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ABSTRACT
Nanoindentation has been widely used for material mechanical
characterization. In this study, nanocompozite of ZA-27 alloy matrix
reinforced with different volume fractions of nanometric Al 2O3 ceramic
particles ranging from 0 to 5 %, were produces using compocasting
technique. Nanoindentation tests were performed using Berkovich three
sided diamond pyramid, with maximum load of 100 mN and maximum
load holding time of 15 s. Indentation imprints were investigated using
optical and atomic force microscopy (AFM). Average particle size was 2030 nm. Nanoindentation tests showed that nanocomposites have higher
values of hardness and lower values of elastic modulus in comparison to
the ZA-27 matrix alloy. Obtained results have different values in
comparison to the theoretical investigations.
© 2015 Published by Faculty of Engineering

1. INTRODUCTION
Zinc based alloys has been widely used in
industry, and it has a good combination of
hardness, strength and toughness. Because of
their bearing capabilities they are often used for
bearings. Zinc alloys have a good bearing
capabilities, tribological properties, low casting
temperatures and they are cost effective [1-3].
Zn-Al alloy contain a small amount of Cu and
because of that it could be very cost effective
replacement for a great number of metals, due to
better wear resistance [3]. ZA alloy is very
important for bearings that work in high loads
and low sliding speeds contact conditions [4].
Because of good tribo-mechanical properties

low mass, good foundry castability and fluidity,
good machinability, high strength and hardness
in as cast condition, good corrosion resistance
[5,6], low initial expenses, energy efficient
casting, safe for human environment, equal or
even better bearing capabilities, ZA alloys
(mostly ZA-12 and ZA-27) are capable to replace
aluminium and bearing bronze [4]. Important
aspect is reducing of production costs 25 to 50
% and 40 to 75 % in comparison to aluminium
and casting bronze, respectively [7-9].
However, the most restricting property of those
alloys is their inferiority on elevated
temperatures, above 100 °C [3,10]. ZA-27 alloy
belong to the family of ZA alloys, and it has a
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great strength and it is widely used for bearings
and sleeves, as a replacement for bearing bronze
[11-13] due to low production costs equal and
even better properties. Besides that, because they
are used for thin walled castings and components
for electric, automotive, industrial and
agricultural machines and devices, make them
very popular alloy for bearings, wear resistance
components, valves, pulleys and etc. [14].
Among various techniques for producing
composites reinforced with particles, stir casting is
generally accepted as most promising technique
[15]. Stir casting advantages refer to the simplicity,
flexibility and mass production applicability. Also,
stir casting is the most economic composite
producing technique of all actual techniques [14].
Within this technique, reinforcement particles are
infiltrated in molten metal, with intensive mixing
in order to achieve vortex movement on the
surface of the molten metal. Reinforcement
particles were added to the molten metal on the
edge of the vortex. Vortex movement proved to be
very useful in particle distribution process, due to
mismatches among internal and external pressure
of the molten metal, which pulls in reinforcement
particles deep into the molten metal [16].
Great number of information’s about mechanical
properties of the material could be obtained
using indentation technique. The most
important mechanical properties are hardness
and Young’s modulus, and beside these
properties about induced stresses, work
hardening, residual thermal stresses could be
measured. Indentation technique could be
applied
both
at
homogeneous
and
heterogeneous materials [17-20]. Indentation
technique is widely used for determination of
material mechanical properties due to simplicity
and time effectiveness methodology. During past
decade’s
indentation
investigations
are
descended on the nano level.
In the present study mechanical properties of
nanocomposites based on ZA-27 alloy, using
nanoindentation technique, were investigated.
ZA-27 is reinforced with 1, 3 and 5 vol. % of
Al2O3 nanoparticles, with average size 20-30 nm.
All obtained results for nanocomposites were
compared to the results obtained for base ZA-27
alloy. Also, influence of volume fraction on
mechanical properties of nanocomposites was
investigated.
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2. EXPERIMENTAL DETAILS
2.1 Material
Produced nanocomposites are based on ZA-27
alloy. Chemical composition of ZA-27 alloy is
presented in Table 1.
Table 1. Chemical composition of ZA-27 alloy.
Label
ZA-27

Chemical composition (wt. %)
Al

Cu

Mg

Zn

25-27

2-2,5

0,015-0,02

Balance

The nanocomposite specimens were obtained by
the compocasting procedure, which was executed
by mixing in the isothermal regime. The apparatus
and detailed description of the compocasting
procedure can be found elsewhere [4].
Tested specimens are previously milled to the
specified dimension, after that they were
grounded with sand papers with differennt grit
sizes and finaly polished. During these processes
it was taken into account that the surface
temperature of the specimens does not exceed
100°C, which would result in degradation of
mechanical properties of the ZA-27 based
materials [3,10].
2.1 Nanoindentation
Nanoindentation was performed with Berkovich
three sided diamond pyramid. Diamond is
indenters most often used material due to high
hardness and elastic modulus that minimalize
influence of indenter on measured values [21].
For nano scale, hardness and elastic modulus
measurement, Berkovich indenter stands out,
among four sided Vickers and Knoops pyramids,
because it is much easier to achieve sharp tip on
three sided pyramid.
Nanoindentation investigations were conducted
on CSM Nanoindenter, under 100 mN normal load,
15 s maximum load holding time, 200 mN/min
loading and unloading speed. The mechanical
responses of the tested specimens were assessed
as the average behaviour of 9 indentations,
organized in a 3x3 array. Distance between centres
of imprints was 50 μm, it was taking into account
that imprints are not too close to each other to
avoid influence of work hardening on mechanical
properties of tested material. Also, matrix type of
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measurement is selected in order to facilitate the
perception of indentation imprints on AFM
(Atomic Force Microscope). Indentation imprints
analysing and precise dimensions determination
was done using AFM.
3. RESULTS AND DISCUSION
Table 2 presents measured nanoidentation
values, HIT instrumented hardness (calculated
from the projected area of indentation imprint),
HV hardness expressed in Vickers units, E elastic
modulus, hm maximum indentation depths, hc
contact depths (representing real contact depth
of indenter with material). Values presented in
table are mean values of all nine measurements.

From the presented curves it could be seen that
hardness is going bigger with the increase of
volume fraction of reinforcement. Main reason
for that is the presence of nanoparticles of
reinforcement in base alloy, due to restricting
dislocations movement that are produced
during indentation process. Nanocomposites
have a lover value of elastic modulus in
comparison to the base alloy, which is expected
because the elastic modulus of Al2O3 is lower
than base alloy, 150 GPa [23]. Rule of mixtures
can be applied to calculate hardness and elastic
modulus [24]:

𝐻𝑐 = 𝐻𝑚 𝐹𝑚 + 𝐻𝑟 𝐹𝑟

(1)

𝐸𝑐 = 𝐸𝑚 𝐹𝑚 + 𝐸𝑟 𝐹𝑟

(2)

Table 2. Mean values of indentation process performed on ZA-27 alloy and nanocomposites reinforced with 1, 3
and 5 vol. % of Al2O3.
HIT
MPa
1214.118
1310.206
1358.473
1428.913

ZA-27
ZA-27+1% Al2O3
ZA-27+3% Al2O3
ZA-27+5% Al2O3

HV
Vikers
112.441
121.339
125.809
132.333

E
GPa
182.702
117.307
132.637
126.557

135

hm
nm
1881.312
1844.096
1814.467
1777.173

hc
nm
1841.065
1780.6
1763.698
1719.016

200

Young's modulus, GPa

Hardness, Vickers
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Fig. 1. Nanocomposites nanoindentation values: a) hardness, b) elastic modulus, c) maximum indentation depth
and d) contact depth, in comparison to the volume fracture of reinforcement.
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Fig. 2 – Nanoindentation curves for ZA-27 alloy and tested nanocomposites reinforced with 1, 3 and 5 vol. % of Al2O3.

Hc, Hm and Hr, show the hardness of the
composite,
matrix
and
reinforcement,
respectively. Ec, Em and Er show the elastic
modulus of the composite, matrix and
reinforcement, respectively. Fm and Fr are
fractional volumes of matrix and reinforcement.
From equations (1) and (2) it could be
concluded that hardness and elastic modulus
depends on volume fraction of reinforcement.
Based on equation (1) and the fact that hardness
of Al2O3 is ∼880 HV [23], it could be said that
with each volume fraction of reinforcement
hardness of nanocomposites should raise for ∼7,
and with 5 % of reinforcement hardness of the
nanocomposites should be ∼150 Vickers.
Comparing this value with the value of hardness
presented in Tabel 1, it can be seen that there is
a difference, and that measured value is lower,
probably due to porosity and agglomeration of
nanoparticles. Same case is with elastic modulus,
decrease in value of elastic modulus shouldn’t be
much lower in comparison to the elastic
modulus of base alloy. From Fig. 1b it could be
seen that with volume fraction increase of
reinforcement, value of elastic modulus remain
almost constant.
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Maximum indentation depth and contact depth
decrease with increase of volume fraction of
reinforcement and it is in correlation value of
hardness, shown on Fig. 1a.
It must be said that presented equations do not
take in consideration particle dispersion in
matrix alloy, and possible existence of porosity
and agglomeration, that have a great influence
on mechanical properties of composite material.
Indentation
curves
(indentation
depth
dependence on normal load) are shown on Fig. 2.
From those curves it is clearly that maximum load
holding time is properly selected, and there is no
irregularities (a “nose” in the load–displacement
data in the unloading segment appears) caused
by short holding time [25]. Thus, it can be
concluded that a sufficient hold time is necessary
to avoid errors in unloading data due to
viscoplasticity during the unloading process.
There are no major differences in indentation
curves for all tested materials. Also it is no
possible to notice three different phases in
loading process, as Fale [26] did. On presented
curves two phases can be noticed in loading
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up with indentation depth ∼400 nm. After that,
there are no significant changes in the loading
curves trends.

ZA-27+5%Al2O3

ZA-27+3%Al2O3

ZA-27+1%Al2O3

4. ZA-27

process. First on is a result of elastic
deformation of tested material and piling up of
dislocations in front of indenter. This phase ends

Fig. 3. Indentation imprints analysed by optical and atomic force microscopy.
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Figure 3 shows indentation imprints examined
by optical and atomic force microscopy.
Indentation imprints shown on a Fig. 3 are those
which hardness values are close to the values
shown in tab 2. Around all shown imprints it can
be noticed brighter zones on optical and atomic
force microscopy; and they are result of material
plastic deformation [27].

and 8.1 μm/°C, respectively [33]. Based on those
values and on literature conclusions it can be
said that combination of ZA-27 alloy and Al2O3
reinforcement is suitable for producing
nanocomposites with high dislocation density.

Hosseini [28] and Sameezadeh [29] have shown
that hardness of nanocomposites rise with
increasing volume fraction of reinforcements, up
to 3 %, with further increasing of volume fraction,
up to 5 %, hardness of nanocomposites decreases.
Kang and Chan [30] concluded that if the volume
fraction of reinforcement exceeds critical level,
effect of mechanical properties improvement
diminishes. This behaviour is a result of
saturation of grain boundaries with nanoparticles
that prevents more grain refining function and
also aggregation of particles results in brittleness
and weakness of the boundaries. Also, depending
on grain size after addition of certain amount of
reinforcement,
nanoparticles
can
easily
agglomerate and form clusters. In that case inter
particle distance become larger than the expected
distance,
therefore,
effect
of
Orowan
strengthening mechanism decreases.

Based on results and literature review it can be
concluded that presence of reinforcement
particles in matrix material should restrict
dislocation movement or lead in increase of
dislocation density generated as result of
thermal mismatch between matrix material and
reinforcement, induced by penetrating of
indenter in the surface of nanocomposites.

Improvement in compressive strength due to
reducing of composite grain size, load transfer
from matrix material to the reinforcement
particles and due to increased dislocation
density, is shown by Akbarpour [31]. Increased
dislocation density is result of residual
compressive stresses induced by mismatch in
thermal expansion coefficients between matrix
and reinforcement. Increase in volume fraction
of reinforcement results in finer grain size of
matrix material which come closer to the size of
nanoparticles of the reinforcement. In that case
most of nanoparticles would be found not in the
grains but on the grain boundaries. Thermal
mismatch
between
matrix
and
the
reinforcement results in generation of
dislocations, which leads to increase in
dislocation density in the nanocomposite
material [32]. Higher dislocation density leads to
higher level of internal stress and higher
resistance to external forces i.e. improved
mechanical properties of nanocomposites in
comparison to the matrix material. Values of
thermal expansion coefficient for ZA-27 alloy
and Al2O3 reinforcement are 23.3 – 26.0 μm/°C
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5. CONCLUSION

Presence of agglomeration and porosity reduces
mechanical properties improvement with
adding reinforcement particles to the matrix
material. During indentation process, material in
front of indenter will be pushed toward the
zones with minimal internal stresses i.e. trapped
gas bubbles. In that case reinforcement particles
are unable to restrict dislocation movement, but
moves pushed by dislocation to zones with
lower internal stresses.
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