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Abstract
Increasing nanoparticle volume fraction has been proved to be effective in improving the strength of nanoparticle reinforced 
Al matrix nanocomposite. However, the underlying mechanisms for the ultrahigh strength of those nanocomposites with high 
volume fraction (> 10 vol.%) nanoparticles are short of experimental research. In this study, the strengthening mechanisms 
of high strength Al matrix nanocomposite reinforced with 15 vol.% Al2O3 nanoparticles were investigated experimentally 
and analyzed theoretically. The results show that the thermal mismatch induced geometrically necessary dislocations exhibit 
a negligible strengthening effect, because of their low density in the nanocomposite that is contradiction to the conventional 
dislocation punch model. Orowan mechanism makes a major strengthening contribution in view of the deformation process 
dominated by nanoparticle-dislocation interactions due to the extreme pinning effect of nanoparticles on dislocation motion. 
In addition, the several mechanisms including grain boundary strengthening, load transfer strengthening, and elastic modulus 
mismatch induced dislocation strengthening contribute to the strength increase.
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1  Introduction

Nanoparticles reinforced Al matrix nanocomposites have 
attracted much attention for their high strength without sac-
rificing the ductility, as well as super wear, creep, and fatigue 
performance [1–3], which render them potential candidates 
in automobile, military, and aerospace industries. It is well 
established that the mechanical properties of this kind of 
nanocomposites rely heavily on the diameter, volume frac-
tion, and distribution of nanoparticles in the matrix. Spe-
cifically, the strength increases with the increase in particle 

volume fraction and/or the decrease in particle size under 
the prerequisite of uniform distribution of nanoparticles 
in the matrix [4–7]. However, currently there are still few 
excellent research works on the structural and mechanical 
behavior of uniformly dispersed Al matrix nanocomposites 
with nanoparticle volume fraction above 10 vol.%, due to 
the fact that nanoparticles are badly prone to agglomerate 
from the effect of their extremely huge surface area [8–10], 
and introduce more flaws such as cracks and porosity into 
the nanocomposites [8], leading to reduction in strength and 
ductility of the nanocomposites.

A variety of methods have been developed so far to over-
come the aforementioned difficulty, such as high energy ball 
milling [4, 11–13], ultrasonically casting [14], friction stir 
processing [15], accumulative roll bonding [16], etc. Among 
all types of fabrication methods, high energy ball milling 
has become one of the most promising methods for achiev-
ing uniform distribution of high volume fraction nanopar-
ticles in metal matrix [11–13]. It has been demonstrated in 
our previous works [12, 13] that 15 vol.% Al2O3 nanopar-
ticles can be evenly distributed in the Al matrix by such 
method, also the resultant nanocomposite exhibits ultrahigh 
strength under quasistatic and dynamic compression, while 
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the microstructure and strengthening mechanisms of such 
nanocomposite remain unclear up to now.

In general, the strengthening mechanisms of Al matrix 
nanocomposites with nanoparticle volume fraction lower 
than 10% are as follows: (i) load transfer strengthening [7], 
(ii) grain refinement strengthening resulted from the inhib-
iting effect of nanoparticles on grain growth of Al matrix 
[2, 4], (iii) dislocation strengthening due to the coefficient 
of thermal expansion (CTE) mismatch and elastic modulus 
(EM) mismatch between metal matrix and hard nanopar-
ticles [16], and (iv) Orowan strengthening [17], whereby 
dislocations encounter the nonshearable nanoparticles 
and bow out. Among them Orowan strengthening makes a 
major contribution to strength increase [9]. By using ana-
lytical models, Guo et al. [15] and Lin et al. [18] proposed 
that Orowan strengthening is still the main strengthening 
mechanism when the nanoparticles volume fraction reaches 
up to 14% and 35%, respectively, nevertheless, it has not 
been proved by experiments. Moreover, the strength of the 
nanocomposite with 15 vol.% Al2O3 nanoparticles reported 
in our preview work [12] is much higher than that of the 
nanocomposite with 14 vol.% nanoparticles reported by Guo 
et al. [15] and of the nanocomposite with 17 vol.% nanopar-
ticles reported by Lin et al. [18], which is pretty hard to be 
explained by using existing analytical models.

In this study, it is concerned with the microstructure, 
strengthening mechanisms of the Al matrix nanocompos-
ite containing 15 vol.% Al2O3 nanoparticles that was fabri-
cated via the same process as in previous work [12], but in 
which the Al2O3 nanoparticles have a relatively larger size 
(~ 86 nm). The several mechanisms including grain bound-
ary strengthening, load transfer strengthening, dislocation 
strengthening, and Orowan strengthening were experimen-
tally examined and discussed. The results shown that inter-
actions between nanoparticles and dislocations and subse-
quent dislocation rearrangement dominate the deformation 
process, indicating that the strength increase is mainly attrib-
uted to the Orowan strengthening, in agreement with the 
associated theoretical analysis.

2 � Experimental

Pure Al powder with average size of ~ 74 μm (Shanghai 
Shanpu Ltd., China) and Al2O3 powder with average size 
of 85 nm (Hefei Zhonghang Nanotechnology Development 
Co., Ltd., China) were used as raw materials. The Al matrix 
nanocomposite containing 15 vol.% Al2O3 nanoparticles 
was fabricated via high energy ball milling followed by 
vacuum hot pressing. Firstly, the raw powder mixes were 
ball milled in a high energy planetary ball mill with WC 
grinding media for 20 h in Ar atmosphere at rotation speed 
of 240 r/min. The Ball-powder mass ratio was maintained 

at 25:1, 4 wt% ethonal was used as a process control agent. 
The milled powder mixes were then hot pressed at 620 °C 
for 50 min under a uniaxial pressure of 50 MPa. The pure 
Al sample was prepared by same conditions for comparison. 
The relative density of both of these materials was measured 
to be > 99% by means of Archimedes method.

X-ray diffraction (XRD, Rigaku-D/max-2400, Japan) was 
conducted to identify phases of the nanocomposite, scan-
ning electron microscope (SEM, JMS-7800F, JEOL, Japan), 
and transmission electron microscope (TEM, JEM-2100F, 
JEOL, Japan) operating at 200 kV were used to characterize 
the microstructures of the as-produced and post-deformation 
nanocomposite. Compression tests were carried out using 
an Instron 2367 universal testing machine at a strain rate 
of 1 × 10–3/s. The compressive specimens with size of Ф3 
mm × 6 mm were cut from hot pressed compacts.

3 � Results and Discussion

Figure 1a shows the true stress–strain curves of the as-pro-
duced nanocomposite as well as that of pure Al. As can 
be seen that, the nanocomposite has a yield strength of 
536 MPa, ~ 11 times higher than that of pure Al, as well as 
maximum strength reaching 730 MPa, indicating that the 
high volume fraction of Al2O3 nanoparticles gives rise to a 
significant strengthening effect to the Al matrix. Moreover, 
the nanocomposite exhibits a rapid and brief hardening at 
the early stage of the deformation followed by a linear work 
softening, as illustrated in Fig. 1b. It is worth emphasizing 
that this nanocomposite achieves the excellent combina-
tion of the high strength and good strain, and the maximum 
strength is higher than other pure Al matrix composites rein-
forced with high volume fraction nano-/submicro-/micro- 
particles reported in the literature [5, 18–26].

In order to uncover the underlying mechanisms for 
strengthening of high volume fraction Al2O3 nanoparticles 
in Al matrix, the microstructures of the nanocomposite 
before and after deformation were examined in detail. As can 
be seen in Fig. 2a, the as-produced nanocomposite is fully 
densified, with no evident flaws such as porosity and cracks 
being observed, also the nanoparticles are randomly and 
uniformly distributed in the Al matrix and have a size dis-
tribution ranging from 24 to 130 nm, with an average value 
of ~ 86 nm. This indicates a fully densified homogeneous 
microstructure feature of the nanocomposite. Furthermore, 
XRD analysis of the as-produced nanocomposite (Fig. 2b) 
shows that only Al and α-Al2O3 phases are detected, suggest-
ing that there is little or no impurity phase such as oxides 
and carbides that is generally formed in the composite dur-
ing high energy ball milling and subsequent sintering pro-
cess. This implies that the strengthening contribution arose 
from impurity phases can be ignored.
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Figure 3a presents the TEM image of the as-produced 
nanocomposite, it can be seen that the Al grain size is of 
micrometer scale, and the nanoparticles indicated by white 
arrows are located both inside Al grains and near grain 
boundaries, this further verifies the uniform distribution of 
nanoparticles thorough Al matrix. The micrometer-scaled 
Al grains can further be confirmed by indexing selected 
area electron diffraction (SAED) pattern corresponding to 
Fig. 3a. As illustrated in Fig. 3b, the SAED pattern exhibits 
the single-crystal diffraction reflections originated from Al 
matrix and polycrystalline diffraction rings derived from 
randomly oriented Al2O3 nanoparticles. The average grain 
size of Al matrix was calculated to be 1.8 μm on the basis 
of statistical grain numbers attained from more than ten of 
TEM images. In general, the Al grains with ultrafine or nano 
size are maintained during the thermomechanical powder 
consolidation process thanks to the significant pinning effect 
of nanoparticles on the grain boundary motion [2, 3]. The 
excessive grain growth in this study may be associated with 
the application of high sintering temperature which can 
greatly promotes grain growth. The increase of the yield 

strength due to the grain boundary strengthening can be 
estimated by Hall–Petch equation [27], as given below: 
Δ�G = kyd

−1∕2 , where ky is the Hall–Petch coefficient, 
0.06 MPa m1/2 for pure Al, and d is the grain size.

It is well documented that the particle/matrix interface 
character is critical to the performance of the composites. 
As shown in Fig. 3c, the interface between Al2O3 nanoparti-
cle and Al matrix is metallurgically clean without any flaws 
or additional phases, indicating a strong interfacial bond-
ing which allows effective load transfer from the matrix to 
the nanoparticles and thus the improved strength. Here, a 
modified shear lag model [7] was used to account for the 
transfer of load from Al matrix to Al2O3 nanoparticles via 
shear stresses. In light of nearly cubic shape of the Al2O3 
nanoparticles employed in this study, the strengthening due 
to load transfer can be estimated by [7]: Δ�L = 0.5�mVp , 
where �m represents the yield strength of pure Al, and Vp 
refers to the volume fraction of nanoparticles.

Because of the CTE mismatch between the hard particle 
and the soft metal matrix, the geometrically necessary dis-
locations (GNDs) near the particle/matrix interface will be 

Fig. 1   a, b Compressive true stress–strain curves and corresponding strain hardening rate-true strain curves of the as-produced nanocomposite 
and pure Al, respectively. c Maximum strength versus strain for the current nanocomposite in comparison with those of typical conventionally 
strengthened Al matrix composites

Fig. 2   Typical SEM images a, and XRD pattern b of the as-produced nanocomposite
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punched out into the Al matrix to relax the thermal stress 
when the composite is cooled down from the processing 
temperature. According to the theory of Arsenault et al. [28], 
the GND density due to CTE mismatch can be estimated by 
the following equation [29]: �CTE

GND
=

12VPΔ�ΔT

(1−VP)bdP
 , where Δ� = 

16.7 × 10–6 K−1 is the CTE mismatch between the Al matrix 
and Al2O3 nanoparticles, dP is the particle size, b = 0.286 nm 
is the Burgers vector of pure Al, ΔT is the difference between 
the processing temperature and room temperature. Accord-
ing to this equation, the CTE mismatch induced GND den-
sity would increase as decreasing particle size and/or 
increasing the particle volume fraction. This has been veri-
fied to be valid in several investigations [29–31]. For analy-
sis of the nanocomposite in present study, ΔT = 250K was 
taken in view of the maximum temperature at which CTE 
mismatch is relaxed by dislocation punching is 550 K [30], 
and then the �CTE

GND
 was calculated to be 2.4 × 1015 m−2. How-

ever, TEM image (Fig. 3a) shows that there seems only a 
small amount of dislocations indicated by red arrows in the 

Al matrix even in the vicinity of Al2O3 nanoparticles, which 
is contradicted to the predicted density value of GNDs due 
to CTE mismatch. To inspect the correctness of this point, 
the CTE mismatch induced GNDs density was measured by 
using an inverse fast Fourier transformation (IFFT) for the 
region being close to the Al2O3 nanoparticle. For instance, 
as illustrated in Fig. 3d, IFFT for the region marked by the 
black rectangle in Fig.  3c shows few edge dislocations 
marked by T near the Al2O3 nanoparticle. As such, the den-
sity of GNDs in the vicinity of Al2O3 nanoparticles was 
determined to be 6.5 × 1012  m−2 based on tens of IFFT 
images, three orders of magnitude lower than previously 
predicted, implying that it is improper to predict the CTE 
mismatch induced GNDs by using dislocation punching 
model as the nanoparticles at a given diameter exceeds a 
certain critical volume fraction. This discrepancy can be 
explained by referencing dislocation annihilation mechanism 
proposed by Redsten et al. [30]. In particular, the GND loops 
are punched out under the drive of the thermal stress caused 
by CTE mismatch and further form multiple pile-ups (i.e., 

Fig. 3   a Typical TEM image ,b corresponding SAED pattern of the as-produced nanocomposite, c TEM image of nanoparticle/matrix interface, 
d IFFT image of the area marked by black rectangle in c 
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the GND punched zone) around the nanoparticles. As the 
thermal mismatch strain increases with the extension of 
cooling down of the nanocomposite, the size of the GND 
punched zone increases. When the GND punched zones 
from neighboring nanoparticles overlap with each other, 
annihilation of the GND loops of opposite sign is expected 
to take place, leading to decrease in GND density. Whether 
the GND punched zones overlap with each other or not 
depends on not only the volume fraction of nanoparticles but 
also the particle size, due to the fact that the interparticle 
distance decreases as increasing volume fraction and/or 
decreasing particle size. Redsten et al. [30] proposed that the 
strengthening by CTE induced GND loops is not expected 
when the particle size is smaller than a critical diameter d∗ , 
the d∗ can be estimated as d∗ = b

Δ�ΔT
 . As for the case of 15 

vol.% Al2O3 nanoparticles reinforced Al matrix nanocom-
posite evaluated in this study, the d∗ can be calculated to be 
68.5 nm, which is smaller than the size of Al2O3 nanoparti-
cles, meaning that the GND loops can be punched out 
around the Al2O3 nanoparticles. Whereas, the interparticle 
distance determined by both the volume fraction of particles 
and particle size concurrently is reduced to a certain value 

at which GND punched zones overlap with each other 
between Al2O3 nanoparticles. Besides that, the interparticle 
distance is smaller than the particle size, which is beneficial 
for interaction between GND loops from neighboring nano-
particles and then the occurrence of GND loops 
annihilation.

Apart from the CTE mismatch induced GNDs, GND 
would be generated in the Al matrix to accommodate the 
strain incompatibility around the nanoparticles due to the 
EM mismatch between Al and nanoparticles [32], when the 
nanocomposite is plastically deformed, namely EM mis-
match induced GNDs. These GNDs can effectively trap the 
secondary dislocations during plastic deformation of the 
nanocomposite, a high density of dislocations are piled up 
around the nanoparticles. As can be seen in TEM images of 
post-deformation nanocomposite (Fig. 4), dislocation tan-
gles are observed at the border between Al2O3 nanoparticle 
(indicated by white arrow) and Al matrix, which is in stark 
contrast to that before deformation. Also, the dislocation 
density is found to increase closer to the Al2O3 nanoparticle. 
One should be noted that the high density of dislocations 
near the Al2O3 nanoparticle may also result from interaction 

Fig. 4   a TEM bright field image of the post-deformation nanocomposite, b SAED pattern, c TEM dark field image from a, the dark field image 
is obtained using (220) diffraction spot as indicated by orange circle in b, d a high magnification TEM image of nanoparticle/matrix interface
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between Al2O3 nanoparticle and secondary dislocations, this 
will be discussed later. Herein, the contributions from CTE 
and EM mismatch strengthening can be calculated according 
to the following Taylor relation [32], respectively: 
Δ�CTE

GND
=
√

3��mb

�

�CTE
GND

 and Δ�EM
GND

=
√

3��mb

�

�EM
GND

 , 
where �=0.5 and �=0.7 are geometric constants, 
�m = 26GPa refers to the shear modulus of pure Al, and 
�GM
GND

=
3
√

2Vp�p

�bdp
 is the GND density due to the EM mismatch, 

εp is the yielding strain. The experimentally measured �CTE
GND

 
was taken for calculation.

In general, the deformation of particles reinforced Al 
matrix composite is determined by the interaction of glide 
dislocations with the particles, grain boundaries and them-
selves. Especially when the particle size is in a nanometer 
level, dislocations bypass of nanoparticles through the 
Orowan mechanism would play a leading role during defor-
mation and make the greatest strengthening contribution [9]. 
As for the nanocomposite investigated in this study, disloca-
tion pile-ups in arrays distributed along the Al2O3 nanopar-
ticles illustrates Orowan strengthening is operative during 
deformation, as shown in Fig. 4c. A closer look at these 
TEM images of the post-deformation nanocomposite reveals 
that deformation subgrains of a grain containing Al2O3 nan-
oparticles are formed. The formation of subgrains having 
small orientation difference can be further verified by the 
electron diffraction analysis as shown in Fig. 4b (the SAED 
pattern corresponding to Fig. 4a), i.e., the diffraction spots 
are arced and/or even split into several small spots. The well-
formed subgrains were formed during the polygonization 
process dominated by particle-dislocations interaction. This 
is to say, as dislocations in all sets of active slip planes mul-
tiply greatly in terms of particle/matrix interfaces emitting, 
bypassing of nanoparticles, and entangling with each other, 
the resultant multiple dislocation pile-ups and tangles 
around the nanoparticles align themselves to form disloca-
tion cell walls, and then the dislocation cell walls transform 
into subgrain boundaries by means of dynamically rearrang-
ing of dislocations inside the grain [33], thereby reducing 
the strain energy. As the result, the original coarse grains 
were polygonized to form subgrains, with low density of 
dislocations stored inside the subgrains. Thus, the deforma-
tion process of the nanocomposite in this study is mainly 
controlled by dislocation-nanoparticle interactions and con-
sequently the formation of subgrains with small misorienta-
tions. A very high density of dislocations on the order of the 
saturation value is achieved rapidly during the early stage of 
deformation, with the result that extra high strain hardening 
rate was observed in the strain hardening rate-true strain 
curve for the nanocomposite (Fig.  1b). As the strain 
increases, subgrains are created by dislocations rearrange-
ment, meanwhile, the dislocations inside the subgrains were 
so greatly annihilated that dislocation density reduce to a 

lower level at which less or no hardening is expected [33]. 
As Fig. 1b shows, slight strain softening occurs at strain of 
0.08 until fracture. The strengthening contribution due to the 
resistance of nanoparticles to dislocation motion is given by 

the Orowan equation [34]: Δ�Or = M
0.4�mb

��

ln
�

d∕b
�

√

1−�
 , where 

M = 3.06 is the mean orientation factor for fcc metal, 
� = 0.345 represents the Poisson’s ratio of pure Al, 
λ = d

(

Vp
−1∕3 − 1

)

 is the interparticle distance, and 
d = (2∕3)1∕2dP is the mean diameter of a circular section in 
a random plane for a spherical particle.

As mentioned above, the strength improvement of the 
nanocomposite results from grain boundary strengthening, 
load bearing strengthening, dislocation strengthening, and 
Orowan strengthening. The respective contributions of these 
strengthening mechanisms were calculated and summarized 
in Table 1. It can be found that the Orowan strengthening 
plays the most important role, which is consistent with the 
experimental observations. One should be noted that these 
strengthening mechanisms may interact with each other, 
showing a synergetic effect to strengthening increase. The 
overall yield strength of the nanocomposite can be estimated 
by using a modification of Zhang and Chen method [17]: 
�c = �m

(

1 +
Δ�G

�m

)(

1 +
Δ�L

�m

)(

1 +
Δ�GND

�m

)(

1 +
Δ�Or

�m

)

 , where 
Δ�GND = Δ�CTE

GND
+ Δ�EM

GND
 . The value estimated for �C is 

551 MPa, in agreement with the experimental yield stress 
value.

4 � Conclusion

In this study, the strengthening mechanisms of Al matrix 
nanocomposite with incorporated Al2O3 nanoparticles 
reaching up to 15 vol.% were examined experimentally 
and modeled analytically. The results demonstrate that the 
several strengthening mechanisms including grain bound-
ary strengthening, load transfer strengthening, dislocation 
strengthening due to nanoparticles induced GNDs, and 
Orowan strengthening contribute to the significant strength 
improvement of the studied nanocomposite. Among these 

Table 1   Predicted results of the strengthening contribution in the as-
produced nanocomposite

Strengthening mechanisms Strengthen-
ing (MPa)

Grain boundary 44.7
Load transfer 3.3
CTE mismatch induced GND 16.4
EM mismatch induced GND 42.1
Dislocation bypass of nanoparticle 269.6
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strengthening mechanisms, the dislocation strengthening 
due to the thermal mismatch between Al matrix and Al2O3 
nanoparticles becomes insignificant compared with that of 
nanocomposites reinforced with relatively low volume frac-
tion nanoparticles, this is confirmed by the observation of 
a low density of thermal mismatch induced GNDs near the 
Al2O3 nanoparticles, which may be resulted from annihi-
lation of the GND loops of opposite sign between Al2O3 
nanoparticles. The Orowan strengthening has the most 
important contribution to strength increase, due to the fact 
that the deformation process of the studied nanocomposite 
is dominated by interactions between Al2O3 nanoparticles 
and dislocations, i.e., dislocations pile-up around the Al2O3 
nanoparticles and stand in line with each other and subse-
quently form ultrafine subgrains. Additionally, inspection of 
the respective contribution of these strengthening mecha-
nisms predicted by using theoretical models confirms the 
significant role of Orowan strengthening in strengthening 
of the nanocomposite containing high content nanoparticles.
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