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A B S T R A C T   

Generally, metal matrix composites with homogenous microstructure exhibit good performance in mechanical 
properties, however, the shortcomings of limited strengthening effect by homogenous distributed reinforcements 
have been shown up in recent studies. In this work, the effect of reinforcement particles’ hierarchical structure 
with bimodal distribution and nano-network on tensile properties of the AlNp/Al composites has been studied. A 
novel AlNp/Al composite with hierarchical structure has been fabricated using the in-situ liquid-solid reaction 
and hot extrusion, in order to further improve the mechanical properties. Furthermore, the AlNp/Al composite 
was processed by rotary swaging (RS) to obtain a more uniform structure. The results show that the AlNp/Al 
composites with hierarchical microstructure exhibit a superior ultimate tensile strength of ~410 MPa with 
uniform elongation of ~9.7%. However, the ultimate tensile strength and ductility of the AlNp/Al composite 
after swaging treatment decrease to 370 MPa and 6.7%, respectively. It can be concluded that the hierarchical 
structure has a distinct superiority in simultaneously improving the strength and ductility of the Al based 
composite over the homogenous structure. Furthermore, the strengthening and toughening mechanisms have 
been discussed as well.   

1. Introduction 

Most engineering composites, including polymer matrix composites 
and metal matrix composites (MMCs), have been always controlled to 
obtain a uniform distribution of reinforcement in matrix on the basis of 
traditional engineering alloys [1–3]. Generally, it is considered that the 
composites with a homogeneous microstructure show a definite 
improvement in partial properties compared to the matrix [4]. However, 
many investigations carried out by tailoring the composite microstruc-
ture of discontinuously reinforced aluminum matrix composites 
(DRAMCs) indicates that the reinforcements can only play a limited role 
in uniform microstructure and the mechanical properties can be further 
improved by modifying the architecture [5,6]. A possible route to 
enhancing the strength/toughness ratios of composites is by assembling 
metals with other components to form novel reinforcements or 

hierarchical structures [7]. 
Al-based MMCs (Al-MMCs) is often utilized in aerospace systems and 

automotive industries because of its light weight, excellent resistance to 
corrosion, good thermal and nonmagnetic properties [8–10]. Al-MMCs 
fabricated by in situ methods are popular due to their excellent prop-
erties and low cost [11,12]. In the previous work [13], a novel Al-based 
composite exhibiting the superior mechanical properties has been 
specially designed by in-situ assembling AlNp network in the Al matrix. 
The novel particles’ network can strengthen Al matrix effectively like 
the skeleton to human body. In order to verify the superiority of AlNp 
network directly, a more homogeneous microstructure is supposed to be 
achieved as a suitable referencing object. However, the high strength 
particle network formed accompanied by in-situ liquid-solid reaction, 
the following heat treatment and low plastic deformation have little 
effect on the variation of the architecture. 
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In order to obtain a more homogeneous microstructure, the rotary 
swaging (RS) as a severely plastic deformation (SPD) processing is 
employed to the AlNp/Al composite in this work. The main purpose is to 
revealing the superiority of hierarchical structure involving AlNp 
network in strengthening and toughening the Al composites through the 
comparison with the homogeneous microstructure. 

2. Experimental 

2.1. Fabrication of AlNp/Al composites with network and homogeneous 
microstructure 

A novel Al based composite with network-structured AlNp was 
fabricated using the in-situ liquid-solid reaction and hot extrusion as 
reported in our previous work [13], which is named as EXT sample. The 
mass fraction of AlNp in the composites was 8.2 wt%. The size of initial 
material was ~80 � 2 mm in diameter, which was extruded at about 
500 �C with an extrusion ration of ~33:1, and the obtained EXT sample 
was 13.8 mm in diameter. Furthermore, the EXT sample was subjected 
to RS treatment at room temperature with a feeding speed of ~ to a 
certain equivalent strain mm/s for 0.2 and 0.6 (named as RS0.2 and 
RS0.6), respectively. The equivalent strain, εeq, is calculated using the 
relationship [14]: 

ε¼ 2ln
D0

D
(1a)  

1where D0 and D are the diameters of the sample before and after RS, 
respectively. Thereby, the particles’ network-structure was supposed to 
be broken to some extent during RS processing and a more homogeneous 
microstructure was achieved. 

2.2. Microstructural characterization and tensile test 

The microstructure characteristic and fractography observation were 
performed by a scanning electron microscope (FESEM, Quanta 250F, 
worked at 15 kV) equipped with Oxford energy dispersive X-ray spec-
trometer (EDS) and transmission electron microscope (TEM TECNAI 
20). The samples for microstructure observation were etched using 
0.5 vol%HF after mechanical polishing in order to observe the AlNp 
clearly. Thin foils for TEM observations were prepared with mechanical 
polishing to the thickness of 25 μm. The specimens were finally polished 
by ion beam using Gatan 691 precision ion polishing system (PIPS). The 
room temperature tensile tests were carried out using an Instron hy-
draulic frame universal testing machine at a constant crosshead speed of 
0.9 mm/min. The specimens were 5 mm in gauge length and 2 mm in 
gauge width. 

3. Results 

3.1. Microstructure features 

As shown in Fig. 1(a), the initial Al powder is spherical with the size 
of about 20 μm. After in-situ liquid-solid reaction, AlN particles are 
formed in the matrix along with the obvious rich and lean domains as 
shown in Fig. 1(b). Fig. 2 shows the SEM images of the three different 
AlNp/Al composites on the cross section (perpendicular to the extrusion 
direction). The EDS point analysis of the AlN particles in the matrix is 
shown in Fig. 2(b). The inhomogeneous distribution of AlNp can be 
observed and the AlN particle-rich and particle-lean domains constitute 
a bimodal structure, indicating that a hierarchical microstructure is 
formed in the EXT sample. In order to achieve a homogeneous micro-
structure to compare with the hierarchical counterpart, the EXT samples 
were subjected to RS deformation processing with different equivalent 
strains for 0.2 and 0.6, respectively. The distribution of AlNp after RS 
deformation is also shown in Fig. 2(c) and (d). It can be seen that the 
original distribution of AlNp has changed significantly during the RS 
deformation treatment and the observed particle-lean area becomes 
smaller. 

For a more comprehensive observation, the characteristic of com-
posites on longitudinal section (parallel to the extrusion direction) are 
exhibited in Fig. 3. The inhomogeneous distribution of AlNp is also 
observed on longitudinal section similar to that on transversal section. 
Meanwhile, it is worthy to note that most of the AlNp are connected with 
each other from nano-scale to the micro-scale, which constructs a 
network structure at a higher magnification as shown in Fig. 3(b), which 
was also proved in our previous work [13]. In the bimodal structure, the 
fraction of particle-lean domains is estimated to be about 39.2% � 3% 
(Fig. 3(a)). After deformation, it can be seen that the bimodal structure 
has been changed to some extent as displayed in Fig. 3(c) and the 
original continuous AlNp networks have been broken significantly 
(Fig. 3(d)). The fraction of particle-lean domains is estimated to be 
decreased to about 16.5% � 2% (Fig. 3(c)). With the further increase of 
the deformation strain up to 0.6, the bimodal structure can hardly be 
observed. The fraction of particle-lean domains is estimated to be 
smaller than 7.8% � 1.5% (Fig. 3(e)). Meanwhile, the AlN particles are 
dispersed similar to sample RS0.2 at a smaller scale (Fig. 3(e) and (f)). 
Furthermore, the rough statistics of particle size inset in Fig. 3(b, d and 
f). It can be seen that the mean size of AlNp decreases from 92 nm to 
85 nm, 80 nm with the increasing deformation. 

Moreover, TEM has been further used to characterize the change of 
bimodal structure at a higher magnification. Fig. 4a and b shows the 
TEM micrographs of sample EXT, in which particle-lean domains and 
the particle rich strips can be observed clearly as indicated by the ar-
rows. The coarse α-Al grains are elongated in particle-lean areas. 
Meanwhile, the α-Al grains in particle-rich domains are refined drasti-
cally to ultrafine grains due to the pinning effects of AlNp on the dislo-
cations during the extrusion process (Fig. 4(b)). The mean grain size of 
α-Al matrix in EXT sample has been calculated to about 1.34 μm. The 
microstructure change after RS treatment is shown in Fig. 4(c and d) and 

Fig. 1. SEM micrographs showing the microstructure of Al powders (a) and the as sintered AlNp/Al composites before extrusion (b).  
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the obvious bimodal structures cannot be seen clearly, which is the same 
as verified by SEM. Most of the original elongated coarse-grains have 
been refined further and a more homogeneous microstructure has 
formed in the composites. The mean grain size of α-Al matrix has been 

reduced to about 0.94 μm and 0.84 μm, respectively, and an ultrafine 
grained microstructure with has been obtained. 

Fig. 2. SEM showing the distribution of AlN particles on cross section: (a) sample EXT; (b) EDS results of point A (a); (c) sample RS0.2; (d) sample RS0.6.  

Fig. 3. AlNp distribution of different samples on longitudinal section: (a, b) sample EXT; (c, d) sample RS0.2; (e, f) sample RS0.6.  
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3.2. Tensile properties of the AlNp/Al composites 

To compare the room temperature tensile properties of AlNp/Al 
composite containing hierarchical structure with that having a more 
homogeneous microstructure, Fig. 5 exhibits the engineering stress- 
strain curves of different composites and the detail is given in Table 1. 
The yield strength (YS) of the EXT sample is ~350 MPa and the ultimate 
tensile strength (UTS) is ~410 MPa, with the corresponding uniform 
elongation (UE) and elongation to failure (EI) of 9.7% and 12.7%, 
respectively. It is worthy to note that YS of the samples has been hardly 
changed after the RS treatment, although the grains are refined and 
more uniform microstructure has been obtained. While, the UTS of the 
composites decreased from 410 MPa to 392 MPa and 370 MPa, 

respectively. In addition to the reduced UTS value, it is surprised that the 
ductility of the RS treated samples has decreased to 7.8% and 6.7%, 
respectively. Therefore, it can be concluded that the AlNp/Al composites 
with the hierarchical microstructure as the EXT sample behave an 
excellent comprehensive mechanical properties compared with that 
with a more uniform microstructure as the RS sample. That is to say that 
the hierarchical structure can simultaneously improve the strength and 
ductility for the AlNp/Al composites. 

4. Discussion 

In order to reveal the strengthening and toughening mechanism of 
the composites with hierarchical structure, several main aspects have 
been discussed as follows: 

The strength of composite, σc, can be evaluated by summing the 
strength of unreinforced matrix, σm, and the contributions relates to 
reinforcement strengthening effects, σp, therefore: 

σc¼ σm þ σp (1b) 

It has been known that Hall–Petch relationship can be used to 
describe the change of strength brought by the reduction of grain size 
[15,16]: 

σy¼ σ0 þ
K
ffiffiffi
d
p (2)  

where σy is the yield strength, σ0 is the initial strength, K is a constant 

Fig. 4. TEM images of different AlNp/Al composites showing the morphology and distribution of AlN particles and α-Al grains: (a, b) sample EXT; (c) sample RS0.2; 
(d) RS0.6. 

Fig. 5. Engineering tensile stress-strain curves of composites with different 
microstructures. 

Table 1 
Mechanical property of the three AlNp/Al composites at RT.  

Samples YS/MPa UTS/MPa UE/% EI/% 

EXT 350 410 9.7 12.7 
RS0.2 350 392 7.8 12.9 
RS0.6 350 370 6.7 11.5  
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and d is the mean grain size. It can be seen from the statistical graph inset 
in Fig. 4 that the average grain size of Al grains decreases from ~1.34 μm 
to 0.94 μm, 0.84 μm, respectively. Due to the grain refinement and the 
increased grain boundary strengthening, the yield strength of the com-
posites is supposed to be increased. 

However, from Table 1, the yield strength of different samples is 
almost the same (~350 MPa). Therefore, it can be concluded that the 
strengthening contribution from the AlN particle is reduced after RS 
treatment, which is induced by the broken of the particle network 
structure. That is to say, the network structure contributes significantly 
to the yield strength in the EXT sample. 

As we all known, when the distribution of reinforcement particles in 
the matrix is inhomogeneous, different regions appear including 
reinforcement-rich regions and reinforcement-lean regions. According 
to the patterns of reinforcement-rich regions, there are four different 
kinds consist of A: isolated reinforcement-rich phase [17], B: Bar and 
laminated/ring-like microstructures [18], C: 3D continuous 
reinforcement-rich phase with isolated reinforcement-lean phase [19] 
and D: Bi-continuous reinforcement-rich phase and reinforcement-lean 
phase [20]. Generally speaking, the four patterns are distinguished 
into two categories from different scale. Pattern A, C and D are micro-
structurally inhomogeneous but macroscopically homogeneous, while 
Pattern B is adverse. 

Based on the above analysis for the AlNp/Al composites with hier-
archical microstructure, it belongs to the typical bimodal distribution of 
AlN particles in micron scale. The particle-rich and particle-lean do-
mains embed in a random homogenous effective medium to solve non- 
linear inclusion problems, so that the properties of bimodal composites 
can be determined [21]. Using the Eshelby theory as a starting point, the 
stress in different domains as a function of the applied stress σA can be 
expressed as: 

σrich¼

�
5Crich

2Crich þ 3CHEM

�

σA (3)  

σlean ¼

�
5Clean

2Clean þ 3CHEM

�

σA (4)  

where Crich, Clean and CHEM are the effective moduli of rich domains, lean 
domains and the homogenous effective medium. The self-consistent 
theory is used to connect the stresses in the particles and matrix to the 
composites: 

f σrich þð1 � f Þσlean¼ σA (5a)  

where f is the volume fraction of particle-rich domains. 
Following the above analysis, K. T. Conlon and D. S. Wilkinson [21] 

show that the inhomogeneous particle distribution significantly 

improves the strength compared with the homogeneous structure. 
However, their result just applies well to the compression test. When this 
type of materials is tested in tensile test [22], the stress–strain curve of 
the uniform and bimodal composites are similar. The main reason is that 
the load is transferred from particle-lean to the particle-rich areas and 
damage occurs in particle-rich domains during tensile test, therefore, the 
strength of composites drops due to the loss of load bearing capacity in 
particle-rich regions. 

Different from K. T. Conlon and D. S. Wilkinson, our composites with 
hierarchical microstructure contain the AlNp network in particle-rich 
regions at a smaller scale. The good bonding in AlN/Al interface and 
AlNp network structure can effectively hinder the propagation of 
microcracks [23], thus the load capacity keeps high in particle-rich re-
gions. Consequently, the hierarchical composites behave higher ulti-
mate tensile strength than those with uniform microstructure. 

In order to analyze the differences in the ultimate tensile strength, 
Fig. 6 compares the strain hardening behaviors between the composites 
with hierarchical and a more uniform microstructure. The truncation of 
true stress–strain curves and strain hardening rate curves relies on 
Consid�ere criterion [24]: 
�

∂σ
∂ε

�

_ε
¼ σ (5b)  

where σ is the true stress and ε is the true strain. Fig. 6(b) shows the 
normalized strain hardening rate: 

Θ¼
1
σ⋅
�

∂σ
∂σ

�

(6) 

It can be seen that the Θ value of composite with hierarchical 
structure is always higher than those with a more uniform microstruc-
ture throughout the entire tensile deformation. The main reason for the 
lower Θ value of the RS sample is supposed to be that the original Al 
matrix grains have been refined further in the RS deformation process. It 
is known that the storage capacity of the dislocations for the smaller 
ultra-fine grains has been reduced due to the limited space in refined 
grains, which hinders the dislocations inner grains to mediate the plastic 
deformation [25]. While the coarse grains in the EXT samples can 
accumulated more dislocations, and thus a higher strain hardening rate 
can be achieved. Therefore, the UTS of hierarchical composites 
(~410 MPa) are higher than those with homogenous structure in this 
work. 

According to the variation of different samples’ elongation, the 
toughening mechanism involving the Al matrix and reinforcement dis-
tribution are discussed. In view of the strain hardening abilities of the 
different composites, the reduction of work hardening capacity in matrix 
not only affects the UTS of composites, but also influences the uniform 
elongation. It is known that the low strain hardening rate accelerates the 

Fig. 6. (a) True stress–strain curves of the different composites; (b) the corresponding strain hardening rate curves of the three samples.  

F. Lu et al.                                                                                                                                                                                                                                        



Materials Science & Engineering A 770 (2020) 138519

6

occurrence of plastic instability, and the localized deformation occurred 
in advance shortens the uniform strain [26,27]. Therefore, the uniform 
elongation is improved due to the increased strain hardening rate for the 
AlNp/Al composites with hierarchical structure. From the viewpoint of 
different microstructure, it is known that the homogenous distribution 
of particles is helpful to inhibiting the strain localization during the 
tensile deformation [28,29] and contributes to the ductility enhance-
ment. Thus, the inhomogenous distribution of AlN particles in the EXT 
samples will deteriorate the ductility to some extent. The particle dis-
tribution change of AlN in the matrix during RS deformation is helpful to 
ductility enhancement. However, the ductility decrease induced by the 
ultra-fine grains of Al matrix surpasses the ductility enhancement 
contributed by the reinforcement particles, a lower ductility is obtained 
in the RS samples. While, the coarse elongated α-Al grains supply more 
space for the accumulation and sliding of dislocations, which is a crucial 
aspect for the improved ductility for the hierarchical structured com-
posites. When the ductility enhancement contributed from the coarse Al 
grains surpasses the ductility decrease induced by the reinforcement 
particles, a better UE (~9.7%) is achieved in the EXT sample. In addi-
tion, with a view to the stage from UTS to fracture, the elongation at 
crack propagation period increases from 3% to 5.1%, 4.8%, indicating 
that the more uniform microstructure after RS deformation zigzags the 
crack propagation. Therefore, no significant decline appears in elonga-
tion with the decrease of uniform elongation. Based on the above 
analysis, it can be seen that a simultaneously improved strength and 
uniform elongation can be attained by the reinforcement particles’ hi-
erarchical structure. 

At the same time, considering that rotary swaging is a cold working 
process, the working softening of samples after RS processing is possibly 
related to localized cracks caused by RS processing. Figs. 2 and 3 show 

that no cracks can be observed, however, the area shown in SEM images 
is too small to be convincible. Therefore, the fracture surfaces of 
different tensile samples are further investigated and shown in Fig. 7. 
The whole fracture surfaces can be observed in Fig. 7(a, c, e) at a low 
magnification and no cracks have been found, which suggests that the 
defects such as microcracks are not introduced to the samples during 
processing. Furthermore, amounts of dimples are observed in Fig. 7 (b, 
d, f) at a higher magnification, which indicate the ductile fracture mode 
corresponding to tensile stress-strain curves. Therefore, the defects 
(localized cracks) should not be the reason of working softening. As 
discussed as the above, the ultra-fine grains of Al matrix play the 
dominant role in the work softening of the RS samples. 

5. Conclusions 

To evaluate the strengthening and toughening potential of the AlNp/ 
Al composites, a hierarchical structure constituted by bimodal distri-
bution of AlNp and AlNp network structure and a more uniform micro-
structure have been designed in the present work. Based on the tensile 
properties comparison, it shows that the hierarchical structure can 
simultaneously improve the tensile strength and ductility of the AlNp/Al 
composites, and a better comprehensive mechanical property 
(~410 MPa of UTS and ~9.7% of uniform elongation) has been ob-
tained. The strengthening mechanism is attributed to the higher load 
bearing efficiency of AlN particle-rich domains in the matrix and the 
higher strain hardening rate. Meanwhile, the coarse elongated α-Al 
grains in hierarchical structure contribute to the good ductility, which 
supply more space for the accumulation and sliding of dislocations to 
mediate the plastic deformation. 

Fig. 7. The tensile fracture surfaces of different samples: (a, b) sample EXT; (c, d) sample RS0.2; (e, f) sample RS0.6.  
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