is still in dominance. After 2 turns of HPT, the grain sizes were 
refined further to an average of ~636 nm at the half-radius of the disk, as 
shown in Fig. 3b. A high density of dislocation nodes appeared as dots 
with dark contrast can be seen at grain interiors, indicating that dislo-
cation activities were still pronounced. After 5 turns of HPT, ultra-fine 
grains with an average size of ~387 nm at the half-radius of the disk 

Fig. 2. (a) A SEM image showing the typical microstructure of the as-cast sample; SEM images showing microstructures at the half-radius regions of the disks 
processed to (b) 1 turn, (c) 2 turns and (d) 5 turns of HPT. 

Fig. 3. TEM images showing typical microstructures at the half-radius regions of the disks processed by HPT for (a) 1 turn, (b) 2 turns and (c) 5 turns, and (d–f) the 
corresponding grain size distributions. 
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have been achieved, as shown in Fig. 3c. GBs are sharp and clear, 
dislocation debris are seldom found at grain interiors. Note that the 
average grain size at the half-radius of the 5-turn HPT disk is slightly 
smaller than the average size of ~446 nm at the periphery of the disk. 
This indicates that dynamic recovery and recrystallization have become 
very active when the equivalent strain is above ~30 (at the half-radius of 

the 5-turn HPT disk). 
As shown in Fig. 4a andb, the TiC and TiB2 particles are still seam-

lessly bonded to the matrix after 2 turns of HPT processing. As shown in 
Fig. 4b, a recrystallized Al grain with a sharp and smooth GB, marked by 
a yellow arrow, is adjacent to a TiB2 particle, indicating that the local 
shear strain was sufficiently high to induced dynamic recrystallization. 

Fig. 4. TEM images showing (a) TiC particles and (b) TiB2 particles embedded in the Al matrix of the 2-turn HPT sample; SEM images showing free-standing (c) TiC 
particles and (d) TiB2 particles extracted from the as-cast Al-5%TiB2/TiC AMC sample; Particle size distributions and the mean sizes of (e) TiC and (f) TiB2 in the 2- 
turn HPT samples. 

Fig. 5. (a) Engineering stress–strain behaviors for the as-cast and HPT Al-5%TiB2/TiC AMCs; (b) Engineering stress–strain behaviors for coarse-grained CP-Al and 
HPT CP-Al; (c) Yield strength of sample materials and Hall-Petch relationship. 
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However, such a high shear strain did not tear open the interface be-
tween the TiB2 particle and the Al matrix. Typical TiC and TiB2 particles 
were extracted from the as-cast Al-5%TiB2/TiC AMC sample. TiC par-
ticles shown in Fig. 4c are hexahedrons or polyhedrons of irregular 
shapes matching the 2D projection of the particle shown in Fig. 4a. TiB2 
particles shown in Fig. 4d are of platelet shapes matching the 2D pro-
jection of the particle shown in Fig. 4b. The TiC particles are generally of 
equiaxed shapes with an average crystal size of ~0.62 μm as shown in 
Fig. 4e. The TiB2 particles have an average aspect ratio of ~3.4 and an 
average crystal size of ~0.45 μm (Fig. 4f). The high strength, small sizes 
and comparatively small aspect ratios make the TiC and TiB2 particles 
unlikely to be broken by the shear strain transferred from the ductile Al 
matrix. 

As shown in Fig. 5a, the as-cast Al-5%TiB2/TiC AMC has a yield 
strength (YS) of ~55 MPa and a decent uniform elongation of 16.48%. 
After HPT processing to 1, 2 and 5 turns, the YS of the AMCs are 
improved to ~143 MPa, ~172 MPa, and ~198 MPa, respectively. The 
uniform elongations of 1-turn, 2-turn and 5-turn HPT samples are 
2.24%, 1.66% and 2.91% respectively. Commercial purity Al (CP-Al, 
99.7 wt%) samples, as reference materials, were processed by HPT to 1, 
2 and 15 turns to obtain different grain sizes. Four CP-Al samples with 
different microstructures were tested by tensile deformation. The results 
are presented in Fig. 5b. The average grain sizes of the CG CP-Al, 1-turn 
HPT CP-Al, 2-turn HPT CP-Al and 15-turn HPT CP-Al are 185 μm, 1.187 
μm, 0.725 μm and 0.692 μm, respectively. The YS of the CG CP-Al, 1-turn 
HPT CP-Al, 2-turn HPT CP-Al and 15-turn HPT CP-Al are ~37 MPa, 
~132 MPa, ~153 MPa and ~155 MPa, respectively, as shown in Fig. 5b. 
The experimental data are collected in Table 1. The CG CP-Al has an 
excellent uniform elongation of 44.1%. In contrast, all the HPT CP-Al 
samples have uniform elongations in the range of 2%–4%. The results 
are reasonable that significant grain refinement induced by HPT can 
drastically improve the strength at the expense of ductility for most of 
the metallic materials [9,39]. 

The Al-5%TiB2/TiC AMC used in the current work was fabricated by 
an in-situ melt reaction method, so the interphase interfaces between 
reinforcement particles and the matrix are similar to that between pre-
cipitates and the matrix, in terms of cohesive energy, coherency and 
integrity [3,17]. However, the yield strength of the Al-5%TiB2/TiC AMC 
before and after HPT is significantly lower than many Al alloys, such as 
Al-2024 [40–42] and Al-7075 alloys [43]. This is because Al-2024 and 
Al-7075 alloys possess additional solid solution strengthening, 
nano-clusters strengthening and complicated precipitation strength-
ening effects in contrast to the Al-5%TiB2/TiC AMC [40–43]. The pur-
pose of this paper was not to seek highest strength in AMCs, but to 
specifically investigate the particle strengthening effect in 
ultrafine-grained AMCs. Ti, B, and C elements are insoluble in Al at room 
temperature. During the in-situ particle forming process, TiB2 and TiC 
particles nucleated in the Al matrix, leaving the high purity Al matrix 
comparable to CP-Al. In other words, the composition and the intrinsic 
properties of the matrix of the in-situ Al-5%TiB2/TiC AMC is very close 
to those of CP-Al. Thus, the only significant difference between the 

in-situ Al-5%TiB2/TiC AMC and CP-Al is the presence of reinforcement 
particles. The strength of the matrix of the Al-5%TiB2/TiC AMC and the 
strength of CP-Al are governed by the same parameters: the lattice 
friction stress (σ0) which includes the contribution of solute atoms, the 
dislocation density (ρd) and the grain size (DGB). The lattice friction 
stresses in both the matrix of the Al-5%TiB2/TiC AMC and CP-Al are 
nearly the same due to analogous compositions. However, the disloca-
tion density and grain size in both materials are variables affected the 
plastic strain and the presence of reinforcement particles [9]. During 
SPD, dislocation boundaries and sub-GBs are continuously formed. As a 
result, the grain sizes are significantly reduced, and the majorities of 
dislocations are accumulated at dislocation boundaries and sub-GBs. 
Thus, it is reasonable to estimate the YS of the material by the 
following Hall-Petch type equation [44]: 

σy = σ0 +
[
MαT G

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3bθLAB(1 − f )

√
+ k1

̅̅̅
f

√ ]
D− 1/2

B (2)  

where M is the mean orientation factor; αT is a constant which has a 
temperature dependence; G is the shear modulus; b is the Burgers vector; 
θLABis the average misorientation angle of dislocation boundaries; k1is 
the Hall-Petch constant for an undeformed polycrystalline metal; fis the 
density of high angle boundaries; DB is the boundary spacing (both 
dislocation boundary and sub-GB). A complete derivation procedure for 
Eq. (2) is provided in the literature [44] by N. Hansen. The term 
MαTG

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3bθLAB(1 − f)

√
on the right-hand side of Eq. (2) accounts for the 

dislocation strengthening effect [9,45,46]. The term k1
̅̅̅
f

√
accounts for 

the GB strengthening effect. The advantage of Eq. (2) is that the both 
dislocation strengthening effect and GB strengthening effect are trunked 
into one constant k2 = MαTG

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3bθLAB(1 − f)

√
+ k1

̅̅̅
f

√
, which reflects the 

average effectiveness of all dislocation boundaries and sub-GBs in 
blocking dislocation slip. Therefore, Eq. (2) is simplified to: 

σy = σ0 + k2D− 1/2
B (3) 

The YS of CP-Al samples are plotted on Fig. 5c as blue columns with 
respect to the grain size. Let DB equal to the average grain size of the CP- 
Al sample (under the diffraction contrast of TEM, dislocation boundaries 
and sub-GBs are similar, thus the grain sizes measured by TEM are 
usually equivalent to the boundary spacings). A linear fitting of the YS is 
estimated to be: 

σy = 30.89 + 105.36 D− 1/2
B (4) 

Therefore, σ0and k2for CP-Al are ~30.89 MPa and ~105.36 MPa/ 
̅̅̅̅̅̅̅μm√ , respectively. The value of σ0is close to the theoretical value of 20 

MPa, the value of k2is within the theoretical range of 40–140 MPa/ ̅̅̅̅̅̅̅μm√

[44]. 
Under the assumption that the matrix material of the Al-5%TiB2/TiC 

AMC is similar to CP-Al. The flow stress or YS of the matrix can be 
estimated by substituting the TEM measured grain sizes into Eq. (4). The 
estimated YS of the matrix are marked by blue stars on the red columns. 
The red columns are the YS of the Al-5%TiB2/TiC AMC samples obtained 

Table 1 
Mechanical properties of sample materials (the stored energy is calculated from true stress-strain curves).  

Samples Average grain size for Al (μm) Yield Strength (MPa) Ultimate Tensile Strength (MPa) Uniform Elongation (%) Stored Energy (J/g) 

as-cast Al-5%TiB2/TiC 59.8 55.2 87.3 16.48 2.2500 
1-turn HPT 

Al-5%TiB2/TiC 
0.77 143.6 155.4 2.24 0.5141 

2-turns HPT 
Al-5%TiB2/TiC 

0.63 172.4 187.2 1.66 0.2982 

5-turns HPT 
Al-5%TiB2/TiC 

0.38 198.1 212.2 2.91 0.2424 

CP-Al 185 37.5 66.5 44.1 8.9898 
1-turn HPT CP-Al 1.187 132.2 138.3 2.23 0.0530 
2-turns HPT CP-Al 0.725 153.6 163.4 2.50 0.0253 
15-turns HPT CP-Al 0.692 155.1 184.0 3.97 0.0124  
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by tensile tests. The as-cast Al-5%TiB2/TiC AMC has a YS of ~55 MPa 
that is 24% higher than the estimated YS of the matrix (~44 MPa). 
Clearly the reinforcement particles are very effective in strengthening 
the as-cast Al-5%TiB2/TiC AMC with coarse grains. However, for the 
HPT processed Al-5%TiB2/TiC AMC samples, the YS of the Al-5%TiB2/ 
TiC AMC is not superior to the YS of the matrix alone. As illustrated in 
Fig. 5c, the YS of the Al-5%TiB2/TiC AMCs processed to 1 turn and 5 
turns of HPT are somehow 4.8% and 1% lower than the strength of the 
corresponding matrices. For the 2-turn HPT sample, the YS of the Al-5% 
TiB2/TiC AMC is only 5.7% higher than the YS of the matrix. The result 
indicates that the contribution of the reinforcement particles to the flow 
stress is negligible in the HPT processed Al-5%TiB2/TiC AMCs. 

4. Discussion 

One may argue that SPD induced micro-cracks and delamination of 
particles may deteriorate the strength of the composite and offset the 
particle strengthening effect. However, as shown in Fig. 2 there is no 
obvious increase for extent of micro-cracks after HPT processing. As 
shown in Fig. 4a and b, the reinforcement particles are still seamlessly 
bonded to the matrix after HPT processing. In addition, the ductility of 
the HPT AMCs and HPT CP-Al are comparable. Thus, the SPD induced 
micro-cracks and delamination of particles are considered negligible. In 
fact, micro-cracks and delamination of particles often form in AMCs 
containing high densities of particles and/or large particles with sizes in 
the micrometer range or larger [7,27]. The volume fraction of particles 
is low (~5%) in the present AMC sample and the size and aspect ratios of 
the particles are comparatively small. Thus, micro-cracks and delami-
nation of particles are minimized in the experiment. 

As SPD induced micro-cracks and delamination of particles are 
negligible, the decreased particle strengthening effect reflected by 
Fig. 5c is now considered rational. It is known that the particle 
strengthening effect in conventional CG AMCs is mainly due to the 
Orowan mechanism [9,13]. The particles scattered at the grain interiors 
(as shown in Fig. 2a) act as obstacles to dislocation slip, in addition to 
dislocation boundaries and GBs. In other words, the presence of particles 
at the grain interior significantly reduces the mean free path for dislo-
cation slip. However, it can be seen that after HPT processing the matrix 
grain sizes are comparable and even smaller than the particle sizes, by 
comparing the grain sizes and particle sizes in Figs. 3 and 4. Thus, the 
Orowan mechanism is no longer operative during tensile deformation. 
The particle-matrix interfaces in the ultrafine-grained AMCs act more 
like ordinary GBs. Therefore, it is concluded that the absence of Orowan 
mechanism and the ultrafine grain sizes are the cause of the ineffective 
particle strengthening effect. 

However, the particles have significantly higher Young’s modulus 
than the Al matrix, leading to a high image force [9] and strong 
back-stress [6] at the interphase interface. Thus, higher dislocation 
storage capacity and stronger back-stress strengthening effect is still 
expected in the Al-5%TiB2/TiC AMC than CP-Al, in despite of the ul-
trafine grains. According to the work of Wiera and Michał, the energy 
stored by non-homogeneous plastic deformation can be estimated from a 
true stress-strain curve by the equation [47]: 

es =wp − q − ete (5)  

where wp is the mechanical energy expended on plastic deformation, q is 
the energy dissipated as heat, and eteis the isentropic energy [48]. The 
energy stored by non-homogeneous plastic deformation is a sum of the 
lattice stretch energy, energy of geometrically necessary dislocations 
and energy of long-range internal stresses due to heterogeneous distri-
bution of dislocations. In other words, esis the energy stored due to 
hetero-deformation at the microscale [6]. In ultrafine-grained materials, 
non-homogeneous plastic deformation account for the majority of the 
plastic strain, due to enormous amounts of boundaries. Thus, escan be 
used for comparing the energy storage capacities of materials. CG CP-Al 

has a esof 8.9898 J/g, reflecting a very strong strain hardening effect and 
a huge energy storage capacity. After HPT processing to 1-turn, the esof 
CP-Al is drastically reduced to 0.0530 J/g. In contrast, the as-cast Al-5% 
TiB2/TiC AMC has a esof 2.25 J/g; After HPT processing to 5 turns, its 
esis reduced to 0.2424 J/g, but still significantly higher than the HPT 
CP-Al. (The values of esfor all samples are provided in Table 1.) There-
fore, ultrafine-grained Al-5%TiB2/TiC AMC has a significantly better 
energy storage capacity than the corresponding monolithic matrix 
material. 

5. Conclusions 

In summary, the presence of a small portion (~5%) of ultrafine 
reinforcement particles in the Al-5%TiB2/TiC AMC can significantly 
improve the strength of the as-cast sample. After HPT processing, the 
steady state grain size of the matrix of Al-5%TiB2/TiC AMC is signifi-
cantly smaller than that of the CP-Al, and micro-cracks and delamina-
tion of particles are negligible, indicating that a small portion of 
particles is beneficial for grain refinement while keeping the integrity of 
the material. The YS of HPT AMCs lay on the same Hall-Petch type slope 
of the HPT CP-Al samples, indicating that the particle strengthening 
effect is minimized or ineffective in the ultrafine-grained matrix in 
absence of the Orowan mechanism. Notwithstanding, during plastic 
deformation ultrafine-grained AMCs show better energy storage capac-
ity than ultrafine-grained CP-Al, indicating the strong back-stress 
strengthening effect due to the presence of non-deformable particles. 
Our result suggests that the particle strengthening effect is better utilized 
when both Orowan strengthening and boundary strengthening are in 
effect. In absence of the Orowan mechanism, the particles can still exert 
back-stress to dislocation slip due to image force and high boundary 
strength to cause back-stress strengthening. 
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