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Abstract

The AI2024 matrix composites reinforced by different weight percentages of nano-ZrO: particles were prepared by stir-cast
method. Physical and mechanical properties (microhardness, compressive test and elastic moduli) of the prepared composites
samples were measured. Moreover, the effect of sliding distance and applied load on the wear behavior of all prepared
samples was studied. The results showed that the relative density of the Al2024 matrix decreased with the increase ZrO:
nanoparticles content while the apparent porosity increased. Moreover, the microhardness, ultimate strength and Young’s
modulus of the composites were improved with increasing of ZrOz content except fracture strain that reduced significantly.
The wear rate decreased as the reinforcement content increased while it increased with the increase of the sliding distance and
applied load. The microhardness, ultimate strength, bulk modulus of the composites containing 10 wt.% ZrO2 sample
improved to approximately 31, 60 and 49%, respectively. For the same sample, the wear rate improved around 20.2 and 21.3

under applied loads 10 and 40 N, respectively.

Keywords: Al2024; Al matrix composites; Mechanical properties; Wear behavior; Stir cast method.

Introduction

A composite material is a macroscopic combination
of two or more distinct materials that exhibit a
significant proportion of properties than those of the
individual components used alone [1-5]. Thus, a
better combination of characteristics is achieved.
Composite materials are of great importance in many
fields, whether industrial applications or biomedical
applications due to their improved properties, high
strength, high stiffness and low density [6-10].
Among composite materials, aluminum (Al) and Al
alloy matrix composites enjoy remarkable interest in
aerospace, automobile and electronic equipment
because of their attractive properties such as high
strength, excellent young’s modulus, elevated wear
resistance, and low thermal expansion coefficient [3,
11-13]. It is well known that by selecting the suitable
ceramic reinforcement, better properties of Al matrix
composites could be produced. A variety of
particulate ceramic reinforcements like Al,Oz [14,
15], SiC [16], ZrO; [17] and graphene [18] have been

used to reinforce the Al and Al alloy matrix. All
reports confirmed that these ceramics effectively
enhance the mechanical and tribological properties of
the final composites. Taha et al. [17] milled ZrO,
nanoparticles with Al alloy powder by mechanical
alloying to produce nanocomposite powders contain
different contents of ZrO,. Then, they were pressed
and sintered in the argon atmosphere to produce bulk
nanocomposite samples. The microhardness and
compressive strength of the nanocomposites were
significantly increased by increasing the ZrO;
content. Mungara et al. [19] produced Al7050 matrix
composites  reinforced  with  various  weight
percentages of B4C particles up to 8 wt.% by stir-
casting. The resulting composites have uniform
distribution of B4C reinforcement in the matrix.
Additionally, the linear relation between the
mechanical parameter and the B4C weight
percentages is unique. Among these reinforcement,
fine stabilized ZrO, particles could be a suitable
reinforcing material due to their high hardness,
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ultimate strength and stiffness, high melting
temperature (2715 °C), high wear rate, and good
corrosion resistance [20, 21]. Noteworthy, many
techniques have been developed in the recent past for
the manufacture of composites. Different processing
methods like mechanical alloying [18, 22, 23], spray
casting [24], fracture stir [25, 26] and stir-cast [27,
28]. Among the manufacturing techniques, stir-
casting is a type of casting process in which a vortex
is formed by a mechanical stirrer to mix the
reinforcement into an Al matrix. It is a suitable
method for preparing Al matrix composites due to its
simplicity, low cost, applicability to mass production,
simplicity, very low porosity content and ease of
control of the composite structure [29, 30]. Based
upon the above considerations, the aim of the current
work is to study the effect of variable nano-ZrO,
percentage on the microstructure, physical,
mechanical and ware properties of Al2024 alloy
prepared by stir cast.

Materials and Methods
Al2024-ZrO, composites have been prepared by stir-

casting process. The different weight percentages of
ZrO; particles (0, 2.5, 5, 7.5 and 10 wt. %) were used
in this work as a reinforcement from Al Nasr
company having a particle size of 50 nm. The Al2024
matrix was melted at 800°C, while the nano- ZrO;
particles were heated in a furnace at 400 °C for 1 h to
remove moisture from the surface of the particles and
after that ZrO, particles were added slowly in the
center of the vortex. The melt was thoroughly stirred
for 20 min to obtain a better distribution of the
reinforcement particles. Then, the melt was poured
into a preheated iron mold. The bulk density of the
prepared composites was measured by Archimedes
method according to ASTM: B962-08. As described
in our recent work [31-33], the microhardness of all
investigated samples was measured according to
ASTM: B933-09 using 1.96 N loads under dwell time
of 10 s according to Eq. (1) [34, 35]:

Hv = 1.854 x —
D

The stress-strain curve was measured and the values
of tensile strength, yield strength and ductility were
calculated accordingly. Ultrasonic longitudinal and
shear wave velocities (i.e. VL and Vs) were
propagated in the sintered hanocomposites specimen,
using pulse-echo technique MATEC Model
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MBSB8000 DSP (ultrasonic digital signal processing)
system. The values of Lame’s constants, i.e. A and u
are obtained from V_ and Vs as follows [36, 37]:
A=p(V2 - 2V2)

uo=pWs

where p is the material bulk density
The values of the elastic moduli; longitudinal
modulus (L), shear modulus (G), Young’s modulus
(E), bulk modulus (B) and Poisson’s ratio (v) as
calculated from the following equations [23, 38]:

L=A+2p 4
G=u (5)
_ . 3A+42p
E=npn T e (6)
B =/1+§u ................ @)
yl
V=corm e (8)

The nanocomposite samples were subjected to wear
test under dry sliding conditions using at room
temperature using a pin-on-disk  wear-testing
apparatus and the samples of 20 mm in diameter and
7 mm in height. The process parameters of wear test
involved speed of 0.8 m/s, sliding distance 200 m and
different applied loads of 10, 20 and 40 N. The wear
rate (W) was calculated for sintered nanocomposite
samples by the following equation [39]:

W (mm3/km) = p’: D

where M is the weight loss (@), p is the bulk density
(g/mm3) and D (m) is the sliding distance (m).

Results and Discussion

Physical properties

Fig. 1 displays the influence of nano-ZrO;
particulates percentages on the relative density and
apparent porosity of the composites samples. The
theoretical density value for the composites
containing 2.5, 5, 7.5 and 10 wt.% ZrO;, was 2.780,
2.816, 2.853, 2.891 and 2.930 g/cm®, respectively,
while the relative density value for the same samples
was 98.39, 97.22, 96.16, 94.23 and 93.11 g/cm3,
respectively. It was observed that the relative density
decreases while apparent porosity of the composites
increases with the increase in the percentage of ZrO,
particulates; this is because the variation in the
density of the Al alloy matrix and the ZrO;
reinforcement coupled with an increase in the number
of phase boundaries between the Al alloy and ZrO;
which consequently, causes an increase in the number
of pores. Furthermore, the uniform reduction in the
relative density and the increase in the apparent
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porosity are attributed to the uniform distribution of
nano-ZrO; in the Al alloy matrix [19, 40]. Another
reason is that tensile stresses due to a large difference
in the coefficient of thermal expansion (CTE)
between the matrix and the reinforcement (CTE of Al
alloy and ZrO, are 23.2x10° and 10.5x10°,
respectively), would normally form defects such as
porosity and dislocations around the ZrO; particles
[41]. A Similar interpretation [42] has been reported
for the reinforcement of the AI-Si alloy matrix by
SiC, which stated that SiC reinforcement directly
affected the contacts between it and the Al matrix and
therefore, closed pores are formed. After that, the
relative density of the composites and the apparent
porosity decrease with the increase of the SiC weight

percentages.
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Fig. 1 The relative density and apparent porosity of Al2024-ZrO,
composites as a function of ZrO, contents.

Microstructure

SEM microstructures of as cast Al2024-xZrO, (x=0,
5 and 10 wt. %) composites samples are shown in
Fig. 2(a-c). Fig 2.a shows that high densification and
no porosity appear. The composite contains 5 and 10
wt. % ZrO; particles which segregated within the
Al2024 matrix and grain boundary during stir cast
processing. The microstructure reveals the presence
of small amount of porosity associated with the ZrO,
particles. Moreover, the porosity observed around
ZrO, particles and subsequence, with increase the
ZrO, from 5 to 10 wt. %, the amount of porosity in
the composite samples increased and indicates weak

bonding.
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Fig. 2. SEM microphotographs of a) Al2024 alloy, b) Al2024-5
wt. % ZrO, and c) Al2024-5 wt.% ZrO, composites

Fig. 3 shows the graph of microhardness of Al2024-
xZrO; (x=0, 2.5, 5, 7.5 and 10 wt.%) composites. The
results showed that the microhardness of the
composites samples increased with the increases in
the weight percentages of ZrO,. The observed
microhardness of pure Al2024 is 36£3 MPa, which
reaches a maximum value of 674 HV for the
composite containing 10 wt.% ZrO,. Fig. 4 illustrates
the effect of ZrO, contents on Young's modulus (E),
elastic modulus (L), shear modulus (G), bulk
modulus (K) and Poisson's ratio (v) of the
composites. It is evident from the figure that the
value all elastic moduli increased after reinforced
with different weight percentages of nano-ZrO;
particles. The shear modulus and Poisson's ratio
increased to 45.19 GPa and 0.3185 for composites
samples containing 10 wt.% ZrQO, particles.
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Fig. 3. Microhardness of Al2024-ZrO, composites at different
ZrO, contents.
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Fig. 4. The effect of ZrO, content on the elastic moduli group of Al
composites samples.

Fig. 5 shows the representative compressive
stress—strain in the room temperature plots of the
Al2024/ZrO, composite with different reinforcement
percentages. The calculated ultimate strength, yield
strength and elongation of the Al2024 composites
from the corresponding stress—strain curves are
shown in Fig. 5. It obvious that from Figs. 6, adding a
reinforcement of nano-ZrO, particles to the Al2024
matrix increases the ultimate and vyield strengths
whereas the fracture strain shows the opposite
tendency. The ultimate and yield strengths values of
the Al2024/ZrO, composites were significantly
increased from 179.2 and 52.89 MPa to 285.6 and
68.39 MPa, respectively, (the percentages of such
increase were 36%, and 63%, respectively) as a result
of the incorporation of 10 wt.% of ZrO,. These
results can be discussed by knowing that adding a
very hard ceramic (i.e. ZrO,) phase to a ductile one
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(i.e. Al 2024 matrix) leads to more dislocation
density which gives these composites the appropriate
mechanical properties. The presence of nano-ZrO;
particles can improve the microhardness of
composites (Hc) according to Eqn. [43]

He = HalFa + HzFz

where Ha and Hz represent microhardness of the Al
2024 and the ZrO; particle, respectively. However,
Fal and Fz represent the volume fraction of Al2024
and ZrO; particles, respectively.

The coefficient of thermal expansion (CTE) of
ZrO; reinforcement particles is lower than that of
Al2024 matrix (CTE of AlI2024 and ZrO, were 23.2
and 12.2x10%/K). So, an amount of dislocations are
generated at the ZrO, particles-Al2024 matrix
interface during solidification process, which further
increases the mechanical properties of the matrix.
The greater the amount of interface between the
reinforcement and the matrix, the greater the
hardening due to dislocations [44]. On the other
hand, the strengthening mechanism resulting from the
dispersion of the hardening reinforcement (i.e. ZrO,)
into the matrix (i.e. Al2024) is known as Orowan
strengthening. Importantly, the presence of a ZrO,
reinforcement retards the movement of dislocations
in the matrix during the dispersion strengthening

mechanism as given by the equation (11)[45]:

_ 0.13Gb r
Oorowan = A Lng

where, G represents the shear modulus of Al2024
matrix, b represents Burgers vector of Al2024 matrix,
r is the radius of nanoparticles and A represents the
inter-particle spacing.

The interparticle spacing is given by the following
equation (12)[18]:

_ 4@-frr
A= (12)

where f is the ZrO, reinforcement volume fraction
According to equation (3), the distance between the
particles decreases with the increase in the contents
of ZrO, thus resulting in an increase in the
compressive stress required (To) for the movement of
dislocations between the ZrO, particles leading to an
improvement in the composite strength (Eqn.13)
[46]:

Eb

TO = 7 ................ (13)

where E is the elastic modulus of composite and b is
the Burger's vector.
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Fig. 5. Tensile stress-strain curve for Al2024-ZrO, composites
samples.
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Fig. 6. a) The ultimate strength, b) yield strength and c) elongation
of the composites samples.

Fig. 7 shows the strengthening efficiency, Ra, of
composites samples as a function of ZrO, contents.
Noteworthy, R, can be defined as the ratio of the
amount of increase in the yield strength of Al2024-
ZrO, composite to that of the Al2024 matrix by the
addition of ZrO; reinforced particles [47]. It is noted
from this figure that the improvement of R, is due to
an increase in the weight percentages of ZrO,
particles. The value of R, can be calculated by Eqgn.
14[3]:

R,=2"%m (14)

Vom
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where o is the yield strength of composite, o IS
the yield strength of the Al2024 matrix, V is volume
fraction of ZrO, particles.

It is observed that Ra. of reinforcement in the
Al2024 matrix composites increases in the weight
percentages of ZrO..
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Fig.7. Strengthening efficiency, R,, for composites at various ZrO,
contents.

Wear behavior

Figs. (8&9) demonstrate the variation of the
wear rate of Al2024-ZrO, with a sliding distance
under an applied load of 10 and 30 N. As the slip
distance increases at the same applied load, there is a
higher wear rate for the Al matrix and composites
samples. For the Al2024 matrix under 10 N applied
load, the wear rate at the sliding distance of 200, 400,
600, 800 and 1000 m was 4.45, 4.84, 5.48, 5.92 and
6.20 mm3/Km, respectively while the sample had the
highest content of ZrO; (10 wt.%) and with the same
applied load, the wear rate was 3.94, 4.18, 4.37, 4.59
and 4.90 mm%Km, respectively. This may be
attributed to the increased sliding distance, as the
temperature of the sliding surfaces elevated, causing
the Al2024 matrix and the composite pin surfaces to
soften, resulting in greater deformation at higher
sliding distances [48]. It is also evident; the wear rate
of the composites samples was significantly lower
when compared to the Al alloy matrix and this is due
to the enhancement of the microhardness of the
composites with an increase in ZrO; content. This
relationship is more clarified by observing Archard
equation [39]:

w
Q=K+
where Q is wear rate, K is a constant called wear

coefficient, W is the applied load and H is the
microhardness of the sample.

On the other hand, the wear rate of all samples
increased with increasing the applied load from 10 to
40 N. For example, the wear rate of Al2024 and
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composites containing 10 wt.% ZrO, under the
applied load 10 N and the sliding distance 1000 m
was 6.20 and 4.90 mm?¥Km, respectively and when
the applied load was increased to 40 N at the same
sliding distance, the wear rate was 8.24 and 6.55
mm?Km, respectively. Generally, an increase in the
applied load leads to a plastic deformation on the
subsurface due to an increase in the penetration depth
of the counterface. Moreover, with an increase in the
applied load, the surface temperature increases and
consequently encourages surface softening which
leads to further surface as well as subsurface
deterioration giving increased weight loss [49, 50]
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——- o wt.% LIO,
——- 2.5 wt.% 210,
~ 6.0 :
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2 —¥—- 7.5 wt.% Zi0,
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Fig. 8. Wear rate of the composites samples under an applied load
of 10 N and the different sliding distance.
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Fig. 9. The wear rate of the composites sample under 40 N applied
load and different sliding distance.

Conclusions
o Al2024-ZrO, composites with different nano-
ZrO, contents have been successfully
produced by stir-casting method.
e The relative density of composites decreased
considerably with an increase in weight
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percentages of ZrO, while, the apparent
porosity exhibited an opposite trend.

e The microhardness of the composites

increased with the increase in the weight
percentages of  ZrO,.  The  highest
Microhardness (990 MPa) was obtained for 10
wt.% of ZrO, particles.

e For the compressive test, the ultimate and

yield strength of the composites increased
while the elongation decreased with the
increase in the content of ZrO,.

e The measured yield strength value of the

composite containing 10 wt.% ZrO, were 68.4
and 11.1 % MPa, respectively.

e Noticeable enhancement in elastic moduli

group with increased ZrO; content. For
example, the elastic modulus and Poisson’s
ratio were increased from 86.8 GPa and
0.3098 to 169.7 GPa and 0.3185 with increase
in ZrO, content from 0 to 10 wt%
respectively.

e The wear rate decreased with increasing ZrO;

content while it increased with the sliding
distance applied load. The wear rate of
Al2024 under the applied load 10 N and the
sliding distance 200 and 1000 m was 4.45 and
6.21mm3/Km, respectively while the wear rate
of Al2024-10 wt.% ZrO, was 3.937 and
4.9021mm?3/Km, respectively.
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