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Abstract

In the present work stir casting route is used to fabricate the ZA27 Metal ma-
trix composites containing 3 wt%, 6 wt%, 9 wt%, and 12 wt%. Zircon sand
particulates of size 100 mesh. Microstructure studies using Optical Micro-
scopy, SEM-EDAX are carried out to ascertain the distribution and mor-
phology of particulates in the composites. Effect of zircon sand as reinforce-
ment on bulk density, porosity, of the fabricated composites is studied. SEM
studies are carried out to understand the behavior of as-cast ZA27 alloy rein-
forced with zircon sand. The dislocation density of the fabricated composite
affects the strength of the composites and depends on the strain due to ther-
mal mismatch and is found to increase with increase in weight% of zircon
sand. However, it does not consider casting defects of voids/clustering ob-
served in micrographs of the fabricated composite. Porosity in composites
does not have influence on Coefficient of thermal expansion (CTE) of the
ZA27 composites studied using thermoelastic models like Kerner and turner
model and rule of mixtures of composite.

Keywords

Density, Porosity, Dislocation Density, Thermoelastic Models,
Rule of Mixtures

1. Introduction

Over the years, Metal matrix composites are playing a significant role in aero-

space, automotive, space engineering and other industrial applications due to
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their superior mechanical, tribological and thermal properties.

Matrix is made of monolithic Metal or alloy and embedded with hard parti-
culates to augment the properties of MMC compared to the monolithic met-
als/alloys. Aluminum, Magnesium, titanium, copper and Zinc based alloys are
widely employed as matrix materials in various applications.

Over the past few decades research on zinc-based alloys are being carried out
and found to exhibit excellent tribo-mechanical properties apart from low melt-
ing point, good cast ability and machinability. Several research have proved the
Zinc-Aluminum family of alloys like ZA12 and ZA27 are possessing better
strength when compared to cast-iron, bronze and plastics as tribo-elements for
operating at moderate temperature condition. In spite of good tribo-mechanical
properties The ZA alloy exhibits dimensional instability at temperature greater
than 100°C. With heat treatment techniques of cast alloy and addition of high
melting point ceramic particles to the alloy the properties of the alloy can be im-
proved at the expense of reduction in machinability which can be reduced by
addition of dry lubricants [1] [2].

Nowadays researchers are inspired to reinforce these alloys with reinforce-
ment particles and whiskers like AL,Os, Sic, Garnet, glass, Tic, graphite, Agri and
industrial waste etc. to achieve better mechanical, wear and thermal characteris-
tics. There are research reports of ZA27 alloy containing more than one rein-
forcement to produce hybrid composites like a ceramic filler and a solid lubri-
cant like graphite to offset the negative effects of ceramic fillers on machinability
[3] [4]. Also in recent times, researchers are adding nanofillers in recent times to
the as-cast ZA27 alloy and fabricating the MMC using different metallurgical
processes like, stir casting, double stir casting, squeeze casting, powder metal-
lurgy and also ultrasonic-assisted stir casting for obtaining better casting and
improved properties [3] [5]. There is not much work carried out on characteri-
zation of zircon sand reinforced with ZA27 alloy especially beyond 5% weight
fraction also micro-mechanical behavior of such composites [6]. Coefficient of
thermal expansion (CTE) plays an important role in ZA27 materials used as tri-
bo-elements and needs to be estimated for better performance of the elements.
Thermoelastic models are used to predict the CTE of the ZA27/zircon sand
composites [7]. Effects of presence of voids on dislocation density of composites
and cracking/agglomeration of zircon particles in ZA27 matrix with increased
weight fraction on CTE of composites and their effects on strength is addressed
[8]. preparation of composites by various routes and its processing, matrix-
reinforcement bonding and characterization poses significant challenge in the
end use of composites, also decrease in ductility, poor matrix-reinforcement in-
terface, particle cracking, debonding/pull out of particles and agglomeration of
particulates are some of the challenges in preparation of composites. composites
are subjected to age hardening to obtain better strength and improved ductility
as well as tribological properties [2] [9].

Stir casting is widely adopted route in preparing these composites due to their

advantages like bulk manufacturing, ease of fabrication and economy. Also,
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there is enough scope to investigate and understand the behavior of ZA-27 con-
taining microparticulate zircon sand as primary reinforcement and hybrid

composites with dry lubricants as secondary reinforcement.

2. Experimental Procedure (Figure 1 and Table 1)

In this work Zircon sand (ZrsiO,) of particle size 100 mesh is used as a primary
reinforcement in the matrix of ZA-27. Chemical composition of Zircon sand is
Zircon oxide and hafnium of 65% and silica of 24% with traces of ALO;, TiO,
and Fe,O; [10]. The thermal coefficients of zircon sand is low compared to other
oxides of ceramics improving the interface strength, also the density of zircon
sand (p = 4.56 g/cc) is in close proximity with the density of ZA-27 (p = 4.5 g/cc)
alloy which reduces the problems of gravity segregation due to large density dif-
ference between matrix phase and dispersed phase (Figure 2 and Table 2).

i’:}i

() (b)
Figure 1. (a) Zircon sand particles (b) ZA-27 ingot.
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Figure 2. Particle size by sieve analysis.

Table 1. The chemical compositions of ZA-27 alloy.

Al Mg Cu Fe silicon Zinc

25.60% 0.07% 2.10% 0.04% 0.001 Remainder

Table 2. Properties of zircon sand.

Melting point ("C) 2500
Hardness (Mohs) 7.5
Density (g/cc) 4.5
linear coefficient of expansion (107 K) 4.5
crystal structure Tetragonal
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Preparation of ZA27 MMC by Stir Casting

Composite was fabricated by stir casting method regarded as the most economi-
cal and suitable for mass production compared to other techniques of fabrica-
tion. The setup is as shown in Figure 3. To begin with the weight of reinforce-
ments for 3 wt%, 6 wt%, 9 wt% and 12 wt% Zircon sand to prepare 2000 g of
ZA-27 alloy was calculated. Zircon sand particles were preheated to around
200°C in an oven to remove presence of moisture in it ZA27 alloy ingots were
placed in the graphite crucible and super-heated to a melting temperature and
stirring was done for homogenizing temperature later the temperature was re-
duced to 450°C (semi solid state) Now, the reinforcement particles are fed at a
rate of 20 g/min and the mixture with continued heating is stirred at a speed of
350 rpm to create vortex for 5 minutes for better distribution of particles. 10 g of
Magnesium rod was added to improve wettability and the melt is degassed using
C,Cls (hex chloroethylene tablets) in order to eliminate porosity and remove air
presence in the mixture. The composite was poured at 500°C into the preheated

cast iron die for better solidification [6].

3. Results and Discussion

Theoretical density and experimental density of the base alloy and composite
with different weight percentage of composite is evaluated. There will be differ-
ence in the values of densities due to the voids and pores generated during cast-
ing. Due to the presence of voids mechanical properties will get reduced so it is
obvious to determine the density and porosity of the composites for ascertaining
the quality of composites produced. Theoretical density is calculated using the

rule of mixture,
100
ptheor[tical = “n o ( 1)

zi

i=1 D;

Motor —p= ]

Stirrer

Screw
Reinforcing driver
particles ™
Furnance
Crucible

Molten metal

Figure 3. Diagram of stir casting set up.
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Experimental density is determined using the Archimedes principle by mea-
suring the known volume of water displaced by the base alloy and composite
specimens. The mass of the specimen is measured using a weighing balance
(make: shimadzu-Electronic balance) of readability of 0.0001 grams.

p = mass of the specimen/volume of water displaced

prh _pexp

%Porosity = x100 (2)

From the values of density of base alloy and composite it is observed that den-
sity decreases with increase in reinforcement as shown in Figure 4. Porosity of
the composite was found to increase with the reinforcement content (Figure 5).
The increase in porosity is attributed to gas entrapment during mixing, shrin-

kage, and presence of air bubbles in the composite slurry.

3.1. Hardness Test (Figure 6)

Hardness is the ability of the material for indentation. Rockwell Hardness num-
ber of the bulk specimen of the base alloy and composites is measured using in-
dentation of 1/16' ball indenter under a load of 100 Kgf for dwell time of 15
seconds. An average of values of readings obtained during the tests were taken
and tabulated. The hardness was found to increase with increase in weight (%)

of zircon sand particles.

Theoritical density Experimental density
4.536 4.5
o 4535 o] 4.48
% 4534 > 446
> 4.533 > 4.44
% 4.532 G 4.42
S 4531 S 44
T 453 T 438
4.529 4.36

0 3 6 9 12 0 3 6 9 12

wt% zircon sand wt% zircon sand

Figure 4. Variation of measure density with composition of reinforcement.
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Figure 5. Porosity with increase in weight percentage of zircon sand.
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Figure 6. Brinell Hardness for the ZA-27 composite.
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The ZA27 alloy is strengthened due to solid solution strengthening, while the
ZA27 composite is dispersion strengthened due to presence of zircon sand par-
ticulates in the zinc aluminum matrix. The hardness testing is compressive in
nature and the area under the indentation is work hardened, resulting in en-

hanced values.

3.2. Microstructure Studies

When the Zinc alloy is solidified it results information of various phases like, a +
L, S, a+ fand a+ nas shown in Figure 7 The microstructure in Figure 2(a) of
ZA-27 alloy reveals the Aluminum rich matrix (a FCC) and dendrite Zinc phase
(n HCP), CuZnO; at 382°C and AlL,CusZn at 275°C [11] (Figure 7, Figure 8 and
Figure 9).

The wavelength of X-rays is in the range of 0.0lnm to 10nm that can pene-
trate through the crystal structure to reveal the properties of material while exit-
ing out of it. XRD is are used to characterize different types of materials. Inter-
planar spacing (d) = Order of Reflection (1) x Wavelength (1)/2 X sinf using

Braggs law.
600F T
a+L
2 e = 5.54%
g 4004 " Wl ‘;\ e
§ 4.9%)
& ot B B+
E’ 30 @ = Altich FCC phase 275 99.4%
/ B = Zn rich FCC phase N
N = Zn rich HCP phase ¢
L = Liquid Solution
N “ * 60 %0 22A1 =
Weight % Zn L Zn-0.3Al1
Zn-5A1

Figure 7. Phase diagram, of ZA-27 alloy.

Zircon sand particles
(tetragonal)

Figure 8. Optical microscope pictures of zircon sand reinforced ZA-27 (100x Magnifica-
tion).
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Figure 9. EDAX of ZA-27.

3.3. SEM/EDAX Studies

To study the morphology of the different composition of composites SEM (Make:
TESCAN VEGA3) was used with EBSD arrangement attached with EDS detec-
tor. The micrographs reveal the presence of distribution of zircon particles and
their distribution. The average size of the zircon sand particles is found to be 100
- 150 microns distributed in the matrix of ZA27 alloy and confirms the sieve
analysis shown in Figure 2. The EDS detector confirms the existence of zinc,
aluminum, zircon, and silicon along with the oxides due to chemical reactions at
the interface.

Principle of Bragg’s law is the basis for X-Ray diffraction. XRD is conducted
to identify different phases present in the ZA27 composite samples using
PAN-Analytical-Xpert® powder XRD fitted with Ni filter operated at 30 mA and
40 kV generator settings using Cu-ka radiation with a wavelength of 1.5418 A.
The diffraction angle (26) range is varied from 20° to 90°.

XRD of the zircon sand and composites confirmed the presence of elements
like zircon, silicon, and oxygen in the reinforcement as shown in Figure 10.
XRD of ZA-27 composites containing 3% and 12% zircon sand reveals the pres-
ence of zirconium silicate and their compounds. The compounds are found at
the interface of matrix and particles due to chemical reaction of Zinc aluminum
with zircon sand (Figure 11, Figure 12 and Figure 14).

The presence of voids will bring down the strength of the composite devel-
oped. With increase in zircon sand reinforcement content there occurs agglom-
eration of particles because of which voids get accumulated during deformation.
The agglomeration of particulates is undesirable in fabrication of metal matrix
composites due to which strength of the fabricated composites certainly reduces.
The strength is also obtained by good wetting of the zircon sand and ZA27 alloy,
resulting in strong interface for efficient load transfer [12].

The bonding strength at the interface will affect the mechanical and physical

properties like coefficient of thermal expansion, thermal conductivity, and
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Figure 12. (a) SEM for ZA-27 composite containing zircon sand (b) EDAX for ZA-27
composite containing zircon sand.

damping. Coefficient of thermal expansion is a major criterion for the ZA27
composites with good dimensional stability. To obtain better interface charac-
teristics there are process variables that need to be controlled such as processing
technique, pouring temperature, stirring time, stirring speed etc. as well as rein-
forcement content and chemical properties of matrix and reinforcement [13].

It follows from SEM pictures in Figure 13 that the multiple microcracks ob-
served in the regions of particle agglomeration will results in reduction in ductile
region of the composite The addition of the hard zircon particles as reinforcement
in the ductile soft ZA-27 alloy matrix results in resistance to deformation. Subse-
quently, causing triaxial stress state ZA27 matrix results in the formation of voids

and growth in the matrix and also debonding at the interface of the particle
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Particle size
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Figure 13. (a) SEM images of ZA27 composites of magnification 100x, 200x, 300x,
1000x for 3 wt%; (b) SEM images of ZA27 composites of magnification 100x, 200x, 300x,
1000x for 6 wt%; (c) SEM images of ZA27 composites of magnification 100x, 200x, 300X,
1000x for 9 wt%; (d) SEM images of ZA27 composites of magnification 100x, 200x, 300x,
1000x for 12 wt%; (e) Size of the particles distributed in ZA-27 alloy (Magnification:
100x).

and the matrix [12] Shrinkage cavities are seen in the micrographs due to poros-
ity linking to reduction in strength of the composite. Hence, distribution of the
particles is an important factor governing the behaviour of the composites. It is
very essential to control particle clustering and voids to in the microstructure of
the composite [6] (Figure 14).

Apart from the above challenges in processing of composites by liquid metal-
lurgy route it is necessary to understand strong chemical bond that exists be-
tween reinforcement and matrix. It is very important to know the various ad-
vantages and limitations of fabrication techniques like liquid metallurgy, powder
metallurgy, spray deposition or in-situ route of preparation of composites. Also,
due consideration to be given to the disparity in the physical properties of Zir-
con sand as reinforcement and ZA27 matrix in order to obtain a satisfactory in-
terface between the reinforcement and matrix [14]. Large differences in the coef-
ficients of thermal expansion in the reinforcement and matrix lead to the forma-

tion of residual stresses in the composite during the fabrication process.

3.4. Dislocation Density of the Composite Due to Difference in CTE

Dislocation density is total length of dislocation to volume of the crystal. It is
well known that microscopic movement of dislocation will be having significant
effect on the macroscopic deformation of materials. Effect of ceramic particles
present in ductile alloy matrix on strength and hardness has been studied earlier
[15] by theories like, quench strengthening, Orowan strengthening, work har-
dening, grain strengthening/Hall Petch mechanism of the composites. During
solidification and cooling of composite to room temperature if the par-
ticle-reinforcement interface bonding is good then tensile and compressive
stresses is developed in ZA27 alloy and zircon sand particles, respectively. Be-
cause of large difference of coefficient of thermal expansion (CTE) and temperature
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Figure 14. EDAX conforming the presence of reinforcement.

difference (A7) due to cooling of composites, plastic deformation of ZA27 alloy
matrix is likely to occur in order to accommodate elastic residual stress that
forms in matrix, CTE mismatch will be large at interface due to work hardening
setting up dislocations formed during cooling of composite whose movements
are arrested at particle and matrix interface and exhibits large hardness which
decreases with increasing distance from interface. This is due to high density of
dislocation at the interface and can be predicted using the model of [15] The
dislocation density of particulate composite at the interface is given by Equation

(3) where b =0.26 nm burgers vector for zinc alloy [15] d = particle size.

12ACAT Vp
P=—"""T—"~ 3
bd(1-7,) ®
Themal mismatch strain,
AC=a,-a, (4)

AT = Temperature difference during cooling of casting from solidus temper-
ature.

It is understood that coefficient of thermal expansion of the composites de-
pends on several material parameters like the composition, the microstructure of
the matrix, the reinforcement volume fraction and distribution as well as resi-
dual stresses formed due to the CTE mismatch, porosity, volume fraction, and
the interface strength [16].

Thermo-elastic models like Kerner and Turner have been used to understand
the behavior of thermal expansion of composites. It is important to note that
these models can predict the CTE relying on the reinforcement content and elas-
tic nature of the matrix [16] [17], however, they do not take into account the
case of plasticity of the matrix nor the voids formed in the composites [18].

By Rule of mixture CTE (a) of composites are calculated using,

a, =aV, +a,V, (5)

Based on Turner model,
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_ a, K.V, +a,K,V,

g (6)
KV, +K,V,

(24

Based on Kerner’s model.

K,-K,

)

a.=a,V, +a,V, +V.V, (ap —am)x

3K, K
V,K,+V,K,+ T"

m

where, @, E, G, K, V are CTE, Youngs modulus, Shear modulus, bulk modulus,
and volume fraction, respectively. Subscripts m, p, ¢ indicates matrix, particles,
and composites.

The Bulk modulus of the material is calculated using,

ko ®

-3

It is important to understand the mechanism of the reduction in CTE values
in the ZA27 composites due to presence of voids. From Table 3 it is found the
CTE and elastic modulus of the reinforcement are lower and higher than those
of matrix resin, respectively. When this composite is subjected to temperature
rise, Thermal mismatch strain, AC=a, —«a, is induced. This mismatch strain
initiates the formation of compressive and tensile stress in the matrix and rein-
forcement (Table 4 and Table 5, Figure 15 and Figure 16).

2E+12
1.5E+12

1E+12

S5E+11

Dislocation density

0
0 5 10 15

weight % zircon sand

Figure 15. Variation of dislocation density vs weight percent of zircon sand.

Comparison of Thermo elastic models

0.000025
0.00002 \‘\
o 0000015 e
e —_—
w
3]
0.00001
0.000005
0
0 2 4 6 8 10 12 14
weight (%) zircon sand
—@— CTE(Rule of mixtures) —¢=— CTE(Turners model) ~— CTE(kerner's model)

Figure 16. CTE comparison of composite using by thermoelastic models.
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Table 3. Elastic constants and CTE of ZA27 and zircon sand.

Material EGPa G Gpa K Gpa CTE/°C
ZA27 77 31 49.7 26 x 107°
Zircon sand 97.1 36.5 95.27 45%x10°°

Table 4. Results of dislocation density.

Slmo. Sample Weight (%) zircon sand Dislocation density (p)
1 A 0 -
2 B 3 5.69 x 10"
3 C 6 7.89 x 10"
4 D 9 1.19 x 10"
5 E 12 1.57 x 10"

Table 5. Comparison of CTE values using thermo elastic models.

Weight (%) CTE CTE CTE
SINo Sample X K R
zircon sand (Rule of mixtures) (Turners model) (Kerner’s model)
1 A 0 - - -
2 B 3 2.10 x 107° 1.81 x 10°° 1.67 x 107°
3 C 6 1.97 x 10~ 1.65 x 107° 1.56 x 107°
4 D 9 1.78 x 10~° 1.42 x107° 1.60 x 107°
5 E 12 1.62 x 107 1.28 x 107 1.45 x 107°

If micro voids are dispersed in the matrix, they are subjected to the compres-
sive stresses, resulting in the shrinkage of the void volume. Hence, the overall
CTE of the ZA27 composite is reduced and shape of the voids results CTE re-
duction. The reduction of CTE values of the composite is also due to low volume
fraction of the matrix and existence of voids in the composite. Hence, the ZA27
matrix, with large CTE value is reduced with increase of volume fraction of vo-
ids, affecting the overall CTE value of ZA27 composites [7] [8] [16].

If the interface between zircon sand and matrix of ZA27 is good, then a sig-
nificant amount of the reduction of CTE value of the composite occurs. Howev-
er, it is more likely that these high thermal stress values induce fracture at the
interface. So the compressive thermal stress, which is the main driving force of
the composite CTE reduction due to voids, is relaxed in this respect so that the

effect of voids on CTE values are reduced [13].

4. Conclusions

The experimental density is reduced with increase in weight fraction of zircon
sand and the bulk hardness of the ZA27/zircon composite prepared by stir cast-
ing route is found the increase with increase in zircon sand reinforcement. The

Optical microscopy studies of the ZA27/zircon composites and microstructure
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obtained from SEM/EDAX and XRD studies indicate the presence and distribu-
tion of zircon sand particles and intermetallic compounds in the ZA27 matrix
along with agglomeration.

The SEM pictures also show the presence of voids and particle clustering in
the matrix. The role of particle-matrix interface as revealed from the micro-
structure of the composite is studied to understand the thermal expansion beha-
vior of composites. Strengthening of composites due to mechanism of disloca-
tion density is obtained analytically.

From the analytical results obtained by the rule of mixtures it is found that
the value of CTE decreases with the increase in zircon sand reinforcement. The
values are closely predicted by thermoelastic energy principles like Turners and
Kerner’s model using Equation (6) and Equation (7) in comparison to rule of
mixtures Equation (5). The reason for decrease in CTE values is due to the
presence of voids and agglomeration during the fabrication of the ZA27 MMC.

The dislocation density is found to increase with the increase in reinforcement
content and depicts the inverse relation with CTE values. Thermoelastic models
reveal that Zircon sand particles as reinforcement is affecting the augmentation
of strength of the composites due to increase in dislocation density arising out of
large difference in CTE values during solidification of the composites. But it does
not consider casting defects like voids or poor interface between ZA27matrix and

Zircon sand particulates.
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