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The mechanical, electrical and thermal properties as well as thermal expansion of Al/SiC/RHA (rice husk
ash) monolayer and bilayer composite have been studied using the Taguchi method and analysis of
variance (ANOVA). The parameter that most significantly affects the modulus of elasticity of Al/SiC/RHA
bilayer composites is processing time, with contribution percentages of 68 and 27% calculated from
stress-strain graphs and ultrasonic method, respectively. However, the factor which mostly affects
bending strength, CTE value and electrical resistivity of composites is process temperature with
contribution percentages of 32, 28, and 22%, respectively. The projected values for modulus of elasticity
(170 GPa), bending strength (369 MPa), CTE (8.9 x 10~6/°C) and electrical resistivity (0.0019 Q m) of Al/
SiC/RHA composites are in excellent agreement with those obtained in the verification tests under the
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optimal conditions according to ANOVA.
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1. Introduction

For some applications, composite materials are considered to be
more suitable than conventional materials as they have desirable
mechanical, thermal, electrical and wear properties. Among them,
particulate reinforced composites (PMMCs) have attracted consid-
erable attention due to their relatively low costs and inherent
isotropic properties [1—3]. Metal matrix composites containing
25—60 vol % ceramic particulate in a high-strength matrix alloy
have properties which are attractive for multifunctional electronic
packaging, mirror substrates and support structures in optical
systems, and components for inertial guidance systems [4—6]. The
key requirements for this application are a high thermal conduc-
tivity and a coefficient of thermal expansion (CTE) similar to that of
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materials commonly used in microelectronic systems [7]. Among
the different composites that are nowadays being considered for
these applications, Al/SiC composites with a high-volume fraction
of particulate reinforcement are a suitable and versatile option due
to outstanding physical properties of SiC particles (High thermal
conductivity, low CTE value and electrical conductivity). Although
the Infiltration of ceramic preforms by liquid metals has been
typically applied for the processing of composite materials with
high percentage of reinforcement [8,9], as a constitutive route, it
offers the potential for the production of graded composite mate-
rials by variation of shape, size, and volume fraction of the rein-
forcement in each layer. Successful fabrication of bilayer graded Al/
SiC/RHA composite by pressureless infiltration method has been
reported elsewhere [10]. In addition to the outstanding properties
of RHA in different sectors such as cement industry, electronics,
catalyst supports and etc. [11,12], recently it is widely used in
fabrication of hybrid metal matrix composite materials [13].
Although SiO; derived from rice husk is by nature non-wettable,
embedment of amorphous and crystalline SiO,-derived RHA into
SiC substrates up to 20 wt% will not make the system non-wettable
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by Al-Si-Mg alloys [14]. RHA act as an oxygen donator to form MgO
and MgAl,04 in the Al/SiC/RHA system and as a results fabrication
of hybrid composite. Also, in presence of amorphous RHA the for-
mation of deleterious phase of Al4C3 was eliminated. Significant
increase in hardness of fabricated hybrid Al/SiC/RHA composite in
comparison to the conventional Al/SiC composite were observed
[10].

In the present work, the quantitative effect of processing pa-
rameters on the bending strength and modulus of elasticity as well
as physical properties such as electrical resistivity, CTE value and
thermal diffusivity of monolayer and bilayer Al/SiC/RHA composite
are investigated. The optimum conditions for abovementioned
mechanical and physical properties of composites are projected
and the infiltration characteristics under optimum conditions are
determined and verified.

2. Experimental procedure

Infiltration tests for composites of Al/SiC/RHA were conducted
under the conditions shown in Table 1. The effect of various pa-
rameters on the mechanical and physical properties of composite
were investigated using the Taguchi method for design of experi-
ments [15]. Infiltration temperature, time, particle size, porosity,
SiO, crystallinity and content in the bilayer preform were used as
parameters of infiltration process. The fabrication method as well
as fabrication conditions have been discussed in details elsewhere
[10]. Table 2 show L27 Taguchi tables used for this study.

Specimens for microstructure analysis were mounted and pol-
ished using standard metallurgical procedures, and the analysis
was done using X-ray diffraction (XRD), scanning electron micro-
scopy (SEM) and energy dispersive X-rays (EDXs). The elastic
modulus and bending strength of all fabricated monolayer and
bilayer composites were determined using bend test bars of di-
mensions 2 x 1.5 x 25 mm. The bending strength was measured in
the four-point mode taking into account the compliance of the test
system. The support distances were 10 mm and 20 mm. The elastic
modulus was calculated from the first resonant frequency of the bar
in accordance with ASTM C1161-13 [16].

Coefficient of thermal expansion (CTE), Electrical resistivity and
thermal diffusivity of all fabricated composite were measured in
this study. CTE values were measured by TMA 402 F1/F3 Hyperion®,
a Thermomechanical Analyzer - Vertical Dilatometer. Samples were
cut from the alloys and composite with the size of 3 x 3 x 2 mm.
Both crystalline and amorphous silica were heated up to 1000 °C,
while the temperature of 300 °C was chosen for aluminum alloys
and composites. All samples were heated up and cooled down with
the rate of 20 °C/min under protective atmosphere of high purity
nitrogen with the flow rate of 30 cm>/min.

Electrical resistivity and conductivity were measured using
four-point probe technique (Lucas Labs S-302 Four Point Probe) on

Table 2
Standard L27 Taguchi table designed for pressureless infiltration process of SiC/RHA
preform.

No. A B C D E F G H I Explanation
1 1 1 1 1 1 1 1 1 1 cl
2 1 1 1 1 2 2 2 2 2 (@]
3 1 1 1 1 3 3 e 3 3 cl
4 1 2 2 2 1 1 1 2 2 Pl
5 1 2 2 2 2 2 2 3 3 PI
6° 1 2 2 2 3 3 Te 1 1 Cl
7 1 3 3 3 1 1 1 3 3 cl
8 1 3 3 3 2 2 2 1 1 cl
9 1 3 3 3 3 3 le 2 2 CI
10 2 1 2 3 1 2 e 1 2 Pl
11 2 1 2 3 2 3 1 2 3 cl
12 2 1 2 3 3 1 2 3 1 NI
13 2 2 3 1 1 2 e 2 3 cl
14° 2 2 3 1 2 3 1 3 1 cl
15 2 2 3 1 3 1 2 1 2 NI
16" 2 3 1 2 1 2 Te 3 1 Cl
17¢ 2 3 1 2 2 3 1 1 2 cl
18 2 3 1 2 3 1 2 2 3 PI
19° 3 1 3 2 1 3 2 1 3 Cl
20 3 1 3 2 2 1 e 2 1 NI
21 3 1 3 2 3 2 1 3 2 NI
22° 3 2 1 3 1 3 2 2 1 (@]
23 3 2 1 3 2 1 e 3 2 NI
24 3 2 1 3 3 2 1 1 3 NI
25 3 3 2 1 1 3 2 3 2 (@]
26 3 3 2 1 2 1 Te 1 3 NI
27 3 3 2 1 3 2 1 2 1 cl

A: Temperature.

B: Time.

C: Temp. x Time.

D: Particle Size.

E: Porosity.

NI: Not Infiltrated.

F: Phase of SiO,,

G: Alloy.

H: Porosity x Time.

I: SiO, content.

PI: Partially Infiltrated.

CI: Complete Infiltration.
2 Those which were effloresced after infiltration process within one or two weeks.

the flat faces of the samples. The measurement was conducted
using direct current (DC) in order to avoid skin effects associated
with AC current in the matrix and transient polarization phenom-
ena in the ceramic component. To eliminate thermoelectric and
capacity effects of the setup, the direction of the current was
repeatedly reversed manually and the average of the absolute value
of the two measured voltage drops was taken. The two values
usually differed by less than 1% of their average. To avoid systematic
errors, similar specimens were cut from the unreinforced matrix
material and tested under the same conditions. The reliability of the
measurements was assessed by measuring a sample 10 times

Table 1
Parameters and levels tested for Al/SiC/RHA composites fabrication.
Parameters Level 1 Level 2 Level 3
Temp. 1100 °C 1200 °C 1300 °C
Time 90 min 120 min 150 min
Particle Size 10 pm/129 pm 129 um/10 pm mixture/mixture
Porosity of preform 40%/60% 60%/40% 50%/50%
SiO, crystallinity Crystal (Type I) Amorphous Crystal (Type II)
Alloy Alloy 1 (Low Mg) Alloy 2 (High Mg)
SiO, content 10 wt% 15 wt% 20 wt%

Interaction 1
Interaction 2

Temperature x Time
Porosity x Time

Constants o Rate of N,: 30 cm?/min

e Amount of alloy: 20g o Size of preforms and layers
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(including extraction and re-insertion of the specimen in the
measurement rig); the variation of the data was found to be in the
order of 0.1% of the mean value.

The thermal diffusivity (a) was measured by the laser flash
method on square or disk samples of dimensions 8 x 8 x 1 mm and
10 x 1 mm, respectively, using a Netzsch LFA 457 MicroFlash™
diffusivity apparatus. The surfaces of the samples were graphite
coated to avoid direct transmission of the laser pulse through the
specimen and to improve energy absorption. Measurements were
done from room temperature up to 300 °C always in an argon
atmosphere.

3. Results and discussions

The microstructures of the all fabricated Al/SiC/RHA bilayer
composites studied in this work have previously been studied by
scanning electron microscopy and X-ray diffraction [10]. Both layer
of composite fabricated according to L2 configuration as well as
microstructure of bilayer L17 are presented in Fig. 1a—c. SEM and
XRD analyses confirmed that during pressureless infiltration of
aluminum alloys into SiC/RHA porous preforms, RHA keeps its
structure, and depending on the crystallinity of RHA (crystalline or
amorphous), it acts as an oxygen donator to form MgAl,04 and
MgO. Moreover, it prevents formation of the deleterious phase,
aluminum carbide in compliance with Le Chatelier's principle. Also,
formation of AIN was intensified when high infiltration tempera-
ture (1300 °C) and long processing time (150 min) were used for
fabrication of Al/SiC/RHA composites. As it can be seen in Fig. 1a and
b, complete infiltration caused a microstructure free of defects such
as porosity, cracks and inhomogeneity. Short infiltration time or
low processing temperature as well as inappropriateness of pre-
form architecture can cause incomplete infiltration in top layer of
preform or free metal regions in the final microstructure of ob-
tained composite (Fig. 1c).

3.1. Bending strength and modulus of elasticity (from bending test
and ultrasonic method) of Al/SiC/RHA bilayer composites

Typical stress—strain curves recorded during the four-point
bending test of bilayer and monolayer Al/SiC/RHA composites are
shown in Fig. 2. Also, the value of modulus of elasticity calculated
from both pulse-echo ultrasonic method and stress-strain curves as
well as bending strength of both monolayers and bilayer compos-
ites, are presented in Table 3. As it can be seen from Fig. 2, the
plastic deformation zone is disappeared due to brittle essence of
ceramic particles and as a consequence MMCs with high percent-
age of ceramic reinforcements.

It is clear from Fig. 2 that except for L9-Al/SiC/RHA composite,
each layer of bilayer composite, depend on the weight percentage
of reinforcement and the position of layer (bottom or top) during

pressureless infiltration process has different bending strength
from another layer and bilayer composite. Also, it can be observed
that L27 bilayer composite has the highest bending strength
(334 MPa), followed by L25 (298 MPa) and L8 (271 MPa) composite.
Considering the L27 Taguchi table, amorphous RHA was used in
both L27 and L8 composite. High temperature and long process
time (L25 and L27) cause complete formation of hard phases such
as AIN and MgAl,04 through the matrix. Also, L8 configuration
provides the situation that high Mg alloy is in contact with amor-
phous RHA for a long procedure time. It causes formation of MgO in
addition to MgAl,04 and AIN in matrix.

In addition to chemical composition of composite, the rein-
forcement architecture could be other important factor which
controls the crack nucleation and propagation through the layers.
Load bearing layer of both L27 and L8-Al/SiC/RHA which have
highest bending strength values, contains small size particle of SiC
with almost low level of preform porosity. Since there is a good
bonding between matrix and particle, the crack initiation site
would be limited.

As it can be seen from Fig. 2 and Table 3, in general it can be said
that those composite who their load bearing layer has higher
bending strength than another layer, have higher total bending
strength (Such as L27, 125, L13 and L2). Comparison between
young's modulus data obtained by Pulse-Echo technique and from
stress-strain curves shows that there is a negligible difference be-
tween the results obtained by these two methods. It can arise from
difference between the tested areas in the samples. Probe in Pulse-
Echo method covers an area of 0.78 cm? while bending sample
fabricated according to configuration A of ASTM 1161 standard
covers an area of 0.4 cm?. The fracture micrographs of monolayer
and bilayer L27 Al/SiC/RHA composite are presented in Fig. 3. It
clearly shows that almost all the SiC particles on the fracture sur-
faces belong to the cracked particles rather than debonded ones
and the most of particles run parallel to the fracture surfaces of the
composites.

This mode of fracture indicates that the failure is dominantly
caused by the SiC particles fracture and Al-matrix dimple rapture
rather than by the interface debonding, which means that the
interface bonding between Al-matrix and SiC reinforcement is
significantly strong. Interface bonding as well as fine aluminum
dimples and cleavage fragment of SiC particle can be seen clearly in
Fig. 4.

Also, magnesium in the aluminum alloy can reduce the oxides
present in the preform systems due to its high affinity for oxygen;
thus, development of the magnesium aluminate spinel (MgAl;04)
during the processing is highly feasible (see Fig. 3). As it was re-
ported before, reduction of SiO, by molten aluminum and mag-
nesium occurs through extremely exothermic events. The
spontaneity of this reaction through the whole range of tempera-
tures fairly explains the presence of MgAl,O4 in mostly all

Fig. 1. SEM micrograph of a) and b) both layer of L2 Al/SiC/RHA composite and c) L17 bilayer Al/SiC/RHA composite.
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Fig. 2. Typical stress—strain curves recorded during the four-point bending test of bilayer and monolayer Al/SiC/RHA composites.
fabricated composites.

AIN fine needles can be observed in all examined fracture sur- 3Mg (g) + 2 [N]—>MgsN; (s) AGq109 = —945.5 k] /mol
face of Al/SiC/RHA composites. Aluminum nitride (AIN) may be (2)
produced through the direct reaction of molten aluminum and
nitrogen gas according to [17]: .

MgsN, (s) + 2Al (I) - 2AIN (s) + 3Mg (I) AG100
Al (I) + [N] > AIN (s) AG; 100 = —556.2 kJ/mol (1) — ~166.3 kJ/mol (3)

However, due to the presence of magnesium in the system, AIN
can be formed through the following reactions as well:

Reaction 2 implies the interaction of Mg in vapor phase with the
flowing nitrogen in the process atmosphere. In order to take
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Table 3

Young's modulus (calculated by pulse-echo ultrasonic method and stress-strain curve) and bending strength of Al/SiC/RHA monolayer and bilayer composites.

Sample Young's modulus (GPa) (pulse-echo ultrasonic determination) Young's modulus (GPa) (Stress-strain curve) Bending strength (MPa)
L1 1st Layer 118.12 113.16 240
2nd Layer 135.24 142.31 205
Bilayer 124.36 121.21 220
L2 1st Layer 131.58 127.37 251
2nd Layer 11034 106.25 212
Bilayer 128.61 125.17 245
L3 1st Layer 111.30 115.86 195
2nd Layer 120.68 117.65 183
Bilayer 105.43 106.54 190
L7 1st Layer 112.39 113.08 198
2nd Layer 116.10 115.07 180
Bilayer 114.47 117.02 196
L8 1st Layer 105.26 102.63 220
2nd Layer 136.74 139.20 286
Bilayer 135.37 130.29 268
L9 105.61 103.43 182
L11 1st Layer 117.58 119.29 192
2nd Layer 140.23 148.66 197
Bilayer 116.49 113.51 200
L13 1st Layer 126.21 122.54 276
2nd Layer 101.89 106.77 225
Bilayer 129.35 132.99 270
L25 1st Layer 162.67 159.62 360
2nd Layer 94.45 89.92 243
Bilayer 134.12 129.37 335
L27 1st Layer 160.27 156.68 380
2nd Layer 119.69 122.25 248
Bilayer 163.91 160.80 340

advantage of magnesium as a surfactant element and thus enhance
the wetting of the ceramic reinforcement by liquid aluminum, it is
highly desirable that reactions 2 and 3 take place. In this way, Mg is
recycled to the melt [18]. Due to its low vaporization temperature
as compared to that for aluminum at normal pressure, magnesium
escapes from the melt during processing. Reactions 2 and 3 are
strongly exothermic and although from the thermodynamics
standpoint, nitridation of both, Mg and Al is highly feasible, ac-
cording to the literature, kinetically the reaction for formation of
MgsN; is much more favorable than that for AIN. In the present
work, aluminum nitride was typically observed in the microstruc-
ture of the composite nearby the metal/ceramic interface in the
form of needles or fibers oriented randomly, as illustrated in Fig. 5.

Fig. 6 shows the fracture surface of L3-Al/SiC/RHA composite. As
it can be seen, there exist alloy free zones in fracture surface of both
layers of fabricated composite. It can be attributed to the poor
wettability of SiC/20 wt% RHA mixture with low mg alloy at low
processing temperature. Also, the nucleus of AIN in both layers
were observed on SiC particles, indicating that the situation pro-
vided by configuration L3 were not adequate enough to intensify
the growth of AIN fibers or needles.

Analysis of variance (ANOVA) was performed on the data in
order to identify the effect of each parameter and each interaction
on the modulus of elasticity and bending strength of the graded
composites. Results of the pooled ANOVA for the modulus of elas-
ticity are shown in Table 4. This table indicates that, at the levels
studied, the parameter that affects the bending strength of graded
composites most significantly is temperature of infiltration process
followed by interaction of time and temperature of process and
chemical composition of alloy. Their relative contribution to the
variance in the modulus of elasticity values are 32, 14 and 13%,
respectively. Temperature and time of process can define the
amount of matrix free regions and consequently the retained
porosity content of fabricated composite.

Considering the parameters and levels of designed experiment,
the maximum bending strength can be obtained by using the

process parameters shown in Table 5. When using these process
parameters, the projected bending strength is 363 + 5 MPa.

Results of the pooled ANOVA for the modulus of elasticity
calculated from echo-pulse ultrasonic method are shown in Table 6.
This table indicates that, at the levels studied, the parameter that
affects the modulus of elasticity of graded composites most
significantly is time of process. Its relative contribution to the
variance in the modulus of elasticity values is 27%. It is expected
that, due to capillary effects, this parameter has a significant
contribution to the modulus of elasticity values because an inade-
quate time may restrict the elevation of the liquid metal up to the
interface formed by both preforms and end of the preforms and
causes high percentage of porosity content. The residual porosity in
the composites negatively affects the wave velocity because wave
propagation is higher in solids than in air. SiO, crystallinity, on the
other hand has a direct effect on the level of in-situ formed phases
in the final composite and as a result can affect the density of
fabricated composites and their modulus of elasticity values. Pre-
form porosity, also affects the modulus of elasticity of the com-
posites notably. Its relative contribution to the modulus of elasticity
is about 13%. It is expected that the original porosity designed in the
preform has a relatively high effect on the composite's modulus of
elasticity since this porosity becomes infiltrated with the less
elastic component of the composite, i.e. aluminum alloy. Conse-
quently, the higher the preform porosity levels, the higher the
aluminum alloy content of the composite, and the lower the
modulus of elasticity of the composite. The percent contribution
due to the error term in this ANOVA is 1%. This indicates that no
important factors were omitted in the design of the experiment,
and measurement errors were trivial.

Considering only the parameters and interactions included in
Table 1 in the ranges tested, the maximum modulus of elasticity can
be obtained by using the process parameters shown in Table 7.
When using these process parameters, the projected modulus of
elasticity is 169 + 9 GPa.

Table 8 lists the results of the pooled ANOVA for the modulus of
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Fig. 4. Good bonding between SiC particles and matrix alloy.

elasticity obtained from stress-stress curves. Table 8 indicates that,
at the levels studied, the parameter that affects the modulus of

elasticity of graded composites most significantly is time of process.
Its relative contribution to the variance in the modulus of elasticity
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Fig. 6. The fracture micrographs of monolayer and bilayer L3 - Al/SiC/RHA composites.

values is 27%. Since both sets of processing parameters — obtained through

Considering only the parameters and interactions included in ANOVA — for maximum bending strength and modulus of elasticity
Table 1 in the ranges tested, the maximum modulus of elasticity can obtained from both methods of pulse-echo ultrasonic method and
be obtained by using the process parameters shown in Table 9. stress-strain curves are the same, they were validated in one single

When using these process parameters, the projected modulus of verification test under the experimental conditions established in
elasticity is 173 + 6 GPa. Tables 5, 7 and 9. The fact that all optimum processing parameter
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Table 4

Pooled ANOVA table for maximum bending strength of Al/SiC/RHA graded composite.

Column Factors Sum of squares Variance Contribution percentage
1 Temperature 22071 11035 32
2 Time 6372 3186 9
3 Temperature x Time 9689 4844 14
4 Particle size 7304 3652 10
5 Porosity of preform 756 Pooled Pooled
6 Alloy 9180 4590 13
7 Porosity x Time 6210 6210 9
8 SiO, Content 94 Pooled Pooled
9 Phase of SiO, 6968 3484 10
Error 2E+03 3
Total 6.86E+04

Table 5 Table 7

Optimum process parameters for maximum bending strength of Al/
SiC/RHA graded composite.

Parameters Proposed levels

Temperature (°C) 1100
Time (min) 150
Particle size (um) 10 pm/129 pm

Porosity (%) 40-60n m
Phase of SiO, Amorphous
Alloy High Mg
SiO, content (wWt%) 10

sets obtained in separate ANOVA tables are the same, provides an
increased level of confidence in the obtained results. The measured
modulus of elasticity calculated by pulse-echo ultrasonic method
and from stress-strain curve are 165 and 170 GPa, respectively, and
the determined bending strength 369 MPa. These results are in
good agreement with the projected values (169 + 9,173 + 6 GPa and
363 + 5 MPa, respectively).

3.2. Thermomechanical analyzes

3.2.1. Aluminum alloys and rice husk ash

The dimensional and mechanical stability of materials is of
paramount importance to their use in the everyday world where
they may encounter a wide variation in temperature through
design or by accident. Fig. 7 shows thermal strain response curve
obtained during heating and cooling of amorphous silica and
crystalline silica. In crystalline silica, a considerable increase and
decrease were observed during heating and cooling of sample,
respectively. It can be attributed to the phase transformation of
cristobalite « — (. This behavior is in good agreement with pre-
vious works [19,20]. Also, this phase transformation is confirmed
by DTA results presented in Fig. 8. As it can be seen, a sharp increase
and decrease in both heating and cooling curves of amorphous

Table 6

Optimum process parameters for maximum modulus of elasticity
(Obtained from pulse-echo ultrasonic method).

Parameters Proposed levels

Temperature (°C) 1100
Time (min) 150

Particle size (um) 10—-129
Porosity (%) 40—60
Phase of SiO, Amorphous
Alloy High Mg
SiO, content (wt.%) 10

silica were observed at temperature of about 200 °C. According to
Huang and Kieffer [21], thermomechanical anomalies of amor-
phous silica are due to the localized reversible structural transi-
tions, which are facilitated by modes of atomic displacement
similar to the ones underlying the a« — g cristobalite phase trans-
formations in crystalline silica, i.e., spontaneous Si-O-Si bond ro-
tations. This phenomenon also is confirmed by DTA and TG results
obtained from heating of amorphous rice husk ash (Fig. 8). It was
also reported that the thermal expansion of amorphous silica is
much lower than that of silicon. In contrast, the thermal expansion
of crystalline silica is higher than that of silicon [22].

Fig. 9 shows thermal strain response curve obtained during the
four cycles of heating and cooling between 25 °C and 250 °C on
pure aluminum, alloy 1 and 2. Also CTE values of alloys in different
temperature for each heating curves are presented in Fig. 9. As it
can be seen, alloying causes a decrease in the CTE value of pure
aluminum. Higher level of Mg in Alloy 2 increase the percentage of
Mg,Si intermetallic (CTE: 7.5 x 107%/°C) in the alloy and as a
consequence more reduction in CTE value of alloy 2 in comparison
to alloy 1. CTE of Al-matrix (aluminum alloys) increased with the
increasing temperature. The average distance between « (Al) atoms
in crystal lattice was enlarged by the intensified lattice vibration,
which impaired the metallic bonds and elastic modulus and finally

Pooled ANOVA table for maximum modulus of elasticity (Obtained from pulse-echo ultrasonic method).

Column Factors Sum of squares Variance Contribution percentage
1 Time 19176.52 9588.26 27
2 Phase of SiO, 15254.61 7627.30 21
3 Porosity 9455.42 4727.71 13
4 Temperature x Time 1508.18 377.04 2

5 Particle Size 786.55 786.55 1

6 Temperature 7850.57 3925.28 11
7 Alloy 8462.21 4231.10 12
8 Porosity x Time 3399.94 849.99 5

9 SiO, Content 5056.66 2528.33 7
Error 520.64 16.27 1
Total 71471.30 100
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Pooled ANOVA table for maximum modulus of elasticity (obtained from stress-strain curve).

Column Factors Sum of squares Variance Contribution percentage
1 Temperature 775 387 4
2 Time 13295 6647 68
3 Temperature x Time 386 193 2
4 Particle size 8.8 Pooled Pooled
5 Porosity of preform 1161 580 6
6 Alloy 1222 611 6
7 Porosity x Time 77 Pooled Pooled
8 SiO, Content 177 Pooled Pooled
9 Phase of SiO, 423 211 8
Error 1.14E+03 6
Total 1.94E+04
Table 9 to that provided by the CTE. The degree of thermal damage and

Projected process parameters for maximum modulus of elasticity
(obtained from stress-strain curve).

Parameters Proposed levels
Temperature (°C) 1100

Time (min) 150

Particle size (um) 10 um/129 um
Porosity (%) 40-60

Phase of SiO, Amorphous
Alloy High Mg

SiO, content (wt%) 10

resulted in the growth of CTE. However, it was reported that CTE of
Al-Mg-Si alloys slightly fell down when temperature was higher
than 400 °C. This deregulation could be explained by the increasing
solubility of silicon and magnesium in « (Al) crystal at high tem-
peratures, which reduced the lattice constant of « (Al) crystal [23].
The thermal response curves illustrate how the material expands
and contracts in response to fluctuations in the operating temper-
ature. Three parameters commonly used to characterize these
curves are shown also in Fig. 9. The £ is used to quantify the re-
sidual plastic strain, 4’ is used to quantify the largest vertical (at a
given temperature) difference between the cooling and heating
curves, and £€ is the cyclic strain which gives information equivalent
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stability can be evaluated from ¢, 4¢* and &5,

The thermal response results of all specimens from the heating
of the first cycle to the cooling of the forth cycle are shown in
Table 10. The results show that the ¢ and & of all samples
decreased as the percentage of alloying elements increased, indi-
cating that Si and Mg addition to the aluminum is beneficial to the
dimensional stability of Al-Mg-Si alloy.

3.2.2. Al/SiC/RHA bilayer composite

CTE values obtained from thermal strain response curves of all
fabricated Al/SiC/RHA composites are presented in Fig. 10. It is clear
that addition of reinforcing phases to Al-Si-Mg alloys leads to a
dramatic decrease in the value of CTE. The thermal response results
of all fabricated composites from the heating of the first cycle to the
cooling of the forth cycle are shown in Table 11. As it can be seen,
lowest parameters (¢”, ¢ and 4e') are belonged to the samples with
low CTE values. Thermal strain can be attributed to thermal stress.
During heating process, the thermal stress exhibit as tensile stress
on the ceramic reinforcement and compressive stress on the metal
matrix. On the contrary, during cooling process the thermal re-
sidual stresses exhibit as compressive stress on ceramic reinforce-
ment and tensile stress on the metal matrix. Assumed that both
elastic and plastic deformation form as the thermal strain response,
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Fig. 7. Variation of AL/Ly and CTE values vs. temperature for crystalline and amorphous silica derived from rice husk.
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Fig. 9. Thermal strain response curve and CTE values obtained during the four cycles of heating and cooling between 25 °C and 250 °C on pure aluminum, alloy 1 and 2.
Table 10 generation of strain hysteresis between the heating and cooling

Thermal response parameters and CTE of pure aluminum and Al-Mg-Si alloys with
different content of Mg.

Materials & & Aé* CTE (1075/°C)
Pure Al 0.00087 0.0030 0.0054 28.17
Alloy 1 0.00068 0.0050 0.0038 25.29
Alloy 2 0.00062 0.0048 0.0030 24.07

the elastic displacements are recovered during cooling. Therefore,
higher thermal stress can lead to the generation of strain hysteresis
between the heating and cooling cycles and to the retention of
residual strain as the result of the plastic deformation or yielding of
materials [24]. The thermal hysteresis behavior can be explained in
terms of the weak interface between reinforcements and matrix or
large internal stress released in the composites. Once the composite
had undergone significant plastic deformation during the heating
process, the lack of bonding force could not produce large enough
stress to deform the matrix back to its original size upon cooling.
It is generally known that thermal stress results from thermal
expansion incompatibility in materials during the temperature
changes. Such a stress can induce the thermal strain in the speci-
mens during thermal cycling. High thermal stress can lead to the

cycles and to the retention of residual strain. The residual strain is
the result of the plastic deformation or yielding of the materials.
The origins of thermal stress include thermomechanical mismatch
between two materials, non-uniform temperature distribution in a
material and thermal expansion anisotropy in a single phase ma-
terial [25]. In the case of MMCs, thermal stress is known to arise
from the difference of the CTE values between the matrix and
ceramic reinforcing phase.

Pooled ANOVA results for the CTE values of Al/SiC/RHA graded
composite are listed in Table 12. It shows that at the levels studied,
the parameter that affects the CTE values of composite most
significantly is the temperature of infiltration process. Its relative
contribution to the variance in composite CTE value is 28%. Time of
infiltration process and interaction of time and temperature have
the same effect on the CTE values of composite with the contri-
bution percentage of 16%. As it was discussed before temperature of
process can define the amount of new ceramic phases in final
structure of composite. From the data, which are presented in
Table 12 it can be concluded that the composites which were made
in higher processing temperature have lower CTE values than those
were fabricated in lower temperature.

Considering experiment parameters and levels designed for this
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Fig. 10. CTE values obtained during the four cycles of heating and cooling between 25 °C and 250 °C on Al/SiC/RHA composites.
study, the minimum CTE value can be obtained by using the process The verification test has been done according to the optimum
parameters shown in Table 13. When using these process param- parameters proposed by ANOVA for minimum CTE value. The

eters, the projected CTE value is 8.6 + 1.2 x 10-8/°C. measured CTE was 8.9 + 0.8 x 1078/°C. This result is in good
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Table 11
CTE values calculated from heating curves of thermal strain response curve of Al/SiC/
RHA composites, obtained during the four cycles of heating and cooling.

Composites & & 4e' (1073) CTE (1075/°C)
L1 0.0008154 0.001904 2.015 1253
L2 0.0007632 0.001868 1.588 11.56
L3 0.0006390 0.001706 1.610 11.66
L7 0.0005089 0.001413 1.547 10.80
L8 0.0003174 0.001114 1.996 11.67
L9 0.0008025 0.001882 1.706 12,51
L11 0.0007293 0.001822 1.590 11.37
L13 0.0005696 0.001368 1.466 9.70
L25 0.0007504 0.000977 1.440 10.20
127 0.0005346 0.001132 1.467 9.26

agreement with the projected values (8.6 + 1.2 x 1076/°C).

3.3. Electrical resistivity

Electrical resistivity and conductivity were measured using
four-point probe technique on the flat faces of the samples. Fig. 11
shows those values for pure aluminum, alloy 1 and alloy 2. As it can
be seen alloying with Mg and Si cause a reduction in electrical
conductivity of pure aluminum. Reduced conductivity in solid so-
lutions is explained as follows. Atoms of the two metals concerned,
having a certain resemblance, enter side by side into the same
crystal lattice. Hence, a mixed crystal is formed. In this new dis-
torted structure, the electrons find difficulty in moving from atom
to atom. Thus the resistance of the alloy becomes greater [26].
Furthermore, this reduction was intensified by increasing Mg
content in alloy 2 due to formation of intermetallic phase of Mg,Si
(electrical conductivity of Mg,Si = 14 x 102 Q~'m~1) [27].

Fig. 12 shows the electrical resistivity and conductivity of all
monolayer and bilayer Al/SiC/RHA fabricated composites. As it can
be seen among Al/SiC/RHA bilayer fabricated composites, L27
composite has the highest resistivity (2.02 x 10~ Q m) and lowest
conductivity (4.95 x 10> Q~' m™!) values. Since in all fabricated
composites, in addition to the main constituents, secondary phases
(MgO, MgAl,04, AIN, Al4Cs, etc.) are formed, their electrical prop-
erties can affect the final properties of composite positively or
negatively.

Aluminum nitride (AIN) ceramics are currently of interest
because they combine a high thermal conductivity (175 W/mK)
with a high electrical resistance (>10'> Q m) at room temperature.
As it was reported before [10], formation of AIN in Al/SiC/RHA
composites were confirmed by XRD and EDS. The amount of AIN
phase in the final fabricated composite is controlled by different
parameters, such as Mg concentration of alloy, time and tempera-
ture of infiltration process etc. In XRD pattern of L27-Al/SiC/RHA
composite, intensity of AIN peaks are stronger than those of other

Table 12
Pooled ANOVA table for minimum CTE value of Al/SiC/RHA composites.

Table 13
Optimum process parameters for minimum CTE value of Al/SiC/RHA
composite.

Parameters Proposed levels

Temperature (°C) 1300
Time (min) 120

Particle size (um) mixture/mixture

Porosity (%) 50—50

Phase of SiO, Crystal (Type I)

Alloy Low Mg

SiO, content (wWt%) 10
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Fig. 11. Electrical conductivity and resistivity of pure aluminum, alloy 1 and alloy 2.

composites [10]. Therefore, high electrical resistivity of L27-Al/SiC/
RHA composite could be attributed to the formation of high amount
of AIN during fabrication process.

Besides AIN, other ceramic phase that can have direct effect on
electrical properties of Al/SiC/RHA composite is MgAl;,04. MgAl;04
exhibits a unique combination of properties such as a low thermal
conductivity, a low coefficient of thermal expansion, good thermal
shock resistance, a low dielectric constant and high electric re-
sistivity (0.83 x 1072 Q m) [28]. Like AIN, formation of MgAl,0, is
highly depended to the temperature of process and crystallinity of
RHA as an oxygen donor during the fabrication processing. L27
configuration provides a condition with high processing tempera-
ture for transformation of MgO phase to MgAl,04 and also amor-
phous RHA with high reactivity and suitable structure for oxygen
donation.

Column Factors Sum of squares Variance Contribution percentage
1 Temperature 7.2 3.6 28

2 Time 4 2 16

3 Temperature x Time 4 2 16

4 Particle Size 14 0.35 5

5 Porosity 0.9 0.45 3

6 Alloy 23 1.15 9

7 Porosity x Time 0.0012 Pooled Pooled
8 SiO, Content 23 1.15 9

9 Phase of SiO, 0.5 0.25 9
Error 1.26 5
Total 2.52E+01
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Fig. 12. Electrical a) conductivity and, b) resistivity of monolayer and bilayer Al/SiC/RHA fabricated composites.

Analysis of variance (ANOVA) was performed on the data in
order to identify the effect of each parameter on the electrical re-
sistivity of the graded composites. Results of the pooled ANOVA for
the electrical resistivity are shown in Table 14. This table indicates
that, at the levels studied, the parameter that affects the electrical
resistivity of graded composites most significantly is infiltration
process temperature followed by SiO, crystallinity. Their relative
contribution to the variance in the electrical resistivity values are
22 and 16%, respectively. The reason of proposing temperature as a
main governing parameter could be its important role in formation
of new ceramic phases in composite. In-situ formation of phases
like spinel, magnesium oxide and aluminum nitride can reduce the
electrical conductivity of matrix due to consumption of aluminum
alloys during their formation.

Considering the tested parameters and levels, the maximum
electrical resistivity can be obtained by using the process parame-
ters shown in Table 15. When using these process parameters, the
projected electrical resistivity is 0.0017 + 0.0008 Q m.

The verification test has been done according to the optimum

parameters proposed by ANOVA for maximum electrical resistivity.
The measured electrical resistivity was 0.0019 + 0.0003 Q m. This
result is in good agreement with the projected values
(0.0017 + 0.0008 Q m).

3.4. Thermal diffusivity

Thermal diffusivity (« with the unit mm?/s) is a material-specific
property for characterizing unsteady heat conduction. This value
describes how quickly a material reacts to a change in temperature.
Thermal diffusivity controls the time rate of temperature change as
heat passes through a material. It is a measure of the rate at which a
body with a nonuniform temperature reaches a state of thermal
equilibrium. Under real conditions or in specific applications,
temperatures are not held constant, which means that thermal
transfer through the material decreases the thermal gradient. Un-
der such conditions, thermal diffusivity becomes important.

Fig. 13 (a) shows the thermal diffusivity of the main starting
materials in this investigation [29—31]. For non-metallic solids, the
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Table 14
Pooled ANOVA table for maximum electrical resistivity of Al/SiC/RHA composite.
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Column Factors Sum of squares Variance Contribution percentage
1 Temperature 1.51E-06 71E-07 22
2 Time 4.35E-07 2E-07 6
3 Temperature x Time 8.23E-07 4.E-07 12
4 Particle Size 2.31E-07 5E-07 3
5 Porosity 8.37E-07 4E-07 12
6 Alloy 8.23E-07 4E-07 12
7 Porosity x Time 6.67E-08 Pooled Pooled
8 SiO, Content 3.88E-07 2E-07 5
9 Phase of SiO, 1.10E-06 5E-07 16
Error 84E-07 12
Total 6.74E-06
Table 15 thermal conduction properties, even when contamination is below

Optimum process parameters for maximum electrical resistivity of
Al/SiC/RHA composite.

Parameters Proposed levels
Temperature (°C) 1300

Time (min) 150

Particle size (um) 10 pm/129 pm
Porosity (%) 50—-50

Phase of SiO, Amorphous
Alloy High Mg

SiO, content (wWt%) 10

heat transfer is view as being transferred via lattice vibration, as
atoms vibrating more energetically at one part of a solid transfer
that energy to less energetic neighboring atoms. This can be
enhanced by cooperative motion in the form of propagating lattice
waves, which in the quantum limit are quantized as phonons. As it
was expected both fabricated alloys have less thermal diffusivity
values than pure aluminum. Alloying causes distortion of structure
which makes the movement of electrons difficult through the
atoms [26]. Thus, diffusion of electrons decreases with increasing
the content of alloying elements.

Fig. 13 (a) shows the temperature-dependence of thermal
diffusivity of SiC, the roughly T~ !-dependence diffusivity for SiC,
suggesting a dominant phonon conduction behavior, which re-
sembles most polycrystalline materials [32]. As it can be seen, the
difference between values became smaller at elevated tempera-
tures, e.g. ~12% at 800 °C. This difference in thermal diffusivity may
be the result of a number of factors such as impurity, grain size,
crystal boundary, etc. [33]. Charvat and Kingery [34], reported that
the presence of impurity causes a considerable reduction in
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1%. As a matter of fact, impurities usually have a significant effect on
the thermal conduction of highly pure polycrystalline, as well as
single-crystal, solids [35].

Thermal diffusivity values for all fabricated Al/SiC/RHA over the
time are presented in Fig. 13(b). As it can be seen fabricated com-
posites according to the configurations 3, 8 and 9 have the highest
thermal diffusivity values, respectively. Considering the fabrication
parameters of composites with highest thermal diffusivity postu-
late that a combination of low reactive materials and use of preform
with higher amount of SiC can results in fabrication of composite
with high thermal diffusivity. L3 composite benefits from low Mg
alloys and Crystal type II silica which both has a less reactivity in
comparison to High Mg alloy and amorphous or Crystal type 1,
respectively. Therefore, the percentage of aluminum matrix in final
composite will be remained high.

On the other hand, all these three-mentioned composites were
fabricated in low temperature which causes to less reaction be-
tween the components. L8 composite although is fabricated from
High Mg allot and amorphous silica, its unique SiC architecture
(Combination of fine and large SiC particles with high thermal
diffusivity) makes it a composite with high value of thermal
diffusivity. Also, the content of silica is 10 wt% of reinforcement
which means the final composite is reinforced mainly with SiC
particles.

4. Conclusions

Based on the results and carried out discussion, within the
framework of the experimental design, with the parameters and
levels defined for this project, the following conclusions can be
drawn:
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Fig. 13. Thermal diffusivity of (a) pure aluminum [29,30], a-SiC [31], alloy 1 (low Mg) and 2 (high Mg), and (b) Al/SiC/RHA bilayer fabricated composites at different temperatures.
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The parameter that most significantly affects the modulus of
elasticity of Al/SiC/RHA bilayer composites is processing time,
with contribution percentages of 68 and 27% calculated from
stress-strain graphs and ultrasonic method, respectively. How-
ever, the factor which mostly affects bending strength, CTE value
and electrical resistivity of composites is process temperature
with contribution percentages of 32, 28, and 22%, respectively. It
is to visualize that temperature can affect all possible reactions
which may occur during the process and that formation of each
phase can substantially change the final properties of the
composite. In the lower temperature range, formation of MgO is
more possible while at higher temperatures, MgO can be
replaced by MgAl,04. Also, formation of AIN can be intensified
by increasing the process temperature and time which can
produce a composite with low CTE value and high electrical
resistivity (L27).

The projected values for modulus of elasticity (170 GPa),
porosity content (2.0%), bending strength (369 MPa), CTE
(8.9 x 1075/°C) and electrical resistivity (0.0019 Q m) of Al/SiC/
RHA composites are in excellent agreement with those obtained
in the verification tests under the optimal conditions according
to ANOVA. The differences between the corresponding values
obtained in verification tests and those of projected values, for
bending strength, porosity content, modulus of elasticity (ob-
tained from both methods) and CTE are below 5%, while that for
electrical resistivity is 11%.

composites with electrical resistivity
(202 x 1073 Q m) in the range of semiconductor materials
(1071°Q m < 6 < 10 Q m) can be produced by processing porous
preforms of 10 wt% amorphous silica (L27) with the Al-13Si-9Mg
alloy at 1300 °C for 150 min.
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