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Abstract: Three heterostructured AlNp/Al composites with different microstructure configurations were fabricated by 
liquid−solid reaction combined with subsequent thermal-mechanical treatment to obtain a superior strength and ductility 
combination. The effects of the microstructure configuration including the AlN particle distribution and matrix grain 
structure on the tensile strength and ductility were studied in detail. The results show that the simultaneous 
enhancement of tensile strength and ductility can be achieved. The Uniformed-AlNp/Al composite with relatively 
dispersed particles exhibits a superior ultimate tensile strength of ~387 MPa with an elongation to failure of ~9.1%. It 
shows an outstanding specific tensile strength and elongation combination compared with other reported particle 
reinforced aluminum matrix composites. Furthermore, the hetero-deformation induced (HDI) stress has been calculated 
and is shown to increase significantly in the Uniformed-AlNp/Al composite. It is revealed that the HDI stress plays a 
crucial role in the significant enhancement of strength and ductility for the AlNp/Al composite. 
Key words: AlNp/Al composite; tensile strength; ductility; heterogeneous structure; particle distribution; strengthening 
mechanism 

1 Introduction 

Particle reinforced aluminum matrix 
composites (PRAMCs) beneficially combine the 
advantages of both aluminum matrix and 
reinforcement particles, including high specific 
strength, high specific modulus, good wear 
resistance and so on, and exhibit wide application 
prospects in the fields of aerospace and automobile 
industry. With the rapid development of clean 
energy, the demand for lightweight alloys, 
especially aluminum alloy and aluminum matrix 
composite, is also increasing rapidly [1,2]. 
PRAMCs are the most economical and promising 

candidates in automotive industries and aerospace 
that can improve energy efficiency and reduce 
emissions. However, the tradeoff between the 
strength and ductility of PRAMCs severely limits 
their application. At present, simultaneously 
enhancing the strength and ductility of PRAMCs 
is still a long-standing challenge, and thus new 
strategies based on the microstructure design have 
been proposed [3,4]. 

It is well known that adding ceramic particles 
(e.g., TiC, TiB2, and Al2O3) into an aluminum 
matrix can effectively improve the stiffness and 
strength of composites [5−8]. Moreover, the 
mechanical properties of the composites are 
significantly influenced by the type, size, volume  
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fraction of the particles and the interface bonding 
strength between the particle and the matrix [9,10]. 
In particular, it is found that the spatial 
configuration of the reinforcement particles plays  
a crucial role. The strength and ductility can     
be effectively enhanced by regulating the spatial 
configuration of particles [11−13]. For example, 
SCHERM et al [14] prepared Al2O3 reinforced 
Al−9Si−3Cu composites with a network structure, 
and found that the elastic modulus and tensile 
strength were two times higher than those of the 
matrix alloy, respectively. In addition, when the 
reinforcement particles are distributed along the 
grain boundaries and formed a network structure, 
the grain boundaries can be further strengthened 
and can effectively impede the intragranular 
dislocation movement. MIRACLE et al [15] 
prepared SiC/7095Al composites with laminated 
distributed particles and found that the toughness of 
the composite was significantly improved while 
maintaining the high strength and stiffness of the 
composites. Therefore, the spatial configuration of 
reinforced particles in the composites has been 
proven to play a crucial role in the enhancement of 
comprehensive mechanical properties. 

Recently, heterostructured (HS) materials as a 
fast-emerging field have attracted increasing 
attention. HS materials are defined as materials 
containing heterogeneous zones with dramatically 
different constitutive properties in the case of 
structural metallic materials [16,17]. HS materials 
usually include several types, such as hetero- 
geneous lamella structure, bimodal structure, 
harmonic structure, gradient structure, etc [18]. It 
has been proved that the strength and ductility of 
traditional materials can be simultaneously improved 
by introducing a heterogeneous structure [19−21]. 
For example, GENG et al [6] prepared 
hierarchically structured Al−Mg−Si alloys/nano- 
composites by utilizing the accumulative roll 
bonding process, and the laminated structure was 
composed of layered distribution of TiC nano- 
particles, bimodal-sized grains and precipitates. 
Compared with a single TiCp/Al−Mg−Si composite, 
the yield strength and uniform elongation of the 
laminated Al−Mg−Si alloys/nanocomposites were 
increased from 380 MPa and 5.0% to 443 MPa and 
6.4%, respectively. Therefore, it can be expected 
that the synergy of the strength and ductility of the 
PRAMC can be further enhanced by regulating the 

spatial configuration of the reinforced particles and 
the heterostructure of the matrix. 

Generally, during plastic deformation treatment, 
such as extrusion, rolling, high pressure torsion, 
equal channel angular pressing and accumulative 
roll bonding, large plastic deformation will be 
accumulated in materials, which can be used to 
regulate heterogeneous microstructure [22,23]. In 
our previous work, an Al−(TiB2+TiC)/6063 composite 
with a lamellar structure was successfully prepared 
by the accumulative rolling method [24], which 
exhibited a good combination of strength and 
ductility. At the same time, plastic deformation  
can disperse particle clusters and regulate the 
configuration of particles in the matrix. For example, 
JIANG et al [25] obtained a microstructure 
characterized with fiber-like nanoparticle-rich  
zones that contain spherical nanoparticles of boron 
carbide in an ultrafine grained aluminum alloy 
matrix. This microstructure was synthesized by 
cryomilling combined with the hot-extrusion 
method. However, there are few studies about the 
effects of particle configuration on the tensile 
properties of a heterostructured aluminum matrix 
composite. Considering that nanoparticles can 
significantly refine the grain size of the Al matrix 
and have a significant influence on dislocations, it 
is feasible to achieve a heterogeneous structure of 
the matrix by regulating the particle configuration. 
It is hoped that the strength of aluminum matrix 
composites can be improved without sacrificing 
ductility by introducing heterogeneous structures. 

In this work, a new strategy was proposed to 
improve the strength and ductility synergy of 
PRAMCs by regulating the particle configuration 
and the heterogeneous microstructure. A hetero- 
structured AlNp/Al composite was fabricated by 
liquid−solid reaction combined with the subsequent 
thermal-mechanical treatment. The lamellar hetero- 
structure of matrix grains was regulated by      
the thermo-mechanical deformation. Meanwhile, 
different particle configurations were also obtained 
due to the evolution of particle distribution   
during plastic deformation. The effects of particle 
configurations on the tensile properties of the 
heterostructured composite were revealed and the 
strengthening mechanisms were also discussed in 
depth. The proposed strategy will provide new 
insight and guidance for the design of composites 
with superior strength and ductility combinations. 
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2 Experimental 
 
2.1 Fabrication of AlNp/Al composite 

Figure 1 shows the fabrication process of the 
heterostructured AlNp/Al composite in the present 
study. Commercially pure Al powders (99.7%, all 
compositions quoted in this work are nominal 
values in mass fractions unless otherwise stated) 
and nitride plastid powders (referred to as NP, 99%) 
were used. In this study, a two-step ball-milling 
method was utilized to regulate the microstructure. 
Firstly, in Step I, pure Al powders and NP were 
mixed uniformly and NP was attached to the surface 
of Al powders during the ball-milling process with 
a rotation speed of 200 r/min and a ball-to-powder 
ratio of approximately 20:1 to obtain the NP/Al 
precursor powders. Secondly, the pure Al powders 
with the NP/Al powders obtained in Step I were 
further ball-milled to form reinforcement particle 
rich zones and particle poor zones in Step II. Then, 
during the subsequent sintering process, the 
nitrogen atoms from NP diffused into the surface of 
aluminum powders and reacted with Al atoms to 
form AlN nanoparticles, that is, the AlN particles 
(AlNp) were in-situ formed in the aluminum matrix 
by the liquid−solid reaction. The final nominal mass 
fraction of AlNp in the composite was 12.3%. The 
density of the AlNp/Al composite was calculated to 
be 2.68 g/cm3 according to the Archimedes’ 
Principle. What’s more, to regulate the different 
spatial configurations of AlNp and the hetero- 
geneous microstructure, subsequent plastic 
deformation was carried out. The AlNp/Al 
composite was extruded with an extrusion ratio of 
~20 at 500 °C. According to our previous 
experiment tests, the extrusion ratio of 20 at 500 °C 

can obtain uniform and fine grains as well as 
improve the density and formability of the 
composite. To disperse the particles in the Al  
matrix, the extruded composites were subjected to 
hot rolling at 500 °C with an equivalent strain of 
approximately 0.7−1.4. The microstructures of the 
composite with equivalent strains of 0.7 and 1.4 are 
more representative according to our experiments 
with different equivalent strains. Deformation at 
this temperature can also improve the formability of 
the composite and reduce cracks. After hot rolling 
deformation, the morphology and spacing of the 
pure aluminum layer were also changed, then 
forming a lamellar heterostructured composite. 
Before each rolling pass, the sample was preheated 
at 500 °C for 5 min. The von Mises equivalent 
strain (εVM) after different rolling reductions can be 
calculated according to the following equation [26]:  

VM
03

2 ln t
t

ε −
=                           (1) 

 
where t0 and t are the plate thickness before and 
after rolling, respectively. The AlNp/Al composite 
was firstly fabricated by a liquid−solid reaction 
method and then subsequent thermal-mechanical 
deformation treatments were carried out to regulate 
the microstructures. According to the obtained 
spatial configuration of AlNp, three types of 
composites were referred to as Clustered-AlNp/Al, 
Networked-AlNp/Al and Uniformed-AlNp/Al, 
respectively. The fabrication parameters of the three 
typical samples are displayed in Table 1. 
 
2.2 Microstructure characterization 

The microstructures of the AlNp/Al composites 
were characterized using a field emission  
scanning electron microscope (FESEM, Quanta 

 

 
Fig. 1 Schematic diagram showing fabrication processes of heterostructured AlNp/Al composites 
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Table 1 Fabrication parameters of three typical samples 

Sample 
Equivalent 
strain, εVM 

Spatial configuration 
of particles 

Clustered-AlNp/Al 0 Cluster 

Networked-AlNp/Al 0.7 Network 

Uniformed-AlNp/Al 1.4 Uniform 

 
250F, working at 20 kV), electron back-scattered 
diffraction (EBSD, Zeiss Auriga), transmission 
electron microscope (TEM, TECNAI 20, working 
at 200 kV) and high-resolution transmission 
electron microscopy (HRTEM, Titan G2 60−300, 
working at 300 kV). All the experiments were 
observed on the RD−ND (rolling direction−normal 
direction) plane of the sheets. 

Specimens for SEM/EBSD characterization 
were prepared by mechanical polishing. The step 
size for EBSD scanning was 0.15 µm. Due to the 
limitation of angular precision, misorientations 
below 2° were excluded to avoid spurious boundaries. 
All EBSD data were analyzed using Channel 5 
software. Thin foils for TEM observations were 
mechanically polished to the thickness of ~25 μm, 
and then polished by ion beam using Gatan 691 
precision ion polishing system (PIPS). 
 
2.3 Tensile test 

A flat dog-bone tensile specimen with a  
gauge size of 5.5 mm × 3 mm × 2 mm was electro- 

discharge machined from the processed sheet. The 
tensile specimen axis was parallel to RD. The 
tensile tests were performed at room temperature 
using a universal tensile testing machine (LFM−20, 
Walter + baiag) at an initial strain rate of 3×10−3 s−1. 
To make sure the accuracy of measurement, each 
sample was repeated at least three times. 
 
3 Results 
 
3.1 Microstructure features of AlNp/Al composite 

As shown in Figs. 2(a, b), the initial pure Al 
powder is spherical with an average particle size of 
~2 μm, and the nitride plastid powder has a lamellar 
structure with a size of about 0.5 μm. After the 
ball-milling process, the size of the milled powder 
increases and the morphology is irregular (as shown 
in Fig. 2(c)). More details on the raw materials can 
be referred to in our previous work [27]. Figure 2(d) 
demonstrates the microstructure of the AlNp/Al 
composite after sintering and the EDS point 
analysis of AlNp. The inhomogeneous distribution 
of AlNp can be observed, forming AlNp-rich and 
AlNp-poor domains. The EDS result shows the 
existence of Al and N elements in the composite 
and identifies the existence of the AlNp phase. 

Figure 3 shows the microstructures of three 
AlNp/Al composites and the distribution 
characteristics of AlNp on the longitudinal section. 
Figures 3(b, d, f) show the magnified images indicated 

 

 
Fig. 2 Microstructures of raw materials and as-sintered AlNp/Al composite: (a) Commercially pure Al powders;      
(b) Nitride plastid powders; (c) Milled powders; (d) As-sintered AlNp/Al composite and EDS results of Point A 
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Fig. 3 Microstructure and particle spatial distributions in three AlNp/Al samples: (a, b, g) Clustered-AlNp/Al;        
(c, d, h) Networked-AlNp/Al; (e, f, i) Uniformed-AlNp/Al 
 
by the black dotted boxes in Figs. 3(a, c, e), 
respectively. As shown in Figs. 3(a, b), the micro- 
structure of the extruded sample includes two 
distinct zones, namely, the AlNp-rich zone and the 
AlNp-poor zone. In the AlNp-rich zone, most of the 
particles are agglomerated together, while the pure 
aluminum lamella, i.e., AlNp-poor zone (marked by 
green dotted lines), has an average wide space of 
approximately 6 μm. The extruded sample is thus 
referred to as Clustered-AlNp/Al. To regulate    
the heterogeneous microstructure, the Clustered- 
AlNp/Al composite was deformed by hot rolling 
with different equivalent strains (0.7 and 1.4). After 
rolling, it can be seen from Figs. 3(a, c, e) that the 
distribution of the AlNp-rich zone in the matrix 
gradually changes from non-uniform distribution to 
lamellar distribution, the aluminum matrix layer is 
elongated along the rolling direction and the 
average width decreases to approximately 1.5 μm 
(Fig. 3(e)). 

Moreover, according to the local magnified 
images of the AlNp layer in Figs. 3(b, g), the 
average particle size of some large particle clusters 
is approximately 100 nm. In addition, there are 
several local areas with few particles (indicated by 
white dotted lines). When further deformation was 
applied, the AlNp with an average particle size    
of approximately 65 nm in the matrix shows a 
continuous or semi-continuous network structure, 
as indicated by the yellow dotted line in 
Figs. 3(c, d, h), which was also confirmed in our 
previous work that the distribution of AlNp 
presented network under a certain deformation 
(referred to as Networked-AlNp/Al) [28]. When the 
applied equivalent strain increased to 1.4, most 
AlNp networks are destroyed and AlNp particles 
with an average size of approximately 50 nm are 
uniformly dispersed in the matrix, as shown in 
Figs. 3(f, i). Thus, this sample is referred to as 
Uniformed-AlNp/Al. 
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3.2 Matrix grain structure of AlNp/Al composite 
To study the influence of particle distribution 

on aluminum matrix grains during deformation, 
EBSD analysis was carried out. Figure 4 shows  
the crystal orientation maps and Al grain size 
distributions in the three AlNp/Al composites.   
The black lines in Figs. 4(a−c) represent grain 
boundaries with misorientation angles above 15° 
(high angle grain boundaries, θ ≥15°). As shown in 
Fig. 4(a), both elongated coarse grains and fine 
equiaxed grains can be seen in the Al matrix of the 
Clustered-AlNp/Al composite. The average width  
of the coarse grains in the AlNp-poor zone is 
approximately 2.5 μm, which have been elongated 
along the extrusion direction. It is noticed that most 
fine equiaxed grains are distributed in the AlNp-rich 
zone. In fact, the AlNp-poor zones are recognized  
as the soft zones and the AlNp-rich zones are 
recognized as the hard zones. After the rolling 
deformation, it can be seen that a lamellar 
heterogeneous structure with an alternative soft 
zone (marked as black dotted lines) and hard zone 
is formed in the Networked-AlNp/Al composite 
(Fig. 4(b)). The average grain size of elongated 
coarse grains in the soft zones is reduced to less 
than 8 μm in length and less than 2 μm in width. 

Meanwhile, the average grain size in the hard zones 
with relatively dispersed AlNp also decreases. With 
the further increase of the applied equivalent strain 
to 1.4, the AlNp particles with sizes of ~60 nm tend 
to be uniformly distributed and more fine grains  
are formed in the matrix for Uniformed-AlNp/Al 
composite, as seen in Fig. 4(c). In addition, the 
grain size distributions of the three samples are 
shown in Figs. 4(d−f). It can be seen that the 
average grain size is reduced from 1.58 to 1.18  
and 0.86 μm. 

It is known that the geometrically necessary 
dislocations (GNDs) will accumulate in grains or 
interfaces with a strong strain gradient during the 
rolling process [15,29]. The GND density (ρGND) 
can be calculated according to the strain gradient 
model proposed by GAO et al [30] and the equation 
provided by KUBIN and MORTENSEN [31]: 
 
ρGND=αθ/(bx)                            (2) 
 
where b is the magnitude of the Burgers vector, x is 
the unit length, α is a constant equal to 2, and the 
misorientation angle (θ) is the kernel average 
misorientation (KAM), which is the average 
misorientation angle of a measurement point. Thus, 
the GND densities in the soft and hard domains of 

 

 
Fig. 4 EBSD analysis results (a−c) of α(Al) grains and corresponding grain size distributions (d−f) in three AlNp/Al 
composites: (a, d) Clustered-AlNp/Al; (b, e) Networked-AlNp/Al; (c, f) Uniformed-AlNp/Al (The inset in Fig. 4(c) is the 
inverse pole figure color code) 
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the AlNp/Al composites were calculated according 
to the EBSD results. The results are shown in 
Fig. 5(a), where the different colors represent the 
variation in the intensity of GND density, i.e., the 
red represents higher values of GND density and 
the blue is associated with lower values. Obviously, 
the GND distribution in the matrix of the Clustered- 
AlNp/Al and Networked-AlNp/Al composites is 
inhomogeneous, suggesting that strain localization 
occurs at the interfaces between hard zones and soft 
zones. However, after the hot rolling process, the 
GND distribution in the α(Al) matrix of the 
Uniformed-AlNp/Al composites is relatively 
uniform, as shown in Fig. 5(c), demonstrating that 
the strain distribution becomes more homogeneous 

in the matrix. Specifically, the quantitative results 
are shown in Figs. 5(d−f), respectively. The GND 
density for the Uniformed-AlNp/Al is 7.92×1015 m−2, 
which is much higher than that of the Clustered- 
AlNp/Al (6.01×1015 m−2) and the Networked- 
AlNp/Al (6.39×1015 m−2) composites. Meanwhile, 
the increased GNDs in the matrix will be also 
helpful for the enhanced mechanical properties. 

The grain structure and the AlNp distribution in 
the Clustered-AlNp/Al sample are further revealed 
by the TEM images, as shown in Fig. 6. Both the 
AlNp-rich zone and AlNp-poor zone can be seen in 
Fig. 6(a). The α(Al) matrix grains (marked as 
yellow dotted lines) are elongated along the extrusion 
direction in AlNp-poor zone. However, the Al grains 

 

 
Fig. 5 GND density mapping for three samples: (a, d) Clustered-AlNp/Al; (b, e) Networked-AlNp/Al; (c, f) Uniformed- 
AlNp/Al 
 

 
Fig. 6 TEM images showing microstructure of Clustered-AlNp/Al sample (a) and AlNp distribution in particle-rich zone (b) 
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are refined to an ultrafine structure in the AlNp-rich 
zone (marked by blue arrows in Fig. 6(b)), due to 
the strong pinning effect of the AlNp on the 
dislocations and grain boundaries during the hot 
deformation process [32,33]. These results are 
consistent with the above EBSD analysis. 
 
3.3 Interface characteristics of Uniformed-AlNp/ 

Al composite 
Figure 7 shows the HRTEM analysis results 

for the Uniformed-AlNp/Al composite. According 
to the HAADF-STEM image (Fig. 7(a)), it can be 
seen that some dark particles are dispersed in the 
gray Al matrix, the matrix grain has an ultrafine 
structure, and most grain sizes are smaller than 
0.5 μm. The dark particles are the in situ formed 
AlNp proved by the EDS mapping analysis. The 
interface structure between AlN and the matrix was 
further investigated. The HRTEM images and the 
corresponding fast Fourier transformation (FFT) 
image are shown in Figs. 7(d−f). From the FFT 
image (Fig. 7(f)), the AlNp crystal is oriented to 
the  [011�0]  zone axis, and the α(Al) crystal is 

oriented to the [011] zone axis. Furthermore, it is 
found that the (0002) crystal plane of AlNp is 
parallel to the (2�00) crystal plane of α(Al), and   
the two phases are semi-coherently bonded at the 
interface, indicating a robust bonding between AlNp 
and the α(Al) matrix. It is considered that this good 
atomic bonding plays an important role in strength 
enhancement. 

 
3.4 Tensile properties of AlNp/Al composites 

Figures 8(a, b) show the stress−strain curves  
at room temperature of the AlNp/Al composites 
with different thermal-mechanical treatments. The 
corresponding strength and elongation are shown  
in Fig. 8(c) and the detailed values are given in 
Table 2. The yield strength (YS) and ultimate 
tensile strength (UTS) of the Clustered-AlNp/Al 
composite are ~279.6 and ~334.5 MPa, and     
the corresponding uniform elongation (εue) and  
the elongation to failure (εef) are ~4.2% and ~6.8%, 
respectively. After the thermal-mechanical 
deformation treatment, the strength and ductility of 
the Networked-AlNp/Al composite and Uniformed- 

 

 
Fig. 7 HRTEM analysis results for Uniformed-AlNp/Al sample: (a−c) HAADF-STEM image and EDS mappings of Al 
and N elements in matrix; (d) α(Al) grain containing AlNp; (e) HRTEM image of interface between AlNp and α(Al);   
(f) Corresponding FFT image of dashed rectangle region in (e) 
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Fig. 8 Tensile properties of AlNp/Al composites: (a) Engineering stress−strain curves; (b) True stress−strain curves;   
(c) Strength and elongation of different AlNp/Al samples; (d) Comparisons of specific tensile strength and elongation of 
AlNp/Al composites in this work and other PRAMCs [34−41] 
 
Table 2 Mechanical properties of AlNp/Al composites at RT 

Sample YS/MPa UTS/MPa εue/% εef/% PSE/(MPa·%) STS/(MPa·cm3·g−1) 

Clustered-AlNp/Al 279.6±4 334.5±3 4.2±0.5 6.8±0.4 ~2274.6 ~124.8 

Networked-AlNp/Al 296.8±5 358.4±5 5.3±0.3 10.4±0.3 ~3727.4 ~133.7 

Uniformed-AlNp/Al 334.6±3 387.4±4 5.8±0.3 9.1±0.4 ~3525.4 ~144.6 

 
AlNp/Al composite are gradually increased. The  
YS is increased to ~296.8 and ~334.6 MPa and  
the UTS is enhanced to ~358.4 and ~387.4 MPa, 
respectively. Meanwhile, the εue is increased to  
5.3% and 5.8%, respectively. The εef is increased to 
10.4% and 9.1%, respectively. It can be seen that a 
simultaneous increase of strength and ductility has 
been achieved without the sacrifice of ductility. The 
product of strength and elongation (PSE) of the 
composite, which can be used to estimate the 
toughness of the materials, was also calculated, as 
shown in Table 2. It can be seen that the PSE of  
the Networked-AlNp/Al composite and Uniformed- 
AlNp/Al composite are around 3727.4 and 
3525.4 MPa·%, respectively, ~64% and ~55% 
higher than that of Clustered-AlNp/Al composite, 

respectively. Therefore, it is indicated that the 
lamellar heterostructured composites exhibit an 
excellent combination of strength and ductility. 
Furthermore, the specific tensile strength (STS) 
values of the Networked-AlNp/Al and Uniformed- 
AlNp/Al composites are calculated to be about 
133.7 and 144.6 MPa·cm3/g. Figure 8(d) compares 
the STS and elongation of the AlNp/Al composites 
in this work and other PRAMCs [34−41]. It can  
be seen that the AlNp/Al composites exhibit   
much better STS−elongation synergy than other 
PRAMCs. Therefore, the AlNp/Al composites with 
heterogeneous matrix grain structure and relatively 
dispersive particle characteristics exhibit an 
outstanding balance of specific tensile strength and 
elongation. 
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4 Discussion 
 
4.1 Evolution of particle configuration 

It is shown that the network structure of AlNp 
can be formed during the in-situ reaction process of 
Al powders and the nitrogen plasmids. However, 
the amount of AlNp networks in the extruded 
sample is small due to the large volume fraction of 
AlNp. Then, the large AlNp clusters are distributed 
in the matrix, as shown in Fig. 3(g), which is not 
beneficial to the mechanical property. Therefore, 
hot rolling deformation is used to regulate the 
spatial distribution of particles. During plastic 
deformation, the shear force was applied to the 
matrix of the composite, leading to the shear flow 
of the aluminum matrix [42−44]. Consequently, the 
large AlNp clusters were dispersed in the AlNp-rich 
zone by the shear flow stress. At the same time, 
small AlNp networks were further expanded to  
form nano and micron-scale network structures, as 
shown in Figs. 3(d, h). With further deformation, 
the network structure of AlNp was dispersed more 
significantly and the particles were uniformly 
distributed (shown in Fig. 3(f)). Accordingly, hot 
rolling deformation treatment has a significant 
effect on the spatial configuration of particles. 

Generally, the homogenization distribution of 
the particles in the matrix depends on the sizes of 
the constituents and the processing method. TAN 
and ZHANG [43], and SABIROV et al [44] have 
proposed a geometrical model to predict the critical 
size condition of a uniform distribution of particles 
after different deformation processes (including 
extrusion and hot rolling):  

m
p 1/3π 1

1

d
d

R
σf R

≥
  

−   ′−   

                   (3) 

 
where dp is the critical particle size, dm is the 
average grain size of the composite, f is the particle 
volume fraction, R is the extrusion ratio (during 
extrusion) and Rʹ is the reduction ratio (during 
rolling). It can be seen that the critical value (dp)  
is related to the dm, f and the strains induced    
into the sample during deformation. The uniform 
distribution of particles can be realized when the 
particle size is not less than dp. The parameters 
calculated by Eq. (3) are given in Table 3. 
According to these data, the particle size of the 

Clustered-AlNp/Al composite is smaller than the dp 
value of 168.3 nm, and the aggregation can occur 
(Fig. 3(g)). The value of dp is 69.2 nm in the 
Networked-AlNp/Al composite, which is slightly 
larger than the particle size. Some large particle 
clusters were broken but did not form a uniform 
distribution. For the Uniformed-AlNp/Al composite, 
the value of dp decreases to 27.5 nm, which is less 
than the size of the AlNp, indicating that a 
homogeneous particle distribution can be obtained. 
And there is a good agreement between the 
calculated values and experimental results (as 
shown in Figs. 3(g−i)). Therefore, we can obtain 
three kinds of composites characterized by different 
microstructures after deformation treatment. 
 
Table 3 Average grain size (dm), critical particle size (dp) 
and actual particle size (Dp) of AlNp/Al composites in 
this work 

Sample dm/μm dp/nm Dp/nm 

Clustered-AlNp/Al 1.58 168.3 100 

Networked-AlNp/Al 1.18 69.2 65 

Uniformed-AlNp/Al 0.86 27.5 50 
 
4.2 Strengthening mechanisms 

As mentioned above (Fig. 8), both the 
Networked-AlNp/Al and Uniformed-AlNp/Al 
composites behave much better in strength and 
ductility synergy than the Clustered-AlNp/Al 
composite. The strengthening mechanisms should 
be mainly attributed to grain refinement 
strengthening and hetero-deformation induced  
(HDI) stress strengthening [17]. According to the 
well-known Hall−Petch relationship, the yield 
stress σy is related to the grain size by [45] 
 

1/2
y 0σ σ kD −= +                          (4) 

 
where σy is the yield stress, σ0 is the friction stress, k 
is a constant that reflects the boundary resistance to 
dislocation slip, and D is the mean grain size of the 
matrix. The yield strength can be increased with the 
reduction of grain size. According to statistics in 
Figs. 4(d−f), after thermal-mechanical treatment, 
grain sizes of Networked-AlNp/Al and Uniformed- 
AlNp/Al composites decreased to ~1.18 and ~0.86 μm, 
respectively. Therefore, massive grain boundaries 
were generated in the composites, which hindered 
the dislocation movement and led to an increase of 
yield strength. 
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Among three composites, the Uniformed- 
AlNp/Al composite has optimal YS, UTS, and 
ductility combinations. To investigate the distribution 
of accumulated dislocations in the Uniformed- 
AlNp/Al composite during the tensile deformation 
process, the TEM analysis was performed before 
and after tensile deformation. Before the tensile 
deformation, the AlNp (indicated by the green 
arrows) are distributed in grains and at grain 
boundaries (Fig. 9(a)). Some tangled dislocations 
(indicated by the blue arrows) accumulate in   
α(Al) grains due to the pinning effect of the    
AlNp. However, almost no dislocations are seen in the 
 

 
Fig. 9 TEM images of Uniformed-AlNp/Al sample 
before and after tensile test: (a) Amounts of accumulated 
dislocations before tensile test; (b) Accumulation of 
GNDs after tensile test; (c) Schematic diagram showing 
dislocations and GNDs of composites after tensile test 

domain without particles, as shown in Fig. 9(a). The 
Uniformed-AlNp/Al composite consists of soft and 
hard domains, and the soft domain is constrained by 
the hard ones. During tensile deformation, GNDs 
are generated in micron-size grains (the soft zones) 
to accommodate the local plastic strain gradients 
between the hard and soft domains, as shown in 
Figs. 9(b, c). 

To quantitatively estimate the contribution of 
the HDI hardening, the cyclic load−unload−reload 
(LUR) tensile tests were performed. Figure 10(a) 
shows the LUR curves of AlNp/Al composites. And 
the HDI stress (σHDI) under different strains can be 
calculated by the following equation [46]:  

r u
HDI 2

σ σ
σ

+
=                           (5) 

 
where σr and σu are the reloading yield stress    
and unloading yield stress, as indicated in 
Fig. 10(b). 

As shown in Fig. 10(c), the HDI stress of 
different composites increases with the applied 
strain, promoting high strain hardening. However, 
the HDI stress of Uniformed-AlNp/Al composite  
is significantly higher than that of the other two 
samples, indicating that HDI stress plays a 
particularly significant role in this sample. 
Figure 10(d) presents the area of the hysteresis 
loops obtained from the LUR tensile tests. The  
area of the loops increases with strain and the 
Uniformed-AlNp/Al composite presents a larger 
hysteresis, indicating a stronger Bauschinger effect, 
which is consistent with the assessment by the HDI 
stress, as shown in Fig. 10(c). 

Figure 11 shows the volume fraction and 
average grain size of soft and hard zones in 
different composites. It can be seen that the volume 
fraction of the soft zones is approximately 21% in 
the heterostructured Uniformed-AlNp/Al composite 
(Fig. 11(a)). In this structure, the interface affected 
zone of the hard and soft phase is maximized, 
which increases the density of GNDs and results in 
higher strain hardening [47,48]. The increase of 
HDI hardening is mainly due to the increase of 
non-uniform interface, including the AlNp/Al 
interface and matrix grain interface. As shown in 
Fig. 11(b), the average grain sizes in both soft and 
hard zones are gradually refined with the increase 
of the applied equivalent strain. 
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Fig. 10 LUR tensile test results: (a) LUR curves of three AlNp/Al composites; (b) Schematic of hysteresis loops with σu 
and σr defined at 3% true strain of Networked-AlNp/Al composite; (c) HDI stress versus applied strain curves in three 
AlNp/Al composites; (d) Area of hysteresis loops varying with true strain in three AlNp/Al composites 
 

 
Fig. 11 Volume fraction of soft zone (a) and average grain size of soft and hard zones (b) in different composites 
 
4.3 Fracture behavior 

To provide insight into mechanical behavior 
and establish a relationship between microstructures 
and mechanical properties, the fracture surface 
morphologies were investigated, as shown in 
Fig. 12. Numerous dimples can be seen on the 

entire fracture surfaces, indicating that all the 
composites are fractured via the ductile mechanism. 
As shown in Figs. 12(a, b), the dimples of the 
Clustered-AlNp/Al composite are not uniformly 
distributed, which is mainly related to the 
distribution configuration of AlNp in the composite. 
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Fig. 12 Tensile fracture morphologies of three composites: (a, b) Clustered-AlNp/Al; (c, d) Networked-AlNp/Al;      
(e, f) Uniformed-AlNp/Al 
 
Some big dimples with sharp edges and the exposed 
AlNp are seen in the center of the dimples. And 
there are some cracks (marked by blue arrows)   
in Fig. 12(b). As displayed in Figs. 12(c, d), the 
dimples are smaller, the tear edges are smooth and 
no obvious cracks are observed on the fracture 
surface. On the fracture surface of the Uniformed- 
AlNp/Al composite, the dimples are uneven and 
some dimples are nearly 5 μm with few exposed AlNp. 
The cracks nucleate at the particle agglomerates 
marked by yellow arrows in Fig. 12(f). The 
increased elongation to failure for the Networked- 
AlNp/Al is mainly attributed to the robust bonding 
of AlNp and Al interface and the network structure 
of AlNp. During the tensile deformation process, the 
network structure can deflect the cracks, reduce the 
stress concentration on the crack tip, and effectively 
hinder crack propagation [49] in the AlNp-rich 
zones. NIE et al [50] studied the high temperature 

performance of AlNp/Al composites with a network 
structure and showed that the network structure can 
effectively hinder crack propagation and improve 
the ductility of the materials. As the deformation 
increases, the homogeneous distribution of particles 
helps to suppress strain localization in the process 
of tensile deformation [51], which contributes to the 
improvement of ductility. 
 
5 Conclusions 
 

(1) The configuration of AlNp in the matrix  
has been regulated from agglomerated cluster to a 
network structure, and then a relatively more 
uniform particle distribution has been achieved 
after the thermal-mechanical treatment. The α(Al) 
matrix grains both in the particle-rich zone and 
particle-poor zone are refined, and the final average 
grain size decreases from 1.58 to 1.18 and to 
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0.86 μm. 
(2) The yield strength and ultimate tensile 

strength of the Uniformed-AlNp/Al composite are 
~334.6 and ~387.4 MPa, respectively, which increases 
by ~55 and ~52.9 MPa compared with those of  
the Clustered-AlNp/Al composite. Meanwhile, the 
elongation to failure is also increased from 6.8% to 
9.1%, achieving an excellent synergy of strength 
and ductility. The lamellar heterostructured 
composites exhibit an outstanding balance of 
specific tensile strength and elongation, which is 
much superior to the reported aluminum matrix 
composite. 

(3) It is shown that the HDI stress and HDI 
hardening effect of the Uniformed-AlNp/Al 
composite are significantly enhanced and are 
superior to those of the other two samples. The 
main strengthening mechanisms for the hetero- 
structured AlNp/Al composite are fine grain 
strengthening and HDI hardening. 
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摘  要：为了获得优异的强塑性能，采用液固反应结合后续的热机械处理方法制备了 3 种具有不同微观组织构型

的异构 AlNp/Al 复合材料，详细研究了 AlN 颗粒分布和基体晶粒组织构型对拉伸强度和塑性的影响。结果表明，

复合材料的强度和塑性同时提高。其中，具有较弥散颗粒分布的 Uniformed-AlNp/Al 复合材料表现出优异的极限

抗拉强度(~387 MPa)和断裂伸长率(~9.1%)。与其他文献报道的颗粒增强铝基复合材料相比，该复合材料具有较好

的比强度和延展性组合。此外，计算了异质变形诱导(HDI)应力。结果表明，在 Uniformed-AlNp/Al 复合材料中，

HDI 应力显著增加。揭示了 HDI 应力在提高 AlNp/Al 复合材料的强度和塑性中起着至关重要的作用。 
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