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Abstract 
In the present investigation, an Al/WO3p metal matrix nanocomposite was 
fabricated by accumulative roll bonding (ARB) technique. Microstructural 
evaluation and mechanical properties of specimens were studied by Field 
Emission-Scanning Electron Microscopy, X-ray Diffraction, microhardness 
and tensile test. Several factors that affect uniform distribution of reinforcing 
particles were investigated. At the initial stages of ARB process particle free 
zones as well as particle clusters were observed in the microstructure of the 
composite. After 12 ARB cycles, a nanocomposite with a uniform distribution 
of nanoparticles was produced. It was shown that the tensile strength of the 
ARBed composite enhanced with the increasing number of ARB cycles. After 
the first cycle, a significant increase was observed in the tensile strength of 
nanocomposite in 2.0 percent volume of WO3p, from 89 MPa to 128 MPa 
(almost 1.4 times increase in strength). After the final cycle, the tensile 
strength value increased to 205 MPa (that is almost 2.3 times increase in 
strength) due to the strain hardening and grain refinement. The X-ray diffrac-
tion results showed that Al/WO3p nanocomposite with the average crystallite 
size of 41 nm was successfully attained after 12 cycles of the ARB process. Fi-
nally, observations revealed that the fracture mode in Al/WO3p nanocompo-
site was of type shearing ductile fracture with elongated shallow dimples. 
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1. Introduction 

Accumulative roll bonding (ARB) is of the severe plastic deformation methods 
proposed by Tsuji et al. [1] to achieve ultra-high strain in metallic materials 
without changing the specimen dimensions. The process that creates UFG mate-
rials is called severe plastic deformation [2] [3] [4] [5] [6]. Bulk materials with 
nano-grains (d < 100 nm) and UFG materials with small grains (100 nm ≤ d < 1 
μm) due to their outstanding mechanical properties have been the focus of a 
considerable amount of research for potential use in structural materials in the 
industry. Ultra-fine grained materials have found a wide range of usage in dif-
ferent fields such as automotive, aerospace and engineering applications [2] [3]. 
There are several methods used to produce UFG materials [3]-[9]. Accumulative 
roll bonding is a conventional method to process UFG materials. The roll bond-
ing technique has been extensively used to fabricate nanocomposites because of 
its low cost and efficiency. This method has two important strengthening me-
chanisms, one is formation of Nano/UFG structure by SPD and the other is 
reinforcing metal matrix by ceramic particles [10] [11]. Metal matrix composite 
materials are a group of particles reinforced by ceramic particles, layers or 
whiskers that have unique physical and mechanical properties [11] [12] [13]. 
More recently, ARB has been utilized to fabricate particulate metal matrix com-
posites such as: Al/SiC [14] [15] [16], Al/Al2O3 [13] [17], Al/B4C [18], Al/CNT 
[19], Al/TiO2 [20], Al/SiO2 [21], Al/W [22] [23], Al/WC [24]. It has been shown 
that a uniform distribution of particles can be achieved after imposing a critical 
reduction to the sample where “reduction” is defined as decrease of about 50% 
or more of the mean thickness value of initial samples per roll cycle [12]. Addi-
tion of ceramic reinforcements (i.e. carbides and oxides) to the metal matrix 
composites enhances the properties such as elastic modulus, strength, wear, 
corrosion resistance, hardness and high-temperature durability [11]. In this re-
search, tungsten trioxide (WO3) nanoparticles with the density of 7.16 g/cm3 
were used as the reinforcement material. Also, with increase use of various radi-
ations such as X-ray in industry, medicine, agriculture and defense, it has now 
become necessary to study new materials with good effective radiation shielding 
properties. The new materials could be used in the manufacturing of conducting 
and semi-conducting materials to be used in optics and mechanochemical ap-
plications with low density and high mechanical properties. Research of radia-
tion shielding materials, which have significant application in national defense 
and civilian use, has been one of the most important subjects in the developed 
countries [25] [26] [27]. One of the important advantages of WO3 compared to 
pure tungsten and tungsten carbide is its low density. In this study the Al/WO3p 
nanocomposites were produced by ARB process where WO3 reinforced nano-
particles were dispersed directly during the initial cycles (see Section 2. experi-
mental process). Accumulative roll bonding process was carried out up to 12 
cycles. To the best of author’s knowledge, in addition to the structural evolution 
and mechanical properties of Al/WO3p nanocomposites, investigation of differ-
ent cycles of ARB on using Al/WO3p nanocomposites has been carried out for 
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the first time. Several factors that are effective in uniform distribution of rein-
forcing particles were investigated. 

2. Experimental Process 

Commercial aluminum alloy sheets (AA1100) see Table 1 was used in this study. 
Cold rolled aluminum sheets with 120 mm length, 50 mm width, and 1 mm 
thickness were sandwiched together with reinforcing particles before passing 
through the rollers (See Figure 1). The aluminum sheets were annealed for 60 
min at 400˚C, to ensure consistent specimen hardness [28] [29] [30]. 

Tungsten trioxide nanoparticles WO3p with 80 nm average diameter of 99.9% 
purity with 1.0, 1.5 and 2.0 percent by volume were used as the reinforcement. 
Figure 2 shows the image of Field Emission-Scanning Electron Microscopy 
(FE-SEM) and X-ray Diffraction (XRD) patterns analysis of the WO3 nanopar-
ticles for the current study. The preparation processes for the specimens in-
cluded degreasing with acetone bath followed by scratch-brushing with a stain-
less steel brush. To avoid any oxidation or interference with bonding, the roll 
bonding process must be carried out immediately after degreasing and scratch 
brushing [13] [20]. The roll bonding process was carried out with no lubrication, 
using a laboratory rolling mill with a loading capacity of 20 tons. The roll di-
ameters were 120 mm, and the rolling speed was 35 RPM. Then the tensile test  
 
Table 1. Specifications of the commercial purity of aluminum alloy (AA1100). 

Micro-Hardness 
(HV) 

Elongation 
(%) 

Tensile Strength 
(MPa) 

Chemical Composition 
(% by weight) 

Material 

38 45 89 
0.18Si, 0.37Fe, 0.13Cu, 0.02Mn, 

99.28Al, 0.02 others 
AA1100  
annealed 

 

 
Figure 1. Schedule of accumulative roll bonding used in the 
present work. The reference axes are defined as rolling direc-
tion (RD), transverse direction (TD) and normal direction 
(ND). 
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Figure 2. Typical FE-SEM image and XRD analysis of the used WO3 powder. 

 
samples were machined from the ARBed sheets, according to the ASTM E8M 
standard, oriented along the rolling direction. The gauge width and length of the 
tensile test samples were 6 and 25 mm, respectively. Tensile test at ambient 
temperature was carried out at a nominal strain rate of 8.3 × 10−4 s−1 by using 
DarTec universal testing machine. The total elongation of the specimens was 
determined as the difference between gauge lengths before and after testing. 

Vickers micro hardness (HV) measurement was done by Bohler MMT-7 un-
der a load of 50 g and time of 25 s on nanocomposites rolling direction & trans-
verse direction (RD-TD) planes. Microhardness test was performed on all sam-
ples in more than ten randomly selected points and the average number was re-
ported. The X-ray pattern of the produced Al/WO3p nanocomposite was 
achieved by X-ray diffractometer (XRD) to characterize the structure. The crys-
tallite size of the specimen (i.e., mean diameter, d) was calculated from the XRD 
patterns applying the Williamson-Hall method (Equation (1)) [22] [31]. 

cos 2 sind k Aλ β θ ε θ−=                       (1) 

In the above equation d is the crystallite size, is the Bragg diffraction angle, is 
the average internal strain, is the wavelength of X-ray (0.154056 nm for Cu Ka 
radiation), is the diffraction peak width at half maximum intensity, k is the 
Sherrer constant (0.91), and A is a coefficient depending on the distribution of 
strain, which is near unity for dislocations. By extrapolating the interception of 
vs., the average size of crystals is obtained. 

3. Results and Discussion 
3.1. Microstructural Investigations  

In Figure 3, FE-SEM shows the microstructure of 1.5 percent by volume rein-
forcing particles of nanocomposite by the ARB process. Figure 3(a) shows the 
fifth cycle of produced nanocomposite by ARB process, which leads to fragmen-
tation and separation of WO3p clusters in Al matrix. Many factors influence the 
creation of strain hardening and grain refinement in Al/WO3p nanocomposites 
are as follows:  
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Figure 3. FE-SEM images of microstructure nanocomposite produced during ARB process: (a) some zones of agglomerated rein-
forcing particles; (b) zones free of reinforcing particles and particle clusters; (c) the microstructure of nanocomposites reinforced 
with WO3p at final cycle. 

 
1) Samples preparation-wire-brushing which causes abundant residual stress 

in the samples [32] [33]. 
2) Shear strain-during the process of ARB, shearing strain occurs as a result of 

friction between the rollers and the surface of the sample without lubricant as 
reported by Lee et al. [33]. This factor has a special role in strain hardening and 
grain refinement. 

3) Particle reinforcement-influences strain hardening through: a) barriers to 
dislocation motion, b) difference in matrix coefficient of thermal expansion, and 
reinforcing particles. Which creates stress in the spaces between the reinforcing 
particles and the matrix, and c) increasing the number of dislocation motions as 
reported by Orowan mechanism [34] [35]. 

The X-ray diffraction results also showed that nanocomposite of Al/WO3p 
microstructure with the average crystallite size of 1.0, 1.5 and 2.0 percent by vo-
lume of reinforcing particles was 95.2, 70.7 and 41.2 nm, respectively that suc-
cessfully achieved by employing twelve cycles of ARB process. Figure 3(a) shows 
cluster zones of WO3 reinforcing particles in the matrix. With increase in the 
production of composite cycle by the ARB process, reinforcing particles con-
stantly get out of cluster mode during each cycle and dispersed throughout the 
sample to achieve uniform distribution in the matrix [19]. Figure 3(b) shows 
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Al/WO3p composite matrix produced by the ARB process including clusters and 
free zones of reinforcing particles. With each cycle in the process of ARB, the 
fragmented zones (see Figure 3(b)) dispersed and moved into the matrix pro-
viding more uniform distribution within the matrix. Figure 3(c) shows Al/WO3p 
nanocomposite at the microstructure level with an appropriate distribution of 
reinforcing particles into the matrix in the final cycle (twelfth cycle). Several 
factors are effective in uniform distribution of reinforcing particles. To name a 
few one can mention: 1) The influence of the applied strain, reduction and the 
shear bonds-With increasing the rate of strain (i.e., increasing number of cycles) 
a more uniform distribution of reinforcing particles is achieved. Since in the 
ARB process the strain along the thickness of the samples without the use of lu-
bricant is at least 80% (for 50% reduction) therefore, high friction is created be-
tween the specimen sheets and the rollers [19] [30]. By increasing reduction, the 
amount of strain hardening in the samples increases too. According to reference 
[33], on the structure rolled sheet by ARB process, it can be seen that the in-
crease of strain, grain size reduces and grain refinement takes place. By applying 
the same strain, localized shear bands are formed in the sample causing a greater 
tendency towards plastic deformation resulting in the improvement in grain re-
finement. Min et al. [36] reported that shear bands are formed around the inter-
section of matrix and reinforcing particles. Shear bands move within the matrix 
and cause the clusters (reinforcing particles) to be broken and fragmented, lead-
ing to displacement of reinforcing particles and their distribution. 2) Crystal 
structure and stacking-fault energy (SFE)-have been the focus of a lot of re-
searchers where they used metals with different crystal structures to produce 
composites by the ARB process [37] [38]. Metals have different sliding plates 
according to their crystalline structures. For example, FCC crystal structures 
have 12 sliding systems <110> (111) resulting in a more formability than metals 
with HCP and BCC crystal structures. According to reports [36] [37] [38], Al 
and Cu have more formability than Ti and Zn in where then FCC and HCP 
crystalline structure, respectively. Thus, the rate of uniform distribution of rein-
forcing particles in metals with FCC crystal structure is much faster than metals 
with HCP crystal structure. This is due to more formability of metals with FCC 
crystal structures. On the other hand, metals with similar crystalline structures 
have different SFE, which is an inherent property of the metals. SFE plays an 
important role in determining the strength and ductility of FCC metals. The 
stacking-fault energy is related to the atomic bonding in materials. It determines 
the extent of unit dislocations dissociated into partial dislocations. In practice, 
the width of the stacking fault ribbon, between the two Shockley partial in crys-
talline solids, is a significant feature, which controls the rate of dislocation in 
cross slip and climb. In fact, metals with highs and lows of SFE are found by the 
system slip and twin slip deformation respectively. Stacking Fault Energy for 
aluminum is 166 mJ/m2 while for copper and brass is 78 mJ/m2 and 20 mJ/m2 
respectively [38]. Thus, by increasing the SFE, formability becomes much easier 
and hence the rate of reinforcing particle distribution increases. 3) Tempera-
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ture-Temperature is advantageous for join-ability and workability, though very 
high temperatures would cause recrystallization and eliminates the accumulated 
strain effects. The temperature of the process and the accumulated strain deter-
mines the amount of recrystallization [39]. At higher dislocation, movement 
becomes easier and their changes are relative to stacking fault energy of each 
material. According to [40] “the continuous changes in misorientation are con-
verted into the high angle boundaries (θ > 15 degrees) by rearrangement of the 
geometry necessary dislocations through short range diffusion. The short range 
diffusion is possible even at ambient temperature due to the temperature in-
crease caused by plastic deformation even if it was conducted at room tempera-
ture”. The nanoparticles can be considered as the obstacles to the dislocation 
motions and also the dislocations accumulation. High dislocations density caus-
es the higher rate of diffusion. Hence, the sub-grain boundaries (formed by 
rearrangements of the dislocations) further evolve into grain boundaries with a 
large angle of misorientation, and therefore, grain refinement facilitates [41]. As 
temperature increases, more sliding systems is activated and the phenomena of 
cross slip and dislocation climb occurs more frequently. These factors men-
tioned above, can lead to separation, movement and distribution of reinforcing 
particles, of clustered within the matrix [32]. 4) Reinforcing particles size and 
grain boundary-R. Jamaati et al. [17] studied the effect of reinforcing particles 
size based on micro scale and their distribution in the matrix by the ARB 
process. It was reported that composite with larger reinforcing particles achieve 
a more uniform distribution comparing to composite with small reinforcing 
particles. However, at the end of the cycle, the composite with small reinforcing 
particles show a higher strength with respect to composite with larger reinforc-
ing particles. Reinforcing nanoparticles seems to play a role similar to smaller 
reinforcing particles. The nanocomposite produced by reinforcing nanoparticles 
has higher strength compared to those produced by reinforcing macro particles. 
Since there are more obstacles in nanocomposites or smaller reinforcing par-
ticles to impede the dislocation movement, it causes locking mechanism and also 
dislocation accumulation in the spaces between the reinforcing particles and the 
matrix. Accordingly, it can be said that this result is the structural evolution 
where nanocomposite achieves nanostructure faster. On the other hand, rein-
forcing particles are mostly around grain boundaries or in the zones of high- 
energy. However, during the ARB process along with structure refinement and 
production of UFG materials, the grain boundaries are increased, resulting in a 
more appropriate distribution of reinforcing nanoparticles in the matrix for the 
produced composite. 

3.2. Mechanical Properties 
3.2.1. Tensile Strength and Elongation 
Figure 4(a) and Figure 4(b) show tensile strength and elongation-numbers 
within selected cycles for the Al/WO3p nanocomposite. In these two figures 
(Figure 4(a) and Figure 4(b)), tensile strength and elongation are highly influ-  
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Figure 4. (a) and (b) show images of tensile strength and elongation-number of cycles for 
Al/WO3p nanocomposite produced by the ARB process. 
 
enced by the number of cycles (i.e., the strain). While processing ARB, strain 
hardening and grain refinement influence strengthening and elongation. It can 
be stated that in the early cycles of ARB process, strain hardening plays an essen-
tial role in increasing the strength. However, by increasing number of cycles (or 
increasing strain), strain hardening is replaced with grain refinement, which is 
more dominant [19]. In Figure 4(a) the tensile strength of the Al/WO3p nano-
composites increases as percent volume of reinforcing particles increases within 
the cycles. Composite strength at the beginning of the cycles is increased with 
steeper slope compared with the raw annealed sheets of aluminum due to strain 
hardening & anisotropic phenomena. This is because of the higher reduction 
rolling effect (about 50%). There is a relationship between the increase of strain 
and strength but the rate of increase lowers as strain increase. This is known as 
saturation of strain hardening [30] [33]. In high strains (i.e. finishing cycle) two 
factors of strain hardening and grain refinement interfere with each other. It 
must be noted that grain refinement plays a more important role than strain 
hardening [30] [32]. Rate of strain hardening in each of the introduced particles 
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is different from each other and it’s based on the matrix. As the cycles increase, 
the clusters tend to reduce and the particles distant themselves from each other. 
This strain hardening to uniformly be distributed accuses the matrix, which in 
turn produces a uniform grain refinement in the sample. For Al/WO3p nano-
composite with 1.0, 1.5 and 2.0 percent by volume of reinforcing particles, ten-
sile strengths of 181, 196 and 199 MPa were achieved and by increasing WO3 
reinforcing particles, tensile strength also increased. Proper distribution of WO3 
reinforcing particles in aluminum matrix improves the strength of Al/WO3p na-
nocomposite produced. The uniform distribution of reinforcing particles 
(Figure 3(c)) has been achieved in cycle 12. According to R. Jamaati et al. [42] 
[43], two types of porosities are observed in the ARB samples and they are either 
caused by lack of proper bonding between the sheets and/or resulting from early 
non-adherence of reinforcing particles to the matrix. By increasing the number 
of cycles, the bonds between WO3 nanoparticles and aluminum matrix improves 
and increases the bond between the sheets, strength and consequently reduces 
the porosity. 

Due to almost half in coefficient of thermal expansion of the reinforcing par-
ticles (13 × 10−6/K) compared with aluminum matrix (23.86 × 10−6/K) during the 
ARB process thermal stresses are created at the intersection between reinforcing 
nanoparticles and the matrix. This leads to increase in tensile strength and re-
duction of elongation [24]. Figure 4(b) shows that during the ARB process, the 
elongation of different volume percentage reduces rapidly at first and continues 
to about the fifth cycle then increases with moderate rate to cycle 12. Finally, 
elongations of 10.4, 9.7 and 8.6 were reached for 1.0, 1.5 and 2.0 percent by vo-
lume of reinforcing particles, respectively. 

3.2.2. Hardness 
Figure 5 shows microhardness corresponding to cycles of ARBed samples with 
respect to monolithic and nanocomposite in different volume percentages of 
reinforcing nanoparticles of WO3. Some factors that influence the hardness of 
ARBed samples as discussed by [39] are: brushing the samples before rolling, 
strain hardening due to the surface friction between the roll and samples, grain 
refinement by dynamic recovery, reinforcing particles and reduced porosity in 
the samples. As it can be seen in the Figure 5, three zones are produced during 
ARB process. Rapid increase of microhardness in zone (1) within the initial 
cycles is due to strain hardening (based on dislocation density and dislocation 
effects on each other). Creation of forest dislocations caused by strain hardening 
and locking them together increases both strength and microhardness. It should 
be noted that, hardness saturation of UFG materials by SPD for the first time has 
been reported in reference [38] [39]. 

Hardness in Al/WO3p nanocomposite samples is greater than that of ARBed 
monolithic samples. This is due to obstacles hindering motions of reinforcing 
nanoparticles and locking them together. It can be stated that in zone (1) the 
role of strain hardening is more important than the role of dynamic recovery for  
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Figure 5. Shows the changes of microhardness of monolithic and produced nanocompo-
site for 1.0, 1.5 and 2.0 percent of volume WO3 reinforced nanoparticles. 
 
increasing hardness. In zone (2) the rate of increase in hardness is more mod-
erate due to competition between strain hardening and dynamic recovery [32] 
[38]. In this zone the impact of dynamic recovery is increased compared with 
zone (1) and the rate of increase in hardness slows down with increasing number 
of cycles (increasing strain) in zone (2) [38] [42]. Increasing the number of 
cycles creates a more uniform distribution of reinforcing nanoparticles and re-
duces the amount of porosity, which in turn increases hardness. In zone (3) of 
Figure 5 no significant increase in hardness is seen. The effect of reinforcing 
nanoparticles is very important as it is evident in zone (3) where the amount of 
hardness in nanocomposite samples is more than ARBed monolithic samples. A 
decrease in the microhardness of samples in specific cycles (Black lines) of ARB 
process is visible which may be due to dislocation in annihilating process. This 
leads to work softening and decrease of hardness in the matrix. For more cycles, 
with increase of dislocation density and grain refinement, microhardness of ma-
terials rises and reaches to maximum value in twelfth cycle of ARB process [43]. 
As it can be seen in Figure 5, composite samples of microhardness after 12 
cycles for 1.0, 1.5 and 2.0 percent by volume of reinforcing particles increased to 
about 62, 64.5 and 67 HV respectively compared to ARBed of pure samples. In 
addition, the hardness was raised due to dislocations formed in the grains, an 
important effect which could also affect the final hardness. Table 2 shows the 
mechanical properties of produced nanocomposites compare to some compo-
sites produced by ARB process. 

3.3. Fracture Surface 

Figure 6 shows FE-SEM images of Al/WO3p nanocomposite fracture surface in  
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Table 2. Comparison of mechanical properties of produced nanocomposites, monolithic 
and other produced composites by tungsten reinforcing particles. 

Reference 
Crystallite Size 

(nm) 
Hardness 

(HV) 
Tensile Strength 

(MPa) 
Material 

This work 365.2 59.6 160 AA1100 ARBed 

This work 95.2 61.7 179 Composite 1.0 vol.% WO3p 

This work 70.7 64.5 196 Composite 1.5 vol.% WO3p 

This work 41.2 66.4 205 Composite 2.0 vol.% WO3p 

[23] - 61 175 Composite WC 

[24] - 59.98 160 Composite 4.2 vol.% W 

 

 
Figure 6. Fracture surfaces of produced nanocomposite in the first and final cycle in the 
(a) (b) and (c), (d) at different magnifications respectively. 
 
the first cycle and final cycle (twelfth cycle) with different magnifications. In 
Figure 6(a) and Figure 6(b), ductile fractures with deep pores in coaxial direc-
tions are observed. 

It can be seen than fracture has a gray appearance with almost similar spheri-
cal pores [25] [44]. Fracture was first caused by the formation of micro-pores 
and their connection to each other [26] [45]. Nanocomposite samples produced 
by the ARB process reinforcing nanoparticles play an effective role in creating 
micro-cracks. Cracks are first created in the intersection between the matrix and 
reinforcing particles [24] [26]. In Figure 6(b), WO3 reinforcing nanoparticles 
inside the pores can be seen. They cause localized stresses around themselves. 
Reinforcing particles increase shear deformation and reduce the growth of pores. 
There are two ductile fracture mechanisms. One is development of pores and 
their interconnection and the other is cutting pores and internal links (ductile 
shear). As shown in Figure 6(c) and Figure 6(d), by increasing number of cycle, 
fracture changed and the size, shape (i.e., stretched), and the quantity of pores 
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became finer and stretched more as reported by [44] [46] [47]. 

4. Conclusions 

New nanocomposite with WO3 nanoparticle distribution is manufactured 
through 12 cycles of ARB process. The structural characteristics of crystallite 
size, fracture surface and mechanical properties such as tensile strength, elonga-
tion and hardness of the produced nanocomposite were investigated. The con-
clusions can be summarized as follows: 

Al/WO3p nanocomposite is successfully produced in the form of a sheet 
through ARB process. A uniform distribution of nanoparticles is observed in the 
microstructure for high ARB cycles (12th cycles). 

Several factors are effective in uniform distribution of reinforcing particles 
that include: influence of the applied strain, reduction, shear bands, crystal 
structure, stacking fault energy, temperature, reinforcing particles size and grain 
boundary. 

The X-ray diffraction results showed that structure of Al/WO3p nanocompo-
site with the average crystallite size of 1.0, 1.5 and 2.0 percent by volume of 
reinforcing particles were 95.2, 70.7 and 41.2 nm respectively and was success-
fully achieved by employing 12 cycles of ARB process.  

The tensile strength and elongation of the nanocomposite rises with increas-
ing the number of ARB cycles. It can be concluded that additional strengthening 
mechanisms have contributed to the presence of the nanoparticles in the nano-
composite. After 12th cycles the tensile strength and elongation of the nanocom-
posite (with 2.0 percent by volume of reinforcing particles) reaches 205 MPa and 
8.6, respectively. 

The hardness increases by increasing the WO3 reinforcing nanoparticle in the 
Al matrix. The hardness of nanocomposite with 2.0 percent by volume of rein-
forcing particles was about 67 HV. 

Studying the fracture surface in images of FE-SEM, revealed large and deep 
dimples are at the fracture surface of the nanocomposite, indicating that nano-
particles have a significant effect on the ductility of the nanocomposite. 
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