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GRAPHICAL ABSTRACT

NiAl AND STEEL AS MATRICES AND TiC AND OXYNITRIDES AS REINFORCEMENTS IN MMC FABRICATION

Fabrication of B2-NiAl Fabrication of Ni62.5A137.5TiC1.28 composite Ealiilcition ot SGaNLTIE conpoaits

5 Sintered Compaction

specimen
50%Ni-50%Al Pellet Press

Alloy powder
g

Green specimen
h (before sintering)

\
684.°C Cold-pressed Al powder
Pure Al powder "
\ | 674°C
E Lumps of SO%Ni-50%Al i 4 : e =
Iap—n (after sintering at 1300 °C) a = 2 TH & : R Py :
A cubic B2-NiAl alloy was synthes!zed by m_ixing of elemental Ni and Al Ni62.5A137.5TiC1.28 composite was developed by powder mixing, compaction and sintering at A Steel/Ni reinforced with 1.0-1.5 wt% TiC composite material was developed
powders followed by cold compacting and sintering of some samples at 650 °C. by compaction and sintering processes.
750 °C and other samples at 1300 °C.
Fabrication of titanium oxynitride (Ti02-xNx) Fabrication of A356-1Sn-5Ni-(Ti02-x-Nx) Composite

Titanium oxynitride (TiO2-xNx) was formed on the surfaces of spherical Ti powder
particles upon heat treatment in air at 500, 600, 700 and 800 °C.

ceramic particles bonded without forming any intermetallic particles such as AI3Ti with Ti.
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ABSTRACT

Metal matrix composites harness the superior attributes of their individual constituents to
form high performance materials that would rather be impossible from monolithic
substances. Owing to many possible combinations, a myriad of metal matrix composite
systems can be fabricated with a metal (or a metal alloy) as a matrix (continuous) phase
and a ceramic as a reinforcement (discontinuous) phase. The current study focuses on
two matrices, namely Nickel Aluminide and Austenitic Steel as well as two reinforcements
namely, Titanium Carbide and Oxynitrides. NiAl alloys are candidates for high
temperature structural materials due to their high melting temperature, low density, good
thermal conductivity, and excellent oxidation resistance. This class of materials has
however found limited applications due to low room temperature ductility and poor
machinability. Stainless steel is still the lifeblood for several industrial applications due to
their multipurpose attributes, long life cycle and recyclability. TiC is the third most used
reinforcement behind SiC and Al2O3. Metal oxynitrides have been developed as materials
for photocatalytic, gas sensing and various other applications. For the current study, of
the eight aspects (two matrices, two reinforcements and four composite systems) are
studied and some are captured by means of peer reviewed publications in scientific
journals. The article-based research study covered the following:

A B2-NiAl intermetallic synthesized by mixing of elemental Ni and Al powders followed
by cold compacting and sintering exhibited excessive brittle behaviour for samples
sintered at higher (1300 °C) than those sintered at lower (750 °C) temperatures. The B2—
NiAl intermetallic developed a thin scale of stable Al2Os alloy upon oxidation in air at 750
°C for 120 h. The B2-NiAl intermetallic developed a thin scale of stable Al203 upon
oxidation in air at 750 °C for 120 h. The Al203 formed a barrier on the sample’s surface

which prevented further oxidation except for traces of Al2O3 formed via intergranular

http://etd.uwc.ac.za/



oxidation which transformed into a metastable monoclinic oxynitride phase due to

nitrogen (N) contamination.

A Nis2.5Al37.5TiC1.28 composite was developed via elemental powder mixing (of Ni, Ai, and
TiC), compaction and sintering at 650 °C. The chemical reaction during sintering showed
that thermal explosion (TE) occurs when a small amount of nanosized TiC powder was

added forming martensite NiAl laths, NisAl and TiC phases.

Steel/Ni reinforced with 1.0-1.5 wt% TiC composite synthesized by compaction and
sintering comprised of the the FCC Steel/Ni matrix for 1.0 wt % TiC- Steel/Ni composite
the 1.5 wt% TiC- Steel/Ni composite is comprised of the BCC Steel/Ni phase. The FCC
Steel/Ni (1.0 wt% TiC) composite exhibited lower average hardness compared to the B2

Steel/Ni (1.5 wt% TiC) phase.

Titanium oxynitride (TiO2xNx) formed on the surfaces of spherical Ti powder particles
upon heat treatment in air at 500, 600, 700 and 800 °C. At 500 °C a hexagonal closed
packed (HCP) TiOx film was formed while a TiO2 film was observed after annealing at 600
°C and eventually a TiO2xNx layer coated the spherical Ti particles at 700 and 800 °C due

to N diffusion within the TiO2 crystal lattice.

A ceramic composite material of A356-1Sn-5Ni-(TiO2x-Nx) composition was developed.
The TiO2x-Nx ceramic particles were bonded without forming any intermetallic particles
such as AlsTi with Ti. The structural analysis showed that a tetragonal TiO2-xNx with lattice
parameters a=4.585 A; c=2.960 A, HCP TiOx phase with lattice parameters a=5.140 A

¢=9.480 A and FCC phase with lattice parameter a=5.572 A were formed.
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CHAPTER ONE

1. INTRODUCTION

1.1 GENERAL BACKGROUND AND NEED FOR THE RESEARCH

Although Metal Matrix Composites (MMCs) were initially developed for advanced military
systems, they have since found widespread applications in the ground transportation,
thermal management, aerospace, industrial, recreational and infrastructure industries [1].
The demand for lightweight materials and high mechanical performance has seen MMCs
being transformed from a topic of scientific and intellectual interest to a material of broad
technological and commercial significance [1,2]. MMCs combine the superior attributes
offered by their constituents resulting in a material that exhibits a unique balance of
physical and mechanical properties. High thermal and electrical conductivity, good
resistance to aggressive environments, good impact and erosion resistance, good fatigue
and fracture properties coupled with high strength and stiffness as well excellent wear
resistance and lower coefficient of thermal expansion is achievable by this class of

materials [2].

There is many possible MMC combinations that can be fabricated owing to the number
of matrices and reinforcements that are available [1]. Aluminium alloy matrix has been
the most popular due to its excellent strength/weight ratio, good corrosion resistance and
high thermal and electrical conductivity making its use ideal for automotive and aircraft
applications [2,3]. Aluminium-silicon alloys are the most widely used owing to their
commercial availability, possibility to be heat treated, excellent fluidity of which are
properties fundamental in all metal-casting processes [2]. Continuous and discontinuous
reinforcements have been incorporated into aluminium alloys to produce Aluminium

Matrix Composites (AMCs). Ceramic particulate reinforcements have received the most
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attention due to the high strength, stiffness as well as high temperature stability of
ceramics. SiC is the reinforcement of largest commercial use (by volume) by a significant
margin, followed by Al2O3 and TiC [1].

Micro-ceramic particles are used to improve the yield and ultimate tensile strength of the
matrix metal but the ductility of MMCs drops with increasing content of reinforcing
particles [4]. This is due to the tendency of the “larger” particles to occupying the grain
boundaries [5]. This leads to low fracture toughness, low strength and hardness at high
temperatures and poor machinability [6]. This has led to the development of nano-
ceramic particle reinforcements in Metal Matrix Nano Composites (MMNCs). These
particles have the potential to influence the microstructure at the atomic level which could
lead to ultra-high-performance materials. There are several fabrication routes for MMNCs
which fall into two general categories namely, in-situ and ex-situ. During the ex-situ
fabrication, nano particle reinforcement is externally added to the matrix while in-situ
synthesis involves the production of reinforcements within the matrix during the
processing stage [6]. Ex-situ fabrication can be further divided into two categories, solid
state and liquid state [6]. Fabrication routes of MMNCs include mechanical alloying with
high energy milling, ball milling, nano-sintering, vortex process, spray deposition,

electrical plating, sol-gel synthesis, laser deposition etc. [4].

Liquid phase casting process of MMNCs can produce components with complex shapes.
The route is therefore attractive in production of near net shape lightweight bulk
components with uniform reinforcement distribution and structural integrity [4]. The major
drawback in fabrication of MMNCs has been the difficulty to obtain uniform dispersion of
nano-sized ceramic particles in liquid metals due to high viscosity, poor wetability in the
metal matrix and a large surface-to-volume ratio which induces agglomeration and
clustering [4-6]. This is the major reason why liquid state synthesis of MMNCs has proved
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less successful despite Duralcan’s success in commercialising AIMMCs that are

fabricated via liquid state processing. The Advanced Casting Technologies (ACT)

research group of the Council for Scientific and Industrial Research (CSIR) has made

extensive research in this field. The research group has successfully demonstrated up to

40kg batches of SiC reinforced AIMMCs synthesized via liquid casting with comparable

microstructures to the most widely commercially available MMC material, Duralcan [7].

1.2 PROBLEM STATEMENT

NiAl alloys are candidates for high temperature structural materials due to high
melting point (than Ni based superalloys), low density, high thermal conductivity,
and excellent oxidation resistance.

Despite these attractive attributes, this class of materials exhibits poor room
temperature ductility and machinability which has been a major drawback for its
use in specialised applications such as aerospace and automobile. Additional
second-phase modification for specialised applications such as in gas turbines is
thus required for NiAl.

The current study seeks to fabricate a beta NiAl alloy and further reinforce the alloy
with nano TiC or Ti (metal) oxynitride particles and study the resulting
microstructure.

TiC is an extremely hard binary compound of Titanium and Carbon used in
refractories due to its high melting point (3140 °C) and good thermal conductivity.
The grey-coloured cemented carbide material is extremely wear resistant and its
hardness coupled with wear resistance and lubricating properties has made it an

attractive material for cutting tools, coating drills punches etc.

http://etd.uwc.ac.za/ 3



The large surface area presented by powders and nanoparticles of TiC has led to
more effective application of this material as a reinforcement in nano metal matrix

composites.

Metal Oxynitrides is an important class of materials that derives unique properties
of both the metal oxides and nitrides. Metal oxynitrides have found use as coatings
to enhance wear and corrosion resistance, pigments, magnets and their most
researched application being in photocatalysis for energy production, degradation

of pollutants etc.

Steel was also considered additionally to NiAl as a matrix for the current study.

Steel was not necessarily considered as means to compare with NiAl as a matrix
but to increase the scope of use of this versatile and mostly widely used structural
material. Steel is by far the most recycled material as it undergoes recycling
without compromise in its performance. Further widening the scope of this versatile
and hugely recyclable material through enhancing its already impressive
mechanical properties will thus have very positive effect on the environmental

conservation.
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1.3 OBJECTIVES OF THE RESEARCH

The specific objectives for this research are:

To synthesize NiAl alloy via powder consolidation of elemental Ni and Al powders
and study the resulting alloy structure
To synthesize a TiC reinforced NiAl based alloy and study the resulting composite
structure
To synthesize a suitable metal oxynitride and study the resulting structure
To synthesize a NiAl based alloy reinforced with the suitable metal oxynitride and
study the resulting composite structure
To synthesize a steel-based alloy matrix reinforced with,

o TiC and study the resulting composite structure

o the suitable metal oxynitride and study the resulting composite structure

1.4 RESEARCH LAYOUT

This research is partitioned into four chapters.

Chapter one: General background and need of the research which gives a bird’s
eye view on metal matrix composites as a subject of research, a problem
statement which contextualizes the need to conduct this research, the objectives
of the research which gives a concise scope of what the research seeks to achieve
as well as the research layout on how the work is presented in this thesis.

Chapter two presents literature review about NiAl as a matrix alloy for the current
study. Techniques used to improve properties of NiAl are also presented. Steel as
matrix for metal matrix composites is considered and finally, a special class of

materials namely, metal oxynitrides is reviewed.
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Chapter three presents the synthesis of NiAl, Titanium Oxynitrides and Metal

Matrix Composites of interest.

Chapters four to eight shows results and discussion broken up in into five studies

as per the objectives of the overall study, namely:

(@]

Investigation into the thermal behaviour of the B2—NiAl intermetallic alloy
produced by compaction and sintering of the elemental Ni and Al powders

Characterization of the Nis2.5Al37.5TiC1.28 composite produced via cold
pressing and sintering process

Microstructure and hardness of Steel/Ni—-TiC composite produced by
compaction and sintering

Surface characterization and formation mechanism of the ceramic TiO2-xNx
spherical powder induced by annealing in air

Low temperature synthesis and characterization of (A356Al, Sn, Ni, Ti) ON

ceramic composite

Chapter nine presents the Concluding Remarks and Future Work.
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CHAPTER TWO

2. LITERATURE REVIEW

2.1 NICKEL ALUMINIDES

NiAl alloys have been a subject of great research for a number of studies due to their high
melting point, low density, good thermal conductivity and excellent oxidation resistance
[8] which makes them excellent candidates for structural materials [9-19]. According to
Bochenek et al.,[14] due to the growing need for advanced materials solutions in the
aerospace industry, NiAl alloys have regained more attention after decline of the scientific
reports on NiAl bulk material development in the beginning of the 215t century [11,14-

18,20].

2.1.1 Synthesis of NiAl Alloys

Recent literature studies reveal that powder metallurgy (PM) consolidation techniques
have been the most widely used to fabricate NiAl intermetallic alloys. Of the PM
processing routes, mechanical alloying (MA) has received lots of attention as a technique
for producing homogeneous and possible ductile of otherwise brittle intermetallics via
grain refinement. According to Hadef [21], Joadar et al., conducted MA of equiatomic
elemental Ni and Al powder blend and reported that the formation of NiAl required ~200
kJ kg* as well as ~550 kJ kg for completion in a stainless steel grinding media as

mapped in figure 2.1.
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Figure 2.1: Milling map for NiAl formation on MA of Ni50AI50 with stainless steel media

[21].

In their efforts to synthesize NiAl intermetallics with improved mechanical properties via
reduction of crystallite size, Chen et al., [22], Krasnowski et al., [9,10] Liu et al., [23] used
mechanical alloying of elemental Ni and Al powders followed by hot pressing. Recently,
Ayodele at al. [24] reported on the successful synthesis of NiAl with varying degrees of
density (via MA of elemental Ni and Al powders) owing to the subsequent spark plasma
sintering of the MA product at different heating rates up to 1000 °C under 50 MPa of
pressure. Recently, Biranvand et al., [25] concluded that the long-range order parameter
decreases (table 2.1) to 0.65 with increasing the milling time to 50 h which is contrary to
what Liu et al., [23] concluded in 2014 during MA of elemental Ni and Al powders where
it was reported that the long range order parameter gradually increases (Figure 2.2 a)
from 0.45 at 20 h to 0.6 at 70 h. Chen et al., [22] had earlier concluded that during MA of

elemental Ni and Al powders, long-range order parameters of powders mechanically
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Long order paramater (S)

alloyed for different times were decreased (Figure 2.2 b) from 0.82 after 5 h to 0.63 after

48 h which is in agreement with Biranvand [25].

Table 2.1: Long range order parameter and ra of the B2-NiAl at various mechanical

alloying times [25].

I, LRO Mechanical alloying time (hours)
1 1 30
0.830 0.660 40
0.825 0.650 50
oo 150 090
94 (b)
® 140 = 0.85 -
0.8 L
ar % 0.80 | }
0.7
° P & v 075 i1 I
0.6 u [ | L16 2 I
= 0.70
051 m .\ = 2 065 |
(12O - I
0.4 o 0.60 | :
e . . | . 190 0 10 20 30 40 50
20 40 60 80  Sintering chani -
Milling time/h Mechanical Alloying Time (h)

Figure 2.2: The variation of long-range order parameter of NiAl powders with the milling

time according to a) Liu et al., [23] and b) Chen et al., [22].

A number of research studies have taken advantage of the properties of the reaction that
ensues when Ni and Al are ignited and spontaneously form NiAl intermetallic product in
what is referred to as self-propagating high-temperature synthesis (SHS) due to the free
energy for the formation of the intermetallic [25]. In 1992 Subrahmanyam et al., [26]
conducted a review on SHS as a process being developed worldwide for fabrication of

powders and near-net shape components. The study highlights adiabatic temperature,
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Tad @s a critical parameter for SHS reaction and Merzhanov made a physico-chemical
classification (Table 2.2) of SHS mechanisms for a binary system based on the adiabatic,
melting, and boiling temperatures of reactants. In 2019, Yunmao et al., [27] used
combustion in SHS synthesis and space holder method of elementary Ni, Al and NaCl to
fabricate a highly porous (>80%) single phase NiAl with a hierarchical open-cell structure
via controlled sintering conditions and volume fraction of the space holder NaCl. Zhao et

al., [28] used combustion and hot pressing in SHS to fabricate NiAl intermetallic alloy with

true ultimate compression strength of 1002;7; MPa, fracture strain of 21.6+1.8%, work-

+0.09 +15

hardening capacity (Hc) of 1,40 _,,,, and the Vickers micro-hardness is 36(0_, HV.

Ozdemir et al., [29] determined that the combustion reaction between aluminium and
carbonyl-nickel occurs at 655 °C to form NiAl intermetallic in open air under 150 MPa

uniaxial pressure.
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Table 2.2: Physicochemical classification of SHS reaction mechanisms for a two

component system [26].

Relation between Characteristics of the system Examples
Toa» Twand Ty,

1 Ty<Ti Ideal gas free combustion occurs 1. Ti+ 2B =TiB,
i=12 if[P(Tyy)/ P31 =0 T,q=3200K (T, =293K)
P(3200K) = 8kPa
Pg(3200K) = 0.4 kPa
Gasless reaction only at high pressures
2. Mo + B = MoB
T, = 1750 K(T, = 293 K)
Pyo(1750 K) = 1077 Pa
Py(1750 K) = 10"¢ Pa
Gasless reaction even in high vacuum
2 TL<Tu<T, Both components in liquid state Ni + Al = NiAl
i=1,2 T,o=1910K
Ni Al
TH(K) 1726 933
To(K) 3373 2773
3Tl <Ty<TE Solid + liquid reaction. Highest Ti+ C=TiC
propagation velocity T,a=3210K
TH=1933K
Tlues 3973 K
4 T,a<Ti(i=172) Both components in solid state. Lowest 2Ta+.C =Ta,C
combustion velocity. Difficult combustion T,q =2600 K Tt = 3269 K
Ta + C = TaC
T,y = 2700 K
5. T < Tw< T3 One component in the gaseous phase and the, Formation of nitrides, hydrides, sulphides, selenides,
other in condensed state. Widely used process phosphides etc.
6. T,y>Ti Both reactants in gas phase and solid product Very few systems studied. Mg + S
i=1,2

In 2017, Fan et al., [30] used SHS to fabricate NiAl alloy which they plasma sprayed onto
the magnesium (MB26) alloy substrate to enhance its thermal barrier capacity with
excellent bond stability. Depending on the energy generated (as determined by the milling
medium) during by the mechanical alloying of elemental Al and Ni powders, synthesis of
NiAl intermetallic my occur via mechanically induced self-propagating reaction (MSR) [31]
or via gradual formation through continuous diffusive reaction at Ni/Al layers interfaces
[32]. Mechanical alloying may not only result in enough energy to cause (MSR) but may
also result in partial martensitic transformation of B2-NiAl to tetragonal L10-NiAl during
prolonged milling of elemental Ni and Al powders in planetary mill [33]. Kubaski et al.,
[34] published a study on how the synthesis of NiAl intermetallic compound fabricated via
mechanically induced self-propagating reaction during high energy milling of elemental

Ni and Al powders is effected by the milling variables.
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LITERATURE REVIEW

Recently, Sun et al., [35,36] used forming and reaction synthesis to fabricate thin walled
curved shell NiAl alloy components via forming of laminated alternating Ni and Al foils in

a mould (figure 2.3) followed by reaction synthesis at specified temperature and pressure.

ﬁ Stacking

=>

Forming Reaction synthesis

Figure 2.3: NiAl alloy thin-walled component manufactured by the integrated process

[36].

For the current study, B2—NiAl intermetallic alloy was synthesized by compaction and
sintering of elemental Ni and Al powders and the thermal behaviour of the alloy was
studied. The study (presented in chapter four) was then published in a peer-reviewed

journal.

Despite these excellent inherent properties, Ni-Al suffers from poor room temperature
ductility and machinability which limits their use in specialised applications such as
aerospace and automobile [9,12,14]. There has been an increased research attention to
improve the formability of this class of materials, and grain refinement of NiAl

microstructures has been investigated. Bochenek et al., [14] presented an overview of
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research on NiAl processing and indicated methods that are promising in solving the low
fracture toughness of this intermetallic alloy at room temperature. In the same overview,

other material properties relevant for high temperature applications are also addressed.

2.1.2 Grain Refinement of NiAl

Various studies have been aimed at fabricating NiAl structures with nano crystalline [9-
12,22,23,31-34,37] grain size to improve their ductility or formability. Grain refinement in
NiAl has been achieved via a carefully controlled fabrication route, addition of refiners as
well as precipitate strengthening.

Powder consolidation fabrication routes whereby elemental powders are premixed, milled
below a nanocrystalline size range followed by controlled high pressure sintering with
limited grain growth have been explored. Using this fabrication route, Krasnowski et al.,
produced a NiAl intermetallic alloy with a mean crystallite size of 13 nm upon milling of
Ni-50% Al powder mixture [9]. The pre-milled intermetallic alloy powder was sintered at
800°C under 900 GPa of pressure. The high-pressure sintering preserved the nanometric
crystallite size with limited grain growth to 24 nm resulting in a nanocrystalline NiAl
intermetallic alloy with improved hardness of 9.53 GPa. The milling time to achieve
optimal starting crystallite size is a critical determining factor in achieving a
nanocrystalline material and Krasnowski et al., estimated the mean crystallite size at

various fabrication stages of the NiAl polycrystalline alloy, figure 2.4.
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Figure 2.4: Estimated mean crystallite size of NiAl after various milling times, after DSC

examinations and after consolidation [9].

Addition of Boron and transition elements has been found to result in grain refinement of
NiAl microstructures. In another study, Krasnowski et al., makes the claim that they have
fabricated bulk NiAI-B composites with nanocrystalline intermetallic matrix for the first time
via milling of equiatomic NiAl powders with the addition of 5, 10, 20 and 30 vol% of boron
[10]. The study concludes that a decrease in grain size, an increase in hardness as well
as decrease in the NiAl-B composites was achieved with an increase in Boron content.

In their study, Albiter et al., used the additions of transition metals such as Fe, Ga, and
Mo on elemental Ni and Al powder mixture followed by mechanical alloying to achieve a

refined B2 NiAl structure followed by a hot pressing technique [12]. The refined structures
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achieved up to 22% deformations for the NiAl intermetallic alloy hot pressed at 1200°C

(Table 2.3).

Table 2.3: Mechanical properties measurements (strain rates, stress and yield strength)

from all the alloys prepared under two different hot pressing conditions [12].

Composition (at.%) Temperature/time Strain Maximum stress Yield strength
(°C/min) %e) (MPa) (MPa)

Al-44Ni 1200/30 118 2030 1532
Al-43Ni+2Fe 1200/30 15 2536 1645
Al-42Ni+6Fe 1200/30 221 2861 1678
Al-43Ni+2Ga 1200/30 9.1 1967 1715
Al-4INi+6Ga 1200/30 9.0 2759 1980
Al-42Ni+2Mo 1200/30 9.9 2322 1693
Al-41Ni+6Mo 1200/30 7.1 2294 2055
Al-42Ni+2Fe+2Ga 1200/30 14.5 2090 1591
Al-40Ni+2Fe + 6Ga 1200/30 11 2122 1745
Al-40Ni+6Fe+2Ga 1200/30 LTS 2621 1546
Al-39Ni+6Fe + 6Ga 1200/30 15 2377 1621
Al-42Ni+2Fe+ 2Mo 1200/30 89 2222 1884
Al-40Ni+2Fe+6Mo 1200/30 122 2522 1932
Al-40Ni+6Fe+2Mo 1200/30 19.2 2520 1496
Al-39Ni+6Fe+6Mo 1200/30 15 2476 1862
Al-42Ni+2Mo+2Ga 1200/30 89 1933 1597
Al-40Ni+6Mo +2Ga 1200/30

Al-40Ni+2Mo + 6Ga 1200/30

Al-39Ni+6Mo+6Ga 1200/30 12.8 2456 1710
Al-44Ni 1500/15 9.7 1604 1230
Al-43Ni+2Fe 1500/15 136 1737 1472
Al-42Ni+6Fe 1500/15 19.9 2322 1165
Al-43Ni+2Ga 1500/15

Al-41Ni+6Ga 1500/15 L "4 1560 1300
Al-42Ni+2Mo 1500715 8.6 1869 1560
Al-41Ni+6Mo 1500/15 8.8 1930 1400
Al-42Ni+2Fe+2Ga 1500/15 12.6 2140 1348
Al-40Ni+2Fe+6Ga 1500/15

Al-40Ni+6Fe +2Ga 1500/15 21 2103 1233
Al-39Ni+6Fe+6Ga 1500/15 11.2 1565 1146
Al-42Ni+ 2Fe +2Mo 1500/15 20 2240 1281
Al-40Ni+2Fe+6Mo 1500/15 12 1932 1520
Al-40Ni+6Fe+2Mo 1500/15

Al-39Ni+6Fe¢ +6Mo 1500/15 22 2639 1357
Al-42Ni+2Mo+2Ga 1500/15 155 1875 1208
Al-40Ni+6Mo+2Ga 1500/15 114 1872 1287
Al-40Ni+2Mo +6Ga 1500/15

Al-39Ni+6Mo + 6Ga 1500/15 11 1770 1380

It would thus be important to determine how the mechanical properties of NiAl vary as a
function of grain size, whether they follow the classical Hall-Petch relation indefinitely or
there is a critical grain size where the properties saturate. In 1999, Chen et al., [22]
concluded that the increase in microhardness of the B2 NiAl intermetallic (synthesized

via mechanical alloying of elemental Ni and Al powders followed by shock consolidation)
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followed Hall-Petch behaviour. Volpp et al.,, synthesized nanocrystalline NiAl via
mechanical alloying of a stoichiometric mixture of gas-atomized NisAl and Ni-76 at.% Al
powders in a high energy ball mill and measured hardness on the as milled and heat
treated samples to investigate the applicability of a Hall-Petch type relationship in
nanocrystalline B2 NiAl [37]. The study concluded that the hardness follows a Hall-Petch

behaviour down to a grain size of about 20 nm below which deviations from the “classical

behaviour is observed. Depending on the thermo-mechanical history of the samples;

d [nm]

16 444 111 49 28 18 12 9 7

14}
12}

10}

Microhardness [GPa]

¢ heat treated
2r o as-milled .

0

3000 6000 9000 12000
d-172 [m-112]

heat-treated powders exhibit “inverse” Hall-Petch behaviour, whereas the hardness of as-

milled powders only saturates at a grain size of about 10 nm, figure 2.5.
Figure 2.5: Microhardness values for as milled and for heat-treated powders as a function

of 1/3d. Full lines indicate Hall-Petch behaviour; dashed line corresponds to “inverse” Hall-

Petch behaviour, observed for heat-treated powders only [37].
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Despite efforts to improve ductility of NiAl via grain refinement, the near zero plasticity at

room temperature coupled with low temperature strength above 800 °C has limited the

use of polycrystalline NiAl [38].

2.1.3 Alloying of NiAl

Addition of other metals coupled with fabrication techniques to further improve the

mechanical properties of NiAl intermetallics have been reported. According to literature

compiled by Zaitsev et al., [38], alloying elements for NiAl can be sub-grouped into three

categories (Table 2.4).

Table 2.4: Elements used for alloying NiAl-based alloys [38].

Elements Solubility in NiAl

Interaction with NiAl

Gr VIII, Mn and Highly soluble

Cu

Gr VIB, V and Low solubility

Re

Gr 1B, IVB and Very limited solubility

VB

Prone to  forming  isostructural

compounds.

Form pseudobinary eutectic systems
with  stoichiometric NiAl, while the
increased alloy plasticity is ensured by
formation of the lamellar -eutectic

structure.

Form ordered ternary intermetallic
compounds, such as Heusler phases
Ni2AlIX and Laves phases NiAlX, which
have a positive effect on high-

temperature characteristics of the alloy.
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Garcia-Galan et al., [39] reported that maximum modulus of elasticity (figure 2.6a),
displacement at break (figure 2.6b) and bending strength (figure 2.6c) peaked at 7.5 at.%
Cu for nanocrystalline NiCuAl powders prepared via MA of elemental Ni, Al and Cu

powers consolidated by double action pressing at 1.20 GPa and sintered at 1000 °C.
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Figure 2.6: a) Modulus of elasticity, b) Displacement at break and c) Bending proof

strength as a function Cu additions into NiAl [39].

Bochenek et al., [40] used hot pressing and spark plasma sintering to fabricate NiAl/Re
with almost full (99.9%) density, 60% improvement in fracture toughness and almost
double the flexural strength of NiAl and no significant changes during oxidation at 900,

1100 and 1300 °C.

As reported previously, Krasnowski et al., [10] successfully produced NiAl phase with
boron patrticles (5, 10, 20 and 30 vol%) evenly embedded within the nanocrystalline NiAl
matrix. Increase in boron content resulted in decrease of the NiAl grain size during milling
as well decrease in density (rule of mixtures) of the alloy. Improved hardness (10.58 -
12.60 GPa) was derived from the addition of boron. According to the researchers, “bulk
NiAI-B composites with nanocrystalline intermetallic matrix were produced for the first

time”.

Albitera et al., [12] synthesized NiAl intermetallic with grains refined into the nanometric

range (20 nm) via the additions of transition elements such as Fe, Ga, and Mo during
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mechanical alloying and densification via hot pressing techniques. According to the
investigators, these minor additions of the transition elements form a solid solution (B2)

with the intermetallic structure of NiAl resulting in up to 22% deformations.
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2.2 NICKEL ALUMINIDES METAL MATRIX COMPOSITES

Powder metallurgy (PM) techniques used to fabricate NiAl intermetallic alloy discussed
above have been extended to synthesize in-situ as well as ex-situ ceramic particle
reinforced NiAl. This endeavour seeks to achieve ceramic particles (reinforcement)
evenly dispersed in the microstructure of a continuous NiAl matrix to improve ductility of
NiAl intermetallic alloy. TiC [16,41], Al2Os [8,42,43], TiB2[44], TiC/TiB2 [15,20,45,46],
TiC/AI203[17], TiB2/Al203 [47], TiB2/TiN [48] and carbon nanotubes [18,49,50] are some
of the reinforcements used to reinforce NiAl to fabricate NiAl intermetallic alloy matrix

composites.

2.2.1 Ex-situ fabrication

During ex-situ synthesis of metal matrix composites, a reinforcing ceramic phase is
externally added into the metal matrix during liquid state casting or solid-state fabrication.
Recently Talas et al., [20] fabricated NiAl reinforced with either TiC of TiBz in the range
0.5, 1, 2, 4 and 8 wt % via ex-situ compacting of premixed Ni, Al and either TiC or TiB2
powders followed by melting in vacuum. Talas reported an improved hardness of the
composite with increasing content of TiC or TiB2 which dropped significantly upon heat
treatment of the composite attributable to a possible particle sizes and interparticle
distance increased by coarsening. The investigation does not report on the
ductility/deformability of the as cast and heat-treated composite samples. Li et al., [51]
synthesized NiAl-BaO/TiO2 composite via ball milling of NiAl intermetallic, BaO and TiOz2
powders followed by sintering at 1300°C for 1 h under a pressure of 20 MPa. The 20%
BaO /TiO2 composite exhibited microhardness and yield strength of 474.5 and 2786 MPa
respectively with a decrease in the friction coefficient and wear rate at 800°C. In 2018, in

an unconventional reinforcement/matrix setup Sonber et al., [19] used NiAl as a
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reinforcement for ZrB2 and concluded that an increase in the content of NiAl resulted in
decrease in hardness and an increase in fracture toughness. It is thus judicious to
conclude that by classical definition of the matrix-reinforcement, NiAl is the matrix while

the ZrB2 is the reinforcement in the setup.

2.2.2 In-situ fabrication

During in-situ synthesis of metal matrix composites, a chemical reaction leads to the
formation of very fine and thermodynamically stable reinforcing ceramic phase within a
continuous metal matrix. Feedstocks have been used during self-propagating high-
temperature synthesis (SHS) to achieve microstructures with in-situ reinforcement
particles homogeneously distributed within NiAl intermetallic matrix. Fan et al., [15] and
Shen et al., [45] used SHS of Ni—Al-Ti—-B4C feedstock to in-situ fabricate NiAI-TiC-TiB2
intermetallic matrix composite. Zhang et al., [11] in-situ synthesized TiB2 reinforced NiAl
with 35.2% increase in room temperature compressive strength via arc melting of Ti-B-
Ni-Al system. The reaction process was found to proceed in two steps: firstly, Ni, Al
reacted with Ti to form transient phase AINi2Ti, and then AINi2Ti reacted with B to form
TiB2 particles, which serve as reinforcements with a uniform distribution within the NiAl
matrix. On another study, Zhao et al., [52,53] used Ni—Al-Nb-B4C system to fabricate
NbB2—NbxC/NiAl composite via the combustion synthesis and hot pressing technique. In
2011, Zhao et al., [52] reported on the microstructures, interfaces, compression
properties and work-hardening effect of the resulting NiAl-matrix composites reinforced
with 5-20 wt.% ceramic particulates (Nb2C, NbC and NbB2) noting that an increase in the
ceramic particulate content resulted in increase in the ultimate and yield compression
strengths while the fracture strain and hardening (Hc) decreased. The researcher
concluded that the composite with the least (5%) amount of particulate exhibited the best

combination of mechanical properties: compression fracture strain of 18.3%, an ultimate
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compression strength of 1479 MPa, and a value of Hc =1.29. Zhao et al., [53] conducted
a similar investigating on NiAl matrix composite reinforced with 1.7 wt.% NbB2 and NbxC
(x =1 or 2) fabricated using the same technique. The NiAl-matrix composite showed a
strong strain rate sensitivity whereby yield strength of the NbB2—NbxC/NiAl composite
decreases while the fracture strain and the work-hardening capacity (Hc) increase with
decreasing strain rate. Compression fracture strain of 20.1%, an ultimate compression
strength of 1472 MPa, and a value of Hc =1.41 was achieved with reduced volume
fraction of the reinforcement at a strain rate of 2.0 x 10-°s1. Zhao et al., [54] also studied
the microstructure, compression property and work-hardening effect of the NiAl-matrix
composite reinforced by 5 vol.% TaB and TaB2 fabricated via combustion synthesis of Ni-
Al-Ta-B system. The researchers arrived at similar conclusions that NiAl-matrix
composite exhibits remarkable strain-rate-dependent compression properties and work-

hardening effect.

Song et al., [47] used SHS of Ni, Al, B2Os and TiO2 premixed and green compacted
powders to synthesize (TiB2+Al203)/NiAl composites of 2-5 pm TiB2 grains embedded in
Al20s clusters, while a small number of TiB2 particles disperse in the NiAl matrix according
to the schematic microstructural evolution depicted in figure 2.7. The investigators go on
to postulate - “the higher the TiB2+Al203 content is, the more the regular shapes and

homogeneous distributions of TiB2 and Al203 will be present in the NiAl matrix”.
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Figure 2.7: a) Sketch of reaction processes and structure evolution modes: (a) Mixed
initial powders; (b) Al and B203 begin to melt; (c) Grains of NiAl, TiB2 and Al203 formatting;
(d—=f) Morphologies of products with 10%, 20% and 30% (Al+TiO2+B20s3), respectively

[47].

Similarly, Shokati et al., [48] fabricated NiAl matrix composite powder reinforced with 0—
40 wt.% (TiB2—TiN) from Ni, Al, Ti and hexagonal boron nitride (h-BN) powders via

combustion synthesis. The first reaction between Ni and Al caused an energy release
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which melted AI(Ni), Ni, NiAl and Ti and decomposed BN into free B and N which in turn
diffused and dissolved into the Ni-Al-Ti liquid phases. Finally, TiN and TiB2 particulates
precipitate out of the saturated solution. Good bonding between reinforcement and matrix,
increased and uniformity of distribution of reinforcements in NiAl matrix and formation of
sub-micron TiB2 and TiN embedded in NiAl matrix resulted in high hardness making this

composite powder a good precursor for thermal spray applications.

Rahaei [16] achieved improved mechanical properties (Table 2.5) compared to those
documented in literature and deduced that £28 vol.% TiC content in 3D space of the
continuous NiAl matrix leads to attainment of discrete TiC particles. Feasibility of heat
transfer and decreasing of thermal stress in comparison with long-range interconnectivity
of TIiC patrticles in NiAI-TiC (bi-continuous) composite makes this composite a good

candidate material for high temperature applications.

Table 2.5: Mechanical properties of NiAl intermetallic and Ni-Al-TiC composite achieved

by Rahaei [16] compared to previous studies.

Mechanical This research Literature | Ni-Al-X vol% TiC Composite)
Properties

Hardness (Hv) 391 £20 -, 374%15([59], 311-425 [2] NiAl coarse
8990 + ?3[:{ = 28) gf&iﬂ[x = O
909 + 79x - 30) [59] Ni-Al-TiC
G¢ (MPa) 548 + 49 _ 0, 425-700x0) [2]
733 £78x - 25y 670 £ 80 g0y [47], 665 £ 26 [52]
Kc (MPaym)  62+03x-0, 5-6.50-0) [2] NiAL 8.9 - 20 [33],
9.9+ D.B:x = 28) 10.7 + D.5[x =70) [48],
10.23 £0.38 [52] Ni-Al-TiC

Widodo et al., [17] concluded that the exothermicity of the system increases with addition

of TiO2/Al/C content into NiAl. This resulted in increased maximum reaction temperature
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porosity during in-situ fabrication of NiAl-TiC-Al203 intermetallic ceramic composite via
self-propagation synthesis using Ni, Al, C and TiO2 as precursors. The reactions occur in
two stages whereby exothermic reaction of Ni and Al leads to the formation of NiAl
followed by TiO2, Al, and C forming TiC-Al20s. Olusoji et al., [18] arrived at a similar
conclusion that high sintering heating rate resulted in porosity due to lack of contact area
between particles during ex-situ fabrication of multi-walled carbon nanotubes (CNT)
reinforced NiAl fabricated via planetary ball milling of Ni, Al and CNT elementary powders
followed by spark plasma sintering at 50, 100 and 150 °C/min [50]. Recently, Troncy et
al., [8], aluminothermically reacted pre-oxidized Ni with Al to fabricate mixed compounds
of NixAly containing in-situ continuous generated network of Al203 surrounding NixAly

intermetallic compounds in a composite that has a potential to form self-healing coatings.

2.2.3 Enhanced tribology of NiAl composites

Self-healing/lubricating is a technique that has been used to improve tribological
properties of various materials and silver has been added to various microstructures as
its malleability results in self-healing/lubricating. Feng et al., [55] synthesized NiAlI-NbC-
Ag composites via vacuum-hot-pressing sintering with direct addition of AgNbO3 powders
onto NiAl intermetallic alloy to form a composite that exhibited lower friction coefficient
compared to NiAl. Additionally, the lubricating glaze layer consisting of Ag2Nb4Oai,
AgNbOs3 and AgNbsOs was formed by tribo-chemical reaction on the worn surfaces when
the test temperatures got to 600 °C and 800 °C. Han et al.,, [56] synthesized
NiAl/muscovite composites via spark plasma sintering of Ni, Al, B203 and
KAI2(AISisO10)(OH)2 (muscovite) with the muscovite well dispersed in the self-lubricating
composite microstructure resulting in improved wear properties peaking at 9 wt%

muscovite content. Zhu et al., [57] synthesized NiAl, NiAI-Cr-Mo and ZnO/Cuo reinforced
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NiAl-Cr-Mo matrix composites via high temperature solid state reaction forming new
phases (such as NiZns, Cuo.siNio.19 and Al203) during the fabrication process. The ZnO
reinforced NiAI-Cr-Mo matrix composites exhibited low wear rate at 800 and 1000 °C in
comparison with NiAl and NiAlI-Cr-Mo while the CuO reinforced NiAI-Cr-Mo matrix
composites exhibited self-lubricating performance at 800 °C, which was attributed to the
presence of the glaze layer containing CuO and MoOs. Liu et al., [58] ex-situ added
hydrothermally synthesized silver vanadate (AgsVOas) nanoparticles to pre-mechanically
milled Ni and Al powder and further milled to fabricate NiAlI-AgsVO4 composite. The
sintered composite consisted of Ag, and V oxide precipitates distributed homogeneously
in the nanocrystalline NiAl matrix. An increase in AgsVO4 content resulted in increase in
density while microhardness decreased due to formation of high density soft metallic Ag.
Excellent tribological properties were obtained at 900 °C due to the production of silver
vanadate “lubricant”. Shi eat al., [59] reinforced NiAl matrix with different solid lubricant
additions (PbO, TisSiC2—MoSz, TisSIC2—-WS>) to fabricate self-lubricating composites for
use in high temperature friction and wear applications. Pin-on-disc dry sliding wear tests
on the fabricated composite against SisN4 balls showed:

i) Composites with TisSiC2—MoS:2 binary lubricant exhibited excellent self-lubricating

and anti-wear properties over a wide temperature range,
i) MoS: lubricated better at low temperatures, while TisSiCz2 lubricated better at high
temperatures, and,
i) TisSiC2—MoS:2 binary lubricant presented the best synergetic lubricating effect of

the three candidate compositions.

For the current study, NiAl intermetallic alloy reinforced with TiC particles was synthesized
via cold pressing and sintering of the elemental Ni, Al, and TiC particles powders. This
study has been submitted for scientific peer review.
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2.3 STEEL METAL MATRIX COMPOSITES

Stainless steel is still the lifeblood for several industrial applications due to their
multipurpose attributes, long life cycle and recyclability. Clare Broadbent [60]
demonstrated the benefits of recycling steel to achieve a circular economy. It is therefore
vital to widen the scope of this material into applications where it is not traditionally used.
Careful incorporation of chosen reinforcements into steel matrices will open a myriad of
further specialised applications for this material. TiC reinforced steels have attracted
interest as engineering materials for a few attractive attributes derived from the composite

material.

Tul et al., [61] explored TiC reinforced steels as engineering materials for inertial
instruments and aerospace applications due to their excellent mechanical properties and
machinability. Due to demands for dimensional stability in extreme operational
environments for these components to avoid navigation errors, the study used thermal-
cold cycling to improve the dimensional stability of TiC reinforced steel matrix composite.
Xiao et al., [62] on the other hand investigated the microstructure, properties, and
dimensional stability of a TiC-reinforced steel matrix composite during tempering to
identify the underlying stabilizing mechanisms using commercial annealed TiC reinforced
steel and concluded that the composite achieved optimal properties after 10 h (figure 2.8)
of tempering.

Cho et al., [63] Fabricated TiC reinforced stainless steel composites via liquid pressing
infiltration process and investigated their high-temperature compressive strengths and
concluded that TiC reinforcement successfully suppressed softening of SUS431 matrix,

resulting in about 5 times higher strength than that of SUS431 at 1050 °C.
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Zhenming et al., [64] concluded via thermodynamics and metallographic evaluation that
TiC is formed preferentially between austenite dendrites at the end of the solidification.
This TiC then acts as heterogeneous nuclei for the crystallization of the (Fe,Mn)sC
(cementite) and y2-Fe (austenite) intergrowth eutectic during in-situ synthesis of the

composite via melting of the steel: (wt.%): 1.0 C, 8.0 Mn, 1.0 Si, 0.3 Ti, 0.032 P and
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Figure 2.8: Properties of TiC-reinforced steel matrix composite tempered for various
tempering times: (a) magnetic property, (b) hardness, (c) thermal strain, and (d)

dimensional changes [62].

Recent research work has used additive manufacturing to fabricate bulk reinforced steels

as well as deposition of a reinforced surface layer on steel substrates. Chen et al., [65]
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used course (> 50 um) TiC to reinforce steel via laser cladding. The researchers could
afford to use course particles due to high temperatures attained during fabrication, which
melted and dissolved the course TiC to form fine TiC of various shapes. Li et al., [66]
fabricated an ultrafine-grained Austenite matrix with uniformly distributed and nano-sized
VCx particulate with an ultimate tensile strength of 1400 MPa via selective laser melting
of pre milled submicron-sized VsC7 (3 wt%) ceramic and 316L (97 wt%) powders depicted
in figure 2.9. Paraye et al., [67] modified the surface of AISI 4340 steel via in-situ
incorporation of vanadium carbide used Tungsten Inert Gas (TIG) fusion of finely ground
vanadium and graphite powder on the steel substrate. Metallographic evaluation of the
modified layer revealed a fusion zone free of micro cracks and porosity with micron
(cuboidal and rod) as well as nano (cuboidal) size vanadium carbide particles within the
martensite matrix resulting in significant increase in the hardness of the modified region

as depicted in Figure 2.10.

Laser

‘ ’ ‘ ‘ Scan direction
316L powders

with loose and
¥ bonded V;C,
particles on/in
316L surface
layer

Melted 3161 alloy

Atomic V of
decomposed ViC,

Nucleation

and growth
of Austenite
grains Atomic C of

decomposed ViC,

Nucleation of
(Fe, Cr, Mo, Ni)C,

phases
Growth of Nucleation
VC, phases of VC; phases
Solute
atomic V
Solute @

atomic C
Figure 2.9: Schematic of formation mechanism for the SLM printed 316L based MMCs

microstructure characteristics [66].
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Figure 2.10: Microhardness distribution of the surface modified with and without flux

across the various region [67].

Saeedi et al., [68] used pulsed Nd: YAG laser to inject NiCr and NiCr—TiC powders onto
the AISI 420 Martensitic stainless steel substrate to form a metal matrix composite layer
of NiCr—TiC reinforced steel with enhanced hardness. Zhang et al., [69] synthesized TiC
reinforced H13 steel matrix composites via laser deposition processing of premixed H13
and TiC powders and subjected the resulting composites to heat treatment to investigate
the effect of tempering on the microstructure and mechanical properties. Upon tempering
at 650 °C the mainly martensite structure transformed into tempered martensite and fine
carbides with improved wear resistance despite a drop in hardness and tensile strength
compared to the untampered samples. Tempering/annealing of the unequilibrium
microstructures resulting from fabrications associated with high cooling rates is a critical
step in achieving the final microstructure in steels. Radajewski et al., [70] concluded that
the solution annealing step is necessary after spark plasma sintering (SPS). In their study

the investigators synthesized steel matrix composite reinforced with 10 vol% Mg- PSZ via
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SPS. The a'-martensite formed upon the subsequent quench and partition (Q&P)
treatment (figure 2.11) of the solution-annealed microstructure increases the matrix
strength of the steel and enhances stress transfer to the Mg-PSZ particles during
deformation. Without the solution-annealing step no a'-martensite is formed during

guenching and the subsequent partitioning plays no role on the flow behaviour.

Spark Plasma Solution Annealing
T Sintering

Quenching & Partitioning

Rotation speed

Materia| ring powder 450 °C/ 3 min
mixing
Steel

110 rpm  RT &
Composite <<_ 250
rpm

=130 *C/ 10 min

Nomenclature

S as-sintered SA Q&P
C 110 or 250

Figure 2.11: Schematic representation of the sample processing procedure [70].

Some fabrication routes yield superior properties than others as discovered by Garcia et
al., [71] who compared the tribological performance of tooling steel matrix composites
reinforced with different amounts of vanadium carbide (VC) fabricated via metal injection
moulding (MIM) and fabricated via conventional (mixing, compaction and sintering) PM
technique. The higher carbide additions resulted in better wear while MIM samples
performed better than those fabricated via conventional PM technique. Fudger et al., [72]
fabricated steel encapsulated metal matrix composites via casting or infiltrating a molten

MMC into a steel shell and measured over 100% increases in tension in the 304 steel
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and nearly 100% increase in compression in the Al2Os due to the high coefficient of

expansion mismatch between 304 SS surrounding the Al-Al20s.

Determining bulk properties of MMCs is often a challenge and Ma et al., [73] used
Hadfield steel reinforced with niobium carbide as an example to propose a conceptual
model to calculate the bulk hardness of particle-reinforced metal matrix composites. This
is done by simulating an indentation process on a specimen of a homogenous material,
whose stress-strain curve is exactly same as the one extracted from modelling a single
direction tension/compression testing on a much smaller scale equivalent MMC rather
than simulation on a specimen of the MMC directly. This is done to overcome the difficulty
associated with implementing the numerical simulation directly on the MMC, as it requires
a huge amount of calculation time as the MMC specimen used for indentation modelling

may contain millions of particles.

For the current study, Steel/Ni-TiC composite produced by compaction and sintering had

its microstructure and hardness investigated. The study was then published in a peer

reviewed scientific journal:
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2.4 METAL OXYNITRIDES

Transition [74-83], rare earth and alkaline [76,81] earth metal oxynitrides have found
prominence as an important class of materials due to unique properties derived from
combining the desirable attributes of both the oxides and the nitrides [74]. The increased
covalence and more polarization of bonds with metals due to nitrogen’s less
electronegativity and more polarizability than oxygen affects the electronic properties
resulting in new magnetic, conducting and dielectric materials [75]. Oxynitrides have
found applications in improving wear and corrosion [74,78,82], capacitance [80-83],
pigments [84], phosphors, dielectrics, magnets [75] and arguable their most researched
application, photocatalysis. Photocatalytic prowess of oxynitrides has been a subject of
research in the field of energy and environmental applications such as production of
Hydrogen via water splitting [74-76,81], pollutant degradation, CO2 conversion and

antimicrobial disinfection [76].

2.4.1 Metal Oxynitrides in Photocatalysis

Superior light harvesting ability (narrow band-gap energy) compared to metal oxides (> 3
eV) and moderate photostability has transition metal oxynitride perovskites [AB(O,N)s]
thrust into the research spotlight as an emerging class of inorganic materials [74,81].

In their review, Manan et al., [74] provides a summary of the progress in visible-light
induced water splitting via oxynitrides for generation of hydrogen as a clean and
sustainable source of energy and gives an overview on the photocatalysts developed in

the past several years, Table 2.6.
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Table 2.6: Overview of visible light photocatalysts developed over the past several years

[74].

Photocatalysts

Titanium oxide and titanate oxide

TiO,~Cr-Sb
TiO,-N
SITiO,-Cr-Ta
SrTiO;-Cr-Sb
La,Ti,0,~Cr
LazT'iz()j.'—FC

Metal oxynitrides
TaON

TizO3N,

Zr;O3N,

Metal sulfides
cds
CdS-CdO-ZnO

Other transition metal oxides CdS-Zn
BiVO, ZnsS—-Cu
Ag,VO, ZnS—-Ni
SnNb,Og4 ZnS-Pb
Nb,O; (AgIn),Zn,;_S,
Ta,Ox Sm, T155,0-
BiTaO, (Culn);Zn,1-xS:
ZnoO (CuAg In),Znog_yS,
Bi,O4 Na . In-Cu;Sss
WO, Metal perovskite oxynitride
Ga,0s4 LaTaON,
Mixed metal oxynitrides LaMg, Ta, Oy i3 Ns_3,
(Gag—Zny)(N;_,Oy) CaTaO,N
(Zn,.,Ge)(N,O,) SITa0,N
Metal nitride BaTaOsN
TaszN;5 SroNb, Q5 N,
Metal free nitride LaTiO,N
C3Ny CaNbO,N
SrNbO,N
BaNbO,N
Y,Ta,0:N,

In their study Sakar et al., [24] gave a more rounded overview touching on types,

applications, and synthesis of photocatalytic oxynitrides, figure 2.12.

Fuertes [75] explored oxynitrides of transition metals, alkaline earth metals and rare earth
metals showing a variety of optical, magneto/electric (dielectric, thermoelectric,
ferromagnetic, spin glass or magnetoresistance) and photocatalytic (in water splitting and

organic reactions) properties. The study acknowledges that the most active area of
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research for oxynitride materials has been in photocatalytic applications, however results

in various other important fields (such as batteries [85,86]) are emerging.

Photocatalytic Metal Oxynitrides

W b 4

Types Synthesis Applications

'

| Solid-state reactions

Ternary oxynitrides Soft-chemistry method Water splitting
Perovskite oxynitrides Direct synthesis CO, reduction
Complexes/Composites Sputter deposition Degradation of pollutants

Pulsed-laser deposition

Figure 2.12: Types, synthesis and applications of photocatalytic metal oxynitrides [76].

2.4.2 Synthesis of Metal Oxynitrides

Metal oxynitrides are generally prepared by exposing corresponding metal oxides with a
nitriding agent at elevated temperatures. The important parameters determining the
kinetics of the nitriding process are flow rate (of the nitriding agent), temperature, test

piece placement (in the reaction chamber), and time.

In their recent review, Mirabbos et al., [81] interrogate recent advances on enhancing the
photocatalytic activity of selected transition metaloxynitride perovskites and related
works, challenges and future perspectives of these materials. They concluded that
changing the synthesis approach, reducing the defect density that acts as a
recombination centre for photo-generated charge carriers, increasing the conductivity,
and engineering their band structures, namely the conduction and valence band positions

substantially improves photocatalytic activity of transition metal oxynitride perovskites.
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Thermal ammonolysis [74-77]

This involves the use of gaseous NHs as a nitriding agent on a corresponding oxide
at elevated temperatures according to the equation:

Oxide + NHz (g) = Oxynitride + H20 (v)

At temperatures above 500 °C NHs dissociates into N2 and Hz. Low temperature
processing results in difficulty with achieving homogeneous N stoichiometry and
inferior sintering densification. If a reducing environment is desired, a gas mixture
of N2/Hz2 (90/10 or 95/5 v/v) is used at high temperatures (1300 — 1600 °C) on a
stoichiometric mixture of metal oxides, carbonates and/or nitrides under a high-
pressure nitrogen. This solid-state reaction requires high activation energy due to
the high triple bond energy between the N atoms, which requires the use of high
temperatures, high flow rate of the nitriding (gas) agent and/or longer times. Oré6-
Solé et al., [87] synthesized a new EuTiosOsxNx perovskites with tuned N/O
(0.87<N<1.63) ratios by carefully controlling the treatment temperature and
ammonia flow rate during the ammonolysis of scheelite EuWo0s04. The study
concludes that increasing nitrogen content results in changes on the structural and
magneto-electric properties such as contraction of the unit cell volume and a

reduction of symmetry from cubic to orthorhombic.

I.  Soft Chemistry [74,76]

As stated above, the reaction kinetics for nitriding can be sluggish due to the
stability of the N2 triple bond. Co-precipitation, sol-gel, Pechini method, templating
and ultrafast evaporation-induced self-assembly or a combination of these is used
to synthesize the precursor (oxide) instead of the traditional calcination. This

resulting precursor exhibits improved sensitivity and reactivity and consequently
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the reaction time, temperature and amount of nitriding gas can be reduced during

the subsequent nitriding step.

Direct Synthesis [74,76,77,88]

During direct synthesis, an N-rich agent such as urea, amides, imides, and azides
are used as sources of nitrogen. Formation of carbon residues, impurities and
secondary phases has been reported as a drawback when using excess N sources
such as urea. Gomathi et al., [77] synthesized ternary metal oxynitrides of the
formulae MTaO2N (M = Ca, Sr or Ba), MNbO2N (M = Sr or Ba), LaTiO2N and
SrMoOsxNx. Urea was used as the nitriding agent by heating the corresponding
metal carbonates and transition metal oxides with excess urea. The investigators
claim this route yields metal oxynitrides that are generally stoichiometric and in the

form of nanoparticles.

Sputter Deposition [74,76]

Thin films of perovskite oxynitrides have been successfully deposited on substrate
surfaces via reactive radio frequency magnetron sputtering for photocatalytic
applications. Unfortunately, this process has been reported to suffer from off

stoichiometry thin films.

Pulsed-Laser Deposition [74,76]

Similarly, to sputter deposition, pulsed-laser deposition is used to achieve thin films
of oxynitrides on a substrate. A lattice mismatch between the deposited surface
layer and the substrate is the major drawback since this process is based on the

epitaxial growth of material onto a substrate.
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Various recent endeavours to fabricate suitable metal oxynitride materials have used (a
variation of) one or more of these fabrication routes. Dutta et al., [89] recently synthesized
(figure 2.13) a cobalt nitride-vanadium oxynitride nanohybrid on carbon cloth (CVN/CC)
with significantly enhanced water splitting activity via a facile synthetic method which
surpasses the integrated state-of-the-art Pt-C and RuO:2 electrocatalysts in terms of both

efficiency and durability.

Aniline Co,V salts _ =M Pyrolysis
Polymerisation lysis Ar
Carbon cloth (CC) PANVCC CVPANKCT CVN/CC

Figure 2.13: Schematic representation for the synthesis of CVN/CC

Wang et al., [78] synthesized a zirconium oxynitride (Zr2N20) coating on 304 stainless
steel by incorporating a controlled amount of oxygen into ZrN with plasma enhanced
atomic layer deposition. The resulting oxynitride (figure 2.14) exhibited corrosion current

density one order of magnitude lower than that of the ZrN coated substrate (figure 2.15a).

ZrN Oxygen ZrN,O,

Plasma
304sST o PiALD —

Figure 2.14: Schematic representation for deposition process of ZrNxOy coating on 304

Ss [78].

Hirpara et al., [82] used reactive magnetron sputtering method with optimized O2/N2 ratio

to synthesize tantalum oxynitride thin film on the same (stainless steel 304 grade)
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substrate. The coated material exhibited three times higher corrosion resistance in diluted

hydrochloric acid than non-coated substrate (figure 2.15b).

(a) o —i— 304 SS —=—TaON@SS$ in 2.0M HCl
\ —s#=—17r,N,0/SS f o1 T+ TaON@SSin25M HCI
—=—TaON@SS in 3.0M HCI

—— ZrN/SS

Potential E Vs SCE (V)

i (A/cm:)

1E-7 1E-6 1E-5 1E-4 1E-3 0.01

2,
E(V, vs. Ag/AgCl) Current (A/em”)

Figure 2.15: a) Potentiodynamic polarization curves for 304 SS, Zr2N20/SS, ZrN/SS [78]
as well as, b) Polarization test for tantalum oxynitride film-coated and bare SS 304

samples in 2.0 M, 2.5M and 3.0M HCI electrolyte at room temperature [82].

Direct current magnetron sputtering was used by Venkataraj et al., [90] to grow thin films
of several transition metal (Ti, Zr, Hf, Nb and Ta) oxynitrides at room temperature. They
observed that the resulting film properties had a strong dependence on the deposition
conditions. In their investigation, Venkataraj did not only develop a simulation package
that reproduced the variation of the deposition rate, target voltage and film stoichiometry
with reactive gas flow but also explained both the film formation mechanism as well as

the significant improvement in film properties based on their results.

Belosludtsev [91] showed the possibility of fabricating low surface roughness thin
aluminium antireflective oxynitride films using magnetron sputtering.

Recently Wu et al., [80] devised a strategy for the deposition of CoOON layer on the flexible
conductive substrate to prepare a flexible asymmetric super (FAS) electrode (CoON-CC)

by electrodeposition and calcination (figure 2.16). The resulting FAS delivers a high aeral
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capacitor of 2.12 F cm?(651.5 F g?) and energy density of 1.17 Wh cm as well as
excellent flexibility and cycle performance, outperforming previously reported Co-based

asymmetric supercapacitor.

NLeBR S 3
SISRR % Plasma <% : % 20 min
Treatment ) :
CC P-CC Co(OH)2-CC CoON-CC

Electrodeposition Calcination

Figure 2.16: Schematic presentation for the fabrication of COON-CC electrode [80].

Earlier, Wang et al., [83] designed and synthesized molybdenum tungsten oxynitride with
a porous architecture enlarged specific surface area with complete hydrophilicity as well
as optimized electrical conductivity, which synergistically strengthen its supercapacity
properties via nitriding its bimetallic oxide counterpart under ammonia atmosphere (figure

2.17).

Yang et al., [92] used CsNs as a nitriding agent in what would be direct synthesis to
synthesize SrNbO2N and CaTaO:2N from their oxide precursors at low formation
temperature. The investigator, however, point out the formation of metal cyanamide
intermediate as being crucial in achieving the low temperature synthesis of the nearly
pure single phase oxynitride perovskites. Although this would be suitably classified as
direct (nitrogen rich C3N4 as a nitriding agent) synthesis it also incorporates soft chemistry
(metal cyanamide as crucial intermediate to reduce activation energy) synthesis. Li et al.,

[93], used a combination of direct synthesis with urea as a nitriding agent along with
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pressure-less spark plasma sintering to synthesize ATaO2N (A = Sr, Ba) within 10
minutes with oxynitride phase of 96.9% and 97.8% for SrTaO2N and BaTaO:2N

respectively.

N-MoWO,

Figure 2.17: a) Schematic representation for the synthesis of N-MoWOx on carbon
substrate as well as SEM images of the b) carbon fiber, c) MoWOx and (d) N-MoWOx

[83].

As acknowledged by Fuertes [75] that despite the most active area of research for
oxynitride materials being in photocatalytic applications, various other important fields
such as batteries are emerging. Pozo-Gonzalo et al., [94] used ammonolysis of a suitable
precursor to fabricate nanoporous molybdenum oxynitride and studied its suitability as an
oxygen reduction catalyst in a 0.1M KCI aqueous solution for metal air batteries of fuel
cells. In their study the investigators compared the molybdenum oxynitride to that of
vanadium and tungsten oxynitrides and asserted that vanadium and molybdenum
oxynitrides present superior performance in the series which they attributed to both (Mo

and V oxynitrides) attaining an optimal composition of catalyst/binder/carbon and a small
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percentage of oxygen in the oxynitride composition. More recently, Ko et al., [95] used
RF sputtering to directly deposit the most applied material (Lithium phosphorus oxynitride
(LiPON)) in the thin film battery industry. A 200 nm layer on Li foil provided the best
stability and performance of the Li anode in the cycling evaluation of Li | Li symmetric cells
and LiCoOz| Li cells.

An oxynitride with reduced particle size exhibits improved photocatalytic performance
through increasing the active surface area, which allows the generation of more electron-
hole pairs that contribute to the water reduction and oxidation reactions. Most research
has thus been designed to synthesize oxynitrides with increased surface area as can be
seen from several studies highlighted in this review referring to nanoscale products.
Haydous et al., [96] achieved an eightfold increase in the BET surface of BaTaOxNy
perovskite particles using laser fragmentation method in liquid flow to increase the
specific surface area up to a maximum BET area of 32.43 m?gl. Wang et al., [97]
hydrothermally fabricated Zn2GeOa precursor nanorods with a smooth surface followed
by nitriding of the precursor at 800 °C for 6 h to synthesize (Zn1+xGe)(N20x) nanotubes
(Figure 2.18) with rough surface area without a template for formation of a tube structure.
The researchers attribute the transformation of the nanorods onto nanotubes despite no
template for formation of a tube structure to ordered morphological transformation from
Zn2GeO4 nanorod during nitriding. The resulting (Zn1+xGe)(N20x), exhibited enhanced
photocatalytic NOx decomposition activity under both ultraviolet and visible light irradiation

compared to the one synthesized via conventional solid-state reaction.
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Figure 2.18: Schematic representation for the two-steps preparation process of

(Zn1+xGe)(N20x) nanotubes [97].

To tailor the optical, electronic, and structural properties of the oxynitrides, continuous
control of anion composition is desirable during synthesis. Harayama et al., [79]
developed a compact AE-E telescope elastic recoil detection analysis (ERDA) system
(figure 2.19) designed to identify the recoils of O and N from metal oxynitrides thin films
irradiated with 40 MeV 3°CI”*. The investigators also confirmed availability of the gas
ionization chamber for identifying the recoils of lithium, carbon, and fluorine over and

above those of O and N.

scattering chamber e -
(~ 10* Pa) )

Mylar foil (= 2.5um)
™/ and slit (1 * 10 mm?)

ion beam 8/

RBS
signals

SSD for Rutherford gas chamber

backscattering filled with P10 gas
spectrometry

P10 gas
* infout

diaphragm
gauge

100 mm
—_—

Figure 2.19: Schematic of scattering chamber setup equipped with the DE-E telescope

ERDA and the RBS detectors [79].
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As stated previously, titanium as a transition metal has its oxynitride as one class of
materials that has been studied for various applications. Due to their enhance stability in
air and moisture as well as smaller band gaps compare to pure oxides, nitrogen doping
in TiOz tunes the band gap from ultraviolet to visible range which leads to electronic

and/or optical properties [74].

For the current study, TiO2-xNx synthesized via annealing of commercial purity titanium
powder in air was characterized. The study was then published in a peer reviewed journal.
The Titanium oxynitrides were then used as reinforcement material for the selected
matrices, e.g. - A356Al alloy, Sn, Ni and Ti powders were blended with Titanium oxynitride
followed by cold pressing and sintering. The resulting composite structure was

characterised. This study has been submitted for scientific peer review.
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CHAPTER THREE

3. SYNTHESIS OF NiAl, OXYNITRIDES AND MMCs

3.1 FABRICATION OF NiAl ALLOY

Elemental Ni (99.8%) and Al (99.9%) powders were blended to obtain a homogeneous
mixture at 1:1 at. ratio. The blended powder was then cold pressed into cylindrical (17mm
diameter) coupons at 15 MPa. The cold-pressed coupons were sintered at 750 °C + 10
°C and 1300 °C £ 10 °C in a tube furnace in air. At 750 °C the three compact samples
were sintered for 24, 48 and 120 h each while at 1300 °C £ 10 °C three samples were
annealed for 24 h followed by air cooling. The 1300 °C — sintered samples (brittle lumps)
were easily crushed into powder by using a porcelain rod in a porcelain bowl due to their
brittle nature after sintering. The 750 °C (120 h) was subjected to thermal oxidation at

similar temperature and time (750 °C (120 h).

3.2 FABRICATION OF TiC-REINFORCED NiAl BASED ALLOY

Elemental Ni (99.8%), Al (99.9%) and nanoparticles (50 — 100 nm) of TiC powders were
blended according Nis2.5Al37.5TiC1.28 composition. The powder mixture was cold-pressed
into cylindrical (17mm diameter) coupons at 20 MPa and sintered at 650 °C in a Carbolite
tube furnace flowing with argon (Ar) for 6 hours (h). The morphology of the Ni, Al and TiC
powders, the microstructure of the sintered and polished NiAITIC were investigated using
a high-resolution scanning electron microscope (HR-SEM, Auriga ZEISS) coupled with a
Robinson Backscatter Electron Detector and an Oxford Link Pentafet energy dispersive
x-ray spectroscopy (EDS) detector. MicroVickers hardness tests were performed

applying a load of 300 Kgf and dwelling time of 10s were employed for the micro-hardness
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measurements. Hardness profiles throughout the specimens were measured at 0.2mm

intervals and average of 32 measurements.

3.3 FABRICATION OF TiC-REINFORCED STEEL BASED ALLOY

The steel powder is composed 0.68 wt.% Si, 1.78 wt.% Cr, 1.08 wt.% Mn and 0.29 wt.%
C. The steel and nickel powders were mixed at 3:1 weight ratio and added to 1.0 and 1.5
wt% nanosized (50 — 100 nm) TiC powder, respectively. The 3:1 powder ratio in
composition was chosen since Ni is an austenite stabilizer to induce ductility of the matrix.
Addition of 1.0 and 1.5 wt% nanosized TiC powder was added to improve the hardness
of the composite material and produce a composite material with combination of hardness
and ductility. Powder mixtures were then cold pressed at 30 MPa enough pressure to
produce compacts with minimum porosity, sintered in the argon flowing tube furnace at
1400 °C for 2 hours to avoid contamination such as O2 and N2 gases. Metallographic
examinations were conducted on the as-sintered specimens, which were ground up-to
4000 SiC grit papers, with subsequent polishing in colloidal silica. The microstructures
were observed by the scanning electron microscopy (SEM) which is equipped with energy
dispersion spectroscopy (EDS) for micro-analyses. In addition to this, phase identification
was performed using x-ray diffraction (XRD) technique with CuKa radiation A=1.54062 A
and 26 from 20°-90°. Micro-Vickers hardness (HV) measurements were performed at
applied load of 500 gf and dwelling time of 10s. Hardness profiles throughout the

specimens were measured at average of at-least 10 measurements.
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3.4 FABRICATION OF Ti OXYNITRIDE

Atomised commercially pure (CP) Ti (99.8%) powder was used in the current
investigation. Samples of CP Ti powder were annealed in a muffle furnace for 2 h in air
at 500, 600, 700 and 800 °C, respectively followed by furnace-cooling. Another sample
of CP Ti powder was annealed at 800 °C followed by air-cooling. The density of the
powders was measured by Micromeritics AccuPyc Il 1340 Gas Pycnometer. Powder
morphology analysis was conducted using a high-resolution scanning electron
microscope (HR-SEM, Auriga ZEISS) coupled with a Robinson Backscatter Electron
Detector and an Oxford Link Pentafet energy dispersive x-ray spectroscopy (EDS)
detector. Phase evolution was determined with the use of a PANalytical X'pert PRO PW
3040/60 X-ray diffraction (XRD) machine, using Cu Ka radiation as source. The
topography of the spherical Ti powder particles was analysed using atomic force
microscopy (AFM, Veeco, Digital Instruments). Thermal analysis was carried out using
Differential Scanning Calorimetry (DSC) and Thermo Gravinometry (TG) incorporated in
NETZSCH STA. Powder samples were heated up to 1200 °C and cooled to room
temperature using Al203 as a baseline during the thermal analysis. A heating rate of 20

°C min~" under argon gas with 20 ml/L standard flow rate was used.

3.5 FABRICATION OF Ti OXYNITRIDE-REINFORCED NiAl BASED

ALLOY

Atomised pure Ti (99.8%) powder was used in the current investigation. The powder was
annealed in a muffle furnace for 2 h under normal air atmospheric conditions at 500, 600,
700, 800 °C followed by furnace cooling. On another experiment, the powder was
annealed at 800 °C followed by air-cooling. Micromeritics AccuPyc Il 1340 Gas

Pycnometer measured the density of the powders. Microstructural examinations were
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conducted using conventional methods. The specimen alloys were ground up-to 4000
SiC grit papers into a mirror-like surface, with subsequent polishing in colloidal silica. The
morphology of the crushed powders was investigated using a high-resolution scanning
electron microscope (HR-SEM, Auriga ZEISS) coupled with a Robinson Backscatter
Electron Detector and an Oxford Link Pentafet energy dispersive x-ray spectroscopy
(EDS) detector. Phase evolution was determined with the use of a PANalytical X’pert
PRO PW 3040/60 X-ray diffraction (XRD) machine, using Cu Ka radiation as source. The
surface morphology of the powders was characterized using Zeiss-Auriga field-emission
scanning electron microscope (FE-SEM) attached with a Robinson Backscatter Electron
Detector (RBSD) and an Oxford Link Pentafet energy dispersive x-ray spectroscopy
(EDS) detector. A PANalytical X’pert PRO PW 3040/60 X-ray diffraction (XRD) machine
fitted with a Cu Ka radiation source was used to probe the structure and crystallinity of

nanostructures.
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CHAPTER FOUR

Investigation into the thermal behaviour of the B2-NiAl intermetallic
alloy produced by compaction and sintering of the elemental Ni and Al

powders

Published in Vacuum Journal

Abstract

A cubic B2—NiAl alloy was synthesized by mixing of elemental Ni and Al powders followed
by cold compacting and sintering of some samples at 750 °C and other samples at 1300
°C. The alloys sintered at 1300 °C exhibited a brittle B2—NiAl structure easily crushable
into powder, while the 750 °C sintered alloys were not nearly as brittle. Electron
Backscatter Diffraction (EBSD) results show that the B2—NiAl alloy sintered at 750 °C for
a longer time (120 h) has larger grain size associated with the <111> -oriented grains
encountering high mobility boundaries than the alloy sintered at 750 °C for a shorter time
(48 h). Sample morphologies were analysed using the Scanning Electron Microscope
(SEM). Structural development of the alloy was studied via the x-ray diffraction (XRD)
technique. The B2—NiAl intermetallic developed a thin scale of stable Al203 alloy due to
oxidation in air at 750 °C for 120 h. As a result, further oxidation on the sample's surface
was restricted, except the traces of Al2O3 formed via intergranular oxidation transformed

into a metastable monoclinic oxynitride phase due to nitrogen (N) contamination.

Keywords: B2-NiAl, Brittle, Cubic, Intermetallic, EBSD
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4 1Introduction

Nickel aluminide (Al-Ni) are promising materials for high-temperature applications due to
high stability of the AlsNi eutectic at elevated temperatures. This important heat-resistant
class of alloy materials is used in manufacturing of aerospace gas turbine engine blades.
The major drawback of this alloy class is making them into a net or near net components
owing to their poor machinability [1]. Ni-Al compounds have an excellent combination of
mechanical, physical and chemical properties such as low density, high melting point,
high temperature oxidation resistance, high strength and catalytic characteristics [2, 3].
These alloys are also widely used as coatings for protecting low temperature substrate
materials from high temperature corrosion in oxidizing or carburizing atmospheres [4-6].
NiAl-based composites exhibit excellent wear properties at high temperatures [7]. The
microstructure of nanocrystalline NiAl has been studied extensively to understand their
properties [8] including caorrosion behaviour [9]. This class of materials has found
application in the petrochemical industry as a catalyst [10, 11]. Rayhan et al. [12] studied
the reduction of benzophenones and concluded that the nature of the hydrogenated
products depends on temperature, reaction time, volume of water, and amount of Raney
Ni—Al alloy being used (in/during) environmentally friendly chemical process. Raney Ni—
Al alloy in water is a powerful reducing agent [12]. Additionally, Xu et al. [13] utilized Ni—
Al compounds for the decomposition of methanol into H2, CO and CO2. Formation of
intermetallic Al-Ni alloy occurs through exothermic reactions between Ni and Al [14-17].
The intermetallic can be successfully formed via mechanical alloying of elemental Ni and
Al powder mixtures [18-20]. Nanocrystalline NiAl materials are fabricated via mechanical
alloying of elemental Ni and Al powders followed by hot-pressing sintering technique. Al—
Ni nano-powder with 45 at.% nickel has been synthesized via explosion of electrically

heated twisted pure Al and Ni wires in an argon atmosphere [21]. This combustion
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reaction between Al and Ni takes place in a thermal explosion mode under near adiabatic
conditions [22]. At temperatures between 1300 °C and 1600 °C, B-NiAl generates sudden
heat and an increase in temperature to produce an alloy with good ductility [22]. The
production of the intermetallic has been reportedly carried out in an electrical resistance
furnace in open air under 150 MPa uniaxial pressure at 1050 °C for 1 h [23]. Dong et al.
[24], reported a porous NiAl synthesized form 575 °C-750 °C temperature range after
pre-heating at 575 °C. In their study, Dong et al. concluded that the pore size strongly
depends on the volume expansion determined by the intensity of exothermic reaction
from the preheating temperature to the final sintering temperature. Hinstling—Brounstein
diffusion model showed that the thermal explosion phenomenon is impossible at solid-
phase interaction [25]. The NiAl intermetallic alloy has a poor fracture toughness at room
temperature due to its high ordering energy with slip limited to <100> plane as its three
independent slip systems are below the ductile-to-brittle transition temperature (DBTT)
[26]. During fabrication of AINi alloy, sintering has been explored at various temperatures
and environments. For example, Dong et al. [24], preheated the NiAl compacts prior to
sintering at 1000 °C under controlled environment. The reaction between Ni and Al has
been found to occur at the melting temperature of aluminium resulting in a temperature
rise to between 854 °C and 1300 °C in multilayer Ni/Al reaction piles conducted in vacuum
[22]. In the current study, we studied the difference in Ni50Al powder compacts sintered
at 750 °C and 1300 °C in air. The effect of air cooling from 1300 °C and material
characterization are discussed in detail including EBSD technique to determine the

preferential growth of grains with <111> orientations.
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4.2 Experimental Details

Experimental work

Elemental Ni (99.8%) and Al (99.9%) powders were blended to obtain a homogeneous
mixture at 1:1 at. ratio. The blended powder was then cold pressed into cylindrical (17mm
diameter) coupons at 15 MPa. The cold-pressed coupons were sintered at 750 °C + 10
°C and 1300 °C % 10 °C in a tube furnace in air. At 750 °C the three compact samples
were sintered for 24, 48 and 120 h each while at 1300 °C + 10 °C three samples were
annealed for 24 h followed by air cooling. 24, 48 and 120 h sintering temperatures were
picked as durations whereby any structural chages due elevated temperature exposure
in air would be expected to occur. The 1300 °C — sintered samples (brittle lumps) were
easily crushed into powder by using a porcelain rod in a porcelain bowl due to their brittle
nature after sintering. The 750 °C (120 h) was subjected to thermal oxidation at similar

temperature and time (750 °C (120 h).
Characterization

The morphology of the elemental Ni and Al, blended nickel aluminium (NiAl) powders as
well sintered NiAl was investigated using a high-resolution scanning electron microscope
(HR-SEM, Auriga ZEISS) coupled with a Robinson Backscatter Electron Detector and an
Oxford Link Pentafet energy dispersive x-ray spectroscopy (EDS) detector. Samples
analysed using EBSD were polished up to colloidal silica followed by electro-polishing
according to Mathabathe et al. [27]. The specimens produced good diffraction patterns,
and orientation determination consisted of 1, Kikuchi band detection, 2, Kikuchi band
identification. It has indexing of pattern, 3, determination of orientation which was based
on calculation of the orientation of the corresponding crystal lattice with respect to
reference frame. The crystal orientation is then defined by three Euler angles (¢1, @, $2)

Stojakovic [28]. Representation of successive conventional rotations to match the crystal
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orientation with a Cartesian co-ordinate system related with sample surface [27].
Furthermore, grain orientation, was studied using advanced fit band detection and
indexing algorithm, the HKL CHANNEL 5. Phase evolution was determined with the use
of a PANalytical X'pert PRO PW 3040/60 X-ray diffraction (XRD) machine, using Cu Ka
radiation as a source. Thermal analysis of the milled powder (brittle sample sintered at
1300 °C) as well as the three samples with high 3- dimensional stability (sintered at 750
°C) was carried out using a Differential Scanning Calorimetry (DSC). Three samples
sintered at 750 °C were sectioned using a precision cutter with diamond blade to
3x3x3mm and heated up to 1200 °C in air and cooled to room temperature for the DSC
evaluation. The green density and porosity of the NiS0Al compacts were determined by
using the Archimedes' principle using water as the medium. A Micromeritics AccuPyc Il
1340 gas pychometer was used to measure the true density of the sintered material while
the Microtrac Bluewave Particle Size Analyser was used to measure the particle sizes of
the elemental Ni and Al. Oxygen content on the sintered NiAl was determined by means
of ELTRA ONH 2000 PC under Helium gas atmosphere. Microhardness measurements

on the sintered samples was performed according to ASTM standards E384-11.

A load of 20 kg/f was applied with a dwelling time of 10s were employed during the
microhardness testing. The hardness on the sintered samples was measured from the
surface into the bulk of the specimen. Nine hardness measurements were taken at each
fixed distance from the surface (and at 0.2mm intervals) and an average hardness value

(for the particular distance) was computed from the nine values.
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RESULTS AND DISCUSSION

4.3 Results and Discussion

4.3.1 Low temperature annealing (750 °C)

Particle Size Distribution

7

Particle Size Distribution
I

9%Channel
%Channel

Figure 4.1: SEM images of (a) Al, (b) Ni, with particle size distribution analysis (inset) (c)

Blended and (d) cold pressed Ni50Al powder particles.

esSEM images of the elemental (a) Al, (b) Ni and the (c) blended NiAl powders are shown
in Fig. 4.1. The Al powder particles are spherical with a narrow particle size range
d50=35.20 ym which complement the SEM results. Ni powder has irregular/dendritic
powder particles with a broad particle size range distribution d50=43.64 um. After mixing
Ni and Al powders (Fig. 4.1c), the powder was cold pressed into green compacts prior to
sintering. SEM image of a compacted pellet, cross sectioned and polished is shown in
Fig. 4.1d. Deformed elemental Ni and Al particles are fused together with minor spherical

and irregular shaped pores widely distributed across the sample. It was previously shown

http://etd.uwc.ac.za/ 69



that cold compaction is an important factor prior to sintering since re-arrangement of
particles and crystal orientation is realized [29]. Green density of the samples was
determined by the Archimedes principles while the density of the sintered samples were
measured by the Pycnometer and porosity was determined according to eq. (2). Table
4.1 displays the calculated densities of the green compacts ranging from 4.701 g/cm? to
4.810 g/cm? obtained by using eq. (1). Upon sintering at 750 °C for 24, 48 and 120 h, the
densities of the samples increased to 5.59 + 0.081 g/cm?, 5.61 + 0.065 g/cm?, 5.65 +
0.032 g/cm?3, respectively. The sample sintered 1300 °C (24 h) measured a density of
5.60 = 0.069 g/cms. From the theoretical density of the B2 NiAl (5.913 g/cm?) [30,31], the
relative densities upon sintering for 24, 48 and 120 h (750 °C) are computed at 94.5%,

94.9% and 95.6% (Table 4.1).

p== (1)

where p (density of the sample), m=mass and v=volume. Porosity can thus be calculated

using the relation:

oc=1-% (2)

m

where o is porosity, pt is the theoretical density while pm is the measured density. The
oxygen content of the B2 NiAl alloy progressively increased upon sintering at 750 °C from
0.103 £ 0.026% (24 h), 0.120 + 0.031% (48 h) and 0.152 + 0.045% (120 h). The 1300 °C
sintered sample has an oxygen content of 0.276 + 0.027%. After additional oxidation for
120 h on of the 750 °C sample sintered for 24 h, the oxygen content further increased to

2.499 * 0.332%.
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Table 4.1: The Green, sintered, relative densities and % porosity of the B2 NiAl alloys

sintered at 750 °C for 24, 48,120 h and 1300 °C (24 h).

Sample Green Density Measured Density (p) (g/cm?) after sintering Relative Density (%) after sintering Porosity (%)after sintering

Ni-Al solid (750 °C) 24 h 4.701 5.59 + 0.081 94.5 5.50
Ni-Al solid (750 °C) 48 h 4.758 5.61 = 0.065 94.9 5.10
Ni-Al solid (750 °C) 120 h 4.810 5.65 + 0.032 95.6 4.40
Ni-Al powder (1300°C) 24h 4.756 5.60 = 0.069 94.7 5.30

Fig. 4.2 shows the SEM images of the NiAl upon sintering for 24, 48 and 120 h at 750 °C
in air. The microstructure in Fig. 4.2a reveals some porosity and oxides formed
preferentially at the grain boundaries. Microstructures are showing an equiaxed structure
with defined grains formed after an exothermic reaction between Ni and Al (Fig. 4.2a—c).
The increased holding time encouraged grain growth and densification as seen in Fig.

4.2a—-cC.

To investigate the structural development of the sintered samples, XRD analysis was
conducted. Fig. 4.3a—c shows the XRD pattern revealing a single cubic NiAl phase when
sintered at 750 °C for 24, 48 and 120 h. Lattice parameter 2.881 A was detected on the
24 and 48 h samples. These lattice parameters belong to the cubic AINi crystal structure
with Pm-3m # 221 space group and number matched by the PDF reference code 00-044-
1186 (24, 48 h) and chemical formula AlO0-96Ni1.04. Furthermore, the 120 h samples has
2.887 A lattice parameter and cubic structure according to the standard JCPDS file by the
reference code 03-065-0420 with AINi chemical formula. The observed cell parameters
in the table are derived from powder lines or diffraction spots with ranges of the standard
deviations (SD), coefficient of variation (%), standard deviation error of 0.0126, 0.4385
and 0.0056, respectively. Previous studies revealed a range in lattice parameters in B2—

NiAl such as 2.866 A, 2.842 A and 2.839 A determined by Nelson and Riley method
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RESULTS AND DISCUSSION

during mechanical alloying [32]. Moreover, the stoichiometric B2 AINi calculated using

the embedded atom method (EAM) yielded lattice parameter of 2.83 A [33].

Figure 4.2: SEM images of the NiAl alloy sintered for (a) 24, (b) 48 and (c) 120 h at 750

°Cin air.
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Figure 4.3: XRD pattern of the NiAl compacts sintered at 750 °C for 24, 48 and 120 h in

air.

Therefore, the lattice parameters of the B2-NiAl can vary as observed in the current
study. The crystal structure of NiAl is primitive cubic CsCI structure and its space group
is Pm-3m different to body centered cubic structure. Although the presence of minor oxide
phase was observed in the SEM image (Fig. 4.2), it could not be detected by the XRD
technique. In order to validate the crystallography of the sintered NiAl alloys, the samples
with the least % porosity after sintering (48 and 120 h) were analysed using EBSD. The

phase distribution map of the NiAl alloy sintered at 750 °C for 48 h is shown in Fig. 4. 4.

A single B2—NiAl phases perforated by pores and oxides are shown in Fig. 4.4a—c. Fig.
4.4c shows the orientation map for indexing with a generic FCC structure of the B2- phase
and corresponding IPF colouring scheme. This reveals a true intrinsic mechanism of
reactive nucleation and growth; atomic intermixing between layers of FCC (Ni and Al) with

interfaces orientated normal to the [001] direction.
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Map Data 1
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Figure 4.4: EBSD map analysis of the NiAl alloy sintered at 750 °C for 48 h (a) Electron

image, (b) Band contrast image, (c) Inverse pole figure maps (IPF) and (d) Phase colour
map. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article).
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RESULTS AND DISCUSSION

The orientation map (Fig. 4.4c) shows the most substantial contrast between the large
irregularly shaped regions with strong <110> fiber texture and localities with small
equiaxed grains and a more random orientation. The phase colour map of the resulting
B2 NiAl is shown Fig. 4.4d. On prolonged sintering (120 h), the large <110> - orientated

regions were formed as shown in Fig. 4.5c.

e TR 3 A
ll Alumina (alpha) F Ni-superalloy
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Figure 4.5: EBSD maps of the NiAl alloy sintered at 750 °C for 120 h (a) Electron image,
(b) Band contrast image, (c) Inverse pole figure maps (IPF) and (d) Phase colour map.
(For interpretation of the references to colour in this figure legend, the reader is referred

to the Web version of this article).

http://etd.uwc.ac.za/ 75



These large <110> -oriented domains may be deformed grains observed on the 24 h
sintered microstructure prior to recrystallization. The volume fraction of the irregular
shaped <110> grains in NiAl sintered at 750 °C for 120 h is smaller than sintered for 24
h, depicting that the <100> grains in this specimen alloy were formed by dynamic
recrystallization. Harris et al. [34], reported that the <111> fiber textures are mainly
associated with deformation at higher temperatures, retained or strengthened by
annealing. Since grain boundary is related to the distribution of grain orientations [34],

shown by the grain boundary maps in (Fig. 4.6 a-b), the crystallographic texture in NiAl

evolution may lead to the ability to modify drawbacks such as cracking and porosity.

Figure 4.6: Grain boundary maps of the NiAl alloy sintered at 750 °C for: (a) 48 and (b)

120 h.

Additionally, as noted in the orientation map Fig. 4.5c, the <111> -oriented grains are a
fraction of recrystallized grains and are larger than the mean grain size. The alloy sintered
at 750 °C for 120 h has larger grain size compared to the alloy sintered at 48 h, which
suggest that these <111> -oriented grains have high mobility boundaries (Fig. 4.6b over
that in Fig. 4.6a) which gave them an advantage during grain growth. According to the

NiAl phase diagram, the Ni50AlI composition begins to solidify from 1638 °C with a wider
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range of concentration which narrows with cooling (top—bottom analysis) on Ni50at.%Al
alloy composition. This mechanism is a thermodynamic feasibility of the melting and

solidification route.

The NiAl phase diagram confirms the stability of the B2—NiAl at room temperature (Fig.
4.7). Powder metallurgical route of producing NiAl is not represented in the equilibrium
phase diagram. On contrary, compacted NiAl alloy powder inherits the bottom — top
direction but involves the melting of Al at 660 °C followed by Ni dissolution in liquid
aluminium. The schematic illustration of the formation mechanism upon liquid sintering is
shown in Fig. 4.8. The exothermic reaction occurs immediately after formation of Al liquid

and continues as Ni dissolves through a solid—liquid non-equilibrium interface [22].
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Figure 4.7: Al-Ni phase diagram.
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Figure 4.8: Schematic illustration of the formation mechanism of NiAl by sintering of

elemental powders at 1300 °C in air.

Due to supersaturation, solid equilibrium NiAl forms around 750 °C and generates
excessive heat associated with a sudden increase in temperature according to the
chemical reactions (3), (4) and (5) below. The sample sintered at 1300 °C followed by
guenching in air yielded brittle and fragile samples detected by the Reference code: 03-
065-0420 easily crushed into powders, while the samples sintered at 750 °C exhibited an

excellent 3D shape stability.
Ni + 3Al = NiAl3 -150 kJ mol™ (3)
NiAls + Ni = Ni2Al3 -56 kJ mol-1 (4)

1/3Ni2Alz + 1/3Ni = NiAl - 118 kd mol-1  (5)

http://etd.uwc.ac.za/ 78



The NiAls intermetallic phase has the highest Gibbs free energy of formation followed by
the NIAl chemical reaction. Formation of the brittle intermetallic NiAl (subsequently
crushed into powder) was made possible by the existence of intergranular cracking
induced during air cooling from 1300 °C. Localized internal stresses in the grain
boundaries existed since the alloy lacks sufficient slip systems [35]. Furthermore, the
vacancy concentration (which is the other source of increased stress) depends on the
stress state or extent of deformation [35]. Thermal stability and oxidation analysis of the

sintered B2—NiAl samples is shown in Fig. 9.
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Figure 4.9: DSC-TG analysis of the 750 °C B-NiAl intermetallic alloy in air.

The DSC-TG curve of the sample sintered at 750 °C was conducted from 0 to 1200 °C in
air. There is no evidence of phase transformation implying that the alloy is thermally stable
in this temperature range. The presence of unreacted Ni and Al could have resulted in an
endothermic peak due to second order phase transition [36] and melting, respectively.
Weight gain due to oxidation is negligible from 0 °C to 1200 °C for one thermal cycle.
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Microhardness samples were sectioned normal to the oxidized surface and profiles of the

samples sintered at 750 °C for 24, 48 and 120 h are shown in Fig. 4.10.
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Figure 4.10: The microhardness of the B2—NiAl sintered at 750 °C for 24, 48 and 120 h.

The surface layer of the samples display high hardness values due to oxidation when
compared to the core area later (case) of the 24 and 120 h samples which is attributable
to surface oxidation. The 24 h sample averaged 390 + 17 HV while the 120 h yielded 520
+ 13 HV surface hardness. NiAl alloys were generally softer (290 + 15 to 320 = 19 HV)
on the core and harder on the case for 24 h and 120 h, respectively. The surface of the
sample sintered for 48 h is softer. This behaviour is unexpected and it could be due to

some porosity on the sample surface. Fig. 4.11 shows the SEM images of the B2—NiAl
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intermetallic lump formed after sintering at 1300 °C for 24 h followed by air cooling. It has
been reported that the formation of B2—NiAl is exothermic and sudden heat is generated
at 1300 °C [22]. Fig. 4.11a shows the SEM micrograph of the brittle and fractured
surfaces of NiAl intermetallic alloy with cleavage and chevron patterns mode of failure
along the grain boundaries. The sintered samples were fragile and easily crushed/ground
into powder form. The crushed powder in Fig. 4.11b shows distinguished fracture planes.
A core-shell structure can be seen with a rod-type patrticle (core) protruding from the shell

(case) in Fig. 4.11c and d typical of the developmental process for the crystal growth [37].

Figure 4.11: a-d: SEM images of sintered NiAl lumps revealing fractured surfaces and
particle morphology. The sample were sintered at 1300 °C for 24 h and cooled in air and

the resulting product was crushed into powder.

The measured density of ~5.60 g/cm? for B2—NiAl intermetallic alloy in the current work
corresponds to those reported in literature as presented in Table 4.1 [23,38]. XRD pattern

of the as-sintered B2—NiAl lumps and those of the powder after crushing the lumps are
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shown in Fig. 4.12. The analysis revealed an ordered single phase cubic B2 crystal
structure of Pm-3m space group and CsCl superlattice structure with a=2.885 A. It has
been reported that the B2—NiAl intermetallic compound substitutes a single-crystal nickel-
base superalloy due to its high melting temperature, low density and high oxidation
resistance [39]. Accordingly, the B2-NiAl phase forms a protective oxide layer at
temperatures above 1200 °C [40] but lack strength and toughness at room temperature
[41]. The B2—-NiAl phase exists over a wide concentration range extending across the
stoichiometric (1:1) composition. Its unit cell consists of two simple cubic sub-lattices at
equiatomic composition. All the Al atoms occupy the cube corners of one sublattice and
Ni-atoms occupy the corners of the other sublattice [42]. Additionally, the crushed powder
retained the B2 crystal structure (Fig. 4.9a) with a slightly smaller lattice parameter of a
= 2.881 A. Typically, NiAl reaction follows the sequence; Ni + Al—-NiAI3—Ni2AI3—NiAl
[37,43]. The fragile nature of the sample sintered at 1300 °C for 24 h is attributed mainly
to air cooling and minor oxide impurities along the grain boundaries. XRD pattern of the
cubic (B2)—-NiAl alloy sintered at 750 °C for 120 h and further oxidized at 750 °C for 120
h in air is presented in Fig. 4.13. The B2—-NiAl crystal structure shows stability after
prolonged oxidation retaining a lattice parameter a=2.887 A (Fig. 4.13). B2 NiAl lattice
parameters obtained from XRD analysis were compared with the calculated lattice

parameters using Eq. (6) on the (110) most intense peak and presented in Table 4.2.

Table 4.2: The XRD and calculated lattice parameters of the sintered NiAl at 750 °C for

120 h and their PDF reference codes as well as the measured oxygen content.

Alloy XRD Lattice parameter (‘st) Calculated Lattice parameter (.3\) Reference Codes O content (wt.%)

B2-NiAl 24 h (750 °C) 2.881 2.868 00-044-1186 0103 + 0.026
B2-NiAl 48 h (750 °C) 2.881 2.887 00-044-1186 0120 + 0.031
B2-NiAl 120 h (750 °C) 2.887 2.891 03-065-0420 0.152 + 0.045
B2-NiAl 24 h (1300 °C) 2.881 2.879 00-044-1186 0276 + 0.027
B2-NiAl (750 °C) oxidized at 750 °C for 120h 2.887 2.861 03-065-0420 2,499 + 0.332
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Figure 4.12: XRD pattern of the NiAl lump obtained after sintering at 1300 °C for 24 h

and that of the lump after crushing into powder.

The detected oxide layer was predominantly Al2O3 on the surface of B2—NiAl alloy having
lattice parameters a=4.735 A; c=12.918 A. Additionally, a monoclinic phase (a=5.743 A;
c=8.1046 A) was detected and attributed to a metastable oxynitride which is attributed to
N pick-up as confirmed by the EDS analysis in Fig. 13 [44]. These lattice parameters are
not similar to those of the monoclinic aluminium oxide reported in literature (a=11.810 A;
b=2.90 A; c=5.610 A) [43]. Minor peaks of the rhombohedral (RHL) phase were also

detected.

do

2 2 2
da= VK1) or Bee NiAl (6)
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where d is the d = spacing of (110) peak while ao is the lattice parameter. B2—NiAl alloy
powder was further exposed at 750 °C in air for 120 h. There is evidence of excessive

grain growth after thermal oxidation.

This alloy is resistant to oxidation due to a thin scale of the stable Al2O3 which forms a
protective layer that inhibits further oxidation (Fig. 4.14). The presence of Al in NiAl
promotes selective oxidation of Al during formation of an Al2O3s layer with no evidence of

any Ni oxide [44].
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Figure 4.13: XRD pattern of the NiAl sample sintered at 750 °C for 120 h and further

oxidized in air at 750 °C for 120 h.

Diffusion processes through the oxide layer is the rate determining factor for any further
oxidation of the alloy and its kinetics can be described by the parabolic rate of a law of

diffusion-controlled oxidation in Eq. (7):
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RESULTS AND DISCUSSION

(Am/A2)=kp.t )

Whereby (Am/A) is the weight gain per unit area, kp is the parabolic rate constant
depending on oxidation temperature and is calculated from the slopes of the (Am/A)?
versus treatment time graphs and t is time [44]. The relationship between parabolic rate

constant kp and temperature T can be expressed by an Arrhenius-type Eq. (8):

D = Dyexp (ﬁ) (8)

Do is a constant, Q is an activation energy (J/mol) for oxide formation, R is gas constant
(8.314 J/mol.K) and T is absolute temperature (K). In the current experiment, negligible

mass loss of 0.0002 g (0.02%) after 120 h at 750 °C on the sample was recorded.

Figure 4.14: SEM images of the B-NiAl alloy sintered at 750 °C for 120 h and further

oxidized in air at 750 °C for 120 h.
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RESULTS AND DISCUSSION

A spallation of the oxide layer was observed as shown in Fig. 4.14c. The underlying B2—
NiAl alloy exposed by the oxide scale spallation shows a mixture of grain imprints and
smooth regions resembling spallation behaviour [43, 45]. Zhang et al. [46], emphasized
the dependence of the epitaxial relationship between NiAl and y-Al2Os and surface
roughness on the oxidation temperature. Additionally, there is lattice mismatch-induced
strain energy during oxide growth between the y-Al2O3 and the NiAl parent metal which
promotes spallation of the oxide later. Elemental distribution is shown by the EDS
mapping of the B2-NiAl oxidized alloy in Fig. 4.15. The nitrogen attributed to the
stabilization of the metastable monoclinic oxynitride phase was detected. In general, NiAl

intermetallic alloy shows good resistance to cyclic oxidation.

Al Kal Ni Kal

| e—— |

50pm f !

50pm

Figure 4.15: EDS mapping of the B-NiAl alloy powder after oxidation in air at 750 °C for

120 h.
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4.4 Conclusion

A single phase cubic B2—NiAl alloy was synthesized through mixing of elemental Ni and
Al powders followed by cold compacting and sintering. Microstructure of the sintered
samples at 750 °C for 24, 48 and 120 h revealed equiaxed grain structure. The 750 °C
for 24, 48 and 120 h process achieved well-sintered intermetallic alloys. Sintering of the
Ni50 atm. %Al at 1300 °C yielded brittle B2 NiAl lumps that were easily crushable into
powder form. Morphology of the brittle powder resembled core-shell growth properties.
XRD analysis detected a single cubic B2—NiAl intermetallic phase with comparable lattice
parameters for both sintering temperatures of at 750 and 1300 °C. EBSD results
demonstrated that the microstructural grains in B2—-NiAl alloy sintered at 48 and 120 h
were recrystallized and consumed by preferential growth of grains in the <111>
orientations, with prolonged annealing times. The density measured for the samples
averaged at ~5.60 g/cm?. The B2—-NiAl intermetallic developed a thin scale of stable Al2O3
alloy due to oxidation in air at 750 °C for 120 h. As a result, further oxidation on the
sample's surface was restricted, except the traces of Al2O3z that formed via intergranular
oxidation and transformed into a metastable monoclinic oxynitride phase due N

contamination.
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CHAPTER FIVE

Characterization of the Nis25Al37.5TiC1.28 composite produced via cold

pressing and sintering process

Paper submitted for peer review

Abstract

The Nis2.5Al37.5TiC1.28 composite was developed by powder mixing, compaction and
sintering at 650 °C. The chemical reaction during sintering showed that self-propagating
high-temperature synthesis (SHS) occurs when a small amount of nanosized (50 — 100
nm) TiC powder was added. The effect of cold pressing on the low temperature TE is

proposed. Martensite NiAl laths, NisAl and TiC phases were formed.

Keywords: Martensite; Thermal explosion; TiC; NiAl; cold pressing

5.1 Introduction

The Nickel aluminide (NiAl) alloys are interesting systems with melting temperature of
1640 °C and contains the ordered B2 intermetallic NiAl with unique physical and
mechanical properties for high temperature applications [1]. However, there is a need to
improve its low temperature strength which limits the alloy application. The Ni-Al system
reveals a range of phases depending on the starting chemical composition. These phases
include the high-temperature AlsNi eutectic used in production of aerospace gas turbine
engine blades, hence it is considered an attractive structural material for high-temperature
applications [2]. In particular, the Al45 at. %Ni was formed via explosion of electrically
heated twisted pure Al and Ni wires in an argon atmosphere [3]. Operating temperatures

as low as 575 °C-750 °C were effective to synthesize porous NiAl intermetallic alloy due
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to exothermic reaction [4]. Thermal explosion (TE) and ignition of various Ni-Al powder
blends, rolled and magnetron sputtered films, compacts of mechanically activated and
non-activated mixtures were explored under mechanical activation. A single cubic B2—
NiAl phase was synthesized through mixing of elemental Ni and Al powders followed by
cold compacting and sintering [5]. Cubic B2—NiAl alloy was synthesized after sintering of
the cold pressed compacts at 750 °C and 1300 °C, respectively. The compacts sintered
at 1300 °C were brittle while those sintered at 750 °C sintered were not as brittle. The TE
process of stoichiometric Ni—Al system was investigated by time-resolved X-ray diffraction
techniques to trace the dynamics of phase transformation during rapid, gasless
heterogeneous reactions [6]. Authors compared the TE of un-milled and mechanically
milled NiAl and concluded that the former occur due to melting, while the latter is by solid
state reaction. This behaviour implies that deformations create fresh surfaces for a solid-
state reaction to occur between Ni and Al particles during mechanical milling. The
mechanical activation leads to a decrease in activation barrier while the ignition becomes
possible at low temperatures below the melting point of Al [7]. In this work, the effect of
nanosized TiC powder on the microstructure of (Ni-37.5at%Al)-1.28vol%TiC composite
was investigated. Nickel is a strategic metal for both ferromagnetic and non-magnetic
shape memory alloys (SMAs) [8-11]. Despite limited investigations on this metal
properties linked to SMAs, it has been shown to exhibit second-order phase transition
(ferromagnetic to paramagnetic) when heated to high temperatures [12, 13]. This phase
transition is affected by mechanical deformations [14, 15]. The formation of martensite
laths reinforced with small amount of nanosized TiC reported in this paper has not been
previously encountered by the authors. Moreover, it is proposed that surface mechanical
deformation induced by cold pressing triggers the thermal explosion at lower

temperatures.
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5.2 Experimental Work

Elemental Ni (99.8%), Al (99.9%) and nanoparticles of TiC powders were blended to
synthesize a TiC reinforced NiAl. A NiAl with Ni-37.5at%Al was initially mixed followed by
addition of 1.28 Vol.% TiC of the total TiC-NiAl mixture. The powder mixture was cold-
pressed into cylindrical (17mm diameter) coupons at 20 MPa and sintered at 650 °C in a
Carbolite tube furnace with flowing argon (Ar) for 6 hours (h). The resulting composite is
losely refered to as Nis2.5Als7.5TiC1.28. The morphology of the Ni, Al and TiC powdersas
well as the microstructure of the sintered and polished NiIAITIC composite were
investigated using a high-resolution scanning electron microscope (HR-SEM, Auriga
ZEISS) coupled with a Robinson Backscatter Electron Detector and an Oxford Link
Pentafet energy dispersive x-ray spectroscopy (EDS) detector. MicroVickers hardness
tests were performed by applying a load of 300 Kgf and dwelling time of 10s. Hardness
was measured across the polished surface specimens at 0.2mm intervals and an average

of 32 measurements computed per distance from the surface.
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RESULTS AND DISCUSSION

5.3 Results and Discussion

Figure 5.1: SEM images of the (a) Ni, (b) Al and (c) TiC powders.

The SEM images of the raw materials, Ni, Al and TiC powders are shown in Fig. 5.1. Ni
powder comprises chains of ultrafine, spherical particles (~2 pm) revealing the
agglomeration (Fig. 5.1a). Similarly, the Al powder in Fig. 5.1b reveals large
agglomerated particles ~40 um in size. The fine agglomerated TiC powder is shown in
Fig. 5.1c. Due to the low yield strength of the Al than Ni and TiC particles, it acts as a
binder during compaction process forming stable compacts after cold pressing as
illustrated in Fig. 5.2a. Cold compaction is a critical initial step of particle interaction
between Ni and Al particles since the inter-particle contact makes the thermal reaction
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and ignition of the aggressive exothermic reaction evident in Fig. 5.2a. The
thermodynamic reactions 1 and 2, respectively occur below the melting temperature of

pure Al (660 °C), hence the sintering process was performed at 650 °C.

Ni + 34l - NiAl, (1)

1/3Niy Als + 1/ 3Ni - NiAl )

However, although the melting temperature of Ni is 1453 °C, Ni undergoes the second-
order phase transformation at ~356 °C (Curie point) becoming paramagnetic [12,13]. This
transition temperature can be affected by deformation of the powder particles. The
deformation induced on the particles surfaces after cold pressing contributes to the
ignition temperature occurring below the melting temperature of Al [4, 14], also leading
to a decrease in the activation barrier [16]. Fig. 5.2b, c reveals the thermal analysis of
the cold pressed and free flowing Al powders. It is evident that the cold-pressed sample
melted ~10 °C lower than the free-flowing powder. This behaviour agree with our
proposed mechanism on the effect of cold pressing on the ignition temperature of NiAl
compacts during sintering. As a result, the occurrence of TE is justified by the broken
crucible during sintering. All the samples were found attached to the bottom of the one

piece of the broken crucible indicative of the expansion of the compacts during sintering.
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Figure 5.2: Schematic representation of the synthesis and thermal explosion of

Nies2.5Al37.5TiC1.28 composition during sintering.

Fig. 5.3a-d shows the SEM images of the Nis2.5Al37.5TiC1.2s composite sintered at 650 °C.
The exothermic reaction accompanied by the TE during sintering is attributed to the alloy
formation. Fig. 5.3a shows the resulting microstructure revealing all phases present after
sintering. Of interest in this study, the fine martensite Ni-Al laths formed shown in Fig.
5.3c. The martensite plates are a ductile structure surrounded by the eutectic-type NisAl
structure and hard TiC phase. NisAl phase shows the martensite plates by rapid cooling
of bcc B2 phase transforming to fct (Lio) [17]. In the current study, the samples were
furnace cooled. The TiC grains (Fig. 5.3b, d) are exposed as sharp edged and faceted
structure. This Nies2.5Al37.5TiC1.28 composite resist cutting by the diamond-cutting tool which
is an indication of work hardening behaviour. The TiC particles embedded inside the NisAl
intermetallic phase inhibits deformation of grains comprised of martensite plates and
induces the balance between strength and ductility. Therefore, reinforcement of the
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RESULTS AND DISCUSSION

Nis2.5Al37.5 intermetallic alloy by nanosized TiC particles of 1.28 Vol.% composition is
effective in strengthening the composite. The microstructures in Fig. 5.3b expose

interfacial microsized pores.

NiAl-Laths

Figure 5.3: SEM images of the 650 °C-sintered Nis2.5Al37.5TiC1.28

The EDS elemental mapping confirms the phases present in the sintered alloy as shown
in Fig. 5.4. The Ni and Al phases form the matrix where martensite plates are located.
TiC are widely distributed within the NisAl eutectic phase with small amounts of Ti.

Evidence of Si contamination is due to the SiC contamination during polishing.
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Figure 5.4: SEM-EDS elemental mapping of the 650 °C-sintered Nis2.5Al37.5TiC1.28

composite
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Nis2.5Al375 is a Ni-rich composition on the Ni-Al phase diagram as represented in Fig.
5.5b. Due to addition of TIiC particles that impeded diffusion in the microstructure,
martensite structure was formed, as evident in Fig. 5.5a. The Nis2.5Al37.5TiC1.28 composite
resisting the cutting by the diamond cutting tool is an indication of the work hardening
effect. This behaviour is like those shown by the Fe-Mn steels strengthening mechanism
[16] due to intergranular brittle NisAl and TiC precipitates [18, 19]. The martensite phase
has developed due to thermally activated dislocation motion by the movement of atoms
over distances that are less than the inter-atomic spacing [20]. Mostly, the Ni-Al
martensite laths are exposed after water quenching (WQ) due to residual stress [21]. The
WQ promotes the NisAl precipitation at grain boundaries. Filho et al. [22] reported the
twinning and multiple dislocations dictating the strain hardening mechanisms in austenite,
which in the current study was induced by TiC nanoparticles during the thermal explosion.
The TiC particles and the Nis(Al, Ti) phase have enclosed the martensite laths restricting
further deformation, hence making it difficult to cut the material. The precipitation of the

faceted TiC and Nis(Al,Ti) particles is in agreement with literature [23].
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Figure 5.5: Formation mechanism of the Nis25Al37.5TIC composite

Fig. 5.6 shows the microhardness of the carbide free Nis25Als7.5 and Nie2.5Al37.5TiC1.28
composite respectively. Addition of 1.28 Vol.% increased the hardness of the composite
notably. All samples were sintered at 650 °C for 6 hours. The Nis2.5Al37.5TiC1.28 cOmposite
has an average hardness of 431 HV while the Nis2.5Al37.5 intermetallic alloy measured
396 HV. The hard AlsNi intermetallic phase is less brittle compared to carbides. The Hall-
Petch relationship shows that the hardness of the composite is dependant on the grain
size according to Eq. (3) but also by the chemical composition and the interfacial pores
present at interfaces [24]. The current hardness values were compared with some of the
literature presented in Table 4.1. The NisAl phase is harder in comparison to the NiAl
phase. It is evident that the hardness of TiC reinforced NiAl composite depends on the

composition of the matrix as well as the TiC content [25-27].

Hv =H, + kD™1/? (3)
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Figure 5.6: Microhardness of the Nis2.5Al37.5 and Nies2.5Al37.5TiC1.28 composite.

Table 5.1: Hardness of the Nis2sAls75TiC1.2s8 composite compared with literature data.

Alloy IW‘_“ LHardness (HV) Ref

NiAl BM-vacuum hot pressing 360+19 [19]

TiB2-NiAl H|Vac|fklharfﬂeltizﬂ| I” |||_67o [25]
55

As-cast

TTNI VYRR CTTYV ar 8

NiAl Cold Isostatic pressing 244.7 [26]

Nial-s8svol%wTicC WESTERNMN CAP B2 [26]

Ni—25 at.%Al (Ni3Al) vacuum arc 307+10 HVO.1 [27]
melting furnace

Ni—25 at.%Al-7 wt.%TiC  vacuum arc 449+10 [27]
melting furnace

Ni—25 at.%Al-10 wt.%TiC vacuum arc 435+12 [27]
melting furnace

NiAl 320+ 19 [5]

NizAl Cold pressed and sintered 650 °C 396 +14 Current

Nis2.5Al37.5TiC1.28 Cold pressed and sintered 650 °C  431+11 Current
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5.4 Conclusion

The Nis2.5Al375TiC1.28 composite was developed by mixing of elemental Ni, Al and TiC,
compaction and sintering at 650 °C. The chemical reaction during sintering, showed that
self-propagating high-temperature synthesis (SHS) occured during the synthesis of the
composite. The cold pressing process reduced the activation/ignition temperature of the
surface Ni/Al particle interaction, which propagated to the core of the compact. The
resultant microstructure revealed martensitic NiAl plates surrounded by the hard NisAl
and TiC particles. The formed composite resisted the diamond tool cutting attributable to
the work hardening behaviour of the composite. The average hardness measured for the
Nis2.5Al37.5TiC1.28 composite was 431+11 HV whereas that of the Nis2sAlz7.5TiC wass 396

+14 HV.
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CHAPTER SIX

Microstructure and hardness of Steel/Ni—TiC composite produced by

compaction and sintering

Published in Materials Today: Proceedings

Abstract

The Steel/Ni reinforced with 1.0-1.5 wt% TiC composite material was developed by
compaction and sintering processes. Optical microscopy and Zeiss-Auriga field-emission
scanning electron microscope (FESEM) revealed that the TiC particles segregated
around the spherical Steel/Ni grains. Moreover, the 1.0 wt % TiC- Steel/Ni composite has
the FCC Steel/Ni matrix while the 1.5 wt% TiC- Steel/Ni composite is comprised of the
BCC Steel/Ni phase. The large TiC grains were found mostly on the 1.0 wt% TiC- Steel/Ni
composite. Additionally, the 1.5 wt% TiC-Steel/Ni composite was composed of the
ultrafine TiC grains that surrounded the FeNi spherical grains. The FCC Steel/Ni (1.0 wt%
TiC)) composite has lower average hardness compared to the B2 Steel/Ni (1.5 wt% TiC)

phase.

Keywords: Composite; Steel/Ni; TiC; Phase transformation; Interface

6.1 Introduction

Reinforced composite materials are different from cemented carbides. The cemented
carbides are composite materials comprised of the brittle refractory carbide material i.e
WC, TiC fused by a binder such as Co, Ni, Fe powders by means of cold pressing followed

by sintering to provide good combination of high hardness, wear resistance, good
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strength and adequate fracture toughness [1-4]. The carbide particles are added to a
commonly ferromagnetic metallic binders (Co, Fe, Ni) [5,6]. The TiC is an abrasive
resistance material with FCC crystal structure and properties such as high thermal
resistance, good hardness, elastic modulus, low density, chemical stability, and excellent
wear and oxidation resistance [7]. Combination of binder materials can be used in
cemented carbide production. For example, the sintered TiC-Fe-Co-Ni-Cr-Mo cermets
has hardness of 64 HRC to 68 HRC with the best corrosion resistance [8]. This multi-
alloying of several metals are high entropy alloys. They provide better mechanical
properties in TiC reinforced composites [9]. The expected phases could be FeTi which
further decompose at high temperature providing the feasibility of Ti and C forming TiC
[9]. High entropy alloys proved to refine grain size, promote high yield strength and high
strain hardening [10]. Furthermore, the Ni/TiC composite layers has yielded a well
distributed TiC particles through a matrix with average hardness of 1540 Vickers
positioning a material as a good candidate for wear resistance applications [11]. On the
other hand, composites are classified by the carbide particle reinforcements, whisker
reinforcements, fiber reinforcements etc [12]. Other studies show that the Fe—Cr—Ni
reinforced TiC matrix composite leads to creep resistance improvement [13]. The
(Fe,Ni)-TiC MMC prepared by direct metal laser sintering led to FCC to BCC matrix phase
transformation which resulted in the cracking of composite material. To avoid cracking of
the material, the TiC addition was reduced although with challenges of porosity [14]. This
is because the laser sintered materials are associated with rapid cooling that induce
highly strained metastable phases [15]. This process may lead to high stresses that will
lead to material cracking. Microstructure of Fe—TiC composite cladding resulted in
martensitic structure with high hardness [16]. TiC-Fe composite has the high hardness
and strength when free C is avoided in the microstructure. The strong interfacial bonding
between the TIiC particles and Fe alloy matrix contribute to the improved mechanical
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properties. The interfaces of TiC and the matrix showed no reaction with the structure of
the matrix changing from FCC structure to BCC and FCC bi-phase structure [17]. The
presence of hard TiC particles in ferrous matrix promotes high hardness of the metal
matrix composite which can be used as effective coating materials [18]. In this study,
steel and Ni powders were mixed to form a matrix reinforced with ultrafine TiC particles.
Since, Ni is an austenite stabilizer and a poor carbide former, an FCC (austenite) matrix

reinforced with fine TiC hard particles was realized.

6.2 Experimental procedure

The steel powder is composed 0.68 wt.% Si, 1.78 wt.% Cr, 1.08 wt.% Mn and 0.29 wt.%
C. The steel and nickel powders were mixed at 3:1 weight ratio and added to 1.0 and 1.5
wt.% nanosized TiC powder, respectively. The 3:1 powder ration in composition was
chosen since Ni is an austenite stabilizer to induce ductility of the matrix. Addition if 1.0
and 1.5 wt.% nanosized TiC powder was added to improve the hardness of the composite
material and produce a composite material with combination of hardness and ductility.
Low content (1 to 5 wt.%) of nano particles within a composite is favoured as higher
content results in agglomeration of the nano particles on the grain boundaries which leads
to compromised mechanical properties. Powder mixtures were then cold pressed at 30
MPa enough pressure to produce compacts with minimum porosity, sintered in the argon
flowing tube furnace at 1400 °C for 2 hours to avoid contamination such as O2 and N2
gases. Metallographic examinations were conducted on the as-sintered specimens,
which were ground up-to 4000 SiC grit papers, with subsequent polishing in colloidal
silica. The microstructures were observed by the scanning electron microscopy (SEM)
which is equipped with energy dispersion spectroscopy (EDS) for micro-analyses. In
addition to this, phase identification was performed using x-ray diffraction (XRD)

technique with CuKa radiation A=1.54062 A and 20 from 20°-90°. Micro-Vickers hardness
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(HV) measurements were performed at applied load of 500 gf and dwelling time of 10s.
Hardness profiles throughout the specimens were measured at average of at-least 10

measurements.

6.3 Results and Discussions

The optical microstructure of the 1.0 TiC- Steel/Ni composite is shown in Fig. 1a while the
1.5 wt. % TiC- Steel/Ni composites are illustrated in Fig. 1b-c. Three phase have emerged
after sintering which were distinguished by the light, light-grey and dark-grey colours. The
spherical light phase belongs to the FeNi matrix while the light-grey and dark-grey phases
are TiC phase. The TIiC grains were segregated and surrounded the spherical Steel/Ni
grains. The TiC grains are very fine and expected to increase the hardness/strength of
the composite. Some of the TIC ultrafine grains were dispersed on the surface of the

Steel/Ni grains.
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RESULTS AND DISCUSSION

Flgure 6.1: Optlcal mlcrostructures of the (a) 1. O Wt% TiC- Steel/Ni and (b,c) 1.5 wt%

TiC- Steel/Ni composite at different magnifications.

Fig. 6.2a shows a corresponding SEM image of the 1.0 wt. % TiC- Steel/Ni composite.
The light and dark grey TiC grains were evident. Moreover, the surface porosity on the
1.0 wt. % TiC-FeNi microstructure was revealed. Figs.6.2b, ¢ shows the two SEM images
of the 1.5 wt.% TiC-FeNi composites. The TiC grains formed a network around the FeNi
grains. The distribution of the TiC grains reveals a mixture of large and ultrafine grains
with different grain distribution than those of the 1.0 wt. % TiC-FeNi composite. In
general, the SEM images compliment the optical microstructures shown in Fig. la-c.
Table 6.1 displays the EDS results revealing the presence of Ni, Fe, Cr, Si, Tiand C. The
1.0 wt.% TiC reinforced material has the low carbon content of 5.61 wt.% while the 1.5
wt.% TiC composite is composed of 8.91 wt.% C. The Fe:Ni ratios are 64.59: 25.56 and

57.44: 27.56 for 1.0 and 1.5 wt.% TiC, respectively. The EDS analysis confirmed the
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absence of Ni content on the TiC phase for both the 1.0 wt. % and 1.5 wt. % TiC

composite. However, no oxygen content was detected by the EDS implying the oxidation

was minimal.
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Figure 6.2: SEM images of the (a) 1.0 wt.% TiC-FeNi and (b,c) 1.5 wt.% TiC- Steel/Ni

composite.
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Table 6.1: EDS analysis of the Steel/Ni phase in the 1.0 and 1.5 wt.% TiC composites

Elements 1.0 wt.%TiC FeNi 1.5 wt.ATiC FeNi
C 5.61 8.91

Si 0.008 0.12

Cr 1.44 1.50

Fe 64.59 57.44

Ni 25.56 27.56

Ti 2.72 4.29

0 - -

XRD analysis of TiC, 1.0 wt% TiC- Steel/Ni and 1.5 wt% TiC-Steel/Ni composites is shown
in Fig. 6.3a-c. The crystal structure of the steel powder, not shown in the current XRD
pattern, is comprised of BCC (ferrite) with lattice parameter a=2.86 A and Im-3m # 229
space group and number. The XRD analysis of TiC powder in Fig. 6.3a revealed an FCC
crystal structure with lattice parameter a=4.303 A and Fm-3m # 225 space group. After
sintering, the 1.0 wt% TiC-Steel/Ni mixture (Fig. 6.3b) reveals two FCC phases with
different lattice parameters. The FCC Steel/Ni matrix with lattice parameter a=3.610 A
was detected. It implies that the BCC steel phase has transformed to FCC austenite due
to the presence of Ni. On the other hand, the XRD pattern of 1.5 wt.% TiC-Steel/Ni
composite (Fig. 6.3c) was composed of B2 Steel/Ni crystal structure with lattice parameter
a=3.59 A of Pm-3m # 221 space group. This crystal orientation is attributed higher C
content on the Steel/Ni phase. TiC grains were located at the interface of the spherical
FeNi grains, much finer, homogenous when compared to those of the 1.0 wt. % TiC
sample as shown in Fig. 6.1 and Fig. 6.2. It is evident that Nickel has induced the FCC

(austenite) matrix reinforced with ultrafine TiC hard particles.
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Figure 6.3: XRD analysis of the TiC- Steel/Ni composite containing 1.0 wt% and 1.5 wt%

TiC.

The microhardness of the 1.0 wit% TiC-Steel/Ni composite is shown in Fig. 6.4. On
average, the FCC Steel/Ni matrix is composed of 308 Hv while TiC-rich area has the
average hardness of 495 HV. The low hardness on the TiC-rich phase attest to the soft
austenitic matrix. However, there are areas where extreme hardness values of ~650 HV
were measured. Fig. 6.4 shows the microhardness measurements of the 1.5 TiC-Steel/Ni
composite. For this composite material, the average hardness for the Steel/Ni BCC matrix
was 411 HV, slightly higher due to high C content found on the Steel/Ni matrix. The TiC-
rich phase has 536 HV average hardness, an increase due more ultrafine TiC grains. As
displayed in Table 6.1, the C content of the 1.5 wt% TiC-Steel/Ni is higher than that of 1.0
wt% TiC- Steel/Ni composite. Moreover, the SEM analysis confirmed high ultrafine grains

in the 1.5 wt. % TiC- Steel/Ni than in the 1.0 wt% TiC- Steel/Ni composite. The results
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show that the average hardness of the matrix steel/Ni matrixes was improved by the TiC

reinforcement.
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Figure 6.4: Microhardness of the 1.0 wt% TiC-1.5 wt.% TiC-1.5 wt.% TiC- Steel/Ni

composite.

6.4 Conclusions

The Steel/Ni reinforced with 1.0 -1.5 wt.% ultrafine TiC composites were developed
through powder metallurgical compaction and sintering processes. TiC particles
segregated around the spherical FeNi grains on the 1.0 wt.% and 1.5 wt.% TiC composite
materials. The structural analysis revealed that the 1.0 wt.% TiC-Steel/Ni was composed

of the FCC matrix while the 1.5 wt.% TiC-Steel/Ni composite had B2 (BCC) crystal
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structure. Larger TiC grains were found on the 1.0 wt.% TiC-Steel/Ni composite. On the
1.5 wt.% TiC-Steel/Ni composite, the spherical Steel/Ni matrix was surrounded by the
ultrafine TiC grains. The 1.0 wt.% TiC-Steel/Ni composite was composed of lower

average hardness when compared to the 1.5 wt.% TiC-FeNi composite.
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CHAPTER SEVEN

Surface characterization and formation mechanism of the ceramic TiO-.

xNx spherical powder induced by annealing in air

Published in Powder Technology Journal

Abstract

Mechanism for the formation of titanium oxynitride (TiO2-xNx) on the surfaces of spherical
Ti powder particles upon heat treatment in air at 500, 600, 700 and 800 °C was
investigated. The results showed that the first at 500 °C a hexagonal closed packed
(HCP) TiOx film was formed while a TiOz2 film was observed after annealing at 600 °C and
eventually a TiO2xNx layer coated the spherical Ti particles at 700 and 800 °C due to N
diffusion within the TiO2 crystal lattice. The resulting surface structure was studied by
means of x-ray diffraction (XRD) while the surface morphology of the powders was
characterized using the scanning electron microscope (SEM) attached with energy
dispersive x-ray spectroscopy (EDS) detector. The AFM images confirmed that when the
N content increases (800 °C-heat treated sample) the powder loses its triangular grains

(700 °C-annealed sample) to irregular shaped grains.

Keywords: Titanium; TiO2xNx; Oxidation; Characterization, Thermal analysis

7.1 Introduction

Titania (TiO2) is widely used in the electronics, ceramics, medicine, chemical, energy
(solar), environmental applications and pigment industries [1-4]. TiO2z is a well-known
mineral that occurs in three phases: rutile, anatase, and brookite, each having different

crystal structures. By contrast, titanium nitride (TiN), is coating material wits excellent
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chemical stability and excellent tribological properties which can be produced by
combustion of powder in air [5]. At high temperatures both TiO2and TiN accept N and O
atoms, respectively, to occupy interstitial sites and form titanium oxynitride (TiOxNy)
another class of important composite materials. The TiOxNy films rich in oxygen are used
as thin film resistors [6], solar selective collectors [7, 8] while the nitrogen rich TiOxNy
films are used as anti-reflective coatings [9] and biomaterials coated stents with a better
clinical performance compared to uncoated stainless steel stents [10,11]. This class of
materials is known to possess excellent electronic and optical properties [1]. Furthermore,
titanium oxynitrides have recently been explored as possible gas sensing materials with
promising performance [12, 13]. Photocatalytic properties of titanium oxynitride can be
used in super hydrophilic windows, air purification devices, and for degradation of organic
molecules on titanium oxynitride surfaces [14]. Formation of oxynitrides on titanium alloys
is achieved by different technigues including gas diffusion treatment during annealing [15,
16], chemical process [17] and radio frequency magnetron sputtering deposition [18].
The feasibility of mixed metal titanium oxynitride has been extensively explored for
various applications [18-20]. The binder system is a common way of producing ceramic
nitrides and oxynitrides. Combination of Al-Ni binder for cBN-based composites produced
outstanding mechanical properties with acceptable flexural strength, fracture toughness,
hardness, and abrasive [21]. Similarly, as aluminium metal matrix composite such as Al-
Si alloys with improved their wear resistance are developed from the oxides or mixed-
metal oxides [22]. These materials can be used in defence, aerospace, automobile, and
other structural applications as fuel efficient advanced materials for different tribological
applications [23]. The oxide/nitride layer formation on Ti surface involves a solid-state
diffusion process when Ti is exposed in oxygen or air. Some of the manufacturing
processes such as laser cladding prefer spherical particles for 3D printing [24] hence the
study on the formation of the oxidised spherical particles is necessary. The formation of
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the nitride layer on spherical Ti particle and their thermal stability revealed structural
change and phase transformation depending on the annealing temperature [25]. It has
been acknowledged that metal oxides are of great importance and has impact in the
current environmental challenges as well as electronics due to their capability to generate
charge carriers when they are energised. They are also potential photocatalyst, hence
these materials should be considered necessary. The current study illustrates the stages

of oxide layer deposited on the spherical Ti particle using annealing process in air.

7.2 Experimental Details

Atomised commerically pure (CP) Ti (99.8%) powder was used in the current
investigation. Samples of CP Ti powder were annealed in a muffle furnace for 2 h in air
at 500, 600, 700, 800 °C, respectively followed by furnace-cooling. Another sample of CP
Ti powder was annealed at 800 °C followed by air-cooling. The density of the powders
was measured by Micromeritics AccuPyc Il 1340 Gas Pycnometer. Powder morphology
analysis was conducted using a high-resolution scanning electron microscope (HR-SEM,
Auriga ZEISS) coupled with a Robinson Backscatter Electron Detector and an Oxford
Link Pentafet energy dispersive x-ray spectroscopy (EDS) detector. Phase evolution was
determined with the use of a PANalytical X'pert PRO PW 3040/60 X-ray diffraction (XRD)
machine, using Cu Ka radiation as source. The topography of the spherical Ti powder
particles was analysed using atomic force microscopy (AFM, Veeco, Digital Instruments).
Thermal analysis was carried out using Differential Scanning Calorimetry (DSC) and
Thermo Gravinometry (TG) incorporated in NETZSCH STA. Powder samples were
heated up to 1200 °C and cooled to room temperature using Al203 as a baseline during
the thermal analysis. A heating rate of 20 °C min~t under argon gas with 20 ml/L standard

flow rate was used.
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7.3 Results and Discussion

7.3.1 Powder Characterization
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Figure 7.1: XRD pattern of the Ti powder oxidised at (a) 500, (b) 600, (c) 700 and (d) 800

°C.

Fig. 7.1. shows XRD pattern of the CP Ti powder after annealing at (a) 500, (b) 600, (c)
700 and (d) 800 °C in air. Pure Ti has an HCP crystal structure with lattice parameters
a=2.951; c=4.684 and c/a=1.587. Upon annealing at 500 °C, the Ti powder, the lattice
parameters of the HCP phase have changed to a= 5,140 A; c= 9.480 A with c/a=1.844
which is attributable to HCP TiOx phase (Fig. 7.1a). Minor peaks belonging to tetragonal
rutile TiO2 phase co-existing with the HCP TiOx have started to emerge upon annealing
at 600 °C as shown in Fig. 7.1b. These tetragonal XRD peaks increased in intensity at

700 and 800 °C powder samples, respectively (Fig. 7.1c-d). The rutile-type phase has
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RESULTS AND DISCUSSION

the lattice parameters of a= 4.591 A; ¢=2.958 A and c/a=0.644 attributable to titanium
oxynitride formation. The current findings agree with those of Kikuchi et al., [26] whereby
nitrogen diffusion on commercially pure (CP) Ti was found to occur above 600 °C.
However, in the current study, nitrogen diffusion seems to prefer the intergranular
penetration on the spherical particle. Kikuchi et al., [26] conducted investigation on
material annealed in nitrogen environment while for the current study; the annealing was

done in air, hence the different diffusion mechanism.

Figure 7.2: Change in the colours of the powders associated with phase transformation

upon annealing.

As shown in Fig. 7.1, the XRD analysis confirmed transformation in pure Ti during
annealing in air as follows; Ti (HCP) — TiOx (HCP) — TiO2/ TiO2xNx. Due to the strong
affinity of O for Ti when compared to N, a rapid formation of the blue TiOx film forms on
the particle surfaces at 500 °C as shown in Fig. 7.2. The chemical reactions with their

free energy formations are presented in Eq. 1-3. This implies that the formation of TiOx
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is favourable to form first followed by TiO2. Once the TiO2has formed at high temperatures
(700 to 800 °C), the N atoms diffuses into rutile. These crystal structure changes also
yield physical changes as shown in Fig. 7.2. The powder changes from grey (Ti) to blue
(TiOx). The sample annealed at 600 °C displays a mixture of grey and yellow colours.
Upon annealing at 700 and 800 °C the yellow colour became more conspicuous. These
observations are in agreement with the structural development identified by the XRD

analysis as the powder comprises a mixture of phases.

2Ti +O —-2TiO AG°1200°c= -827 kJ/ mol Q)
Ti+ O2 —»TiO2 AG°1200°c = -711 kJ/ mol (2)
Ti+ 1/2N2 —»TiN AG°1200°c = -418 kJ/ mol (3
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RESULTS AND DISCUSSION

Figure 7.3: SEM images of the furnace-cooled (a) CP Ti, (b) 500, (c) 600, (d) 700, (e)

and 800 °C powder annealed in air

Powder of varying particle sizes can be seen. Upon annealing at 500 °C, the smaller and
the larger particles fused forming satellites (Fig. 7.3b). Furthermore, the spherical
particles revealed porous and rough surfaces. Porosity layer on the particle surfaces
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RESULTS AND DISCUSSION

provide for an easy transportation of gas during annealing since the particle surface is the
first point of contact during diffusion. Fig. 7.3c shows evidence of the oxide film that has
developed on the surface of the spherical particles at 600 °C. Upon annealing at 700 °C,
the ultrafine particles form agglomerates as shown in Fig. 7.3d. It is evident that upon
annealing at 800 °C, few particles collapsed as the porosity increased due to gas diffusing
through the internal structure of the particle (Fig. 7.3e). The predictions of such interaction
of oxygen and nitrogen molecules with hexagonal close packed Ti (001) surfaces
revealed that oxygen is adsorbed on the surface with increasing concentration and tend
to migrate to interior layer after surface saturation [27]. On the contrary, nitrogen prefers
to migrate into the interior layers favourably in the octahedral interstitial site for both
oxygen and nitrogen [27]. This study further confirms that Ti has a stronger affinity to
oxygen than nitrogen and their diversity in reactivity. By means of comparison to the heat
treated and furnace cooled samples, a sample was heat treated at 800 °C followed by air
cooling. The morphology and surface analysis of the powder with corresponding EDS

results are shown in Fig. 7.4 and Fig. 7.5.

Surface Cracking

Spallation

Figure 7.4. SEM images of CP Ti powder annealed at 800 °C in air followed by air-

cooling.
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Surface cracking and spallation (Fig. 7.4) due to thermal stresses is observed on the air
guenched powder. This behaviour is attributed to a mismatch in thermal expansion
between surface layers (Ti/TiOx/TiO2/TiO2-xNx) [28-30]. This linear coefficient of thermal

expansion for different layers can be explained by Eq 4.

1 AL

Where av is the coefficient of thermal expansion (CTE), Lo and the lineal expansion of the
material with respect to the temperature AL/AT. The mismatch in thermal expansion
between TiO2xNx, TiO2 and TiOx increase and decrease at higher and lower temperatures
[28]. Due to high cooling rates, the TiO2-xNx film experienced higher stresses than the
core structure underneath. A model for such hard films developed by Limarga and
Wilkinson revealed a large residual stress induced in the nitride scale due to the mismatch

of creep rates [31].

http://etd.uwc.ac.za/ 127



RESULTS AND DISCUSSION

. 10pm . : 10pm '
Figure 7.5: SEM and EDS images of the powder particles upon annealing at 800 °C

followed by air cooling.

The SEM images of the powder particle oxynitride film (Fig. 7.5a) shows multiple-layered

triangular grain patterns with varying N and O concentrations. EDS mapping confirmed
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RESULTS AND DISCUSSION

the presence of N and O on the surfaces of the spherical particles. The oxygen-rich TiO2-

xNx was determined from the EDS data to be TiO15Nos.
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Figure 7.6: AFM topographical images of the (a-b) 700 and (c-d) air cooled 800 °C-

annealed powders.
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The prismatic triangular TiO2xNx grains developed upon annealing at 700 °C are shown
in Fig. 7.6a-b. These grains are stacked in a multiple layered structure (Fig. 7.6a). In Fig.
7.6b, the two-phase structure displays ultrafine particles located between the triangular
grains. The AFM images of the air cooled 800 °C-annealed Ti powder in Fig. 7.6c-d
revealed that the multi-layered grains have lost the original triangular shape. These AFM
images agree with the SEM analysis of the oxide film in Fig. 7.5a. The surface film lost
its triangular shape due to increased annealing temperature that resulted in higher
concentration of nitrogen content in the TiO2xNx phase. The oxynitriding is intensive at
800 °C leading to formation of surface layer based on rutile TiO2 phase, however the
oxynitriding temperature in Ti alloys might be higher than that of CP Ti [32]. In pure Ti
powder, 700 and 800 °C is sufficient to induce similar surface oxynitride layer. Annealing
at high temperatures such as 700 and 800 °C reduces the TiO2 (110) surface while
creating point defects in the rows of bridging O atoms leading to O vacancies which get
occupied by N atoms [33]. Even if the stable rutile TiO2 and FCC TiN forms or TiO2—-TiN
interface during annealing, there will be an exchange of N and O in the interface region

to promote titanium oxynitride [34].
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Table 7.1: Density and lattice parameters.

Material Density (g/cm?) Current Density (g/cm?)
TiN 5.4 [28]
5.39 [29]
5.25 [30]
5.00 [31]
5.24 [32]
TiO2.Nx (Rutile-type) | 4.27 [28] 4.57 £ 0.082 (600 °C),
4.26 [26] 4.58 +0.082 (700 °C),
4.25 [33] 4.59 +0.082 (800 °C)
TiO 4.95 [26] 4.92 £ 0.082 (500 °C)

Table 7.1 compares the data reported in literature with the one obtained from the current
study. The density for CP Ti was measured at 4.48 g/cm3 which increased to 4.92 + 0.089
g/cm?3 upon annealing at 500 °C. According to literature, the density obtained for the 500
°C-annealed sample corresponds with the density of the TiOx compound [35]. A
decrease in the density from 4.92 + 0.089 (500 °C) to 4.57 + 0.082 g/cm?® was recorded
on the 600 °C-annealed sample attributable to phase transformation in the powder
particles. After annealing at 700 and 800 °C, the powder densities remained relatively
constant at 4.58 + 0.072 g/cm?® and 4.59 * 0.085 g/cm?3. These density measurements
ruled out the possibility of TiN formation since the density of TiN should be ~ 5.0 to 5.4
g/cm?® as confirmed in Table 7.1. Based on the EDS analysis, it seems N atoms occupied
some O interstitial vacancies taking advantage of atomic vibrations during high

temperature diffusion defined by the Fick’s law in Eq 5.
J=-Di (5)
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J is the flux of atoms, D is the diffusion coefficient, Ac/Ax is the concentration gradient
[27]. An increase in the annealing temperature provide energy for N to occupy some O

interstitial sites thus forming TiO2xNx.

Thermal analysis of the powders
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Figure 7.7: DSC analysis of the CP Ti powder

Pure HCP Ti (a) structure undergoes a phase transformation at ~882 °C to BCC (B)
crystal structure. The DSC curve in Fig. 7.7 illustrates a reversible o<«>B phase
transformation in pure Ti powder. Upon heating Ti with HCP structure, an endothermic
peak associated with the phase transformation (a to B) emerges at ~883 °C and reaches
its maximum at 908 °C. This B-phase reverts to a-phase when cooled down from high
temperature past the 3 transus temperature. A shallow peak like in previous studies [25]

confirms the reversibility.
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Figure 7.8: DSC analysis of CP Ti powder annealed at 500 °C for 2 hours.

Diffusion of oxygen/nitrogen molecules promotes the exothermic reaction denoted by the
peak when exposed to high temperature [25]. The DSC curve of the 500 °C oxidised
powder in (Fig. 7.8) shows the a<«>f3 reversible phase transformation. This TiOx (blue)
powder revealed a sharp endothermic peak on heating and a broader exothermic peak
during cooling. The peaks have slightly shifted to the lower temperature. A low intensity
pick is also observed at ~ 700 °C due to the exchange of oxygen atoms between pure Ti

and TiOx particles. This implies that pure Ti is mixed with TiOx (Ti/TiOx).
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Figure 7.9: DSC analysis of the CP Ti powder annealed at 600 °C for 2 hours.

There are two reactions that were observed upon heating: Al (490-627 °C) and A2 (~730
°C) displaying small endothermic peaks (Fig. 7.9). This behaviour is attributed to TiOx (X
< 2) and TiOz2 particles as detected by the XRD analysis. The behaviour represents the
Ti/TiOx/TiO2 exchange in oxygen atoms. The exchange in oxygen atoms between Ti and
TiO2 has been studied [35, 42]. At 902 °C, a—[3 endothermic peak emerged which was
reversible upon cooling at ~892 °C. Another endothermic peak at 974 °C as well as an
exothermic peak at 991 °C are due to small nitrogen content. It has been shown that TiOx
phase can take different crystal structure depending on the processing. This phase can

stabilize as FCC [43], monoclinic [35] or HCP phase obtained in the current investigation.
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Figure 7.10: DSC analysis of CP Ti powder annealed at 700 °C for 2 hours.

According to the XRD analysis (Fig. 7.1), the rutile-type oxynitride phase (TiO2xNx) phase
was detected upon annealing at 700 °C with few TiOx XRD peaks. Fig. 7.10 reveals an
exothermic peak at 878 °C instead of endothermic peak due to decomposition of the non-
stoichiometric TiO2xNx overlapping with the endothermic peak at 900 °C. The
endothermic peak is due to ionic reactions between the TiOx/TiO2 and TiO2xNx phases.
This powder does not show a reversible phase transformation upon cooling signifying the

conversion of pure Ti into ceramic powder.
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Figure 7.11: DSC analysis of CP Ti powder annealed at 800 °C for 2 hours.

The 800 °C-annealed sample shows overlapping DSC peaks. However, the endothermic
transformation peak was the first to emerge at 899 °C followed by the exothermic
decomposition peak at 1012 °C. This behaviour confirm that the oxygen atomic exchange
depends on the concentrations of TiO2xNxand TiOx phases (Fig. 7.10 and Fig. 7.11).
This behaviour might be due to higher amount of N content compared to the 700 C

annealed powder which led to better structural stability of the TiO2xNx phase.

7.4 Conclusion

Oxidation of the spherical Ti particles conducted in air was investigated at 500, 600, 700
and 800 °C. Hexagonal closed packed (HCP) TiOx film has developed after annealing at
500 °C while TiO2 transformation started to emerge at 600 °C. The density of the powder
was measured 4.91 g/cm? for 500 °C-annealed sample which corresponded with the

density of the HCP TiOx phase. For 700 and 800 °C samples, the TiO2/TiO2-xNx phases
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were formed. Despite the formation of the oxide layers on the 500 and 600 °C annealed
Ti samples, the powder showed a<«>f3 phase transformation. On contrary, the 700 and
800 °C-annealed powders revealed an exothermic peak overlapping with the endothermic
peak and the endothermic peak overlapping with exothermic peak, respectively. The
powder did not yield a reversible phase transition. This behaviour was due to the
exchange in oxygen atoms between the non-stoichiometric TiOx and TiO2xNx phases and
determined by the N/O contents. The AFM images illustrated that when the N content
increases (800 °C-annealed sample) the powder lost its triangular grains (700 °C-

annealed sample) and became irregular shaped grains.
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CHAPTER EIGHT

The A356-1Sn-5Ni-(TiO2xNx) ceramic composite developed at low

temperatures

Paper submitted for peer review

Abstract

A ceramic composite material of A356-1Sn-5Ni-(TiO2-x-Nx) composition was developed.
The TiO2x-Nx ceramic particles were bonded without forming any intermetallic particles
such as AlsTi with Ti. The structural analysis showed that a tetragonal TiO2-xNx with lattice
parameters a=4.585 A; c=2.960 A, HCP TiOx phase with lattice parameters a=5.140 A

¢=9.480 A and FCC phase with lattice parameter a=5.572 A were formed.

Keywords; A356-Sn-Ni; TiO2x-Nx; Ceramic particles; Binder.

8.1 Introduction

Titania (TiO2) is a well-known mineral that occurs in three phases: rutile, anatase, and
brookite, each having different crystal structures. It is widely used in the electronics,
ceramics, medicine, chemical, energy (solar), environmental applications and pigment
industries [1, 2]. Titanium nitride (TiN) on the other hand is a technological strategic
coating material due to its excellent chemical stability and excellent tribological properties
[3]. TiOz2and TiN accept N and O atoms, respectively, occupying interstitial positions at
high temperatures to form titanium oxynitride, (TiOxNy), another important class of

material. The oxygen rich TiOxNy films are used as thin film resistors [3] and solar
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selective collectors [4] while the nitrogen-rich TiOxNy films are used as anti-reflective
coatings [5] and biomaterials coated stents with a better clinical performance compared
to uncoated stainless steel stents [6]. As stated previously, Titanium oxynitrides is an
important class of materials. Formation of oxynitrides on titanium alloys is achieved by
different techniques, which include gas diffusion treatment during annealing [7], chemical
process [8] and radio frequency magnetron sputtering deposition [9]. The feasibility of
mixed metal titanium oxynitride has been extensively explored for various applications
[9]. The binder system is a common way of producing ceramic nitrides and/or oxynitrides.
Sintering of cBN-based composites with AIN-AI-Ni as a binder produced outstanding
mechanical properties with acceptable flexural strength, fracture toughness, hardness,
and abrasiveness [10]. Ni is also a binder that is ferromagnetic and capable of
transforming at high temperatures or under mechanical deformations [11]. The rate of
oxide and subsequently oxynitride layer deposition is determined by the metal’s affinity to
O or N atoms at a particular temperature. In our recent publication, we reported on thermal
analysis of the spherical Ti particles before and after surface contamination [12]. In the
current investigation, a low melting temperature binder composed of A356-1Sn-5Ni was

mixed with TiO2x-Nx ceramic particles to develop a composite material.
8.2 Experimental Details

The pre-synthesized (chapter seven) TiO2x-Nx powders were mixed with A356, Sn and
Ni powders followed by compaction at 200 MPa. The compacts were sintered at 700 and
800 °C, respectively for 6 hours. The microstructure of the polished A356-1Sn-5Ni-(TiOo-
x-Nx) ceramic composite was investigated using a high-resolution scanning electron
microscope (HR-SEM, Auriga ZEISS) coupled with a Robinson Backscatter Electron

Detector and an Oxford Link Pentafet energy dispersive x-ray spectroscopy (EDS)

http://etd.uwc.ac.za/ 144



RESULTS AND DISCUSSION

detector. Phase evolution was determined with the use of a PANalytical X’pert PRO PW

3040/60 X-ray diffraction (XRD) machine, using Cu Kq radiation as source.

8.3 Results and Discussion

HCPTI - HCPTIO,  — HCPTIOJTIO,  —  HCP TiOJTiOx TiOsN, —» HCP TiOX/TiOsf TiOzNy

Air Air Air Air

800 °C

0°C 500 °C 600 °C 700 °C

Figure 8.1: Oxynitride formation progression during annealing of spherical Ti powder

Fig. 8.1 shows images of Ti powders annealed at different temperatures in air. Ti has
high affinity for interstitial O, N, H and C. More than one interstitial element such as O and
N react with Ti powder to form oxynitride. The process to produce oxynitride powders was
explored in the previous study which showed TiO2.xNx layer on the spherical Ti particles
surfaces at 700 and 800 °C [12]. These powders are potential reinforcements for
manufacturing of metal matrix composites (MMCs) whereby a ductile or low melting
temperature matrix binds the ceramic particles. The 700 and 800 °C annealed TiO2-xNx

powders were added to A356-Sn-Ni binder to produce A356-Sn-Ni (TiO2-xNx) composites.
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Figure 8.2: Optical and SEM images of the (a & ¢) 700 °C (b & d) 800 °C sintered A356-

1Sn-5Ni-(TiO2-xNx) composites.

Fig. 8.2 shows A356-1Sn-5Ni-(TiO2xNx) composite after sintering at 700 and 800 °C
respectively. The hard spherical Ti particles coated with a TiO2.xNx layer are evident in
the microstructure as a distinguished dark coating attributed to the reaction with O and N.
The 700 °C samples are shown in Fig. 8.2a and ¢ while the 800 °C is shown in Fig. 8.2b
and d. Some particles were exposed to severe oxidation leading particle collapse. These
particles become initiation point of porosity. It is evident that the binder completely wet
the spherical particles due to the low melting temperature of Sn and Al. Due to

immiscibility between A356 and Sn, the Sn melts and become and the increased diffusion
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of the metal improves the kinetics of the reaction. The A356 Al alloy used contained 7%
Si, 0.3% Mg, 0.2% Fe (max) and 0.1% Zn (max) as alloying elements. The sintering
temperature leads to melting of Sn followed by the A356 alloy and might result in the loss
of Mg due to its low vaporization. The optical and SEM microstructures of the A356-1Sn-
5Ni-(700°C-TiO2xNx) composite are presented in Fig. 8.2a and c, while A356-1Sn-5Ni-
(800°C-TiO2-xNx) are presented in Fig.8.2b and d. The spherical Ti particles enclosed by
the TiO2xNx layer are bonded by A356-1Sn-5Ni matrix. The TiO2xNx coated particles in
Fig. 8.2a and c (700°C) appears less damaged compared to the 800 °C-annealed
samples. More collapsed particles are evident in Fig. 8.2d attributed to more content of N
and O on the surface layer due to high temperature oxidation. The A356-1Sn-5Ni alloy
successfully bonded the ceramic TiO2xNx particles through liquid-phase sintering

mechanism.
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Figure 8.3: EDS mapping revealing Al, Ni, Sn and Ti elements.

Fig. 8.3 represents the EDS elemental mapping confirming the presence of Al, Sn, Ti and
Ni. The spherical solid particles are Ti. The analysis of O and N was reported in the
previous work to produce the TiO2xNx coating around the Ti spherical particles [12] and

can form by simultaneous O and N diffusion during annealing in air [13].
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Figure 8.4: XRD pattern of the A356-Ni-Si-Ti compaosite

The microstructure of the ceramic A356-1Sn-5Ni-(800 °C-TiO2-xNx) composite revealed
three-phase structure; a tetragonal, HCP and FCC. Tetragonal TiO2xNx phase was
detected with lattice parameters a=4.585 A; c=2.960 A. This crystal structure is similar to
those obtained after powder annealing attesting to the structural stability of the ceramic
layer on the Ti powder particle after annealing. The binder is comprised of the FCC phase
with lattice parameter a=5.572 A. Moreover, minor peaks of HCP TiOx phase was
detected with lattice parameters a=5.140 A ¢=9.480 A. Normal thermodynamic reaction
of Al-rich and Ni alloys results in the formation of an orthorhombic AlsNi intermetallic
phase also confirmed by microstructures [14]. In the current reaction, no AlsNi

intermetallic phase was detected which implies that the TiO2xNx coating inhibited the
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reaction to occur. Therefore, Al matrix wets the ceramic TiO2xNx particles to form a

composite.

18 NIy SIN |
ETTT amr- S

Figure 8.5: Formation mechanism of the A356-Sn-Ni-Ti composite

At 700 and 800 °C, the TiO2xNx formed by diffusion of N atoms into interstitial positions
of Ti particle surfaces. The two TiO2xNx products upon annealing at 700°C and 800 °C,
were mixed with A356-1Sn-5Ni which acts as a binder to provide liquid transport for
wetting of the solid TiO2xNx spherical particles. It also provides a surface tension force
assisting in densification of the material. A wetting liquid A356-1Sn-5Ni metal makes a

small contact angle with solid TiO2-xNx particles defined by Eq.1 and illustrated in Fig. 8.6.

Ysv = Vs + yYvCos 6 (1)
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Where y,, represents solid-vapour surface energy, ys; is solid-liquid surface energy and

0 indicates that liquid will cover the solid particle [15].

Al-Sn-Ni Liquid

YL

i, N, solid

Figure 8.6: lllustration of the solid TiO2xNx particle wetting by A356-1Sn-5Ni liquid metal.

8.4 Conclusion

A metallic binder, A356-1Sn-5Ni was used to bind the spherical TiO2x-Nx coated Ti
particles to form a composite. The composite A356-1Sn-5Ni-(TiO2x-Nx) mixture was
sintered at 700 and 800 °C. The structural analysis showed that a tetragonal TiO2-xNx with
lattice parameters a=4.585 A; ¢=2.960 A, HCP TiOx phase with lattice parameters

a=5.140 A ¢=9.480 A and FCC phase with lattice parameter a=5.572 A were formed.
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CHAPTER NINE

9.1 CONCLUDING REMARKS AND FUTURE WORK

As per the objectives as set out on section 1.3 for the current research, the following

concluding remarks are drawn:

9.1.1 Concluding Remarks

Objective 1: To synthesize NiAl alloy via powder consolidation of elemental Ni and Al

powders and study the resulting alloy structure.

Commercially pure Ni and Al powders were blended at 1.1 atomic ratio to obtain
a homogeneous mixture, which was cold pressed into cylindrical coupons. Upon
sintering followed by air-cooling, the samples exhibited a well-sintered single
phase cubic B2-NiAl with equiaxed grain structure with comparable lattice
parameters for lower (750 °C) and higher (1300 °C) sintering temperatures. The
sample sintered at 1300 °C was brittle and the product was hand crushed into a
powder using a rod and porcelain bowl.  Prolonged sintering (48 and 120 h)
resulted in recrystallized grains consumed by preferential growth in the <111>
orientations as revealed by the Electron Backscatter Diffraction analysis. A thin
scale of Al2O3 was detected upon prolonged (120 h) oxidation in air. The Al2O3
acted as a protective layer preventing any further bulk oxidation of the sample
except for traces of Al2O3 that formed via intergranular oxidation and transformed

into a metastable monoclinic oxynitride phase due N contamination.

Objective 2: To synthesize a TiC reinforced NiAl based alloy and study the resulting

com posite structure.
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The Nies25Al37.5TiC1.28 composite was developed by powder mixing, compaction
and sintering at 650 °C. The chemical reaction during sintering showed that
thermal explosion (TE) occured when small amount of nanosized TiC powder was
added. The cold pressing process reduced the activation/ignition temperature of
the surface Ni/Al particle interaction, which propagated to the core of the compact.
The resultant microstructure revealed martensitic NiAl plates surrounded by the
hard NisAl and TiC particles. The formed composite resisted the diamond tool
cutting attributable to the work hardening behaviour of the composite. The
Nis2.5Al37.5TiC1.28 composite has an average hardness of 431+11 HV while the

Nis2.5Al37.5TiC1.28 is 396+14 HV.

Objective 3: To synthesize a suitable metal oxynitride and study the resulting structure.

Commercially pure samples of spherical Ti powder were oxidized at 500, 600, 700
and 800 °C respectively. Lower temperature oxidation (500 °C) resulted in the
formation of hexagonal close packed TiOx (x < 2) while intermediate temperature
(600 °C) oxidation resulted in the formation of TiO2 compared to oxidation at higher
temperatures (700 and 800 °C) whereby TiO2/TiO2xNx phases were detected via
X-ray diffraction analysis. Thermal analysis of the samples oxidised at lower
temperatures (500 and 600 °C) revealed a « B phase transformation, which was
indicative of the presence of pure titanium. Oxidation at higher temperatures (700
and 800 °C) yielded no such phase transformation, which meant that the entire
titanium had not only oxidised but nitride as well forming a Ti oxynitride via the
exchange in oxygen atoms between the non-stoichiometric TiOx and TiO2-xNx
phases. An increase in temperature results in an increase in N content as shown

by the atomic force microscopy (AFM) imagery.
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Objective 4: To synthesize a NiAl based alloy reinforced with the suitable metal oxynitride

and study the resulting composite structure.

A metallic binder with A356-1Sn-5Ni composition was developed for the TiO2-xNx
ceramic powder. The composite A356-1Sn-5Ni-(TiO2xNx) mixture was liquid-
phase sintered at 800 °C. The structural analysis showed that a tetragonal TiO2-
xNx with lattice parameters a=4.585 A; ¢=2.960 A, HCP TiOx phase with lattice
parameters a=5.140 A; ¢=9.480 A and FCC phase with lattice parameter a=5.572
A were detected in composite material. The density of 4.91 g/cm? measured on
500 °C annealed sample confirmed the formation of TiOx phase. Furthermore,
dissolution of N at higher temperatures (600, 700 and 800 °C) was accompanied

by decrease in density confirming formation of rutile titanium oxynitride.

Objective 5: To synthesize a steel alloy-based matrix reinforced with TiC and study the

resulting composite structure.

The Steel/Ni reinforced with 1.0 -1.5 wt.% ultrafine TiC composites were
developed through powder metallurgical compaction and sintering processes. TiC
particles segregated around the spherical FeNi grains on the 1.0 wt.% and 1.5
wt.% TiC composite materials. The structural analysis revealed that the 1.0 wt.%
TiC-Steel/Ni was composed of the FCC matrix while the 1.5 wt.% TiC-Steel/Ni
composite had B2 (BCC) crystal structure. Larger TiC grains were found on the
1.0 wt.% TiC-Steel/Ni composite. On the 1.5 wt.% TiC-Steel/Ni composite, the
spherical Steel/Ni matrix was surrounded by the ultrafine TiC grains. The 1.0 wt.%
TiC-Steel/Ni composite was composed of lower average hardness compared to

the 1.5 wt.% TiC-FeNi composite.
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9.1.2 Future Work

To round up the current study and meet all the objectives set out, the last activity is to:
e Select a suitable steel-based alloy powder,
¢ Blend the suitable steel-based alloy powder with Titanium oxynitride powder,
e Cold press the blend into cylindrical coupon,
¢ Sinter the cylindrical coupons to fabricate a composite,
e Perform metallurgical evaluation on the resulting composite, and

e Document the results for peer review.
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