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Abstract In the present research work, novel (Cu—
10Zn)go—x—x Wt% AlLO; (x =0, 3, 6, 9 and 12)
nanocomposites were manufactured by mechanical alloy-
ing process and vacuum hot-pressing technique. As-sin-
tered hot pressed samples exhibited crystallite size of 280,
230, 184, 152 and 122 nm with properties of nano-alumina
particles which were examined by transmission electron
microscopy. The influence of nano ceramic alumina con-
tent in Cu—10Zn nanocrystallite matrix on mechanical
behavior was investigated by simple uniaxial compression
test. The examination of compressive results revealed that
(Cu-10Zn)94—6%Al,05; nanocomposite was more work
hardening than others. Several strengthening mechanisms,
namely, particle strengthening, grain boundary strength-
ening, solid solution strengthening and dislocation—dislo-
cation interactions were quantitatively estimated and
correlated with measured compression strength results. It
was found that the grain size and dispersion strengthenings
contributed significantly to the total strength.
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1 Introduction

The incorporation of nano-particles and decreasing the
crystallite size from micron to nano in the matrix enhances
the mechanical properties of metal matrix composites.
Improvement in mechanical properties result in changes in
hardness, Young’s modulus, yield strength, ultimate tensile
strength, ductility in terms of work hardening and ultimate
compressive strength [1-3]. Now a days, the Cu—Zn alloys,
called brass, is a material of considerable research interest,
as it has distinctive properties such as strength, ductility,
electrical conductivity, corrosion resistance and good
machinability. Further, it can be used in several sectors
namely automotive industries, construction field, electrical,
ammunition and precision industry [4]. Single phase sub-
stitutional solid face-centred cubic (FCC) structure of Cu—
Zn alloy can be obtained if Zn is less than 35% in the Cu;
known as o-brass. This o-brass has the average yield
strength of 200-300 MPa which mainly depends on pro-
cessing method. To enhance the mechanical properties of
a-brasses and enhance its applications in wide ranges, it is
necessary to modify its grains into nano-structured/ultra-
fine level by using severe plastic deformation technique
and/or incorporation of second phase nano-particles in the
structure [5]. Further, the mechanical and structural prop-
erties of copper based alloys can be improved by the
addition of nano-alumina, as alumina will enhance these
properties extensively when compared to other reinforce-
ments [6].

In general, Cu based metal matrix composites can be
manufactured via solid state and or liquid state method.
However, wettability, homogeneous distribution and
embedding of second phase particles in the Cu matrix are
the major issues in liquid state consolidation technique. It
can be avoided in solid state consolidation technique and
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moreover, nano-structured and nano-reinforcement can be
easily achieved. In addition, the synthesis of nanocom-
posites via casting, conventional powder metallurgy and
extrusion are very difficult due to clustering of nano-par-
ticles. It can be completely eliminated by solid state
mechanical alloying which is one of the severe plastic
deformation technique involving repeated plastic defor-
mation, welding and fracturing of matrix particles inside
the high-energy ball mill [7-9]. Mechanical alloying fol-
lowed by vacuum hot pressing is the best consolidation
method and also economical one by which the formation of
nanostructure by grain refinement and embedding of nano-
particles is possible [10]. The improvement of mechanical
properties by decreasing the grain size from matrix and
effective embedding of nano-reinforcements are possible
by mechanical alloying [11]. Vacuum hot pressing is based
on low strain rate powder consolidation at elevated tem-
perature and is cost-effective when compared to hot iso-
static pressing [12]. In hot pressing, both heating and
pressing are applied so that improvement in powder par-
ticles’ contact, sufficient atomic diffusion and high densi-
fication can be possible [13].

Achievement of improved mechanical strength via MA
is due to the contribution of various strengthening mech-
anisms namely grain size, solid solution, dislocation and
dispersion strengthening [14]. Therefore, the reduction of
crystallite size in o-brass from micron into ultra-fine/nano
level, incorporation of nano-alumina particles, variation in
dislocations and solid solution of Zn by SPD of MA are
important to express the contribution of various strength-
ening mechanisms on improvement in mechanical strength
quantitatively [15, 16]. There is no research work to
address these details for the scientific community. Already,
our research groups have published the synthesis and
characterization of Cu—Zn matrix reinforced with nano-
alumina by MA [17]. Therefore, the present study has been
designed into three objectives: first, consolidate the
nanostructured/nanocomposite powders of (Cu—10Zn)-
Al,O5 into bulk sample via vacuum hot pressing; second,
to characterize all microstructural features by transmission
electron microscopy (TEM), investigate the mechanical
behavior in terms of ultimate compressive strength, work
hardening rate by simple compression test; and third,
quantify the contribution of each strengthening mecha-
nisms on total strength by developing various models.

2 Experimental Procedure
2.1 Materials Processing

The initial raw materials of copper (Cu) and zinc (Zn)
powders (99.4% purity, average particle size of less than
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45 pm) were purchased from Lobachemi, India which were
used as matrix materials. The purchased nano-alumina
(Al,03) had more than 99% purity and an average particle
size of 80 nm. The nano-composites of six samples of (Cu—
10Zn)go—x—x Wt.ALLO; (x =0, 3, 6, 9 and 12 wt%) were
synthesized by high-energy mechanical alloying. The as-
received elemental powders were put into two station
planetary ball mill with ball milling parameters of 10:1
ball-to-powder ratio, 20 h milling time and 280 rpm mill
speed. The mechanical alloying processes were carried out
under wet milling method (toluene). The detailed synthesis
procedure was explained elsewhere [17]. The manufac-
tured nanocomposite powders were compacted using uni-
axial compaction die of 600 MPa using high carbon high
chromium D3 tools steel of 10 mm diameter. Then, the
samples were sintered at 900 °C under vacuum of 10~ torr
with 25 MPa constant uniaxial pressure for 1 h. During
vacuum hot pressing, graphite die was used. After vacuum
hot pressing, the sample was cooled to room temperature in
the vacuum hot pressing furnace itself.

2.2 Materials Characterization

The Archimedes’ principle was used to measure the density
of sintered bulk samples. Based on weight fraction (i.e. rule
of mixture) and density of each constituent, the theoretical
densities were calculated. The density of copper (Cu), zinc
(Zn) and aluminium oxide (Al,O;) were 8.96 g/cm®,
7.13 glem® and 3.95 g/lem® respectively. The following
formula was used to estimate the densities of sintered
samples.
Wair 3

ps - (Wair . va) X pwa g/cm (1)
where W, is the weight of the sintered sample in air
coloumn, W, is the weight of the sintered sample sus-
pended in water column, p,, is the density of water (1 g/
cm3). The sample chemical composition, sintered bulk
density and its relative density is shown in Table 1. To
characterize the solid sintered samples, manual polishing
and Ion milling were done until the thickness was around
100 nm. Then, the samples as thin nano-foil were dimpled
for transmission electron microscope (TEM) characteriza-
tion. The fabricated bulk sintered nano-composite samples
were then characterized using transmission electron
microscopy (TEM, JEOL JEM 2100) by bright field images
and selective area diffraction pattern (SADP).

2.3 Compression Test
Compression test samples with sizes of 5 x 5 x 10 mm

were prepared using wire cut electric discharge machining
from bulk sintered samples. After wire cut, the samples
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Table 1 The sample chemical composition, bulk density and its relative density of (Cu—10Zn);po_x—x Wt% Al,O3 nanocomposites

Sample Zn content (wt %) Weight % of Al,O; Theoretical density (g/cm3) Bulk density (g/cm3) Relative density (%)
Cu-10Zn-0A1,03 10 0 8.77 8.38 £ 0.04 95.55
Cu-10Zn-3Al,03 10 3 8.62 8.15 £ 0.02 94.54
Cu-10Zn-6A1,03 10 6 8.48 7.95 £ 0.01 93.75
Cu-10Zn-9A1,03 10 9 8.33 7.75 £ 0.03 93.03
Cu-10Zn-12A1,05; 10 12 8.19 7.45 £+ 0.02 90.96
compression test was carried out using servo controlled
Compressive load universal testing machine with a strain rate of 1074 s at
room temperature. The fracture surface after compression
test was also examined using scanning electron microscope
T (SEM, JEOL JSM 6390) to investigate the fracture mech-
op Platen . . c T .
anisms. The compressive mechanical properties investi-
gated here was based on averages of three samples.
Specimen
10 mm 5x5x10)

Bottom Platen

Compressive load

Concentric rings
engraved in the platen

Specimen
(5x5x10)

Fig. 1 The sample size and its position in compression platens for
simple compression test

were polished using silicon carbide (SiC) emery sheets.
The prepared sample size and its shape for simple com-
pression test is shown in Fig. 1. As shown in Fig. 1, the
height of sample of 10 mm with a square cross section of
5x5 mm was used as per ASTM E9 standard. The uni-axial

3 Results and Discussion
3.1 Examination on Bulk Sintered Density

The theoretical density of fabricated samples have been
estimated using rule of mixture and the bulk density has
been measured according to Archimedes principles
(Table 1). From Table 1, it is observed that the bulk sin-
tered density starts to decrease slightly as function of
reinforcement of Al,O3; on Cu-10Zn nanocrystallite
matrix. This may be attributed to more strain hardening
obtained from mechanical alloying process for the same
mechanical alloying time of 20 h. The 12 wt% Al,O3
reinforced Cu—10Zn nano-crystallite matrix is the more
strain hardened one when compared to un-reinforced Cu—
10Zn nanocrystallite matrix as alumina acts as milling
agent in addition to other milling media such as milling
speed, ball-to-powder ratio and milling time. In addition,
the hard-reinforcing particles of nano-alumina is expected
to impede/hinder the plastic deformation of Cu-10Zn
nanocrystallite matrix during consolidation, which ulti-
mately decreases the diffusion process. Further, the slight
decreased density value as a function of nano-reinforce-
ment is expected to increase the dispersion strengthening
due to increase in the amount of nano-alumina particles,
dislocation strengthening due to refinement in the matrix
and grain size strengthening of Cu—10Zn matrix due to
decrease in matrix crystallite size with increase in the
amount of alumina. Moreover, the density of nano-alumina
was lower that the Cu—10Zn matrix. Therefore, full den-
sification on particle reinforced metal matrix nanocom-
posite powder is difficult to achieve. However, in the
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present investigation, all the samples have relative density
of more than 90%.

3.2 TEM Microstructure

The x-ray diffraction (XRD) analysis and powder surface
morphology examination on (Cu—10Zn),pp_x—X Wt%
Al,O5 nanocomposites have been explained in our previous
work [17]. After mechanical alloying, the Cu—10Zn matrix
powder crystallites sizes are 77 nm, 55 nm, 42 nm, 30 nm
and 25 nm for 0, 3, 6, 9 and 12 wt% reinforced nano-Al,O3
respectively, which have been conformed by TEM of
powder samples [17]. XRD, SEM morphology on milled
powders and TEM results explains the successful fabrica-
tion of the present nanocomposite powder under steady

Fig. 2 TEM bright field images
of Cu—Zn nanocrystallite matrix
reinforced with nano Al,Os:

a 0% Al,O3; b 6% Al,O3; ¢ 9%
AlLO3; d 12%A1,05; ¢ SAED
patterns on (d); f Corresponding
EDS on (d). The red arrows
indicate the nano-alumina
phases in Cu—Zn matrix phases

5 1/nm
—
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state condition [17]. Figure 2a—d show the TEM micro-
graph of Cu-10Zn, (Cu-10Zn)g4—6Al1,05, (Cu-10Zn)g;—
9A1,0; and (Cu-10Zn)gg—12A1,0;3 nanocomposites
respectively. The observed sintered Cu-10Zn matrix
crystallite sizes are 280 + 14, 184 £ 8, 152 + 11 and
122 £ 6 nm for 0, 6, 9 and 12 wt% nano-alumina rein-
forced nanocomposites respectively. These sintered matrix
crystallite sizes are calculated based on several bright field
images (Fig. 2). In each sample, around 250 crystallites
have been counted and averaged for investigation. It is
observed that the Cu—10Zn matrix crystallite size increases
considerably after sintering due to crystal growth. How-
ever, all the sintered samples have the crystallite size under
ultra-fine level in which around 80 nm of nano-alumina are
embedded in the Cu—10Zn matrix. Moreover, the crystal

Intensity
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4
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growth decreases as a function of dispersoid refinement,
due to dislocation pinning effect between nano-alumina
and Cu-10Zn matrix. Figure 2e shows the corresponding
selective area diffraction (SAD) pattern on (Cu—10Zn)gg—
12A1,0;3 sample in which continuous ring patterns are
observed indicating that the fabricated composite is under
nano/ultrafine level. The energy dispersive spectrum anal-
ysis is also done on (Cu—10Zn)gg—12A1,03 TEM sample in
which the presence of nano-alumina, Cu—Zn matrix phases
have been confirmed. It is observed from XRD results that
there is no Zn peak phase after mechanical alloying (20 h)
due to solid solution of Zn solute atoms on Cu solvent
atoms. However, Fig. 2f of EDS results shows the presence
of Zn phase in the sample. Therefore, based on XRD and
TEM EDS results, it can be confirmed that the solid solu-
tion of Zn on Cu matrix phase had occurred. In addition,
the nano-alumina particles are represented in solid red
color arrow in which some nano-alumina particles are
embedded on Cu-10Zn matrix phases and some nano-
alumina particles are on Cu—10Zn matrix grain boundary.
Especially, for higher-reinforced sample (Fig. 2d, it is
shown that there are more and more nano-alumina particles
embedded on the matrix and are located in the matrix grain
boundary. A similar behavior has also been observed by
Liu et al. [18]. The dispersed nano-alumina particles in the
matrix phases are expected to increase the strength of
matrix which has also been reported by Zhao et al. [19].
The located nano-alumina on matrix grain interface or
boundary can enhance the resistance to cracking which
ultimately improves the ductility or strain hardening. Fur-
ther, these intragranular nano-alumina particles can
impede/pin down the matrix crystallites and accumulate the
dislocations in the matrix crystallites. Hence, the nano-
alumina is expected to serve for improving the mechanical
strength and work hardening.

It is well known that the crystal size will depend on
both nucleation rate and its growth rate. Since, in the
present work, the samples are under solid phase, crystal
size mainly depends on growth rate with respect to sin-
tering temperature and percentage of nano-alumina par-
ticles. However, the second phase nano-alumina particles
will promote the heterogeneous nucleation. This mean,
when the particles have poor contact angle (wetting
angle), nucleation is encouraged [20]. Increasing nano-
alumina particles in the matrix can enhance number of
nuclei and hence the crystal sizes are refined as a function
of reinforcement. Further, the dispersed nano-alumina as
second phase particles can prevent the movement of
crystallite during sintering, which mean hindering the
crystal growth. This can be due to more Zener pinning
pressure. This Zener pinning pressure can increase as a
function of second phase particles as mentioned the in
Eq. (2) [21]:

_3Fy

P, ;

(2)
where P, is Zener pinning pressure, F, is the volume
fraction of second phase particles, y is the grain boundary
energy per unit area and ¢ is the average crystallite size. As
per the Eq. (2), the Zener pinning pressure starts to
increase by the addition of second phase particles of nano-
alumina in the Cu—10Zn matrix. Therefore, the interfacial
bond between nano-alumina and Cu—Zn matrix, and
amount of second phase nano-alumina particles in the
matrix can define the mechanical strength and ductility of
the present nanocomposites.

3.3 Compressive Stress—Strain Curves

Figure 3 and Table 2 show the compressive engineering
stress—strain curves for (Cu—10Zn);g9_—X Wt% Al,O5
nanocomposites (x =0, 3, 6, 9 and 12). The ultimate
compressive strength (UCS) of Cu—10Zn, (Cu—10Zn)y;—
3A1,0;5, (Cu-10Zn)gs—6Al,03, (Cu—10Zn)9;—9A1,03 and
(Cu-10Zn)gg—12A1,03 are 380 MPa, 420 MPa, 810 MPa,
840 MPa and 890 MPa respectively. It is clear that the
UCS of Cu-10Zn is much lower when compared to (Cu—
10Zn)gg—12A1,03 sample; which is around 2.34 times
lower. However, the compression of Cu—10Zn sample
exhibits 18.2% strain-to-failure which is around 58% more
than (Cu-10Zn)gg—12A1,03 sample. The increased UCS
with function of nano-alumina is expected to contribute to
crystallite size reduction, dispersion strengthening and
dislocation  strengthening (Fig. 2). The fabricated
nanocomposites of (Cu—10Zn)gs—6 Wt% Al,03;, (Cu-—
10Zn)g;-9 wt% Al,O3 and (Cu-10Zn)gg—12 wt% Al,O;
have highest UCS when compared to the work done by
previous authors (Kang et al. [22] achieved 455 MPa in
Cu-10% CNT and 581 MPa in Cu-15% CNT metal matrix

——0% ALO
1000 A N
—— 3% AL0,
6% AlLO,
T 800+ — 9% ALO,
=3 12% ALO,
[]
8 600
o
o
£
5 400
(3]
<
S
(=
W 200 4
0 T

T T T T T T T T T T

0.00 0.05 0.10 0.15 0.20 0.25 0.30
Engineering strain (mm/mm)

Fig. 3 Compressive engineering stress—strain curves of (Cu—

10Zn) 99_x—x Wt% Al,O5 (x = 0, 3, 6, 9 and 12) nanocomposites
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Table 2 The crystallite size, dislocation density and compressive properties of (Cu—10Zn);go_x—x Wt% Al,Oj3 sintered nanocomposites

Sample Volume fraction Crystallite  Dislocation density RMS strain Lattice UCS  Compressive Strain hardening
of fibre (V¢) size (t), nm (p), X 10" m™2 <erms> parameter (a), (MPa) strain-to-failure exponent (n)
nm (%)
Cu-10Zn—- 0.0000 280 + 15 0.8348 0.08365 0.3506 380 18.2 0.65
0A1,03
Cu-10Zn—- 0.0229 230 + 10 1.0123 0.08483 0.3569 425 16.3 0.42
3A1,0;
Cu-10Zn— 0.0462 184 + 12 1.4251 0.08679 0.3243 810 14.5 0.34
6A1,03
Cu-10Zn—- 0.0699 152 + 08 2.0156 0.08702 0.2783 840 12.0 0.41
9A1,03
Cu-10Zn—- 0.0939 122 + 11 2.4934 0.08732 0.2812 890 11.5 0.55
12A1,04

nanocomposite, Cha et al. [23] achieved 448 MPa in Cu-
23% CNT nanocomposites). Among the samples, the UCS
starts to increase steadily from 420 MPa to 810 MPa
between (Cu—10Zn)9;—3A1,03 and (Cu-10Zn)gs—6Al,03
samples. These results are expected to form a good inter-
facial bonding between second phase nano-alumina parti-
cles and Cu-10Zn matrix (Fig. 2); hence, the load is
transferred effectively from the matrix to second phase
particles in (Cu-10Zn)oy—6Al,O3 sample. However,
beyond 6% Al,Os, though the UCS started to increase, it
was improved slightly. These results indicate that the
decreased increment in UCS as a function of nano-alumina
beyond 6% Al,O; can be attributed to decrease in the
interfacial bonding. Therefore, the present investigation
works up to the addition 12% Al,O;. To establish and
examine the mode of fracture in the present developed
nanocomposites, fractography is also studied based on
fractured SEM images of (Cu-10Zn)y;—3 wt% Al,O3
nanocomposite  and  (Cu-10Zn)gg—12 wt% Al,O3
nanocomposites which is shown in Fig. 4. In general,
ductile fracture can be characterized by a dimple structure
whereas the brittle fracture can be characterized by both
intergranular and transgranular fracture. From Fig. 4a, it is
clear that large and more dimple fracture has occurred in
3 wt% Al,O3 reinforced nanocomposite which indicates
considerable ductility possessed by the material. Thus

Fig. 4 Fractography SEM
images of compressed samples
of: a (Cu-10Zn)g7-3 wt%
Al,05 nanocomposites (b))
(Cu—lOZn)gg—IZ wt% A1203
nanocomposites
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Fig. 4a explains that ductile dimple fracture mechanism is
due to void nucleation, growth and coalescences. It is
expected here that the voids can be developed at
nanocrystallite matrix grain boundaries and at the interface
of ceramic alumina particle and matrix. These voids can
form sub-micron level dimples, consequently joining of
voids and finally spreading of cracks. However, large
amount of intergranular brittle fractures and transgranular
brittle fractures are formed in (Cu—10Zn)gg—12 wt% Al,O3
nanocomposite (Fig. 4b). These results are expected to be
responsible for more sites of nucleation of dimples which
in turn arises from increased interface area between cera-
mic particles and matrix. As a result, the ultimate com-
pressive strength at room temperature shifts to high value
in the case of (Cu—10Zn)gg—12 wt% Al,0O; nanocomposite
when compared to (Cu-10Zn)g;-3 wt%  Al,O3
nanocomposite.

3.4 Examination of Ductility

The ductility of any metals/alloys/composites usually
express in terms of work hardening/strain hardening/cold
workability by plastic deformation. Further, the strength-
ening usually occurs due to dislocation movements and
dislocation generation in the crystal [24].
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The work hardening rate can be calculated by the fol-
lowing expression.

_doy
7d8T

(3)

where © is work hardening rate, doy is the difference/
changes in true stress of consecutive values, der is the
difference/changes in true strain of consecutive values. It is
well known that good uniform elongation can be obtained
from metals when the metals has high work hardening rate
as it helps to delay the localized deformation called
necking during load [19]. The variation of work hardening
rate against true strain for the present nanocomposite is
shown in Fig. 5. As shown in Fig. 5, the nanocomposite of
(Cu-10Zn)94—6Al1,05 exhibit more work hardening rate
when compared to all other samples investigated here. This
is expected to attain good interfacial bonding between
nano-alumina and Cu-10Zn matrix, more ordered
dislocation accumulation and obstruction in-and-around
nano-alumina particles and grain boundaries over the
matrix. Further, the nanocomposites of Cu—10Zn, (Cu-—
10Zn)97—3A1,03 show considerable work hardening rates
lower than (Cu-10Zn)g4—6Al,03 nanocomposite. These
results show lower amount of dislocations in the structure.
However, (Cu-10Zn)9;-9 wt% Al,O; and (Cu-10Zn)gg—
12 wt% Al,O3 nanocomposites exhibit poor work
hardening. This is expected to lead to improper bonding
or decreased wettability between nano-alumina particles in
the Cu—Zn matrix due to more volume of nano-alumina
particles. Therefore, based on the results of work hardening
rate, the optimum and best sample is (Cu—10Zn)g4—6Al1,03,
which can be selected for structural applications and others.
Double logarithmic curves on true stress-true strain of (Cu—
10Zn);g0_x—x Wt% Al,O3 nanocomposites (x = 0, 3, 6, 9
and 12) during work hardening period is shown in Fig. 6.

—n— 0% AL,O, —e— 3% ALO,
6% Al,O, —v— 9% AL,0,
12% ALO,

30000
25000
20000
15000 -
10000 -

5000

Work Hardening rate (®), MPa

True strain (e), %

Fig. 5 The variation of work hardening rate against true strain of
(Cu-10Zn);9o_x—x Wt% AlO3, (x =0, 3, 6, 9 and 12)

The Hollomon equation has been used to determine the
strain hardening exponent (n) and the equation is given
below:

or = K&l 4)

where K is a constant, o7 is true stress, &g is true strain and
n is the strain hardening exponent. The calculated strain
hardening exponents are 0.65, 0.42, 0.34, 0.41 and 0.55 for
Cu-10Zn, (Cu-10Zn)97-3A1,05, (Cu-10Zn)ys—6Al,03,
(Cu-10Zn)9;—9A1,03 and (Cu—10Zn)gg—12A1,03 respec-
tively. The values of strain hardening exponent for metals
usually lies between 0.2 and 0.6 in which the lower value
indicates more plastic deformation and higher value indi-
cates more elastic deformation. The conventional copper
and its alloy possesses the n value between 0.35 and 0.40
[25]. Among the samples investigated here, the nanocom-
posites of (Cu—10Zn)gs—6Al,05 only exhibit the value of
0.34 which is just nearer to the conventional Cu based
alloy. This result indicates that the sample of (Cu—10Zn)g4—
6Al,03; nanocomposite is more work hardening (Fig. 6)
when compared to other samples. The other samples
exhibit more differences in strain hardening exponent value
compared to the conventional one. This large difference in
values of other samples may be attributed to the improper/
poor interfacial bonding, poor wettability and more dislo-
cation accumulations between nano-alumina particles and
matrix phases. Therefore, the other samples may exhibit
early particle fracture due to weak interfacial bond and
more flaws in the structure. However, the exhibited good
work hardening rate for (Cu—10Zn)g4—6Al,03 nanocom-
posite can be attributed to strong interfacial bond and
proper embedding of nano-alumina in the matrix.

3.0 1
2.9
2.8
274
3
= 2.6 1
Il = 0%AlLO, n=065
D 273
S 254 e 3%Al0,n=042
24 6% ALO, n=0.34
{ v 9%ALO, n=041
237 12% ALO,, n=0.55
224

T T ML T ML T L | T T T T T T
-19 18 -17 16 -156 14 -13 12 -11 -10 -09 -08
Log(e,)

Fig. 6 Logarithmic curves of true stress—true strain on work hard-
ening rate and linearly fitted curves for (Cu—10Zn);gp_x—x Wt%
Al,O3, (x =0, 3, 6, 9 and 12) nanocomposites
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3.5 Evaluation of Various Strengthening
Mechanisms

The mechanical properties of metals/alloys/composites can
be enhanced by varying the crystallite size/fine grain
strengthening, solid solution of minor solute elements over
the major solvent element, dislocation/strain hardening and
dispersion strengthening by incorporating the reinforce-
ments in the structure. The contribution of various
strengthening mechanisms on total strength have been
estimated by several models. The various parameters used
for estimating various strengthening mechanisms is given
in Table 3 and its contribution on total mechanical strength
of (Cu—10Zn),pp_x—x wt% Al,O3; nanocomposites (x = O,
3, 6, 9 and 12) is also given in Table 4. In the present
investigation, the added minor element of Zn is dissolved
in the major Cu matrix after mechanical alloying which is
confirmed by XRD and EDS results. Due to solid solution
of Zn on Cu matrix, the strength of nanocomposites is
expected to increase. As per Dixit et al., [26], the contri-
bution of solid solution strengthening increment due to
solute atom of Zn is determined as:

Agy, = AC? (5)

where, A is the constant and C, is the concentration of the
solute atom in weight percent. The value of A for zinc (Zn) is
12.431 [26]. Based on Eq. (5), the calculated solid solution
strengthening are 57.69 MPa, 56.53 MPa, 55.36 MPa,
54.18 MPa and 52.98 MPa for Cu-10Zn, (Cu-10Zn)g;—
3A1,03, (Cu-10Zn)g4—6Al1,03, (Cu-10Zn)9;—9A1,05 and
(Cu-10Zn)gg—12A1,05 respectively (Table 4). It can be

Table 3 Various parameters used for calculating strengthening
mechanisms

Parameters Values Unit

A value for Zn 12.431 MPa

k 0.14 MPa.m'?
a0 20 MPa

o 0.3 -

M 3 -

G 45000 MPa

observed here that the amount of solid solution strength starts
to decrease as a function of reinforcement due to the addition
of nano-alumina particles in the matrix. It is well known that
fine crystallite/nanocrystallite materials can have higher
number of grain boundaries and hence these grain
boundaries can impede/hinder the dislocation motion.
According to Hall-Petch relation, the contribution of grain
boundary strengthening can be estimated as:

Ogs = Jo+kl_l/2 (6)

where ¢ is the crystallite size of the matrix, and
09 = 20 MPa and k = 140 MPa pm'? for pure Cu (Li
et al. 2015 [27]). It is observed from Table 4 that the
strength due to matrix crystallite size variation starts to
increase from 284 MPa to 420 MPa considerably as a
function of nano-alumina particles in the matrix.

The dislocations, which are majorly responsible for
work hardening, are usually accumulated in the form of
stress fields on the grain boundaries. The presence of these
stress fields can hinder the dislocation motion by repulsive
and or attractive interactions [28]. The dislocation density
is directly proportional to yield strength of materials. The
contribution of strength by dislocation can be estimated by:

Gais = oMGbp'/? (7)

where « is a constant of the order of 0.3, M is the Taylor
factor (M = 3 for FCC material), p is the dislocation
density [29] and can be determined from XRD analysis [6],
b is the burgers vector of dislocation in m which is equal to
a/ /2 for the FCC structure, a is lattice parameter in m [14]
and G is shear modulus which is 45 GPa. The dislocation
density can be calculated from Eq. (8) as shown below:
p=2v3tmeZ ®)
th

where <g,, > is RMS lattice strain which can be
determined as:

e ()(2)

Ad = dyyqy — dogur), Where dy) is the calculated inter-
planar spacing, dg) is the observed interplanar spacing.

Table 4 The contribution of various strengthening mechanisms on mechanical strength of (Cu—10Zn);o9_x—x Wt% Al,O3 nanocomposites

Sample Solid solution Hall-Petch Dislocation Orowan (Ggisper) Total predicted Actual UCS
(o) MPa (o4) MPa (0g4is) MPa MPa strength (Grow) MPa MPa
Cu-10Zn-0Al,03 57.70 284.57 94.71 - 436.98 380
Cu-10Zn-3A1,03 56.54 311.92 104.3 106.26 579.01 425
Cu-10Zn-6Al,03 55.36 334.37 123.77 175.01 688.51 810
Cu-10Zn-9Al1,03 54.18 379.09 147.19 243.66 824.12 840
Cu-10Zn-12A1,03 52.98 420.81 163.71 316.36 953.86 890
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It is observed from Table 4 that the contribution of
strengthening by dislocation starts to increase as a function
of nano-alumina particles due to more accumulation of
dislocations/defects in the structure engendered by high-
energy mechanical alloying process and/or severe plastic
deformation. The mechanical strength of metals/al-
loys/composites can be enhanced by incorporating insol-
uble second phase fine particles (here nano-alumina hard
ceramic particles), its homogeneous distribution and its
embedded nature in the matrix phase. The dislocation
motion of matrix can be delayed/affected by the second
phase particles which eventually vary the mechanical
properties. The contribution of Orowan strengthening due
to the addition of nano-alumina particles is determined by
Hsu et al. 2006 [30]:

:—O'SIMGSZ In lz\ﬁil (10)
2n(1 —v) 72 3ro

where, v (=0.34) is Poisson’s ratio, r, (=4b) is the
dislocation core radius. From Table 4, it is clear that the
contribution of dispersion strengthening significantly
increases as a function of nano-alumina particles in the

matrix. Based on linear superposition, the total strength is
determined using the following expression:

Odisper

Otor = Oss + Ogs + Oais + Odisper (1 1)

From Table 4, it is obvious that the contribution of grain
size strengthening on total strength is more for all the
samples followed by dispersion strengthening, dislocation
strengthening and solid solution strengthening. The mea-
sured total ultimate compressive strength is deviated. This
may be attributed to unchanged Hall-Petch coefficient due
to the presence of nano-alumina in the matrix and uncon-
trollable factors. The contribution of various strengthening
mechanisms on total strength for (Cu—10Zn)gg—12A1,05
nanocomposite as an example is shown in Fig. 7. It is very
clear that the contributed solid solution, grain size
strengthening, dislocation strengthening and dispersion
strengthening are 5.78, 44.1, 17.2 and 33.2% respectively.
Based on the present investigation, the presence of nano-
alumina particles contribute more on crystallite size vari-
ation and dispersion strengthening. Therefore, the incor-
poration of nano-alumina on Cu—10Zn matrix will enhance
the mechanical properties.

4 Conclusions

Bulk nanostructured novel (Cu—10Zn)-Al,O3 nanocop-
mosites were successfully manufactured and investigated
by mechanical alloying and hot vacuum pressing. TEM
microstructure explained the average crystallite size of Cu—

‘ (Cu-10Zn),, - 12% Al,O, nanocomposite I

17.2%

33.2%

44.1% 5.55%

B solid solution (o) B Hall-Petch (o)
H dislocation (o) [0 Orowan (ospe,)

Fig. 7 Contribution of various strengthening mechanisms on total
strength for (Cu—10Zn)gg—12 wt% Al,O3 nanocomposites

Zn of o-brass matrix, which were 280 nm, 230 nm,
184 nm, 152 nm and 122 nm for 0, 3, 6, 9 and 12 wt%
AlI203 reinforced nanocompostes respectively after sin-
tering. These results revealed that the incorporation of
nano-alumina particles pinned the grain growth consider-
ably due to Zener pinning action or pressure in crystallite
boundaries. The measured bulk density of all sintered
samples exhibited more that 91% on theoretical density.
Based on simple compression results, calculation of work
hardening rate and strain hardening exponent values, (Cu—
10Zn)94—6Al1,03 nanocomposite produced more ductility
when compared to other samples investigated here. It
exhibited considerable strength (810 MPa), more amount
of work hardening rate and it had shown the strain hard-
ening exponent of 0.34. This might be attributed to the
achievement of good interfacial bonding between nano-
alumina particles and Cu—10Zn matrix which might have
led to effective load transfer between them (Fig. 2).
Though, the higher reinforced nanocomposites (12%)
exhibited more ultimate compressive strength, it produced
poor ductility due to more intergranular and transgranular
brittle fractures which were evidenced by SEM fractogra-
phy. Further, grain size strengthening and Orowan
strengthening contributed to the total strength when com-
pared to other strengthening mechanisms of solid solution
and dislocation strengthening.
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