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ABSTRACT

An increasing demand of new materials for the various fields of engineering
application such as automotive, railway, marine, building component, solar panels and
aerospace application. Due to wide range of application, new materials require to meet
miscellaneous demands such as good mechanical strength, high resistance to wear,
stable and high friction coefficient, elevated thermal stability, high stiffness, resistance
to corrosion. It is very complicated to attain such properties in monolithic form or solo
material. Therefore, composite material have been tailored to meet these combinations

of properties for a wide range of application.

Therefore to fulfill this continuous demand of such materials up to a level, low
density aluminium metal matrix composites with enhanced performances. In the present
investigation, powder metallurgy and compo-casting technique are considered to be the
most viable for developing the aluminium and its alloy based composites due to certain
advantages, such as easy to perform and very economical. The different ceramics
reinforcing phases are used such as ABO and SiO, coated ABO whiskers due to their
high hardness, high chemical stability, and high modulus, grain refining effect, better
corrosion and wear resistance. There are broadly two categories of aluminium based
composites known as ABO,. Coated ABO,, reinforced composites are developed
depending on the weight percentage of reinforcement into the aluminium and its alloy

(Al-319) matrix composites.

Subsequently, the developed aluminium and Al-319 alloy composites have
undergone various characterisations for their microstructural, physical, mechanical, and

dry sliding behavior. The various characterizing and analytical tools such as X-ray
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diffraction (XRD), scanning electron microscopy (SEM), high-resolution scanning
electron microscopy (HRSEM), energy dispersive analysis (EDAX), transmission
electron microscopy (TEM) have utilized for microstructural observation. The hardness,
mechanical strength (tensile, flexural strength, compressive strength etc.) and dry sliding
wear behavior of developed material have been measured according to the specific
standards. The fracture and worn surfaces behavior of all the material studied in the
present investigation were examined under SEM, EDAX and SPM (scanning probe

microscope).

After various characterizations, it is observed that the developed aluminum based
composites have better mechanical and wear properties as compared with aluminium
matrix due to uniform distribution and good wettability of the reinforcing phases in the
aluminium matrix. Therefore, the developed aluminium based composites can be
successfully used for various engineering applications such as structural components in

electric vehicles, solar panels, railway components, marine and aerospace industries etc.

Keywords: Hydrolysis route, Coating, Powder metallurgy, Compo-casting, Physical

properties, Mechanical properties and Dry sliding wear properties.
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PREFACE

This thesis reports the preparation of Alumina Borate whisker (ABOy,)
reinforced aluminum matrix composites fabricated using powder metallurgy and compo
casting techniques. Both uncoated and coated whiskers were prepared using hydrolysis
route. Oxides of titanium, silicon, zinc and chromium were used for whisker coating.
Pure aluminium matrix and AI-319 alloy was reinforced with whiskers using powder
metallurgy and compo-casting methods respectively. The identification of phases present
in both reinforcement and composites was carried out by X-ray diffraction investigation.
The microstructural study of the samples was also performed by a scanning electron
microscopy (SEM) equipped with energy dispersive analysis of X-ray (EDAX) to
explore the compositional analysis. High resolution (HR-SEM) helped in better
understanding the coating of the ABO,, reinforcement and the bonding between the
matrix and reinforcement phases. Transmission electron microscope (TEM) also showed
the crystallographic structure and the composition of reinforcement and composites. The
behavior of worn surfaces of the composites under load conditions was examined by
scanning/atomic probe microscope (SPM/APM). The experimental density of
reinforcement samples and composites was evaluated using Archimedes’ principle with
the help of the calculated weight of samples in the air and in water. The mechanical test
of reinforcement samples, aluminium and A-319 alloy composites was executed on the
Universal testing machine. Dry sliding friction and wear tests of the base aluminum and
developed Al-319 alloy composites were performed on the pin-on-disc machine.
Fractography analysis was carried out for the fractured surfaces of composites.

In thesis has the following 9 chapters.
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Chapter -1: This chapter comprises the introduction of the composite and metal matrix
composites with their classification based on matrix and reinforcement. A brief
description of properties and wide range of applications of aluminium and its
composites has been given with respect to their evolution as one of the promising

materials in recent years.

Chapter-2: The literature review contains the review of the work on metal matrix
composites associated with this study. This chapter includes a brief introduction related
to associate composite material for this project, their synthesis processes, properties,

drawbacks, and their utilization as a composite for industrial application.

Chapter-3: This chapter describes the materials used, the synthesis and fabrication
process of reinforcements and composites. The characterization techniques and their
principles are detailed here. Furthermore, the standard procedures to evaluate the
mechanical and dry-sliding behaviour of the synthesized materials and composites are
described. The next chapter depicts the findings of this thesis.

Chapter-4: This chapter of the thesis contains the discussion of the results of
characterization of the reinforcement (alumina borate). It also explains the effect of
content on the synthesis, microstructural, physical and thermo-mechanical properties of
alumina borate whiskers. The microstructural behavior of reinforcement has been
investigated by using SEM, EDS, XRD, and TEM. For thermo-mechanical analysis
Differential thermal analysis (DTA/TGA) was carried out.

Chapter 5-: This chapter presents the result and discussion of properties of the coated
reinforcement (alumina borate) with four metal oxides (Cr,0O3, Si0,, ZnO, and TiO,). In
this part, a comparative study of different coated metal oxides was carried out. The
physical thermo-mechanical properties i.c. bulk density, apparent porosity and High-

temperature modulus of rupture were measured for different coated sample.
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Chapter 6-: This chapter presents the results and discussion part of the composites with
uncoated reinforcement (ABO,,) and aluminum as a base metal developed by the
powder metallurgy route. The developed composites have been examined for
characterization and distribution of phases by XRD, EDAX, SEM, and HRSEM. The
hardness, compressive strength, flexural strength, and dry sliding behavior of developed
composites have been measured. The fracture behavior of tested composite was

observed by SEM and EDAX.

Chapter 7-: This chapter presents the results and discussion part of the SiO, coated
ABOy, as reinforcement and aluminum as a base metal. The microstructures, flexural
strength and diametral compressive strength of fabricated composites was observed. The
effects of SiO, coating on fabricated composites were evaluated at different
reinforcement weight percentages.

Chapter -8: This chapter presents the results and discussion part of SiO, coated
reinforcement and (Al-319) aluminium base alloy composites fabricated by compo-
casting. The effect of coating on the whiskers/matrix microstructures, mechanical and
tribological properties of the composites were investigated. Tensile and wear
fractography of with and without SiO, coating whisker reinforced samples were studied
by SEM.

Chapter 9-: This chapter lists the silent conclusions on the synthesis, microstructure,
and physical mechanical and dry sliding friction and wear behaviors of the developed
uncoated and coated composites using the powder metallurgy and compo-casting

technique in the present investigation.
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Figure 4.3: Average particle length at various sintering temperatures

Figure 4.4: XRD patterns of samples sintered at (a) 950 °C, (b)1100 °C,
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(¢)1200 °C, (d)1300 °C, and (e)1400 °C.

Figure 4.5: (a) Bright field Image (b) corresponding SAED of ABO,,
powder sintered at 1300 °C(c) bright-field image and corresponding
SAED (inset) of network of ABO,, powder sintered at 1400 °C (d) )
magnified bright field image of particle from fig.4.5¢ and corresponding
SAED (inset)

Figure 4.6: DSC and TG curves of alumina borate mixture

Figure 4.7: Room temperature and high temperature (700°C) flexural
strength with corresponding bonding temperature

Figure 5.1: HRSEM image of ABO,, powder coated with (a) Cr,Os (b)
SiO; (¢) ZnO (d) TiO,

Figure 5.2:(a) The EDAX spectrum of Cr,Os3 coated surface of ABO
Whiskers

Figure 5.2:(b) The EDAX spectrum of SiO, coated surface of ABO,,
whiskers

Figure 5.2: (¢) The EDAX spectrum of SiO, coated surface of ABO,,
whiskers

Figure 5.2 (d) The EDAX spectrum of TiO, coated surface of ABO,,
whiskers

Figure 5.3: (a) XRD patterns of samples calcined at 500 °C for 4 h
Figure 5.3: (b) XRD patterns of samples calcined at1100 °C for 1 h

Figure 5.4: Physical properties (density/porosity) of coated samples

Figure 5.5: Fractogrpah of modulus of rupture at room temperature of (a)
Cr,03 (b) Si0; (¢) ZnO (d) TiO, coated samples

Figure 5.6: Fracture surface after the HMOR test at 1000 °C of (a) Cr,Os
(b) SiO(¢) ZnO (d) TiO, coated samples

Figure 5.7: Fracture surface after the HMOR test at1000 °C room
temperature of (a) Cr,O3(b) Si0; (¢) ZnO(d) TiO, coated samples

Figure 6.1: SEM image of ABO whiskers calcined at 1300°C used as
reinforcement

Figure 6.2: XRD pattern of ABO whisker calcined at 1300°C

Figure 6.3: (a) TEM bright field mage and (b) corresponding SAED of
ABO whiskers

Figure 6.4: SEM micrographs of (a) aluminum base metal and Al-ABOy,
composite with (b) 5 wt.% ABOw whiskers; (¢) 10 wt.% ABO,, whiskers
and (d) 15 wt.% ABO,, whiskers

Figure 6.5: XRD patterns of sintered AI-ABO,, composites with different
compositions
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Figure 6.6: Engineering stress-strain curves of base metal and composites
with different percentages of reinforcements

Figure 6.7: Macrographs showing longitudinal surface cracks during
compressive failure of aluminium base metal and sintered AI-ABO,
composites

Figure 6.8: Typical fractography in bending test of (a) Al-10 wt.%
ABOy; (b) Al- 15 wt.% ABOy; (c) EDS analysis point of Al-10% ABOy;
(d) EDS spectrum from dislodged ABO,

Figure 6.9: Fractography at low magnification of (a) aluminium base
metal and composites with (b) 5 wt.% ABOy, (¢)10 wt.% ABOy and (d)15
wt.% ABO,,

Figure 6.10: Fractography at higher magnification of (a) base
aluminium and composites with (b) 5 wt.% ABO,, (¢)10wt.% ABOw and
(d)15 wt.% ABO,.

Figure 6.11: Variation in wear rate with sliding distance (time) for
different wt.% ABO,, in Al matrix composites

Figure 6.12: SEM images of worn surfaces of (a) base aluminum and
composites with (b) 5 wt.% ABOy, (¢) 10 wt.% ABO,, and (d)15wt.%
ABO,, respectively

Figure 6.13: Line analysis perpendicular to wear track and its 2D-
profilometric images of (a) base aluminium and composites with (b)
5wt.% ABOy (¢) 10 wt.% ABOy, and (d) 15wt.% ABOy, respectively

Figure 6.14: 3D-profilometric images of (a) base aluminium and
composites with (b) 5, (¢) 10 and (d) 15 wt.% ABOw

Figure 6.15: Effect of sliding distance (time) on co-efficient of friction
for different percentages of ABOy, in the composites

Figure 7.1: XRD patterns of (a) SiO, coated composite sintered at 600° C
for 2 h with different composition

Figure 7.2: SEM micrographs of (a) Pure Al (b) composite with SiO,
coated 5 wt% ABO,, whiskers (C1) (¢) composite with SiO, coated 10
wt% ABO,, whiskers (C2) (d) composite with SiO, coated 15 wt% ABOy,
whiskers (C3) sintered at 600°C

Figure 7.3: (a) Bright field Image of coated ABO,, and higher
magnification ABOy, (inset) (b) bright field image of ABOy/Al and
corresponding SAED (inset) of composite sintered at 600°C

Figure 7.4: HRSEM image of reinforcement (a) calcined at 1300°C
without coated ABO,, corresponding single whisker (inset) (b) coated
ABOy, calcined at 1100 °C(c) corresponding EDS of uncoated whisker (d)

Xxv|Page

94

94

96

97

97

101

101

102

103

103

108

109

110

111



corresponding EDS of coated whisker

Figure 7.5: Measurement of flexural strength and hardness of base Al and
composites sample sintered at 600°C

Figure 7.6: Diametral compressive strength of sintered sample at 600°C
base Al and composites

Figure.7.7: The SEM micrograph of fractured surface (a) Pure aluminium
(b) composite with SiO, coated 5 wt% ABO,, (C1) (¢) 10 wt% ABOy,
(C2) (d) 15 wt %ABOy, (C3) sintered at 600°C

Figure 7.8: Photographs of the sintered pallet at 600°C of (a) different
composition (b) before diametral compression test (c) compressed pallet
(d) Fractured pallet after the diametral compression test

Figure 7.9: The SEM micrograph of factured surface after DCS test (a)
composite with SiO, coated 5wt% ABO,, (C1) (b) 10 wt % ABO,, (C2)
(c) 15 wt% ABO,, (C3) (d) High magnification SEM image of SiO,
coated whisker

Figure 8.1: (a) XRD spectra of uncoated and SiO, coated ABO,, at
1100°C for 4h

Figure 8.1: (b) Composite samples with different volume fraction of
Si0O; coated ABO whiskers

Figure 8.2: SEM micrographs of (a) uncoated and (b) SiO,-coated ABO
whiskers respectively (¢) High-resolution SEM of SiO; coated whisker (d)
EDS of SiO; Coated ABOy,

Figure 8.2 (e) Mapping of SiO, coated ABO,, reinforced Al-319
composite

Figure 8.3: TEM micrographs of interface of (a) composite sample S2 (b)
ABO,, in Al-319) matrix (¢) Corresponding SADP of composite (d)
SADP of ABOy, in aluminium (Al-319) Composite

Figure 8.4: TEM micrographs of interface of (a) composite sample S2 (b)
SiO; coated ABO,, in Al-319 matrix (c¢) corresponding SADP of
composite (d) SADP of SiO; coated ABO,, in aluminium Composite

Figure 8.5: (a) Engineering stress —strain curve Al-319 base alloy and
ABO,/Al-319 composites

Figure 8.5: (b) Engineering stress —strain curve Al-319 alloy and SiO,
/ABOy/Al-319 composites

Figure 8.6: Tensile fractograph of the as cast Al-319 base alloy with EDS
spectrum in a specific region

Figure 8.7: Tensile fractrograph of the ABO./Al-319 composites
containing (a) 2.5% ABOy, (b) 5% ABOy, (¢) 7.5% ABOy, (d) 10% ABO,,
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Figure 8.8: Higher magnification (10000x) tensile fractrograph of the 131
encircled region ABO,/Al-319 composites (From Figure 8.6) containing
(a) 2.5% ABOw (b) 5% ABOy, (¢) 7.5% ABO,, (d) 10% ABO,,

Figure 8.9: Tensile fractrograph of the SiO,/ABO/A-319 composites 132
containing (a) 2.5% ABO, (b) 5% ABO,, (¢) 7.5% ABO,, (d) 10 %
ABO,,

Figure 8.10: Higher magnification (10000x) tensile fractrograph of the 133
encircled specific region of SiO, ABOw/Al-319 composites containing

(a) 5%ABO,, (b)7.5% ABO,, without dimples (c) 7.5% ABO,, crack
impediment by whisker (d) 10% ABO,,

Figure 8.11: (a) Variation of weight loss with the sliding distance of alloy 135

and composite

Figure 8.11: (b): Variation of COF with the sliding distance of alloy and 136
composite

Figure 8.11: (¢) Variation of wear rate and normal load of alloy and 136
composite
Figure 8.12 : SEM micrographs of worn surfaces with load variations (a) 137

As cast (Al-319 alloy) (b) 2.5 % coated ABO,/Al-319 (¢) 5% coated
ABO,/AlI-319 (d) 7.5% coated ABO,/A319 (e) 10% coated ABO,/Al-
319

Figure 8.13: (a) EDS spectrum (elemental analysis) of Al- 319 alloy 138

Figure 8.13: (b) EDS spectrum in respect of SiO, coated 2.5% ABO,,/ Al- 139
319 alloy

Figure 8.13: (¢) EDS spectrum in respect of SiO; coated 5.0% ABOw / 139
Al-319 alloy

Figure 8.13: (d) EDS spectrum in respect of SiO, coated 7.5.% ABOy/ 140
Al-319 alloy

Figure 8.14: Line analysis results perpendicular to wear track and 2D- 141
profilometric images of (a) as cast (Al-319) and coated ABO,, containing
(b) 2.5% ABOy/ (¢) 5% ABOy (d) 7.5% ABOy (e) 10% ABOy,

Figure 8.15: Line analysis results perpendicular to wear track and 2D- 142

profilometric images of (a) as cast (Al-319) and coated ABO,, containing
(b) 2.5% ABOy, (c) 5% ABOy, (d) 7.5% ABOy, (e) 10% ABOy,
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