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ABSTRACT

Alternative materials for high temperature applications might offer a solution to higher
efficiency and low fuel consumption for jet engines. A possible candidate for such mate-
rial is TizSiC, which is a ceramic material with unique combination of mechanical prop-
erties at high temperature. Ceramics are brittle in nature and have a typically low Weibull
modulus as compared to metals. Hence, monolithic ceramic parts cannot directly re-
place metal parts due to the lack of reliability. Ceramic matrix composites (CMCs) with
bulk ceramic material as the matrix and a ceramic fiber as the reinforcement offers the
possibility to have high strength at high temperature but present some limitations like
high costs and very few applications despite the huge economical efforts in the last
decade. The complex processing routes followed for the fabrication of CMC have lim-
ited the applications.

The present work is about the fabrication of a CMC with Ti3SiC, as the matrix and short
SiC fiber as the reinforcement material. Ti3SiC; is a special ceramic material which is
machinable at room temperature and has a certain degree of plasticity at high tempera-
ture (~1200 °C). A novel molten salt-based process was developed to synthesize high pu-
rity Ti3SiCy at a large scale (1kg/batch) in air. The method involved mixing of elemental
precursor with KBr salt and high temperature treatment at 1250 °C to obtain the desired
TizSiC, phase. Al was added to the reaction mixture to enhance the purity of Ti3SiCp.
The effect of different levels of Al addition on the evolution of the Ti3SiC, phase was
studied. The synthesis process itself was studied to understand the barrier of oxidation
to the oxidation prone materials. Apart from Ti3SiC,, a wide range of non-oxide ceram-
ics like TiC, TipAlC, Ti3AlC,, CrAlC, TioAlN, MoAIB and many more were synthesized
for the proof of concept. Metals like titanium were also sintered in dense and porous
forms using the same process in air. The method was referred to as Molten Salt Shielded
Synthesis/Sintering (MS?®). MS? process resulted in a reduction of the synthesis temper-
ature of Ti3SiC, along with other non-oxide ceramics. MS® process can be carried out
in air without the need of expensive atmosphere-controlled furnaces. The dissolution
of salt after MS® process results in micro-metric agglomerated powder which does not
need to be milled unlike conventional solid-state reactions.

The synthesized Ti3SiC, powder was sintered in spark plasma sintering (SPS) furnace at
1250 °C with a uniaxial pressure of 80 MPa. Similarly, CMCs were also sintered in SPS by
following a powder metallurgical process to mix the reinforcement with the synthesized
TizSiC, powder. The reinforcement of Ti3SiC, was done in macroscale and microscale.
The macroscale reinforcement was done by adding 10 and 20 vol.% chopped polycrys-
talline SiC fibers (1 mm) whereas the microscale reinforcement was done by adding 10
and 20 vol.% of single crystalline SiC whiskers.

The monolithic Ti3SiC, had a prominent basal texture after sintering and so did the
CMCs. Characterization were done to determine the degree of orientation of Ti3SiC;
crystals in the sintered material. The sintered TizSiC, was annealed at 1500 °C to induce
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iv ABSTRACT

grain growth in an already textured TizSiC, material. The alignment of SiC fibers and
whiskers were also determined and were found to be dependent with respect to the di-
rection of the application of the external pressure during sintering.

The sintered monolithic Ti3SiC, and the composites were subjected to high temperature
compressive creep in the temperature and stress range of 1000-1300 °C and 20-120 MPa
respectively. As the sintered TizSiC, was textured, the creep was measured in two differ-
ent configurations with different crystallographic orientation with respect to the com-
pression direction. Similar creep measurements were performed on the Ti3SiC, com-
posites with SiC fibers and whiskers. The specimens with coarse grains due to a high
temperature annealing were also tested for high temperature compressive creep. Post-
creep characterizations were done by SEM, EBSD and TEM to understand the deforma-
tion mechanisms along with the activation energy and stress exponent values obtained
experimentally.



Z.USSAMENFASSUNG

Neuartige Werkstoffe fiir Hochtemperaturanwendungen kénnten eine Verbesserung der
Effizienz und einen niedrigeren Treibstoffverbrauch von Diisentriebwerken ermoglichen.
Ein aussichtsreicher Kandidat hierfiir ist Ti3SiC,, ein keramisches Material mit einer ein-
zigartigen Kombination von mechanischen Eigenschaften bei hohen Temperaturen. Ke-
ramiken sind von Natur aus spréde und haben im Vergleich zu Metallen einen niedrigen
Weibull-Modul. Daher kénnen monolithische Keramikteile aufgrund der mangelnden
Zuverlassigkeit Metallteile nicht direkt ersetzen. Keramik-Matrix-Verbundwerkstoffe (CM-
Cs) mit keramischer Matrix und einer Keramikfaser als Verstdrkung bieten die Moglich-
keit, eine hohe Festigkeit bei hohen Temperaturen zu erreichen. Sie weisen aber trotz der
enormen wirtschaftlichen Anstrengungen in den letzten Jahrzehnten einige Einschrén-
kungen wie hohe Kosten und sehr wenige Anwendungen auf. Die komplexen Herstel-
lungsrouten, welche fiir die Synthese und Verarbeitung von CMCs nétig sind, haben eine
breite Anwendung verhindert.

Die vorliegende Arbeit befasst sich mit der Herstellung von CMC Werkstoffen auf der
Basis einer Ti3SiC,-Matrix und kurzen SiC-Fasern als Verstarkungsmaterial. Ti3SiCy ist
ein spezieller keramischer Werkstoff, der bei Raumtemperatur mechanisch bearbeit-
bar ist und bei hoher Temperatur (~1200 °C) eine gewisse Plastizitdt aufweist. Es wur-
de ein neuartiges, auf Salzschmelzen basierendes Verfahren entwickelt, um hochreines
TizSiC, in groRem MaRstab (1kg/Batch) an Luft zu synthetisieren. Das Verfahren bein-
haltet das Mischen der elementaren Ausgangsstoffe mit KBr-Salz und eine Hochtempe-
raturbehandlung bei 1250 °C, um die gewiinschte Ti3SiC,-Phase zu erhalten. Aluminium
wurde der Reaktionszusatz hinzugefiigt, um die Reinheit von Ti3SiC, zu erhohen. Die
Auswirkung unterschiedlicher Mengen an Al-Zugabe auf die Entwicklung der Ti3SiC,-
Phase wurde untersucht. Der Syntheseprozess selbst wurde eingehend charakterisiert,
um die Funktion der Oxidationsbarriere fiir die oxidationsanfilligen Materialien zu ver-
stehen. Abgesehen von Ti3SiC, wurde eine breite Palette von Nichtoxid-Keramiken wie
TiC, Ti»AlC, Ti3AlC;, Cr,AlC, Ti»AIN, MoAIB und viele andere fiir den Proof-of-Concept
dieses Verfahrens synthetisiert. Auch Metalle wie Titan wurden in dichter und poroser
Form nach dem gleichen Verfahren an Luft gesintert. Das Verfahren wurde als Abge-
schirmte Salzschmelzesynthese bzw. Sintern (MS?) bezeichnet. Das MS3-Verfahren fiihrt
zu einer Senkung der Synthesetemperatur von Ti3SiCy und anderen Nichtoxidkerami-
ken. Zusitzlich kann der MS3-Prozess kann an Luft durchgefiihrt werden, ohne dass
teure Inertgas-Ofen erforderlich sind. Die Losung des zugemischten Salzes nach dem
MS3-Prozess fiihrt zu leicht agglomerierten Pulvern im MikrometermaRstab, welche im
Gegensatz zu herkdmmlichen iiber Festkérperreaktionen hergestellten Pulvern nicht ge-
mahlen werden miissen.

Das synthetisierte TizSiC,-Pulver wurde in einem FAST/SPS-System (Field assisted sin-
tering/Spark Plasma Sintering) bei 1250 °C mit einem uniaxialen Druck von 80 MPa ge-
sintert. In dhnlicher Weise wurden auch CMCs im FAST/SPS-System gesintert, indem die
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Verstarkungsphase mit Hilfe eines pulvermetallurgischen Prozesses mit dem TizSiCy-
Pulver gemischt wurde. Die Verstarkung von Ti3SiC; erfolgte im Makro- und MikromaR-
stab. Im MakromalRstab erfolgte die Verstarkung durch Hinzufiigen von 10 und 20 Vol.-
% polykristalliner SiC-Fasern (1 mm), wahrend die Verstdrkung im MikromaRstab durch
Hinzuftigen von 10 und 20 Vol. % einkristalliner SiC-Whisker erfolgte.

Monolithisches TizSiC, zeigte nach dem Sintern eine ausgepragte Basaltextur, ebenso
wie die hergestellten CMCs. Die Charakterisierung wurde durchgefiihrt, um den Ori-
entierungsgrad der TizSiC,-Kristalle im gesinterten Material zu bestimmen. Das gesin-
terte Ti3SiCy wurde bei 1500 °C gegliiht, um Kornwachstum in dem bereits texturierten
Ti3SiC,-Werkstoff zu induzieren. Zusitzlich wurde die Ausrichtung der SiC-Fasern und
Whiskern bestimmt und es wurde festgestellt, dass diese stark von der Aufbringung des
uniaxialen Drucks wéhrend des Sinterns abhdngen.

Das gesinterte monolithische Ti3SiC, und die daraus hergestellten Verbundwerkstoffe
wurden Kompressionskriechtests bei hohen Temperaturen im Temperatur- und Span-
nungsbereich von 1000-1300 °C bzw. 20-120 MPa ausgesetzt. Da das gesinterte TizSiC,
texturiert war, wurde das Kriechen in zwei verschiedenen Ausrichtungen mit unterschied-
licher kristallographischer Orientierung in Bezug auf die Druckrichtung gemessen. Ahn-
liche Kriechmessungen wurden an TizSiC,-Verbundwerkstoffen mit SiC-Fasern und Whis-
kern durchgefiihrt. Zusétzlich wurden durch eine Warmebehandlung kiinstlich vergro-
berte Proben auf ihre Kriecheigenschaften unter uniaxialem Druck bei hoher Tempera-
tur untersucht. Die Charakterisierung der Proben nach den Kriechexperimenten wur-
den mittels REM, EBSD und TEM durchgefiihrt, um die Verformungsmechanismen, die
Aktivierungsenergie sowie die experimentell erhaltenen Spannungsexponenten zu dis-
kutieren.
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INTRODUCTION

1.1. HISTORY OF MATERIALS

ATERIALS make the world we live in and the development of materials have led to

the evolution of the human civilization and the advent of modern technology. Af-
ter the stone age in the history of mankind, copper was the first metal to be discovered
and used.[1] Similarly, the first man-made ceramic dates back to 28,000 BC and is a stat-
uette of a woman named the Venus of Dolni Véstonice near Brno in Czech republic.[2]
Mixing clay with water and firing was the earliest ceramic realized by humans. The same
goes with the invention of the first polymer to replace ivory billiard balls with a substi-
tute made from cotton fiber cellulose treated with camphor.[3] It was very soon that all
the materials in this world were categorized into three major categories according to the
chemical bonding and compositions: 1. Metals, 2. Ceramics and glass, 3. Polymers. A
combination of two or more materials from the major categories are broadly referred to
as composite materials. The usage of straw and mud together was done to make bricks to
build walls is an example of such composite material used in the Mesopotamian civiliza-
tion. These first materials were the foundation for ages of development in the material
science, which certainly has supported our necessities during the human civilization.
Currently, our society is facing other problems such as climate change, energy demand
or equality. These problems have to be tackled from different directions, but clearly ma-
terial science will play a big role with the development of new materials. The current
limitation of high temperature materials is restricted by the operating temperature and
the price. Hence there is a need for the development of economical composite materials
with better mechanical properties which can operate at a higher temperature in aggres-
sive environment and overcome the limitation of existing materials which melts at the
aimed higher operating temperatures.
Some properties of materials in each category were believed to be exclusive. For eg.
Metals are ductile and soft whereas ceramics are brittle and hard. There was no mate-
rial which had a combination of properties of both metals and ceramics. The merger
of machinability, damage tolerance, thermal and electrical conductivity of metal and
chemical resistance with high temperature stability of ceramics was only realized after
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the discovery of a special class of materials called as MAX phase.[4] MAX phase are an
intriguing class of materials which are recently being discovered and intermediate of
metals and ceramics.[5]

1.2. MAX PHASES

The terminology MAX refers to an empirical formula M;,,;AX,, where “M” corresponds
to an early transition element (group IIIB-VIB), “A” refers to the elements highlighted in
the periodic table from group IIIA-VIA., “X” refers to either C or N or both, and n is to the
number of M layers separating the A layers.

MAX phases have a hexagonal crystallography with the space group P63-mmc. Con-
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Figure 1.1: Elements of the periodic table constituting MAX phase.

sidering the generic formula of My, AX,, n can vary between 1-3. The crystal structure
constitutes of n layers of MgX octahedra separated by one layer of A atoms. For example
in Ti>AlC there are two layers of Ti separating Al layers. Similarly, for Ti3SiC, there are
three layers of Ti separating the Si layer. Fig 1.1 shows the elements in the periodic table
which can form a ternary carbide or nitride.

Since the beginning of research on MAX phase materials, there are up to more than
80 MAX phases synthesized. For e.g. Ti;AlC, Cr,AlC, TiAIN which corresponds to the
value of n as 1 in the empirical formula mentioned earlier. Similarly, TizSiC, is one of
the examples for n=2 and Nb4AlIC3 for n=3. There are other MAX phases synthesized
which contain more than 3 elements by forming a solid solution of the M, A or X ele-
ment. (NbyZr;.4)4AlC3 and (Crz/3Zr1/3)2AIC are examples of solid solution in the M po-
sition, the properties of such MAX phases can be tuned and tailored.[6, 7] Ti»Al;_xSnyC
is a MAX phase with solid solution in A position and TiAIN( 5Cq 5 for X position.[8, 9]
Double solid solutions like (Zr,Nb),(ALSn)C are also synthesized and stabilized due to
increase in the entropy of the system.[10] Ti3SiC; is one of the first MAX phases synthe-
sized and is widely studied for its thermal and mechanical properties.[11-13]
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Figure 1.2: Atomic structure of Ti3SiC2 MAX phase, on the right is a single unit cell of Ti3SiCp.

The history of MAX phases dates to 1964 when Jeitschko et al. first synthesized the MoAX
type of ternary carbide followed by the synthesis of Ti3SiC, in 1966.[14] The ternary car-
bides were referred to as Hagg phase or simply H-phase.[15, 16] The technological im-
portance of these ternary carbides/nitrides were not realized until Michel W. Barsoum
and his co-workers in Drexel University published the first paper on the synthesis of
bulk Ti3SiC,.[17] It was demonstrated that it can be machined by turning. This marked
the beginning of exploration of other MAX phases having a different chemistry with
varied combination of properties like oxidation resistance, flexural strength and creep
resistance.[11, 18-22] The uniqueness of MAX phase materials of being a ceramic and
yet machinable comes from the fact that the material is nano-laminated with weak M-A
bonds as compared to M-X bonds.[4] The damage tolerance and machinability of MAX
phase materials are due to the presence of mobile dislocations along basal planes and
formation of kink bands under stresses.[12, 23] MAX phases are also softer (3-4 GPa) than
the corresponding binary carbide/nitride (MX, 15-20 GPa).[5] The unusual combination
of properties like excellent machinability and good mechanical properties at high tem-
perature (>1000 °C) can be correlated to the layered structure of MAX phases irrespective
of the chemical composition.[23-26] Among all the different compositions, Ti3SiC, has
attracted a lot of attention due to their excellent mechanical response.

MAX phases, although having a combination of unique properties and attracting a lot of
attention in the material science community, is difficult to synthesize. For scientific in-
vestigations which need low quantities — for example in the range of grams - the synthesis
can be feasibly carried out in a lab scale, whereas for the manufacturing of a component
would need a large quantity of MAX phase powder (at least kilograms). The commercial
supplier of MAX phase powder is Sandvik® and provides Ti3SiC, powder with the brand
name of MAXthal 312. The drawback of this commercial powder is that it is only 80 wt.%
phase pure and the final properties, particularly at high temperature, are detrimentally
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controlled by the secondary phases.

Although alot of research has been done in understanding the properties of Ti3SiCy, the
industrial application is limited because of the difficulty to produce phase pure powder
in a large scale in an economic way. Despite Ti3SiC, has excellent properties, the main
bottle-neck is the availability of large-scale high purity powders. Currently MAX phase is
synthesized by the reaction of elemental powders or compounds which has the elements
required for the synthesis of the specific MAX phase. For eg. Ti3SiC, can be synthesized
by heat treating Ti, Si and C powder together or a mix of Ti, SiC and C.[12, 17] The aspects
concerning the quality of ceramic powders are (i) phase purity and particle size of the
targeted compound, (ii) scalability of powder production, the synthesis process should
be easily up-scalable to obtain higher quantities of powder in one batch, (iii) the process
should be economical considering the initial precursors used for the synthesis and the
equipment used for the synthesis process, (iv) finally the synthesis process should be
sustainable, reliable and, if possible, environment friendly. It is difficult to reach an ideal
condition where all the criteria are met hence there is a continuous effort to a near ideal
situation to have a high-quality ceramic powder for further ceramic processing.
Heating mixed elemental powder at high temperature (>1000 °C) is referred to as solid-
state synthesis and usually results in a dense or porous block of the reacted product,
which needs to be pulverized into fine powder for powder metallurgical operations. Co-
munition of the dense MAX phase blocks possesses the problem of contamination of
powder due to the abrasion resistance and hardness of ceramic media which leads to
high wear and operating costs as well. In the present work, a molten salt-based process is
developed for synthesizing Ti3SiC, MAX phase in air at a relatively low temperature with-
out the need of pulverization. The process, “Molten Salt Shielded Synthesis/Sintering”,
is referred to by the acronym MS?3.[27] Chapter 4 will throw more light on the process
in detail. The reaction mechanism leading to the formation of Ti3SiC, and the general
applicability of the MS3 process for the synthesis of other MAX phases is also discussed
in Chapter 4.

1.3. T13S1C» MAX PHASE

Ti3SiC, was one of the earliest MAX phases realized and hence it was investigated ex-
haustively. Although TizSiC, started the era of MAX phases it was later realized that fine
grained (3-5 um) Ti3SiC, has among the highest flexural strength (600 MPa) and density
(4.55 g/cc) among the whole MAX phase family of materials.[28] It would not be inac-
curate to say that Ti3SiC, is one of the technologically important MAX phase in terms
of mechanical properties as compared to other MAX phases. TizSiC, also has a high
temperature stability and does not decompose unlike other MAX phases. This makes
Ti3SiC;, a potential candidate for high temperature load bearing applications. The phys-
ical properties of Ti3SiCy including the mechanical properties are listed in Table 1.1.

The crystal structure of Ti3SiC, is depicted in Fig.1.2. The Ti3C octahedras are edge
sharing and interleaved with layers of Si atoms. There are two types of Ti atoms present
in the crystal structure, one which is bonded to C and the other which is bonded to Si.
The cleavage energy of Ti-Si bond is lower than that of Ti-C hence the possibility of Ti-Si



1.4. MECHANICAL PROPERTIES OF MAX PHASES 5

Table 1.1: Physical properties of Ti3SiCp

Physical properties Value
Elastic modulus 343 GPa [29]
Hardness 4-6 GPa [30, 31]
Flexural strength 300-600 MPa [17, 32]
Compressive strength 720-1050 MPa [28]
Tensile strength 200-300 MPa [33]
Fracture toughness 6-16 MPa.m!/2 [34, 35]
Electrical resistivity 0.23x 10° Q.m [36]
Thermal conductivity 37WmL.KI[13]
Coefficient of thermal expansion 9.1x108KI[13]

breakage is higher.[37] The cleavage of Ti3SiC, crystals are known to propagate in a di-
rection parallel to the basal plane. The fracture toughness of Ti3SiC, had been measured
by various techniques including single-edge notched beam, chevron notched beam and
compact tension methods. The fracture toughness (Kjc) of Ti3SiC; is reported to lie be-
tween 6-16 MPa./m.[34, 35] It was shown that coarse grained Ti3SiC; yields a higher Kic
than the fine grain counterparts.[35] Ti3SiC, also follows R-curve behavior which states
that the material has an increasing Kj¢c with increasing crack length.[38]

1.4. MECHANICAL PROPERTIES OF MAX PHASES

The unique mechanical properties can be explained by different phenomena which might
be responsible for the pseudo-ductility and toughening of the MAX phases in general.
Although a polycrystalline material’s response to deformation hugely depends on the
grain size and the strain rate, the response of MAX phase is far simpler because instead of
the formation of dislocation pile-up, twinning, work hardening or multiple kind of slips
there is kinking of grains to dissipate the mechanical energy and only basal slip with dis-
locations travelling only in the basal plane. There is not the presence of five independent
slip systems which is a pre-requisite for ductility.[5] The pseudo-ductility in MAX phases
can be related to the formation of kink bands (KB), delamination of individual grains,
formation of incipient kink bands (IKB) which can be fully recovered and shear band
formation.[32, 39-43] When materials are subjected to stresses (tensile/compressive),
the material tries to absorb the mechanical stress by deformation. For a multilayered
material like MAX phase, if the strain rate is slow enough, the deformation takes place by
the formation of folds of the layers transverse to the direction of the stress.

Fig.1.3 shows a schematic of the formation of kink band when a MAX phase crystal is
subjected to stress with its basal plane parallel to the applied stress. The red ellipse refers
to the formation of IKB when a certain stress in applied on a grain with the basal plane
aligned with the axis of the applied stress. The initial bending of the grain results in a
shear stress which when exceeds a certain critical value results in the formation of KB
with dislocations of opposite signs moving apart from each other. The grain rotation in
the KB region is so severe that it behaves as a separate grain with a different orientation
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Figure 1.3: Schematic of the formation of incipient kink band to the formation of kink band after removal of
stress.[43]

NN

sandwiched by grains of same orientation. The grain boundaries of the kinked region are
referred to as kink boundary. A cross-section of the kinked grain might create an illusion
of three grains present but, the grain is continuous with a kink band region separated by
kink boundaries which can be mistaken for grain boundaries. Being precise, the region
between the two kink boundaries is known as a kink band.

Fig.1.4 shows a typical representation of a kink boundary. Orowan suggested that such

'S

Figure 1.4: Kink boundary in Ti3SiC, after deformation during compressive creep at 1300 °C.

kink planes contain excess of a single type of dislocations which can accommodate the
strain.[44] It is this kind of phenomenon which makes MAX phase damage tolerant both
atroom and high temperature. Fig.1.5 shows an example of multiple kinking in one sin-
gle grain of TizSiCy.

Incipient kink band (IKB) are dislocations separated from each other which do not form
separate mobile dislocation walls (MDWs), it is more of a metastable kink band which
only exist under a certain load and disappears or recovers with the withdrawal of the
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Figure 1.5: MAX phase snake of Ti3SiCp layers with multiple kinks due to deformation.

load. In layered solids like MAX phase, IKB are responsible for the elastic deformation
which is a completely reversible deformation. There are experimental evidences shown
by Barsoum et al. where Ti3SiC, fully recovers after the removal of a compressive stress
of 1 GPa. The stress strain-hysteresis loops were closed at room temperature whereas
open at high temperature.[43]
During the application of stress along a uniaxial axis, there are components of the stress
which acts at an angle greater than 0 and less than 45 degrees more commonly known
as shear stress. If the magnitude of the shear stress exceeds the value of critical resolved
shear stress (CRSS) there is a shear of the MAX phase grain induced in a direction parallel
to the basal plane. It depends on the grain size on how easy the shear band formation
will take place because large grains are more prone to shear, and the inter-granular fric-
tion is lower in coarse grained MAX phase. Fig.1.6 shows the formation of shear bands
which are parallel to each other. The formation of shear bands is easy at higher temper-
ature since the CRSS reduces at higher temperatures.[29]
MAX phases also have a high fracture toughness as compared to other conventional ce-
ramics. The factors contributing to the high toughness of MAX phases are multilayered
nature of the material and partial metallic nature of the chemical bonds. Since the mate-
rial is multilayered, crack propagates in a torturous path being deviated by the interfaces
of the nano-laminates. The delamination of individual grains also aids in blunting the
crack tip stress field. It is not a single factor which can be attributed for the unusual
toughness and machinability of MAX phases because there are other layered materials
like h-BN, MoS, and graphite which do not demonstrate the same combination of prop-
erties as MAX phase does.

The mechanical response of MAX phases at high temperature becomes complex be-
cause of brittle to plastic transition (BPT).[12] It was pointed out by Barsoum et al. that
the increase in temperature does not result in the activation of extra slip systems, hence
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Figure 1.6: Shear band formation in TizSiC, after uniaxial compression at 1300 °C and 80 MPa.

it is more appropriate to refer the transition as plastic and not ductile.[45] This was sup-
ported by demonstrating the reduction of Kjc with increasing temperature. The high
temperature deformation is simply related to the rate of creation of internal stresses and
the rate of annihilation of the internal stress. If the latter is higher or equal than the for-
mer, the deformation is plastic, in any other case the failure is brittle. The BPT is believed
to be due to the softening of grain boundaries and the ease of grain delamination due to
reduction in the surface energy of cleavage planes.[29]

The high temperature creep of MAX phase is unique with respect to the grain size and its
corresponding creep resistance. Unlike metals and other conventional ceramics, MAX
phases have higher creep resistance with finer grain size. Large grains tend to have
higher tendency for delamination.[24] The main creep mechanism of Ti3SiC, MAX phase
is believed to be dislocation creep whereas for Ti>AlC it is a combination of dislocation
creep and grain boundary sliding.[18] Zhen at al. suggested that under high stress, the
dislocation creep may have changed to sub-critical crack growth.[24] Although coarse
microstructure has low creep resistance, it has a higher strain to failure as compared to
the finer microstructure. It is also a function of how the load was applied (compres-
sive/tension) which decides the mode of failure and whether the material fails by the
formation of shear bands or linking of micro-cracks together.[24-26]

1.5. THE NEED FOR A COMPOSITE MATERIAL

We are in continuous look-out for better materials which can be a replacement for the
currently used materials but with better properties and a better performance. In the ini-
tial stage of a material development the price of producing the material is not the fore-
most factor which is considered. Rather, the focus is more on what benefits the new ma-
terial will provide as compared to the existing material in service. Since MAX phase is the
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context, applications involving stresses at high temperature are considered as a possibil-
ity. The materials used in the jet engines have a requirement to maintain their structural
integrity in harsh environmental conditions at high temperature with centrifugal force
acting on the components. Currently, the jet engines use Ni based super-alloy which is
considered as a standard material. The operation of an engine is always associated with
the efficiency it runs with. The efficiency of an engine increases with the increment of
the operating temperature and can be best described by Brayton cycle. Although the effi-
ciency is given by the ratio of the difference in temperatures at isobaric and iso-entropic
states, the ideal efficiency can be defined by:

n=1-— (1.1)

where 7 is the theoretical efficiency, T, is the atmospheric temperature and T, is the
compressor exit temperature of the engine.[46] But the maximum operating tempera-
ture of an engine is limited by the material properties. For e.g. the creep resistance of
the turbine blades at high temperature. Nevertheless, other properties such as chemi-
cal stability, oxidation and corrosion resistance, damage tolerance, and interaction with
other materials at high temperature have to be taken into consideration before replace
any component. In the specific case of the transportation industry the introduction of
new materials can take decades, as the case of SiC¢/SiC composites.

Recently General Electric aviation introduced SiC¢/SiC composites as the turbine blade
material in its recently developed engine (GE9X).[47] The engine has a 10 % higher effi-
ciency with 20 % less cooling required for the turbine blades as compared to the engines
using single crystalline super alloys. The new engine design has certainly an edge advan-
tage over the old engines in terms of efficiency, but in terms of initial cost, it is expen-
sive in lieu of the complexity of the manufacturing process of continuous fiber ceramic
matrix composites.[48] The fabrication methods involve coating of the SiC fiber with py-
rolytic carbon or Boron Nitride (BN) as an interphase and chemical vapor infiltration of
SiC into the woven fabric of SiC¢.[49, 50] This is a complex and expensive process. Hence
an economic alternative can be to use discontinuous fiber instead of continuous ones
and use a powder metallurgy route to manufacture components.

Composites enables the design of a material for a specific application. Although metals,
ceramics and polymers are the three-foundation stone of material science, drawing clear
boundaries between the three will not allow us to engineer the material with the desired
combination of properties. Specifically, when we need a merger of properties from both
metal and ceramics, i.e. strength, toughness and high temperature inertness. Compos-
ites are again categorized as three major classes: (i) metal matrix composites (MMCs),
(ii) ceramic matrix composites (CMCs), (iii) polymer matrix composites (PMCs). Since
the context of discussion relates to material performing at high temperature, CMC is the
wisest choice to make. CMCs are again divided according to the shape of the second
phase: (i) particulate reinforced, and (ii) fiber reinforced composites. Fiber reinforced
composites are at the same time divided into two classes (i) continuous-aligned and (ii)
discontinuous-aligned/random. In the present work only discontinuous fiber ceramic
matrix composite has been the focus. The composites fabricated in the current work is
somewhat between aligned and randomly distributed fibers. It would be precise to say
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that the distribution was aligned in one plane whereas random in other two planes.
Short fiber reinforced composited are highly interesting because of the ease of manu-
facturing and the properties they offer. We have been exploring ceramic materials like
Al»03, ZrO,, SiC, SisN4 and many more as the matrix phase for the CMC whereas non-
oxide ceramics like C fiber, SiC whiskers, SiC fibers and oxide ceramics like Al O3, mullite
or glass fiber the reinforcement phase. The reinforcement phase can be in the form of
particle, whiskers, chopped fiber or continuous fibers. It is intriguing on how a mate-
rial composed of two brittle phase results in a composite which is tough and resilient
to catastrophic failures. The secret lies in the interface of the fiber and matrix. During
failure or internal cracking, the matrix and the fiber act as a tribo-pair. The friction and
adhesion between the two phases decide the fate of the composite material and the di-
rection of the crack tip. The dissipation of the crack tip stress field is the most efficient
way to arrest a crack. If the fiber-matrix adhesion is too strong there is no de-bonding of
the fiber from the matrix and the crack travels through the fiber. A favorable configura-
tion will be when the crack gets deviated along the interface of the matrix and the fiber.
This is referred to as crack deflection by matrix-fiber de-cohesion. For a better control
on the fiber-matrix interface de-cohesion, an inter-phase is used which does not have
any chemical interaction either with the matrix or the fiber but have the right coefficient
of friction with respect to matrix and fiber. It maintains the physical integrity and yet fa-
cilitate de-cohesion above a certain value of crack tip stress. On the other hand, a strong
interface between fiber and matrix results in strengthening, hence an optimum interfa-
cial strength is required to have a balance of strength and toughness.

In continuous fiber CMCs, the load bearing components are both matrix and fiber whereas
for discontinuous fiber CMC, it depends on the length (I.), diameter (d), ultimate strength
of the fiber (o 2L and the interfacial strength (o;) of the fiber and matrix. The critical
length of fiber for effective load transfer from matrix to fiber is given by[51]:

_(de

I (1.2)

T 20 i
A critical length of 1 mm is typical for many fiber-matrix combinations.[51] The fiber
ends are not efficient in load transfer, the load transfer is maximum in the central part of
the fiber. Fig.1.7 shows a schematic shows the distribution of stress along the fiber dur-
ing load application If the fiber length is equal to the critical length then the maximum
load transfer is on a point whereas if the fiber length is higher than the critical length,
the maximum load transfer is across the whole length of the fiber which is helpful for
strengthening of the composite.

Below the critical length of the fiber there is no strengthening effect observed. With
an increase in the fiber length the flexural strength increases almost linearly and ap-
proaches a value which is the strength for the composite with continuous fibers corre-
sponding to the same volume fraction of the fiber.[52] The reinforcement efficiency of a
discontinuous fiber composite is lower than the continuous counterpart. The reinforce-
ment efficiency further decreases for randomly distributed fiber than for the aligned dis-
continuous fiber. The advantage with randomly distributed discontinuous fiber com-
posite is that it is isotropic but there is a significant compromise in the reinforcement
efficiency which goes down to 0.2 as compared to the aligned discontinuous fiber com-
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Figure 1.7: Stress distribution around the fiber during a fiber pullout phenomenon under tensile stress.

posite which is 1. The reinforcement efficiency of composites with fibers randomly dis-
tributed in one specific plane is 0.375 and so it is in the present case. The longitudinal
strength (0comp) of the composite with a volume fraction (Vy) of aligned short fibers is
given by:

l
Ucompzafvf(l_z_cl)+0'm(l—vf) (1.3)

Where g ¢ and o, are the fracture strength of the fiber and matrix respectively. This ex-
pression holds valid when the length of the fiber (/) exceeds the critical length.[51] The
toughening mechanism of the short fiber CMC is by deflection of crack by the presence
of fiber or by fiber pullout in the vicinity of the crack tip. As compared to the continu-
ous fiber counterpart, short fiber CMCs cannot undergo extensive fiber pullout because
of the length constraint (Fig.1.8). Toughening requires a low shear strength of the fiber-
matrix interface for the crack to deviate along the interface as shown in Fig.1.8. The co-
efficient of thermal expansion (CTE) of the composite follows the simple rule of mixture
of matrix and fiber phases.[53] However, there are residual tensile stresses acting per-
pendicular to the fiber axis in the composite after sintering and cooling because of CTE
mismatch of matrix and fiber phase. Circumferential cracks around the fibers indicate
a mismatch of fiber/matrix CTE. There are different scenarios of CTE mismatch. The
CTE of the matrix and fiber may match but the reaction between fiber and matrix might
produce an interphase which has a different CTE and gives rise to residual stresses. In-
terphases with intermediate CTE are used to reduce the stresses arising from the CTE
mismatch of fiber and matrix. The CTE has a vital role to play for the shear strength of
the interface. It is required to minimize the matrix contraction as compared to the low
contraction of the fiber after fabrication.[54]

For the usage of components at a high temperature for a prolonged time under a con-
stant stress they should have good creep resistance at the operation temperature. Creep
resistance is an important aspect which needs to be considered for thermo-mechanical
applications.[48] MAX phases combined with fibers will provide a new avenue for the
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Figure 1.8: Schematic of minimizing crack tip stress intensity by fiber bridging.

exploration of new materials for thermo-mechanical application. Chapter 5 describes
the fabrication of the monolithic Ti3SiC, MAX phase alone and reinforced with short SiC
fiber and whisker. The anisotropy of the material itself and the orientation of the rein-
forcement phase have been discussed. Chapter 6 deals with the creep resistance of the
materials fabricated in Chapter 5. Compressive creep was performed on the monolithic
materials as well as the composites with SiC fiber and whiskers. A detailed post creep
microstructural analysis reveals the probable creep mechanisms of the composites.
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Figure 1.9: Number of papers published in the last two decades. a An estimate of papers on MAX phases when
TizSiCy, TizAlCy, CrAlC, TipAlC was entered as the keyword, b shows the number of publications with a filter
of ‘fiber’ and ‘composites’ applied to the result obtained in a from Web of Science (Source: Clarivate
Analytics).

Although there has been an increasing interest in MAX phases which evident from
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the number of papers published every year in the last two decades (Fig.1.9.a), investi-
gation involving MAX phase based composites or reinforcing MAX phase with ceramic
fibers have been very limited over the last 20 years (Fig.1.9). This thesis is an effort to
bridge the gaps between MAX phase and ceramic matrix composites for high tempera-
ture applications.

REFERENCES

(1]
(2]
(3]

(4]

(3]

(6]

(7]

(8]

[9]

S. Omondi, What was the first metal used by humans? (2018).
Brief history of ceramics and glass, (2018).
History and future of plastics, (2019).

M. Radovic and M. W. Barsoum, MAX phases: bridging the gap between metals and
ceramics, American Ceramics Society Bulletin 92, 20 (2013).

M. W. Barsoum, MAX phases: properties of machinable ternary carbides and nitrides
(John Wiley & Sons, 2013).

T. Lapauw, D. Tytko, K. Vanmeensel, S. Huang, P-P. Choi, D. Raabe, E. N. Caspi,
O. Ozeri, M. To Baben, J. M. Schneider, et al., (Nby,Zr;_)4AlC3 MAX phase solid solu-
tions: Processing, mechanical properties, and density functional theory calculations,
Inorganic chemistry 55, 5445 (2016).

L. Chen, M. Dahlqvist, T. Lapauw, B. Tunca, E Wang, J. Lu, R. Meshkian, K. Lam-
brinou, B. Blanpain, J. Vleugels, et al., Theoretical prediction and synthesis of
(Cro/3Zr13)2AIC i-MAX phase, Inorganic chemistry 57, 6237 (2018).

G. Bei, B.-]. Pedimonte, T. Fey, and P. Greil, Oxidation behavior of MAX phase
TipAl(1—x)SnyC solid solution, Journal of the American Ceramic Society 96, 1359
(2013).

M. Barsoum, T. El-Raghy, and M. Ali, Processing and characterization of TiAlC,
Ti,AIN and TiAlCy5Ny5, Metallurgical and Materials Transactions A 31, 1857
(2000).

T. Lapauw, B. Tunca, D. Potashnikov, A. Pesach, O. Ozeri, J. Vleugels, and K. Lam-
brinou, The double solid solution (Zr,Nb),(Al,Sn)C MAX phase: a steric stability ap-
proach, Scientific reports 8, 1 (2018).

T. Okano, T. Yano, and T. Iseki, Synthesis and mechanical properties of Ti3SiC, ce-
ramic, in Advanced Materials’ 93 (Elsevier, 1994) pp. 597-600.

J.-E Li, W. Pan, E Sato, and R. Watanabe, Mechanical properties of polycrystalline
Ti3SiCo at ambient and elevated temperatures, Acta Materialia 49, 937 (2001).

M. Barsoum, T. El-Raghy, C. Rawn, W. Porter, H. Wang, E. Payzant, and C. Hubbard,
Thermal properties of Ti3SiC», Journal of Physics and Chemistry of Solids 60, 429
(1999).



https://www.worldatlas.com/articles/what-was-the-first-metal-used-by-man.html
https://ceramics.org/about/what-are-engineered-ceramics-and-glass/brief-history-of-ceramics-and-glass
https://www.sciencehistory.org/the-history-and-future-of-plastics

14

REFERENCES

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

[24]

(25]

(26]

(27]

W. Jeitschko, H. t. Nowotny, and E Benesovsky, Carbides of formula ToMC, Journal
of the Less Common Metals 7, 133 (1964).

W. Jeitschko, H. Nowotny, and E Benesovsky, Ti»AIN, eine stickstoffhaltige H-phase,
Monatshefte fiir Chemie und verwandte Teile anderer Wissenschaften 94, 1198
(1963).

W. Jeitschko and H. Nowotny, Die kristallstruktur von Ti3SiCo—ein neuer
komplexcarbid-typ, Monatshefte fiir Chemie-Chemical Monthly 98, 329 (1967).

M. W. Barsoum and T. El-Raghy, Synthesis and characterization of a remarkable ce-
ramic: Ti3SiCy, Journal of the American Ceramic Society 79, 1953 (1996).

D.J. Tallman, M. Naguib, B. Anasori, and M. W. Barsoum, Tensile creep of Ti2AlIC in
air in the temperature range 1000-1150 °C, Scripta Materialia 66, 805 (2012).

J. L. Smialek, Environmental resistance of a TipAlC-type MAX phase in a high pres-
sure burner rig, Journal of the European Ceramic Society 37, 23 (2017).

G. Ying, X. He, M. Li, W. Han, E He, and S. Du, Synthesis and mechanical proper-
ties of high-purity Cr2AIC ceramic, Materials Science and Engineering: A 528, 2635
(2011).

J. L. Smialek, Oxygen diffusivity in alumina scales grown on Al-MAX phases, Corro-
sion Science 91, 281 (2015).

M. Haftani, M. S. Heydari, H. R. Baharvandi, and N. Ehsani, Studying the oxidation
of TipAlC MAX phase in atmosphere: a review, International Journal of Refractory
Metals and Hard Materials 61, 51 (2016).

M. Radovic, M. Barsoum, T. El-Raghy, J. Seidensticker, and S. Wiederhorn, Tensile
properties of TisSiCo in the 25-1300 °C temperature range, Acta materialia 48, 453
(2000).

T. Zhen, M. Barsoum, S. Kalidindi, M. Radovic, Z. Sun, and T. El-Raghy, Compres-
sive creep of fine and coarse-grained TizSiC, in air in the 1100-1300 °C temperature
range, Acta materialia 53, 4963 (2005).

M. Radovic, M. Barsoum, T. El-Raghy, and S. Wiederhorn, Tensile creep of coarse-
grained Ti3SiC, in the 1000-1200 °C temperature range, Journal of Alloys and com-
pounds 361, 299 (2003).

M. Radovic, M. Barsoum, T. El-Raghy, and S. Wiederhorn, Tensile creep of fine
grained (3-5 pm) Ti3SiCy in the 1000-1200 °C temperature range, Acta materialia
49, 4103 (2001).

A.Dash, R. Valen, O. Guillon, and]. Gonzalez-Julian, Molten salt shielded synthesis
of oxidation prone materials in air, Nature materials 18, 465 (2019).



REFERENCES 15

(28]

(36]

T. El-Raghy, M. W. Barsoum, A. Zavaliangos, and S. R. Kalidindi, Processing and me-
chanical properties of Ti3SiCs: 1, effect of grain size and deformation temperature,
Journal of the American ceramic society 82, 2855 (1999).

M. W. Barsoum and M. Radovic, Elastic and mechanical properties of the MAX
phases, Annual review of materials research 41, 195 (2011).

T. Goto and T. Hirai, Chemically vapor deposited TizSiC,, Materials Research Bul-
letin 22, 1195 (1987).

T. El-Raghy, A. Zavaliangos, M. W. Barsoum, and S. R. Kalidindi, Damage mecha-
nisms around hardness indentations in Ti3SiC,, Journal of the American Ceramic
Society 80, 513 (1997).

M. Barsoum, L. Farber, and T. El-Raghy, Dislocations, kink bands, and room-
temperature plasticity of Ti3SiC,, Metallurgical and Materials Transactions A 30,
1727 (1999).

M. Radovic, M. Barsoum, T. El-Raghy, S. M. Wiederhorn, and W. E. Luecke, Effect
of temperature, strain rate and grain size on the mechanical response of Ti3SiCs in
tension, Acta materialia 50, 1297 (2002).

M. W. Barsoum, D. Brodkin, and T. El-Raghy, Layered machinable ceramics for high
temperature applications, Scripta Materialia 36 (1997).

C.J. Gilbert, D. Bloyer, M. Barsoum, T. El-Raghy, A. Tomsia, and R. Ritchie, Fatigue-
crack growth and fracture properties of coarse and fine-grained TisSiCy, Scripta Ma-
terialia 42, 761 (2000).

M. Barsoum, H.-I. Yoo, L. Polushina, V. Y. Rud, Y. V. Rud, and T. El-Raghy, Electrical
conductivity, thermopower, and hall effect of Ti3AlC,, Ti4AIN3, and Ti3SiC,, Physical
Review B 62, 10194 (2000).

C. Fang, R. Ahuja, O. Eriksson, S. Li, U. Jansson, O. Wilhelmsson, and L. Hultman,
General trend of the mechanical properties of the ternary carbides M3SiC, (M= tran-
sition metal), Physical Review B 74, 054106 (2006).

D. Sarkar, B. Basu, M. C. Chu, and S.]. Cho, R-curve behavior of Ti3SiC,, Ceramics
international 33, 789 (2007).

D. Chen, K. Shirato, M. W. Barsoum, T. El-Raghy, and R. O. Ritchie, Cyclic fatigue-
crack growth and fracture properties in TizSiC> ceramics at elevated temperatures,
Journal of the American Ceramic Society 84, 2914 (2001).

N. Jones, C. Humphrey, L. Connor, O. Wilhelmsson, L. Hultman, H. Stone, E Giu-
liani, and W. Clegg, On the relevance of kinking to reversible hysteresis in MAX
phases, Acta materialia 69, 149 (2014).

M. W. Barsoum, A. Murugaiah, S. R. Kalidindi, and T. Zhen, Kinking nonlinear elas-
tic solids, nanoindentations, and geology, Physical review letters 92, 255508 (2004).



16

REFERENCES

(42]

(43]

(44]

(45]

(46]

[47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

A. Murugaiah, M. W. Barsoum, S. R. Kalidindi, and T. Zhen, Spherical nanoindenta-
tions and kink bands in Ti3SiC,, Journal of materials research 19, 1139 (2004).

M. Barsoum, T. Zhen, S. Kalidindi, M. Radovic, and A. Murugaiah, Fully reversible,
dislocation-based compressive deformation of Ti3SiCo to 1 GPa, Nature Materials 2,
107 (2003).

E. Orowan, A type of plastic deformation new in metals, Nature 149, 643 (1942).

T. Zhen, M. Barsoum, and S. Kalidindi, Effects of temperature, strain rate and grain
size on the compressive properties of TisSiCy, Acta materialia 53, 4163 (2005).

E J. Brooks, GE gas turbine performance characteristics, Ge Power Systems, GER-
3567H 10 (2000).

E W. Zok, Ceramic-matrix composites enable revolutionary gains in turbine engine
efficiency, Am Ceram Soc Bull 95, 22 (2016).

Z.Ren and G. Singh, Nonoxide polymer-derived CMCs for “super” turbines, American
Ceramic Society bulletin 98 (2019).

E Rebillat, J. Lamon, and A. Guette, The concept of a strong interface applied to
SiC/SiC composites with a BN interphase, Acta materialia 48, 4609 (2000).

M. A. Kmetz, J. M. Laliberte, W. S. Willis, S. L. Suib, and E S. Galasso, Synthesis, char-
acterization, and tensile strength of CVI SiC/BN/SiC composites, in Proceedings of the
15th Annual Conference on Composites and Advanced Ceramic Materials: Ceramic
Engineering and Science Proceedings (Wiley Online Library, 1991) pp. 2161-2174.

W. D. Callister and D. G. Rethwisch, Materials science and engineering, Vol. 5 (John
wiley & sons NY, 2011).

B. Heidenreich, R. Renz, and W. Krenkel, Short fibre reinforced CMC materials
for high performance brakes, High Temperature Ceramic Matrix Composites , 809
(2001).

I.-M. Low, Ceramic-matrix composites: Microstructure, properties and applications
(Woodhead Publishing, 2006).

W. Krenkel, Ceramic matrix composites: fiber reinforced ceramics and their applica-
tions (John Wiley & Sons, 2008).



STATE OF THE ART

2.1. SYNTHESIS OF T13S1C, MAX PHASE

13SIC; has been synthesized in the last decades by methods which needs a special
T equipment and infrastructure apart from a high temperature furnace. Go et al. syn-
thesized TizSiC, by chemical vapor deposition (CVD) using chloride gas precursors of
Ti, Si and C along with Hy. The dimensions of plate fabricated by this process were 40
x 12 x 0.4 mm.[1] Pampuch et al. synthesized Ti3SiC, by solid combustion of elemen-
tal reactants, the mix of reactants were heated inductively at 1050 °C. The process was
self-sustained and fast because of the exothermic nature of the reactions. The reaction
products were composed of TizSiC, and TiC.[2] Racault et al. synthesized Ti3SiC, by
heat treating elemental powders at 1100 °C resulting in a mixture of TizSiC,, TiSi, and
TiC. The content of Ti3SiC, was reported to be nearly 85 wt.% The process involved a
second step of removal of phases other than Ti3SiC, by chemical dissolution of TiSi, in
HF and oxidized TiC (TiO;) in (NH4)2SO4. Highly pure Ti3SiC, was obtained but the
process involved additional steps for purification.[3] Okano et al. synthesized TizSiC,
powders by calcining Ti, TiC and Si powders in the temperature range of 1300-1600 °C.
The obtained powder was hot pressed at 1400 °C under 45 MPa for 30 min in argon. To
obtain pure Ti3SiCy, an excess of Si was added to compensate the vaporization of Si at
high temperature.[4] Lis et al. synthesized Ti3SiC, by ignition of mixed elemental pre-
cursors by tungsten heating coil. The temperature of ignition was measured to be 1830
°C. The purity of synthesized Ti3SiC, was 70-90 wt.% with TiC as the second phase ac-
companied with traces of Ti and Ti5Si3.[5] Arunajatesan et al. attempted the synthesis of
Ti3SiC, by mixing elemental powder and heating them in an alumina boat in the temper-
ature range of 1270-1375 °C. In a separate attempt, the elemental powders were mixed
and consolidated at room temperature to form a compact which was further treated in
Argon protected Arc melting furnace with a tungsten electrode. The appropriate temper-
ature and time combination were 1200 °C and 100 h, respectively. The most optimum
composition with deficient Si resulted in TizSiC, with 2 vol.% TiC.[6] Li et al. tried the
reactive sintering of Ti, Si and TiC using a powder bed to reduce the Si evaporation. A
pure single phase Ti3SiC, was obtained in a temperature window of 1415-1420 °C. The

17
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eutectic liquid in the Ti-Si system and the evaporation of Si was believed to be the con-
trolling factor for the complete conversion of reactants into Ti3SiCy.[7] Radhakrishnan
et al. performed the reactive sintering of elemental precursors in hot press at 1350 °C for
5 h. The excess of Si (1.2 mole) resulted in high purity (98 vol.%) of Ti3SiC,. The high
temperature stability was demonstrated by annealing the sintered compacts at 1800 °C
in argon for 10 h. Unlike the stoichiometric composition, reaction mixture with excess
Si did not have any TiC as second phase, rather TiSi, as the ancillary phase.[8] A novel
solid-liquid reaction process was introduced by Zhimei et al. for the synthesis of Ti3SiC,.
The addition of NaF to the reaction mixture of Ti, Si and C results in the formation of a
liquid phase which increases the yield of Ti3SiC, as compared to the solid-state reaction
route. The exact reaction mechanism in the molten NaF was not reported.[9]

Lis et al. synthesized and consolidated Ti3SiC; in one step by hot isostatic pressing
(HIP) of elemental precursors. There is a combustion reaction between the precursors
during HIP at 1000 °C and the system self-heated to 1800 °C. A range of temperatures
were used for the synthesis process but the purity of Ti3SiC, never increased beyond
75 vol.%.[10] The results on the synthesis of TizSiC, did not yet spark the new trend of
research in MAX phase until Barsoum and co-workers published their work referring
Ti3SiC, as a “remarkable ceramic”. Barsoum et al. was successful in synthesizing highly
pure TizSiC, by hot pressing (HP) Ti, SiC and C together at 1600 °C for 4 h. The phase
purity was above 99 wt.%. It was this work which highlighted the excellent machinability
of Ti3SiCy and attributed this property to the layered nature of the material. The Young "s
modulus was measured to be 320 GPa and the compressive yield strength was observed
to decrease with temperature and at 1300 °C it was measured to be 260 MPa which is
higher than any other superalloys known till date. It was also pointed out that Ti3SiC; is
not susceptible to thermal shock. In summary, this work highlighted the technological
importance of Ti3SiC, which led to the explosion of interest in MAX phase in general.[11]
Li et al. did the reactive HIPing of Ti, Si and graphite powders by consecutive encapsula-
tion of BN and boro-silicate glass. It was suggested that the reaction in the Ti-Si-C is not
completely solid state rather a liquid in the Ti-Si system is also involved.[12] Sato et al.
synthesized TizSiC, by reaction synthesis of elemental powder at 1400 °C and the con-
tent of TiC was less than 4 vol.%. This group also mentioned the importance of the Ti-Si
eutectic temperature on the yield of Ti3SiC,.[13] Temperature fluctuation hot pressing
of Ti, Si and C powders were carried out by heating the reaction mixture inside hot press
to 1450 °C to melt the Si for initiation the liquid phase reaction. The temperature was
then reduced to 1200 °C to avoid vaporization of Si. This method resulted in a short pro-
cessing time and a higher yield of TizSiC,. The microstructural analysis revealed that the
grains consisted of thin hexagonal like plates which is an evidence of the growth of crys-
tals from a liquid phase.[14] Yongming et al. synthesized Ti3SiC, by in-situ hot pressing
of elemental precursors. The purity of Ti3SiC, obtained with 1.2 mole of Siwas 99 wt.% as
compared to 87 wt.% with 1 mole of Si. The content of Si was very crucial in determining
the final purity of Ti3SiC,.[15] Zhang et al. started with a unique reaction mixture of Ti,
TiSiy and TiC for the synthesis of Ti3SiC,. Gao et al. HIPed Ti, SiC and C at 1500 °C under
40 MPa for 30 min., the obtained purity of Ti3SiC, was 97 vol.% and the sintered density
was above 99%.[16] Sun et al. followed a fluctuation synthesis method for Ti3SiC,. Ti,
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Si and graphite powders were heated to 1300 °C for melting Si and then the temperature
was reduced to 1200 °C for the molten Si to be consumed in the reaction forming TizSiC,.
After the molten Si was depleted, the reaction mixture was heated again to 1280 °C for re-
melting Si. This process resulted in a substantial reduction in the total processing time
and yielded twice the purity of Ti3SiC, than that obtained by a solid-state route. The
TizSiC, powders obtained by this technique were of fibrous morphology.[17] Khoptiar
et al. synthesized TizSiC, by thermal explosion method. Thermal explosion is a variant
of SHS which simultaneously takes place in the volume of the sample. The application
of uniaxial pressure (80 MPa) at 1100 °C resulted in dense compacts (95%), however the
content of TiC was nearly 45 wt.%. The modified SHS technique alone was not enough
to obtain pure phase Ti3SiC, and had the need of additional HIP treatment.[18]

Goesmann et al. followed a novel route of electron beam ignited solid state reaction
for the synthesis of Ti3SiC,. Ti and modified SiC powder were mixed and consolidated
at room temperature. The sample was heated by electron beam to 900 °C after which
the reaction self-propagated and the temperature was estimated to reach between 1700
°C and 2617 °C. Finally, the reaction mixture was again heated with electron beam to
evaporate the excess Si. The Ti3SiC, obtained contained less than 8 wt.% of secondary
phases.[19]

Gao et al. synthesized and sintered Ti3SiC,, with some TiC second phase, in one step by
FAST/SPS Ti/Si/2TiC at 1250 °C.[20] SPS uses electric current to heat up the material in
vacuum with the advantage of very high heating rates and externally applied load. Feng
et al. carried out the synthesis of Ti3SiC; by field assisted sintering technique most com-
monly known as spark plasma sintering (SPS). Ti, Si and graphite powder were mixed in
ball mill for 20 h and heat treated in SPS at 1525 °C for 2 h under 46.8 MPa. The synthe-
sized Ti3SiC, had only less than 2 mol.% of TiC as the second phase. A post treatment
of the synthesized Ti3SiC, in vacuum resulted in the formation of large amount of TiC
whereas annealing in air at 1000 °C resulted in the formation of TiO, on the surface.[21]
Pulse discharge sintering technique was used to both synthesize and consolidate the re-
action mixture in the temperature range of 1100-1325 °C. The crystallization of TizSiC;
was observed 1200 °C and the ratio of Ti/TiSi»/TiC as 1:1:3 was optimum for obtaining
high purity of Ti3SiC,. The highest purity obtained for Ti3SiC, was 93 wt.%. The density
of the sintered compacts was above 99% at sintering temperature of 1225 °C.[22] Li et al.
used mechanical alloying (MA) of elemental powder with large balls for obtaining 95.8
vol.% TizSiC, by subsequent annealing. The MA process largely depended on the size
of the balls used because larger balls (@ 20.6 mm) can carry more energy in the form of
kinetic energy. The resulting impact on the powder particles creates a better intimacy
among them resulting in a combustion reaction. The high affinity of Ti towards C results
in the formation of TiC which is an unwanted phase in the synthesis of TizSiC,. Exten-
sive milling (400 h) of the precursors to amorphosize and a post annealing treatment at
1000 °C for 1 h is an alternative route involving MA for obtaining high purity fine Ti3SiC,
powders.[23] Zhang et al. used pulse discharge sintering process to heat up a reaction
mixture of Ti, SiC and TiC in the temperature range of 1250-1450 °C. The optimum tem-
perature was found to be 1350 °C for obtaining a purity of 92 wt.%. With the control of
sintering temperature and soaking time, the microstructure of Ti3SiC, could be tailored
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to be fine, coarse or duplex.[24, 25] Yongming et al. hot pressed a mix of elemental pow-
der with 0.2 mole excess of Si at 1600 °C for 2 h to obtain highly pure TizSiC, with full
density.[26] Zhu et al. showed that single phase Ti3SiC, was synthesized by the addition
of 0.2 mole to either elemental precursors or TiC as one of the starting materials. The
elemental mix was SPSed at 1150-1250 °C for 10 min. whereas the reaction mix with TiC
was hot pressed at 1300-1400 °C for 2 h. Irrespective of the starting material and the pro-
cessing route, the addition of 0.2 mole of Al accelerated the reaction for the formation of
TizSiC,.[27]

Sun et al. was successful in synthesizing 99 wt.% Ti3SiC, powder by heating mixed Ti, Si
and TiC in 1:1.1:1 ratio in vacuum.[28, 29] This is an example of self-propagating high-
temperature synthesis (SHS) where the heat generated by the reaction of precursors sus-
tains further reaction. However, the control of homogeneity while processing a large
quantity of powder is poor and hence the purity does not exceed that of commercially
available Ti3SiCy MAX phase.

2.2. MOLTEN SALT ASSISTED SYNTHESIS OF MAX PHASES

As mentioned above, there are different approaches to synthesize Ti3SiC, with high yields.
However, powders are typically required for further ceramic processing operation like
pressing, slip casting, injection molding etc.[30, 31] Near net shaping of MAX phase is
difficult because operations like injection molding[31], slip casting[30], tape casting[32]
need powder as the starting material The existing methods for producing MAX phase
yields either dense samples or free powders in small quantity. Moreover for processing
methods like deposition by spray technologies [33] on a substrate, powders with a con-
trolled particle size are preferred and the conventional methods only yield dense blocks.
The present work is a demonstration of the molten salt-based synthesis of large scale (1
kg) TizSiC, MAX phase powder in air without the need of any milling operation. The cur-
rent methods employed for the synthesis of MAX phases results in a dense block, which
is further crushed and milled to obtain fine powders for subsequent processing. Com-
minution of dense blocks to fine powders require extra energy and milling introduces
impurities from the milling jar and the balls resulting in a compromise of the purity of
the powder. The milling of MAX phase is an energy intensive process and might also re-
sult in the self-ignition of the powders. Moreover, the usage of vacuum or argon for the
prevention of oxidation at high temperature increases the cost of the process. Molten
salts are also used as an alternative synthesis route for MAX phases, where the elemen-
tal precursors are mixed in a suitable metal halide salt and heat treated to obtain the
respective phases. Molten salt is used as a medium for enhanced diffusion of reactants
to form a targeted product at a relatively lower temperature than the conventional syn-
thesis temperature.[34]The synthesis of CryAlC [35, 36], Ti3SiC,[37], TiAlC and TizAlC,
[38] by molten salt is reported, but it is noteworthy that the synthesis process was carried
out in a protective atmosphere of argon. The synthesis of MAX phase by molten salts is
only briefly explored and is always carried out in a protective atmosphere. In the present
work, we have developed a new method for the synthesis of Ti3SiC, MAX phase pow-
der in air from elemental powders by following a novel route reference as molten salt
shielded synthesis (MS®). This process makes the milling step superfluous and yields
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free flowing micro-metric powders. [39]

2.3. COMPOSITES WITH TI13S1C, AS THE MATRIX

2.3.1. PARTICLE REINFORCED CERAMIC MATRIX COMPOSITES

Tong et al. fabricated Ti3SiCy/ 20 vol.% $-SiC composite by hot pressing the mixed pow-
ders at 1600 °C for 30 min. under a pressure of 45 MPa. The presence of SiC particles
resulted in grain size refinement and inhibited the grain growth with a finer grain size
as compared to that of monolithic TizSiC,. The formation of 8 vol.% of TiC could not
be avoided because of high sintering temperature. The addition of SiC particles led to
the improvement of flexural strength at both room and high temperature (1200 °C). The
oxidation resistance of the composite was also higher than that of pure Ti3SiC,.[40] Rad-
hakrishnan et al. synthesized Ti3SiC,/SiC composites by in-situ displacement reactions
of TiC and Si in the ratio of 3:2. A two-step heating in hot press was done at 1380 °C and
1500 °C for synthesis and densification respectively. The presence of SiC particles re-
sulted in an increase of fracture toughness and hardness as compared to the monolithic
TizSiC,.[41] Ming et al. manufactured a new laminated composite of SizN4 and TizSiC,
by hot pressing at 1600 °C for 2 h under a pressure of 25 MPa. The laminated structure
resulted in multiple toughening mechanism by crack deflection along the weak interface
of Ti3SiC, /SisN4 and layered structure of TizSiC,. The laminated microstructure resulted
in the enhancement of mechanical properties and prevention of catastrophic failure of
the composite.[26] Wang et al. mixed Al, O3 with Ti3SiC; in the range of 10-20 vol.%. The
composites were spark plasma sintered in the temperature of 1200-1400 °C. The addition
of alumina resulted in increase of the hardness of the composite. Although the strength
and the fracture toughness were slightly reduced, the composite has a higher wear re-
sistance as compared to pure TizSiC,.[42] Barsoum et al. prepared Ti3SiC,/30 vol.% SiC
and Ti3SiC,/30 vol.% TiC composites. There was a substantial increase in hardness and
its combination with the damage tolerance of Ti3SiC, makes the composite a unique
material. The oxidation resistance of Ti3SiC,/SiC are better than Ti3SiC,, whereas for
TizSiC,/TiC composites it is poorer than pure Ti3SiC,.[43] Luo et al. sintered the com-
posite of Al,03/Ti3SiC, by hot pressing the mixed powders at 1600 °C for 2h. The high-
est toughness was obtained when the volume fraction of Ti3SiC, was 0.5.[44] Zan et al.
prepared multilayer laminated composite of Al,O3 and Ti3SiC, by hot pressing at 1600
°C/4h. The interface was rich in TiC which led to a tensile residual stress in the matrix
resulting in crack deflection along the interface of alumina and Ti3SiC, thereby toughen-
ing the material.[45] Shi et al. attempted to fabricate a machinable bio-ceramic material
by spark plasma sintering Ti3SiC, and hydroxyapatite at 1200 °C. The composite was
machinable if the content of Ti3SiC, was above 20 vol.% The enhancement in mechani-
cal properties of hydroxyapatite by the addition of Ti3SiC, makes it a potential material
for bone repair.[46] Li et al. fabricated Ti3SiC,/c-BN composite by high pressure-high
temperature technique at 1050 °C. A pressure of 4.5 GPa was applied to preserve the c-
BN crystal structure to avoid the reaction between Ti3SiC, and h-BN. These composites
were reported to be a potential candidate for super hard materials.[47]
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2.3.2. FIBER REINFORCED CERAMIC MATRIX COMPOSITES

Lenz et al. fabricated C¢/Ti3SiC, composite by reactive melt infiltration of Si into Cg pre-
forms impregnated with a mix of phenolic resin and TiC particles.[48] Mu et al. reported
an increase in flexural strength with the addition of only 9 wt.% of Ti3SiC, particles as
filler in SiC¢/SiC composites.[49] Yin et al. manufactured C-SiC-Ti3SiCy, hybrid compos-
ites by the combination of TiC slurry and liquid silicon infiltration.[50] The final com-
posite had 4 vol.% of TizSiC, which resulted in the improvement of both flexural strength
and fracture toughness. Lagos et al. fabricated Ti3SiC, based CMCs by densification with
spark plasma sintering of mixed chopped carbon fiber and TizSiC, powder.[51] There
was an interfacial reaction between carbon fiber and Ti3SiC, which might lead to the
degradation of mechanical properties. It was reported by Spencer et al. that TizSiC, does
not react with SiC fibers even at higher temperatures of 1550 °C and hence SiC,, was se-
lected as the reinforcement in the present work.[52] The inertness of SiC with respect
to Ti3SiC, provides the possibility of SiC,, / TizSiC, CMCs. Gonzalez et al. fabricated
SiC fiber containing CMCs with Cr,AIC and Ti,AIC MAX phases as the matrix.[31] It is
noteworthy that Al containing MAX phases have a reactivity with SiC and hence Ti3SiC,
MAX phase was used as the matrix in the present study. The evaluation of mechanical
properties of MAX phase-based composites are majorly done at room temperature. The
high temperature mechanical property evaluation of short fiber reinforced MAX phase
has not previously been reported and the current dissertation presents the evaluation of
compressive creep of SiC whisker reinforced Ti3SiC, MAX phase.

2.4. MECHANICAL PROPERTIES OF MAX PHASES

2.4.1. ROOM TEMPERATURE MECHANICAL PROPERTIES

It was pointed out by El-raghy et al. that MAX phases can fail both in a brittle man-
ner and in a ductile way.[53] The factors deciding the way MAX phases fail under stress
are grain size, load at failure and the rate at which the strain is applied. An observa-
tion by Barsoum et al. suggests that it is the fine grained MAX phase which fails in a
brittle fashion and the coarse grained MAX phase follows a so called graceful failure.[54]
Fine grained MAX phases are also resilient to a higher compressive stress as compared
to coarse grained counterparts. Zhang et al. attributed the graceful failure mechanism
to shear band formation.[55] Moreover, such shear band formation was also observed in
other layered solids like ice. Tzenov et al. made some conclusions about the ease of shear
band formation after investigating the deformed surface of TizAlC,. Coarse grained MAX
phases are more prone to the formation of shear band and thereby absorbing the me-
chanical stresses.[56] The strain rate is also a deciding factor for the mode of failure. The
higher the strain rate, the lower is time allowed for the absorption of the stress by shear
band formation. Hence, a higher strain rate leads to brittle failure. With the ultimate
compressive stress obtained by Hu et al. for V»AIC, it was established that MAX phases
follow the empirical Hall-Petch equation which states that the yield strength of a material
is proportional to 1/v/D where D is the grain size of the material.[57] Since MAX phases
are highly anisotropic material with the c-axis more than five times that of the a-axis in
the hexagonal crystal. The microstructure of hot-pressed MAX phase are also anisotropic
with the basal plane preferentially aligned to a specific direction depending on the MAX
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phase and the processing route. Hence, the mechanical properties along different crys-
tallographic directions are also expected to be different. This was validated by Bao et al.
by compressive loads on TizAlC, parallel and perpendicular to TizAlC,.[58] Compressive
loads applied parallel to the alignment of the basal plane results in the shear band for-
mation along with kinking of the crystal, so this configuration has a higher load bearing
capability than the basal plane and the axis of applied load being perpendicular to each
other. It was reported by Radovic et al. that MAX phases under tensile stresses do not
demonstrate any ductility and irrespective of the grain size the failure mode is always
brittle.[59]

2.4.2. HIGH TEMPERATURE MECHANICAL PROPERTIES

MAX phases behave different at high temperature because they undergo a brittle to plas-
tic transition.[59] The exact temperature of transition is specific to the MAX phase under
investigation. Unlike other crystalline materials, MAX phase does not have additional
slip systems activated at high temperature. The behavior of MAX phases under stress
at high temperature is mainly governed by the accumulation and further relaxation of
internal stresses. Since only basal slip is present, the glide of basal plane dislocation is
only in two dimension and along the basal plane. Hence, there must be other mecha-
nisms contributing to the deformation of MAX phase at high temperature. Since the dis-
locations are only constrained only in two dimension, the deformation cannot be com-
pletely accommodated by the dislocation glide along the basal plane and hence internal
stresses are generated.[59] Such evidence for internal stresses were provided by Radovic
et al. by loading Ti3SiC; in tension. The samples kept recovering even after removal
of the load. This implies that the internal stresses accumulated in the sample are try-
ing to be relieved by expanding after compressive load and contracting after tensile load
both at room and high temperature.[60] El Raghy et al. subjected Ti3SiC, to compressive
load and four-point bending loads above 1200 °C. The compressive strength and yield
strength decreased at high temperature. Irrespective of the grain size, the materials un-
dergo plastic deformation of more than 20%. For coarse grained Ti3SiC, the compressive
strength and yield strength reduced from 720 MPa to 330 MPa and 320 MPa to 100 MPa
respectively. The plastic deformation was believed to be a combination of grain delam-
ination, kinking and grain boundary de-cohesion.[61] Li et al. showed that the fracture
strength and toughness decreased slightly at 1000 °C as compared to room temperature
whereas at 1200 °C, the values were half that of the room temperature values.[62]

2.4.3. HIGH TEMPERATURE CREEP OF MAX PHASES

The mechanical properties like flexural strength (room and high temperature)[62] and
tribological behavior [63] of MAX phase are well documented and reported, however
creep investigations of MAX phase materials are very limited.[59, 64—-66] Radovic et al.
measured the tensile creep of both fine and coarse grained Ti3SiC; in the temperature
range of 1000-1200 °C. The coarse grained TizSiC, had higher creep rate since large grains
are more prone to delamination and kink-band formation thereby absorbing the stresses.
The activation energies (=460 kJ/mol) and stress exponent (1.5-2) for creep were sim-
ilar for both coarse and fine grained Ti3SiC, and dislocation creep was the proposed
dominant mechanism. Since the stress exponent was same throughout the temperature




24 REFERENCES

range, it was assumed that the rate controlling mechanism was same as well. Delamina-
tion were observed along the basal plane. The stress exponent and grain size exponents
did not match to any classical creep models suggesting that the creep of MAX phase is a
special case. It was clearly stated that the main creep mechanism is not one of the diffu-
sion or grain boundary creep. The creep was a combination of dislocation glide, kinking
and cavitation. The internal stress may have been accommodated by grain boundary
sliding. The overall creep response was attributed to the formation and relaxation of
internal stresses.[65, 66] Zhen at al. investigated the compressive creep of Ti3SiC, in
the temperature range of 1100-1300 °C. The creep rates in compression were one order
of magnitude lower than that of in tension mode. It was reported that at higher stress
(>70 MPa) the mechanism of creep changed from dislocation creep to sub-critical crack
growth. The stress exponents were comparable to that in tensile creep. The main creep
mechanism was reported to be dislocation creep with small contribution of grain bound-
ary sliding as well. The fine grained Ti3SiC, was more resistant to creep deformation
than the coarse counterpart.[59] Tallman et al. conducted the tensile creep of Ti,AIC
at high temperature (1000-1150 °C). There were considerable kinking observed on the
post-creep fracture surface. Since Ti>AlC is an Al containing MAX phase, the activation
energy and stress exponent was found to be lower than that of Ti3SiC,. Both dislocation
and grain boundary sliding were operating during creep deformation.[64]
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MATERIALS & METHODS

3.1. SYNTHESIS OF MAX PHASE POWDERS

LEMENTAL powders of Ti, Si, Al (>99.5%, Alfa Aesar, -325 mesh), graphite (Alfa Aesar,

2 um) were mixed in the stoichiometric molar ratio of 3:1:0.2:2. KBr (Alfa Aesar) in
1:1 weight ratio was added to the resulting mix. The mixture was milled in a slurry form
with ethanol and zirconia milling balls (@ 5mm) for 24 hours in a multidirectional mixer
(Turbula, WAB, Switzerland). The resulting slurry was dried in a vertical column rotary
evaporator at 60 °C. The dried powder was sieved in 300 pm sieve to homogenize the ag-
glomerate size. The dried powder was uniaxially pressed in a steel die under a pressure
of 200 MPa followed by isostatic pressing at 300 MPa. The consolidated specimen was
further encapsulated with KBr (Fig.3.1 I) and placed in a KBr salt bed inside a cylindrical
alumina crucible covered with an alumina lid without any sealant. The KBr salt bed sup-
plied with enough salt after melting to completely submerge the specimen with molten
salt for protection against ambient oxidizing atmosphere. The chemical composition of
the protective encapsulation and the salt bed should always be the same to avoid the
formation of inhomogeneous eutectic at the interface of salt bed and the encapsulated
material. The encapsulation of KBr was achieved by re-pressing the already consolidated
green sample in a larger steel die with KBr on all sides of the green sample. The samples
were heated in a resistance furnace (Nabertherm, Germany) to a temperature of 800 °C
at a rate of 20 °C/min and further heated to 1250 °C at a rate of 5 °C/min with a soaking
time of 1 hour at 1250 °C (Fig.3.1 II). The MAX phase powders were obtained after wash-
ing with distilled water repeatedly to dissolve the salt (Fig.3.1 III) followed by filtration
(Fig.3.1 IV).

Here a novel process is presented for the synthesis of non-oxide ceramic materials,
named Molten Salt Shielded Synthesis process (MS?), which uses molten salts as a re-
action medium and additionally protecting the ceramic powders from oxidation during
high-temperature processing in air. Ti3SiC, compositions with Si and Al excess were also
synthesized to understand the effect of the same on the phase purity of TizSiC,.

29
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Figure 3.1: Stepwise schematic of MS3 process.

Ti, AIN and MoAIB were also synthesized following the MS® process as a proof of con-
cept to demonstrate the possibility of the synthesis of ternary nitrides and borides. For
Ti AIN, Elemental powders of Ti, Al (Alfa Aesar, -325 mesh) and TiN (d5¢ 10 um, H.C.
Stark) were mixed in the stoichiometric molar ratio of 1:1:1. For MoAIB Elemental pow-
ders of Mo, Al (Alfa Aesar, -325 mesh) and AlB, (Rboschco, China, dso 10 pum) were mixed
in the stoichiometric molar ratio of 2:1:1. The same procedure for synthesis and char-
acterization was followed as for Ti3SiCy. Further optimization of temperature and com-
position of starting precursors needs to be done to obtain a pure phase material at a
temperature as low as possible.

3.2. POWDER CHARACTERIZATION

Differential scanning calorimetry (DSC) and thermo-gravimetric (TG) analysis were per-
formed in air on specimens with and without encapsulation of KBr to corroborate the ab-
sence of oxidation by MS3. Since the elemental precursors (Ti, Si, Al and C) will have their
respective oxidation peaks and it would make the analysis cumbersome, pre-synthesized
Ti3SiC, powder was used for thermal analysis to demonstrate the possibility of MS? pro-
cess in air. 0.1 g of TizSiC, were uniaxial pressed under 200 MPa into a small pellet of @
5 mm. The pellet was broken into pieces and one of the pieces was further encapsulated
with KBr by re-pressing in a @ 5 mm steel die. Such sample preparation was necessary
due to the small crucible size of the DSC-TG instrument. After placing the encapsu-
lated sample into the alumina crucible, the empty space was filled with KBr to provide a
shielding effect by forming molten salt pool similar to the process of MS3. The furnace
was heated at a rate of 20 °C/min to a temperature of 1300 °C followed by rapid cooling.

The fact that the encapsulation of KBr acts as a barrier between the atmosphere and
the sample in the pre-salt melting stage is demonstrated by measuring density and gas
permeability of a 4 mm thick KBr disk cold pressed at room temperature. The KBr disk
was pressed uni-axially at 200 MPa and then iso-statically at 300 MPa. The geometrical
density was 98% of the theoretical value. The KBr disk was placed on gas tight O-ring
and helium pressure was applied on one side whereas the concentration of helium was
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measured on the other side. The permeability values of helium and air through the KBr
disk were found to be 1.4E-7 hPa.dm3.s™' at room temperature, which suggests that the
encapsulation of the sample by KBr is gas tight. Hence, a cladding thickness of 4mm is
enough to isolate the sample material from ambient oxygen.

The powder obtained after MS® process was scanned in a 0-20 X-ray diffractometer
(XRD, D4 Bruker, Germany) using Cu-Ka radiation (40kV, 40mA). A silicon single crystal
sample holder was used to avoid any background signal in the X-ray diffraction pattern.
A Rietveld refinement (Topas) was performed to obtain the purity and wt.% of the phases
present in the synthesized powder.

Since the process is carried out in air, oxygen uptakes were measured. Synthesized Ti3SiC,
powder and sintered Ti pellet were analyzed for the oxygen content. The oxygen was de-
termined by hot gas extraction using a Leco TCH 600 instrument. Sample amounts of
30 to 250 mg were analyzed at least in triplicate. The sample was packed in tin capsules
and nickel baskets prior to heating in a carbon crucible. The amount of carbon dioxide
collected after combustion gives the measure of oxygen present in the powder.

The particle size distribution was measured by laser diffraction instrument (LA-950V2,
Partica, Horiba). Two light sources (405 nm and 650 nm) and two arrays of photodiode
are used to detect the scattered laser from the particle. The particle size distribution
is calculated by using Mie scattering theory. The instrument uses an inbuilt ultrasonic
probe and agitator to avoid the agglomeration of particles during measurement.

The synthesized free flowing powders were sprinkled on a carbon tape and blown with
pressurized carbon dioxide to remove the excess of powder. The sample was coated with
platinum to reduce the charge accumulation during microscopy. The powder morphol-
ogy was observed in a scanning electron microscope (SEM, Zeiss Ultra55, Oberkochen,
Germany).The synthesized and milled Ti3SiC, powders were observed in a transmission
electron microscope (TEM, Zeiss Libra 200 Cs) to visualize the particle size. The powder
was ultra-sonicated in ethanol medium for 30 mins. A drop of the suspension was dried
in a copper grid which was later inserted into the TEM.

The reaction of elemental powders of Tj, Si, Al and C leading to the formation of Ti3zSiC,
by the MS? process were investigated by quenching the reaction mixtures at temperature
range of 700-1300 °C. The reaction mixture of Ti/Si/C and Ti/Si/Al/C in the molar ratio
of 3:1:2 and 3:1:0.2:2 were mixed with equal weight of KBr and the procedure similar to
the process of MS® was followed. There was no holding time at the set temperature. The
reaction mixture was air quenched by pouring the molten salt along with the pellet onto
a steel plate. The pellets were separated from re-solidified salt mechanically.

The quenched samples were dry ground on successive finer abrasive SiC papers and pol-
ished by an ion beam (IM4000, Hitachi). The polishing was not done with diamond sus-
pensions to avoid contact of water or oil with the salt content of the sample. Since salt is
soluble in the suspensions used for polishing, the complete process of grinding and pol-
ishing was kept dry. The quenched samples were coated with platinum and observed in a
scanning electron microscope (SEM, Zeiss Ultra55, Oberkochen, Germany).Energy dis-
persive X-ray spectroscopy (EDS) was performed on points of interest of the quenched
microstructures.
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3.3. T13S1C, BASED CERAMIC MATRIX COMPOSITE (CMCS)

CMC s containing SiC fiber and whisker were fabricated with Ti3SiC, as the matrix. As
received chopped Hi-Nicalon SiC fibers (length: 1 mm, @ 10 um, NGS Advanced fibers,
Japan) were processed to remove the metal catalyst used for the growth of whiskers. 10
g of SiC fibers (SiCy) were mixed with 100 ml of 0.1M HNOj3 with continuous magnetic
stirring at a temperature of 70 °C for 1 h. The suspension of SiCy in dil. HNO3 was filtered
and repeatedly washed with de-ionized water to confirm the removal of added HNOs.
Acid treated SiC,, were finally rinsed with ethanol and dried at 60 °C to avoid agglomer-
ation. The same process was followed for cleaning -SiC whiskers (SiCy, length: 10 um, @
1 um) Haydale technologies, USA).

The synthesized Ti3SiC, was mixed with 10 and 20 vol.% of SiCy in ethanol with high
shear mixer in an ultrasonic bath for 1 h immediately followed by drying in a rotary evap-
orator to avoid segregation of phases due to density differences. The dried powder mix
of Ti3SiC, and SiC,, were loaded into a graphite die (@ 20 mm) with a graphite foil. The
weight of powder was so calculated to have a sintered block with 20 mm as diameter
and 10 mm as height upon full densification by Spark Plasma Sintering (SPS, HPD5, FCT
System, Germany). The graphite die with the powder was heated at a rate of 100 °C/min
with a holding time of 35 mins and 80 MPa at the peak temperature of 1250 °C followed
by rapid cooling. Additionally, a blank specimen based on monolithic Ti3SiC, was sin-
tered under the same conditions to be compared with the composites. In addition, a
separate set of composites were sintered with SiCy, as the reinforcement phase rather
than SiC¢. The volume fractions of SiC,, used for Ti3SiC, composites were similar to that
of composites with SiCy. Table 3.1 summarizes the different grades of composites fabri-
cated with different reinforcements.

Table 3.1: Grades of CMCs fabricated with TizSiCy as matrix

Reinforcement | Sample ID
- TSC

10 vol.% SiC¢ TSC-10SiCy

20 vol.% SiC¢ TSC-20SiCy

10 vol.% SiCy, | TSC-10SiCyy

20vol.% SiCyy | TSC-20SiCy

The sintered dense blocks were sand blasted to remove the graphite foil used to sep-
arate the contact between MAX phase and graphite die wall. The density was measured
by Archimedes method of water displacement. Further the sintered block was ground
plane-parallel and cylinders with a diameter of 5 mm and a height of 10 mm were ob-
tained by electro-discharge machining. Three different blocks were sintered with mono-
lithic Ti3SiC,, and 10 and 20 vol.% of SiC,, which is referred to as TSC, TSC-10SiC,, and
TSC-20SiC,, respectively. The fabricated CMCs were analyzed for identifying crystalline
phases by X-ray diffraction (XRD, D4 Bruker, Germany). The quantitative analysis from
XRD data was obtained by Rietveld analysis using Topas software.
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3.4. HIGH TEMPERATURE COMPRESSIVE CREEP

The creep testing was done in air at temperatures of 1100, 1200 and 1300 °C using con-
stant loads corresponding to stress levels of 20-120 MPa. The creep data were not an-
alyzed below 1100 °C since the deformation was too small (1 pum/day) and dominated
by primary creep. The samples were heated to the test temperature at 5 K/min and a
holding time of 1 h was allowed for equilibrium to be achieved between the furnace and
sample temperature before the application of constant load by an electro-mechanical
machine (INSTRON 1362). The creep tests were performed for a specific temperature
and stress level until a deformation of 100 pm after which the tests were aborted. The de-
formation was measured by a linear variable differential transformer (Solartron Metrol-
ogy). The same sample was subjected to a higher temperature and a higher stress after
the deformation at a corresponding lower temperature and lower stress exceeded 100
pm. A total of 12 combinations of temperature and stress were used to measure the
creep deformation on the single cylindrical specimen. The creep at lower temperatures
(1100-1200 °C) might affect the creep at 1300 °C, hence creep measurements were in ad-
dition carried out on a pristine specimen by directly applying a higher load at a higher
temperature (e.g. 1200 °C/80 MPa). The values for the total deformation over time and
the minimum creep rate obtained in these tests were in agreement with the creep testing
done by sequential increase of temperature and stress on the same sample, hence veri-
fying the procedure.

Pole figures were measured using an X-ray diffractometer (Empyrean, PANalytical GmbH,
Germany) with a five-axis cradle to identify preferential orientation of crystals in bulk
materials. The intensity of X-ray from a single atomic plane were measured by tilting
and rotating the sample. The tilting angle was swept from 0° to 85° and the rotating an-
gle was varied from 0° to 360°. The intervals of both tilting angle and rotating angle was
set to 5°. The orientation distribution function (ODF) of one specific crystal direction
was analyzed with respect to the reference sample frame. X'Pert Texture (Malvern Pana-
lytical) was used to generate the pole figures and ODF from the X-ray data measured by
the diffractogram.

The samples before and after creep tests were ground and polished in both parallel
and perpendicular direction of the applied load for electron backscattered diffraction
(EBSD, Oxford Instruments, Aztec 2.4) analysis. To avoid the usage of highly corrosive
HF for etching the grain boundaries, band contrast from kikuchi patterns were used for
the reconstruction of an image which is a representation of the microstructure.
Samples for transmission electron microscopy were prepared by Focused Ion beam ma-
chining of bulk samples to obtain a TEM lamella. The lamella was obtained from the
center of the crept sample as it is believed to have undergone maximum deformation
during creep. The lamella was characterized by TEM (FEI Tecnai G2 20S-TWIN).






RESULTS & DISCUSSIONS I

Molten salt shielded synthesis (MS®) of Ti3SiC,

4.1. MOLTEN SALT SHIELDED SYNTHESIS (MS®) PROCESS

OLTEN salt synthesis for ceramic powders is well known, but for non-oxide com-
M pounds the process has been so far always carried out in argon atmosphere to
protect the material from oxidation.[3, 4] These are efficient methods, but expensive,
limiting their use at industrial scale. This limitation is particularly determinant for MAX
phase since the lack of reliable synthesis processes to produce high pure powders in large
quantities have hindered the commercialization of MAX phases. In the MS? process, we
have used potassium bromide (KBr) as the reaction medium. KBr has high ductility at
room temperature and can be cold pressed to densities above 95 % relative density. (5, 6]
We exploit this property of KBr to have a gas tight encapsulation around the specimen
before placing it in the KBr salt bed for further heating. The heating can be divided into
two segments: i) salt pre-melting and ii) salt post-melting. The gas-tight salt encapsu-
lation protects the specimen from oxidation during salt pre-melting segment, whereas
the post melting oxidation protection is achieved because the specimen is submerged in
molten salt, and a barrier is formed between the ambient air and the sample. After cool-
ing, the sample is recovered by dissolving the salt with water. Free powder is obtained by
boiling the samples in water followed by filtration. Fig.4.1 shows the step-wise schematic
of MS? process.

Because elemental precursors (Ti, Si, Al and C) have their own respective oxida-
tion temperature, which would make the analysis cumbersome, hence pre-synthesized
Ti3SiC, powder was used for thermal analysis to demonstrate the possibility of MS? pro-
cess in air. The specimens without encapsulation showed severe oxidation and an obvi-
ous increase in mass, whereas the encapsulated specimen showed a slight oxidation. As

Parts of this chapter have been published in Nature Materials 18, 465 (2019) [1] and Journal of European Ce-
ramic Society 39, 3651 (2019) [2].
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Figure 4.1: Schematic of molten salt shielded synthesis (MS3).

Ti is highly prone to oxidation and is one of the precursors for the synthesis of Ti3SiCy
MAX phase. A similar DSC-TG investigation was performed with only Ti powder. The
exothermic peak in Fig.4.2.a,c below 740 °C denotes the oxidation of Ti3SiC, and Ti, re-
spectively (red curve). An initial oxidation is observed in case of encapsulated TizSiC,
and Ti (blue curve).

The oxidation ceased after the melting point of KBr which is denoted by an endother-
mic peak at 740 °C (black curve). Fig.4.2.b,d show only initial mass gain of encapsulated
samples due to oxidation (blue curve). Further heating results in mass loss in case of en-
capsulated samples due to the evaporation of salt. The mass loss trend is similar when
only KBr is heated (black curve), whereas samples of TizSiC, or Ti (Fig.4.2.b,d) heated
without an encapsulation suffer only mass gain due to oxidation (red curve).

Fig.4.3 depicts the processing temperature window for a range of alkali and alkaline earth
metal halide salts. The yellow, blue and grey regions correspond to the solid, liquid and
vapor phase of the salt respectively. It is noteworthy that only the liquid phase tempera-
ture range provides the possibility of MS3. The processing is only possible if the synthe-
sis temperature is within the temperature window and the oxidation temperature of the
material is higher than the melting point of the salt. The eutectic temperature of 2 or 3
component salt system offers the possibility to have a very low melting point as in case
of KCI-LiCl-NaCl. The phase evolution of Ti3SiC; is similar to that when KBr was used
as the salt medium. Although there are small peaks of TiC seen in the XRD (Fig.4.4), it is
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Figure 4.2: a, DSC of Ti3SiC2, KBr-encapsulated Ti3SiC and KBr conducted in air, b, TG of Ti3SiCp,
KBr-encapsulated Ti3SiCp and KBr conducted in air, ¢, DSC of Ti, KBr-encapsulated Ti and KBr conducted in
air, d, TG of Ti, KBr-encapsulated Ti and KBr conducted in air.

noteworthy that there were no oxide phases detected by XRD. The XRD shows only peaks
of TiC and TiSi, and no TizSiC, phase or any oxide phase. Since the synthesis tempera-
ture was 1250 °C, it can be assumed that the diffusion of reactant species was not facili-
tated in the molten CaCl, and hence the reaction was incomplete. A higher temperature
would be required to enable massive formation of Ti3SiC, MAX phase. Nevertheless, the
shielding effect was achieved even by using salts other than KBr, like LiCl-NaCl-KCI and
CaCl,. The synthesis of Ti3SiC, was carried out with KCI-LiCl-NaCl and CaCl, under the
same conditions as with KBr.

The prime criteria considered when selecting a salt system are for it to be cost-effective,
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easily available and water soluble. The cation of the salt should be more electropositive
than the material which is to be processed, to avoid possible reactions of the material
with the salt. Ca based halides (CaCl, and CaBr,) have very high boiling point and pro-
vides the possibility to process materials at temperatures close to 2000 °C which can be
beneficial for the synthesis of advanced ceramics. The salts listed in Fig.4.3 are halides
of group I and II from the periodic table. The higher members of the groups are not
included because low price and water solubility are the prime criteria for MS®. Unlike
potassium halide salts; MS® process by any other salt listed in Fig.4.3 is also possible.
However, the usage of other salts compromises the flexibility in terms of the precursors
which can be chosen depending on the material which is being synthesized.
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Figure 4.3: Processing temperature window for various salt compositions.

A chemical analysis for the estimation of oxygen was performed on Ti3SiC, powder
after washing it with hot distilled water for five times. The oxygen content was found to
be 1.53 wt.% as compared to the initial oxygen content of 0.36 wt.%. The oxygen content
is comparable to commercially available Ti3SiC; MAX phase (1.25 wt.% O) whereas the
phase purity is higher in case of the presently synthesized Ti3SiC,. The initial oxidation,
results in a minute oxygen uptake as shown by the moderate increase in oxygen content
of the sintered Ti (0.49 wt.% O) as compared to the starting Ti powder (0.32 wt.% O). The
oxygen content of the initial powder and the salt used for the sintering is decisive to the
final oxygen content of the component. A low temperature melting salt composition for
MS?3 can result in even lower oxygen uptake. Table 4.1 shows the oxygen content before
and after MS®.

MS3 process is based on molten salt, so the inter-diffusion of the atomic species
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Figure 4.4: XRD of Ti3SiCy synthesized at 1250 °C/1 h with LiCl-NaCI-KCI (blue curve) and CaCly (red curve)
as the molten salt medium for MS3.

Table 4.1: Summary of the Oxygen content measured before and after MS® process a, Oxygen uptake of
TizSiCy during synthesis. b, Oxygen uptake of Ti after sintering by MS® process in KBr.

a b
Synthesis Sintering
PreMS®  Post MS® PreMS® Post MS®
Species Oxygen wt. % Species Oxygen wt. %
Ti 0.326 - Ti 0.326 0.498
Si 0.600 -
Al 0.582 -
C 0.293 -

Ti3SiAly 2C2 0.361 1.530




40 4. RESULT & DISCUSSION I: MOLTEN SALT SHIELDED SYNTHESIS (MS®) OF T13S1C»

forming the targeted reaction product by dissolution-precipitation of different atomic
species.[7] The molten salt provides a medium for the transport of metals in the form of
ions. An oxidant has a major role to play for the diffusion of metal ions into the molten
salt.[8] Since no oxidant was added to KBr melt, it is believed that small amounts of dis-
solved oxygen in the forms of superoxide and peroxide may have assisted the transfer
of both metal ion and electron by hoping mechanism.[9] Fig.4.5.a,b shows the interac-
tion zone of the material with salt in the cross-section of alumina crucible. A diffusion
sphere is observed around the Ti plate in the solidified salt whereas there is none in case
of TizSiC,, suggesting negligible mass loss from the sample in that case. Fig.4.5.c shows
the presence of second-phase precipitates in the KBr solidified matrix.[10] EDS scans
(Fig.4.5.e,f,g) near the interface (Fig.4.5.d) confirm that the globular dark grey inclusions
(Fig.4.5.c) are Ti metal. This difference is probably because in the case of pure metals,
no reaction partners are locally available for producing a new phase and dissolved metal
ions can thus diffuse across longer distances through the molten salt. As aresult, the syn-
thesis temperature is reduced; TizSiC, is typically formed by solid state reaction above
1350 °C whereas by MS? the required temperature is 1250 °C. This also depends on the
precursors used for the synthesis. The synthesis temperature was lowered by 100 °C in
case of MS?, and this decrease was observed for other MAX phases as well.

4.2. REACTION MECHANISM FOR THE FORMATION OF T15S1C,

IN MOLTEN SALT

As mentioned earlier, the synthesis of Ti3SiC, was done with 0.2 mole addition of Al.
Hence, a systematic study of the effect of Si and Al excess content was done. Table 4.2
shows the nomenclature of the Ti3SiC, compositions with excess Si and Al

Table 4.2: Nomenclature of TizSixAlyC, compositions with different content of Si and Al

Elemental composition (moles) Sample ID

Ti | Six) | Aly) C Ti3SixAlyCa
3 1 0 2 TSC

3 1.1 0 2 TS1.1C

3 1.2 0 2 TS1.2C

3 1 0.1 2 TSA0.1C
3 1 0.2 2 TSA0.2C

3 1 0.3 2 TSA0.3C

3 1 0.4 2 TSA0.4C

3 1 0.5 2 TSA0.5C

The synthesis of Ti3SiC, had been carried out with numerous processing routes but
the molten salt synthesis route has been least expored and hence to propose a reaction
mechanism leading to the formation of Ti3SiC,. The phase evolution and the reactions
leading to the formation of the phases at every temperature were proposed based on the
XRD of quenched samples supported by point scans of the polished quenched samples.



4.2. REACTION MECHANISM FOR THE FORMATION OF Ti13S1Cy IN MOLTEN SALT 41

X

Counts

x

Counts
Counts

T
KL

_Pt PRt

KK

1

2

3

4

keV

Figure 4.5: Cross-section of alumina crucible with a, Ti metal and b, Ti3SiCy embedded in KBr, c,
Back-scattered image of the area corresponding to yellow rectangle in a, d, Back-scattered image of the area
corresponding with red rectangle in a, (e,f,g) EDS scans of corresponding points in d.

Fig.4.6 shows the XRD of quenched TSC at temperatures from 700 °C to 1300 °C. The
melting temperature of KBr is 735 °C.[11] There was no reaction between the compo-
nents at 700 °C because the particles of the starting elements were discrete and not in
contact with each other because of the KBr content.

At 800 °C the molten salt mediated the reaction between Ti, Si and C and reaction prod-
ucts like Ti5Sis, TiSi, and TiC were formed with some unreacted Ti, Si and C. The reac-

tions can be depicted by the following equations:

5Ti+3Si — Ti5Si3 (4.1)
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Figure 4.6: Phase evolution of TSC quenched at a temperature range of 700-1300 °C.
The cellular structure in Fig.4.7.a suggests incomplete melting of KBr and EDS point
scans suggest the presence of Ti, Si and C as the major phases. The phases detected by

XRD at 900 °C were Ti5Siz and TiC mainly. The TiSi, observed at 800 °C disappeared due
to a possible reaction with Ti according to:

3TiSip+7Ti — 2Ti5Si3 (4.4)
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Figure 4.7: Quenched microstructures of TSC at a 800 °C, b 900 °C, ¢ 1100 °C and d 1300 °C.

In the temperature range of 1000-1200 °C, the intensity of Ti5Si3 and TiC peaks in-
creases indicating the formation of the same. Weak peaks of TizSiC, were already visible
at 1100 °C. The formation of TizSiC, can be realized by the following reaction:

2C+ Ti5Si3+4TiC — 3Ti3SiCy (4.5)

From 1000 °C - 1300 °C, the intensity of Ti3SiC, peaks increased indicating the increase
in the quantity of the respective phase. Fig.4.7.c shows the presence of graphite with
platelet morphology. Even at 1300 °C there is un-reacted Ti5Si3 and TiC is present apart
from Ti3SiCy. There is a small amount of TiSi, re-formation which might be due to the
reaction of Ti3SiC, with residual C forming TiCy and Si.[12]

TizSiCy+(3x—-2)C— Si+3TiCy (4.6)

EDS points scans in Fig.4.7.d depicts the presence of free Si which might have formed by
the above-mentioned reaction. The Si formed in this reaction reacts with Ti5Si3 to form
TiSip and can be represented by the following reaction:

Si+ Ti5Sis — 5TiSi 4.7)
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Solid state reaction of TSC results in the formation of Ti5Siz and TiC as intermediate
phase and its amount decreases from 1200 °C with the subsequent formation of Ti3SiC,
[13] whereas in the present work, the amount of Ti5Siz and TiC starts decreasing from
1000 °C. Molten salt provides a medium for inter-diffusion of species even at a low tem-
perature and hence the appearance of phases at low temperature as compared to the
solid-state reaction. Intermediate phases like TisSi3Cy [14, 15] were not observed in the
present synthesis route. Since the phase purity of Ti3SiC, starting from stoichiometric
composition was very low (81 wt.%), an excess of Si and Al was required to improve the
purity of Ti3SiC,. 0.1 and 0.2 mole of excess Si was used as the starting reactants for the
synthesis of TizSiC,.
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Figure 4.8: XRD of Ti3SiC, with 0.1 and 0.2 excess of Si at 1250 °C for 1 h.

Compositions with stoichiometric amounts of elemental reactants result in forma-
tion of ancillary phases which are not desired and hence to maximize the amount of
TizSiC, formed, an excess of the A element (Si, Al) was added and the phase evolution
was investigated. Fig.4.8 shows the XRD pattern for the phase evolution of TizSiC, with
excess Si at 1250 °C. The addition of 0.1 mole excess of Si resulted in the decrease in the
intensity of TiC peak and formation of TiSi, whereas the the addition of 0.2 mole ex-



4.2. REACTION MECHANISM FOR THE FORMATION OF Ti13S1Cy IN MOLTEN SALT 45

cess of Siresulted in further increase in the intensity of TiC peaks and an increase in the
intensity of TiSi, phase due to the reaction of Si with Ti3SiC,.[12]
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Figure 4.9: XRD of Ti3SiCp with 0.2 excess of Si at a temperature range of 1250-1350 °C for 1 h.

An increase in temperature to 1350 °C for the composition with 0.2 mole excess of Si
did not have any effect on the purity level of Ti3SiC,. Fig.4.9 shows the XRD of TizSiC;
with 0.2 mole excess of Si synthesized at a temperature range of 1250-1350 °C. The excess
of Si has a slight effect on the purity of Ti3SiC, hence the addition of Al was done to assist
the reaction resulting in the formation of TizSiC,. Fig.4.10 shows the phase evolution
of Ti3SiAlC, synthesized at 1250 °C where “x” varies from 0.05 to 0.5 mol.%. With the
addition of Al the content of TiC reduces. The addition of 0.1 mol. Al resulted in a highly
pure Ti3SiC, phase (97 wt.%) as compared to composition without Al addition (81 wt.%).
Further addition of Al beyond 0.1 mol. resulted in the formation of Al, O3 without further
increase in the purity of Ti3SiC,. Table 4.3 shows the wt.% of the phases present in each
composition of excess Al.

The quantitative analysis was done by Rietveld refinement. The calculated lattice pa-
rameter(c) (Table 4.3) suggests that Al did not form a solid solution with TizSiC, rather Al
just assisted the reaction leading to the formation of Ti3SiC,. The increase in Al content
leads to an increase in the purity of the Ti3SiC, MAX phase. Beyond the content of 0.1
mole of Al, the formation of alumina is evident and the purity of Ti3SiC, doesn't increase
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Figure 4.10: Phase evolution of Ti3SiCp with different content of Al at 1250 °C for 1 h.

appreciably. Fig.4.11 shows the increase in the purity of Ti3SiC, phase with the increase
in Al content.

The commercially available Ti3SiC, MAX phase with the trade name of MAXthal 312
manufactured by Sandvik Materials Technology only offers a purity of approximately 80
wt.% of TizSiC, with the remainder as TiC. Since the processing route followed for the
commercial production is self-propagating reaction method, the homogeneity of the re-
action mixture is poor and hence the poor purity of the resultant reaction product. To
understand the evolution of Ti3SiC, phase with the addition of Al, similar quenching
experiments were done and XRD and SEM-EDS analysis was performed. In the temper-
ature range of 800-900 °C TizSi3, TiAls, TiC were formed. Fig.4.12 shows the XRD of TSAC
reaction mixture quenched in a temperature range of 700-1300 °C. The peaks of TiAl;
only appear at 900 °C and traces of TiAlz were detected by SEM/EDS. The formation of
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Table 4.3: Evolution of phases with the addition of Al at 1250 °C/1 h

Al TigSiCy TiC Ti5Si3 TiSiy Al,O3 Lattice
Mol.% | (wt.%) (wt.%) (wt.%) wt.%) | (wt.%) parameters (c) [A]
0 81 11 6 2 - 17.68
0.05 83 9 6 2 - 17.68
0.1 97 3 - - - 17.68
0.2 96 3 - - 1 17.69
0.3 96 2 - - 2 17.69
0.4 95 2 - - 3 17.69
0.5 96 2 - - 2 17.68
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Figure 4.11: Purity of Ti3SiC vs. content of Al added for the synthesis of TizSiCy.

TiAl3 can be given by:
Ti+3Al — TiAlg (4.8)
The peaks of TiAls were not visible above 900 °C; rather 1 wt.% of Al,O3 was detected at

1250 °C/1 h by Rietveld analysis. The presence of Al,O3 can be due to the native surface
oxide from the starting powder or due to the following reaction:

4TiAl3+130, — 6AL,03+4TiO; (4.9)

The addition of Al acts as an oxygen getter and results in a more oxygen deficient reaction
mixture which in turn yields a purer Ti3SiC, phase. Moreover, Al might also reduce TiO,
on the surface of Ti particles and facilitate better reaction of Ti particles with Si and C.
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Figure 4.12: Phase evolution of TSA0.2C quenched at a temperature range of 700-1300 °C.

At 1100 °C, 5 wt.% of Ti3SiC, was formed unlike to the reaction mixture without Al which
only had traces of Ti3SiCy. The content of TizSiC, at 1200 °C and 1300 °C are 71 wt.%
and 96 wt.% respectively. The addition of Al not only resulted in a purer phase at the
synthesis temperature (1250-1300 °C) but also at lower temperatures. Unlike Fig.4.7.a,
Fig.4.13.a does not have cellular structure because of Al melting, the main phases iden-
tified by EDS and XRD were Ti and TisSiz. The reactants were dissolved in molten salt
at 1100 °C and due to the sudden cooling caused by quenching; the reactants dissolved
in the molten salt solidified in a spherical fashion. The samples quenched from 1100
°C (Fig.4.13.c) shows smaller alumina particles whereas the sample quenched from 1300
°C. Fig.4.13.d shows larger alumina particles which might have grown in the tempera-
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ture range of 1100-1300 °C. The formation of alumina can be depicted by the following
reaction[16]:

3TiO2+13Al — 3TiAl3 +2Al,03 (4.10)

Native TiO; from starting powders and TiO, formed on the surface of the sample in the
pre-melting stage of salt might react with Al to form alumina and TiAl;. Moreover, the
reduction of TiO; on the surface of Ti particles can facilitate better reaction of Ti parti-
cles with Si and C. Since the reaction is complete at 1300 °C, there are no more dissolved
reactants in the molten salt and hence the grains of KBr can be clearly seen in Fig.4.13.d.
Previous investigation suggests that the addition of 0.2 mol.% excess Si results in 95%
pure Ti3SiC, phase.[17, 18] The excess Si was assumed to compensate for the Si loss
due to evaporation. In the present work the whole reaction mixture is submerged inside
molten salt and there is no possibility of loss of Si by evaporation because the synthesis
temperature is much lower than the melting point of Si. Experiments with excess of Si
resulted in the formation of TiSi, rather than increasing the purity of TizSiC,, whereas
the addition of Al resulted in the increase of the purity of TizSiC,.

#1 &

TSAC1100 |

Figure 4.13: Quenched microstructures of TSA0.2C at a 800 °C, b 900 °C, ¢ 1100 °C and d 1300 °C.
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4.3. INTERFACIAL INVESTIGATION OF KBR-TI13S1C, WITH AND
WITHOUT AL

For a better understanding of the role of Al in enhancing the purity of Ti3SiC,, an in-
vestigation was performed at the interface of the sample and the surrounding solidified
molten salt. The alumina crucible with the sample and the solidified salt was cut into
half. The section was ground with SiC paper and polished with ion beam. Fig.4.14.a
shows the interface of Ti3SiC, and KBr whereas Fig.4.14.b shows the interface of TizSiC,
with 0.2 mol.% of Al and KBr. The most obvious difference is that the interface of Ti3SiC,
with the addition of Al is clean and there are no second phase observed in the solidified
KBr region. In Fig.4.14.a there are numerous artifacts in the KBr region.

b

a
o

Figure 4.14: SEM of KBr-sample interface a TizSiCp and b Ti3SiC,:0.2Al, synthesized at 1250 °C/1 h.

The phase contrast of the interface without Al addition suggests a single phase whereas
the interface with Al addition has two phase contrast. Point EDS scans were performed
on specific spots to identify the composition of the interface of KBr and TizSiC, phase.
Fig.4.15 shows the points of EDS scans and Table 4.4 mentions the possible phases from
the EDS data (not shown here).The layer facing the KBr is composed of TiO, which might
have formed due to the oxidation of Ti on the surface of the sample at low temperatures.
The subsequent layer beneath the TiO» is composed of Al,O3 which might have formed
due to the reaction of Al with TiO, or direct oxidation of Al to Al,O3. The interior of the
sample showed the presence of only Ti3SiC, and KBr. For a better representation, el-
emental mapping was performed on the interface of Ti3SiC, and KBr with/without Al
addition. Fig.4.16 shows the elemental mapping of the TizSiC,-KBr interface with and
without Al addition. Apart from the fact that the interface (Fig.4.16.a) is TiO», it is note-
worthy that the artifacts in the KBr region are composed of TiO, and metallic Si. It can be
assumed that Si diffuses out to the KBr through the TiO, interface and hence the sam-
ple becomes deficient in both Si and Ti resulting in a lower purity of TizSiC,. In case
of the sample with 0.2 mol.% of Al, the interface (Fig.4.16.d) is composed of both TiO»
and Al,03 which is impervious to the out-diffusion of TiO, and Si and hence the stoi-
chiometric chemical composition is intact resulting in a higher phase purity of TizSiC,
(Table 4.5).
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Figure 4.15: EDS point scans of KBr-TSA0.2C interface.

Table 4.4: EDS point scans of the interface of Ti3SiC,:0.2Al and KBr corresponding to Fig.4.15

Point | Ti | Si | Al | O | K | Br | Probable phase
1 X X X X |\ v | Vv KBr
2 v X X | v v |V TiO,
3 X | X v | vV X | KX Al, O3
4 X X X X | v | Vv KBr
5 v oIV X X | X X TizSiCp
6 X X X X | v | Vv KBr
7 X v v v X X A1203 + Si
8 Ve v v N X X TiOZ + Aleg +Si
9 X X v N v v A1203 + KBr

The Ti3SiC, synthesized at 1250 °C/1 hr. with 0.2 mol.% Al was repeatedly washed
with hot water to remove the KBr content. The synthesized Ti3SiC, was 96 wt.% (Rietveld
refinement of XRD data) pure and did not have any oxide second phase (as detected by
XRD), 3 wt.% of TiC and 1 wt.% of Al,O3 were detected by XRD. The powder was free
flowing after washing the salt content and did not need any extra milling. However, an
optional milling step can be adopted to further tailor the particle size. Fig.4.17 shows the
XRD of the synthesized Ti3SiC, powders.

The addition of 0.2 mole of Al was done to enhance the purity of the synthesized
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Figure 4.16: Elemental mapping of the interface of TizSiC, /KBr a electron image b Ti, ¢ Si, d O map and
Ti3SiC2:0.2A1/KBr e electron image £ Ti, g Si, h O, i Al map.

TizSiC, phase. The role of Al addition and the effect of the content of Al has been dis-
cussed later in the present chapter.

Fig.4.18.a shows the SEM of the loose powder which seems to be partially agglomer-
ated. The platelet like morphology (Fig.4.18.b) and Fig.4.18.c the layered structure of the
primary particles which is the characteristic of MAX phases. The particle size distribu-
tion (PSD) of as-synthesized TizSiC, (Fig.4.18.d) which is unimodal with a dso value of
approximately 40 um. The synthesized Ti3SiC, was agglomerated and hence the PSD is
representative of secondary particle size.

4.4. MILLING STUDY OF SYNTHESIZED T13S1C,

Since the sintering of MAX phase powder needs pressure assisted consolidation tech-
niques, there is always a need for fine particle size to have enhanced densification for
sintering at low temperature. Milling was performed in a planetary ball mill for different
times. Fig.4.19 shows the XRD of milled Ti3SiC,. The increase in milling time resulted
in a broadening of the peaks and reduction in the intensity of the peaks. Although the
crystallite size decreases with increasing milling time, the lattice parameters are intact.
For the sake of comparison milling was performed with synthesized TizSiC, from solid
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Figure 4.17: XRD of Ti3SiC; synthesized at 1250 °C/1 h with the addition of 0.2 mole of Al.

state route and after a milling time of 1 hour the MAX phase lost its entity (phase change
by decomposition) as Ti3SiC, but the powder synthesized from molten salt route did not
lose its crystal structure even after a milling time of 10 h.

Fig.4.20 shows the TEM of synthesized Ti3SiC, powder milled for 6 h. The primary

particle size is less than 100 nm and the micrograph with a higher magnification shows
electron transparent region suggesting single layer/few layer of M-A-X atomic layer stack-
ing. The sinterability of these nano-metric powders still needs to be investigated and is
a scope for the future work.
The nanopowder obtained by milling synthesized Ti3SiC, were formed due to the shear
induced mechanical cleavage of layers of M-A-X structures from the bulk powder. It can
be noted that the structures shown in Fig.4.20 correspond to that of MAXene and not
MXene. MXene are graphene analogues of MAX phases formed when the A element is
chemically etched out leaving behind 2D layers of MX only.[19] As reported by Mahesh et
al., the delamination of MAX 2D structures are possible by the micro-mechanical milling
of Ti3SiC, in mortar pestle.[20] The compressive forces by the balls on the particles in-
duce mechanical shear along the basal plane resulting in a suspension of MAXene in
ethanol which is stable for nearly 1 month. Such suspensions can be used for efficient
heat transfer in thermal fluids. A recent research interest has been growing in the field
of 2D structures obtained from MAX phases and the possible application include Li-
ion and Na-ion batteries, supercapacitors, gas separation membranes, reinforcements
in polymers and in cancer therapy as well.[20-24]
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Figure 4.18: Morphology of synthesized Ti3SiC»:0.2Al a,b,c at different magnification and d the particle size
distribution.

4.5. SYNTHESIS OF OTHER NON-OXIDE CERAMIC POWDERS

MS? process opens up an avenue for cheap synthesis of high purity MAX phases/non-
oxide ceramics and the sintering of metals in air. The process developed herein does
not need any expensive equipment like vacuum furnace, hot isostatic pressing, spark
plasma sintering furnace or atmosphere-controlled furnace which requires an uninter-
rupted flow of argon or any inert gas to prevent oxidation.[18, 25-30] MS® enables us to
obtain free powder by just dissolving the heat-treated samples in water. The solubility
of KBr in water is 1020 g/L at 100 °C.[31] Hence production of 1 kg of MAX phase would
need approximately 1 L of boiling water to dissolve the salt content. Further washing to
ensure the complete removal of the salt which requires an extra 2 L of water. An average
estimate of 3 L of water is required to produce 1 kg of MAX phase. The salt recovered
from the saline water can be reused in the MS?® process.

The use of molten salt further reduces the synthesis temperature resulting in additional
cost reduction. The milling of MAX phase imposes safety threats because of the energy
intensive communition process which might result in the self-ignition of MAX phase.
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Figure 4.19: XRD of synthesized Ti3SiC2:0.2Al with increasing milling time.

Table 4.5: A comparison of detected phases of Ti/Si/C with and without Al w.r.t. temperature (* denotes traces)

Detected phases (XRD) Detected phases (XRD)
Temperature (°C) TSC TSA0.2C
700 Ti, Si, C Ti, Si, C
800 TisSis, Si, Ti, C, TiSiy, TiC  TisSis, Si, Ti, C, TiAlg, TiC
900 TisSis, TiC, C, Ti Ti5Si3, TiC, C, TiAlg
1000 Ti5Si3 (57%), C*, TiC Ti5Si3 (68%), C*, TiC (32%),
(43%), TigSiCy* TiAlg, Ti, TizSiCy*
1100 TisSi3 (53%), TiC (47%),  Ti5Si3(53%), TiC (42%), C*,
C*, TigSiCy* Ti3SiCy (5%)
1200 Ti5Si3 (41%), TiC (34%)  TisSiz (18%), TiC (11%), C*,
, C*, TigSiCy (25%) TizSiCy (71%)
TisSis (10%), TiC (22%),
1300 C*, TiSiy (7%), TizSiC, C*, TiC (4%), Ti3SiC, (96%)

(61%)

The sintering of titanium in air is a demonstration of the fact that metals can be sintered
in air without oxidation. The cost of powder metallurgical component is mainly due to
the heat treatment. MS® makes the high temperature processing step cheaper and pro-
vides a possibility for the fabrication of more economical components.

As MS® impedes oxidation of non-oxide materials; highly pure (XRD) Ti,AIN was also
synthesized by MS? process. Nitrogen containing compounds normally need a N, par-
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Figure 4.20: TEM of synthesized Ti3SiCy milled for 6 h at different magnification.

tial pressure to prevent the outgassing of nitrogen from the material. MoAIB, was synthe-
sized with MoB; as the second phase for the proof of concept. The powder morphology
and the characteristic layered structure of damage tolerant phases are shown in Fig.4.21-
4.23. Tt is noteworthy that none of the material has oxides as the secondary phases as
detected by XRD.

* -TiC
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30 35 40 45 50
26 (°)

Figure 4.21: TiC synthesized by MS® a powder morphology b XRD.

A multitude of compounds were synthesized including Cr»AlB, [32], Ti4AIN3 [33],
Mo, TiAIC, [34], Ti»AlC [35], TisAlC; [35], CroAlC [36] and many more but it is not feasi-
ble to report all the synthesis experiments with details.

MS3 process cuts down the milling step required to pulverize dense blocks into micron-
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Figure 4.23: MoAIB synthesized by MS® a powder morphology b XRD.

sized powder for further fabrication of complex shapes by slip casting [37], tape casting
[38], injection moulding[39], additive manufacturing [40] or any other powder metallur-
gical operations.

Fig.4.24 shows the purity of all MAX phases synthesized by MS® and other processing
routes along with the attributes (lower synthesis temperature and higher purity) of MS3
as compared to conventional processing routes.

MS? process can be industrially scaled-up by simply increasing the batch size or
making the process continuous. Successful trials have been made with a batch size of 500
g for the powder production of Ti3SiC, MAX phase. The sintering of metals via powder
metallurgy is also industrially scalable by modifying the process. MS? can be regarded as
an environmentally friendly process because the salts when used in the proper tempera-
ture window are not volatile and harmful. Moreover, recycling of the salt is also possible,
further making the process sustainable. MS® opens therefore a new direction for the syn-
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Figure 4.24: Purity vs. synthesis temperature of various MAX phases by different processing routes: Spark
Plasma Sintering (SPS), Pressure-Less Sintering (PLS), Hot Isostatic Pressing/Hot Pressing (HIP/HP) (see
Table 4.6 for details of the purity and synthesis temperature by conventional processing routes). The purity of
the synthesized phases can be further enhanced by optimizing the ratio of the precursors. The aim of the
present work is to demonstrate the possibility of synthesizing a wide range of materials at a relatively low
temperature in air.

thesis of non-oxide ceramic powders and the sintering of metals in air.

Since processing non-oxide ceramics was possible with MS? route. The sintering of
Ti was also carried to demonstrate that the sintering of Ti is possible in air without any
oxidation. MS? sintered Ti was polished and the characteristic luster of metal is shown
in Fig.4.25.b. The density of the sintered titanium was measured to be 4.27 g/cm3 (94%
relative density). It was also possible to produce Ti with 70% porosity using KBr as wa-
ter soluble space holder particles. Fig.4.25.a and 4.26.a shows the microstructure of the
sintered dense and porous titanium respectively, revealing no second phase apart from
pores. The sintering of titanium both in dense and porous forms has been achieved in
an air furnace.

4.6. SINTERING OF TI BY MS3 PROCESS

Existing methods for the fabrication of porous Ti [65] includes sacrificial wax method
along with rapid prototyping [66], selective laser melting [67], solid state foaming [68],
space holder technique [69] or simply incomplete sintering [70]. Irrespective of the
method, the sintering of porous titanium is carried out in vacuum or argon atmosphere.
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Table 4.6: Summary of the synthesis temperature and purity of phases obtained by conventional processing
routes

Research group Material Smytillllf)idls Temperature (°C) (XRII))ull;lat:e 4
Barsoum et al. [41] TigSiCo HIP 1600 98 wt. %
Gao et al. [42] Ti3SiCy HIP 1500 97 vol.%
Lis et al. [43] TigSiCy HIP 1400 82 vol.%
Sun et al. [44] TizSiCp HP 1550 93 wt.%
Radhakrishnan et al. [17] TizgSiCy PLS 1350 98.7 vol.%
Li et al. [45] TizSiC, PLS 1450 93 vol.%
Sun et al. [44] Ti3SiCy PLS 1250 99 vol. %
Zhang et al. [46] TizSiCp SPS 1350 92 wt.%
Gao et al. [27] Ti3SiCy SPS 1300 98 wt.%
Feng et al. [47] Ti3SiCy SPS 1525 98 wt. %
Barsoum et al. [25] Ti, AIN HIP 1400 85 vol.%
Ming et al. [48] TioAIN HP 1300 Single phase
Lin et al. [49] Ti, AIN HP 1400 Single phase
Cui et al. [50] Ti,AIN SPS 1300 99 wt.%
Ming et al. [51] Ti, AIN SPS 1200 Single phase
Kota et al. [52] MoAIB HP 1200 91 vol.%
Xu et al. [53] MoAIB HP 1100 96 wt.%
Tian et al. [36] CrAlIC HP 1400 95 wt.%
Xiao et al. [54] CrzAIC HP 1400 Not reported
Ying et al. [55] CrpAIC HP 1400 Single phase
Tian et al. [56] CrpAlIC SPS 1400 99 wt.%
Tian et al. [57] CrpAIC SPS 1250 Highly pure
Panigrahi et al. [58] CrpAlC PLS 1350 Highly pure
Barsoum et al. [25] Ti, AIC HIP 1300 Single phase
Barsoum et al. [59] TipAlC HP 1600 Single phase
Zhou et al. [60] Ti, AIC SPS 1100 Single phase
Gauthier et al. [61] TipAlC PLS 1400 Single phase
Tzenov et al. [29] TizAlC, HIP 1400 96 vol.%
Wang et al. [62] Ti3AlC, HP 1500 Single phase
Zou et al. [63] TizAlC, SPS 1400 Single phase
Peng et al. [64] TizAlC, PLS 1300 97 wt.%

In certain methods, the polymer used in the process is burnt and is irrecoverable. In
view of the initial investment for laser processing or rapid prototyping, MS® process is
cheaper considering the usage of air furnace alone and the fact that the salt particles
which are used as pore formers can be recycled. Considering Ti as one of the most oxi-
dation prone metals, it can be assumed that MS? provides the possibility to sinter metals
both in its dense and porous form in an air furnace.
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100 pm

Figure 4.25: a Microstructure of Ti sintered by MS3 process, b photograph of sintered Ti (note the reflection of
the matchstick).

Figure 4.26: a Microstructure of porous Ti fabricated by MS3 process, b photograph of porous Ti.
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Processing of Ti3SiC, composites containing SiC
whiskers and short SiC fibers

N the present work, CMC is being manufactured by powder metallurgy route. CMC

with Ti3SiC, MAX phase as the matrix were sintered with different content of (i) chopped
Hi-Nicalon SiC fiber (SiCy, length 1 mm, @ 10 um, density: 2.6 g/cm?®) and (ii) SiC whiskers
(SiCy, length 10 um, @ 1 pm, density: 2.74 g/cm3). Whereas, monolithic TizSiC, were sin-
tered as blank specimen to be used as a reference for the CMCs fabricated. The following
Table 5.1 shows the nomenclature of the CMCs with varying volume fraction of SiC¢ and
SiCy.

Table 5.1: Nomenclature and sintered density of ceramic matrix composites

Vol.% of sample ID Theoretical Sintered Relative
reinforcement Density (g/ cm?®) Density (g/ cm?®) Density (%)
0 TSC 4.5 4.46 99.20
10 vol.% SiC whiskers | TSC-10SiCy, 4.324 4.3 99.44
20 vol.% SiC whiskers | TSC-20SiC,, 4.148 4.21 101
10 vol.% SiC fiber TSC-10SiC¢ 4.31 4.27 99.04
20 vol.% SiC fiber TSC-20SiCy 4.13 3.73 90.1

Table 5.1 shows the density of the CMCs fabricated as compared to the theorectical
densities considering the volume fractions of corresponding SiC,, and SiC;. The densi-
ties of all the composites are nearly 100% of the theoretical value except for TSC-20SiCg¢
because of which it was not considered for further high temperature mechanical testing.

Parts of this chapter have been published in Journal of American Ceramic Society 103, 5952 (2020) and 103,
7072 (2020) [1, 2].
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The relative density of TSC-20SiCy, is slightly higher than 100% because of probable reac-
tion of residual TiSi, with SiC,, resulting in Ti3SiC,. This is shown further in the present
chapter that pure TSC has traces of TiSi, whereas TSC-20SiC,, does not have any TiSi,
content and can be related to the reaction with SiC,, resulting in Ti3SiCy.

5.1. CHARACTERIZATION OF SPARK PLASMA SINTERED MONO-

LITHIC T13S1C»
TizSiC, was sintered without any reinforcements to be used as reference for the CMCs
with SiC¢ and SiCyy. TizSiC, was sintered from the molten salt synthesized powder by
pressure assisted consolidation in spark plasma sintering furnace at 1250 °C for 15 min
under uniaxial pressure of 80 MPa.

SCANNING ELECTRON MICROSCOPY
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Figure 5.1: Backscattered electron micrograph of SPS sintered Ti3SiCp.

Fig.5.1 shows the polished top surface of dense Ti3SiC, sintered in SPS at 1250 °C
for 15 minutes under a uniaxial pressure of 80 MPa. The microstructure reveals that
there are no pores and the material is completely dense. The measurement of density by
Archimedes method of water displacement yielded results above the 99% of the theoret-
ical density. The backscattered image shows the phase contrast with different shades of
grey. Energy dispersive spectroscopy (EDS, Fig.5.2) performed over a high magnification
micrograph on various points reveal the probable phases present in the sintered Ti3SiCy.

The sintered material is composed of Ti3SiC,, TiC and alumina as confirmed from the
XRD analysis of the sintered material. The EDS point analysis provides further evidence
to the presence of alumina which was calculated to be 5.7 vol.% by image analysis of a
low magnification microstructure. Table 5.2 shows the probable phase estimation from
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Figure 5.2: SEM-EDS investigation on the polished surface of sintered TizSiCo, a high magnification
backscattered micrograph, b ¢ d EDS plot corresponding to the points represented in a.

the data obtained by EDS point analysis.

Table 5.2: Possible phases identified by EDS spectra correlated to the phase contrast

Phase contrast | EDS peaks (S: strong, W: weak) Probable phase
Light grey (*) Ti(s), Si(s), Al(w) TizSiCy
Dark grey (X) Ti(s), Si(s), Al(w) TizSiC, (orientation contrast)
Black (+) Ti(w), Al(s), Si(w), O(s) Al, O3

Fig.5.3 shows the XRD pattern of the synthesized powder and the sintered pellet. TiC
peaks are visible which might be related to the loss of silicon due to the high vacuum dur-
ing the sintering process. The wt.% of TiC and Al,Os3 is 8.8% and 4.6% by Rietveld anal-
ysis, respectively, in the SPS sintered TizSiC,. The presence of Al,O3 is due to the use of
Al as areaction additive during the molten salt synthesis of Ti3SiC,. The sintered sample
has developed texture because of the uniaxial deformation of the powder at high temper-
ature and hence the relative peak intensity ratio has changed. Since the initial powder
morphology (Fig.4.18.b) is platelet like, the high temperature consolidation might have
caused the platelets to rearrange in an orderly fashion. The calculation of Lotgering Fac-
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tor (fz) will shed more light on the orientation of the Ti3SiC; grains in the sintered pellet.

Synthesized powder

Intensity (a.u.)

Sintered pellet
1250°C/15 mins

T —— — T T
30 35 40 45 50
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Figure 5.3: XRD pattern of synthesized Ti3SiC» powder and sintered pellet.

LOTGERING FACTOR

Lotgering factor is a measure of the degree of texture in a polycrystalline material ac-
cording to the relative peak intensity ratios in a XRD diffraction pattern. Since TizSiC,
is a hexagonal crystal structure, considering a material with perfectly oriented crystals
along the [0001] direction, the XRD of the surface normal to the [0001] direction will
yield a pattern with no hkil reflections. The XRD pattern will have peaks of planes par-
allel to /0001] only. If the grains are partially oriented at a small angle with respect to the
[0001] direction, the hkil reflections will start appearing and get more intense as the an-
gle of the orientation increases. Hence, the degree of orientation can be approximated
by comparing a textured material with that of the randomly oriented crystal orientation.
In the present case, the comparison has been made between the spark plasma sintered
pellet and the starting powder (which are assumed to be randomly distributed). The Lot-
gering factor, f7 is given by the following relation:

_ (P—Py)

= 5.1
(I-"Py) 6D

I
For a, b axes orientation,
I
p 2 Inio

- (5.2)
> Inki
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whereas for c axis orientation
p= Y Ioo;

Yl
from the XRD pattern of the textured sample in a given range of 20. Similarly, Py is calcu-
lated using the same formula but for a randomly oriented material. The Lotgering factor
for a randomly oriented poly-crystal is 0 and that for a single crystal is 1. Fig.5.4 shows

(5.3)
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Figure 5.4: XRD pattern of synthesized powder and spark plasma sintered top surface and side surface of
Ti3SiCy.

the XRD pattern of the top and side surface of the sintered Ti3SiC, as compared to the
starting powder. The initial powder shows a random orientation because of the inher-
ent nature of the powder particles to align in a stochastic manner. The top surface of
the sintered Ti3SiC, shows stronger reflections of (00l) planes whereas the (hk0) planes
become weaker. The side surface of sintered Ti3SiC; has stronger (hk0) reflections and
weak (00]) peaks. Table 5.3 summarizes the values of P for the calculation of Lotgering
factor for the top and side surface.

The degree of orientation for the top surface f7(00!) and the side surface fi(hk0)
were calculated to be 0.78 and 0.88 respectively. The crystal orientation is opposite to
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Table 5.3: Intensity summation and P values for the calculation of Lotgering Factor

TizgSiC, powder | Top surface | Side surface

> loor 7119 50346 669

2o 42047 13905 38561

>l 49166 64251 39230
Py(00D) 0.1447 - -
Py(hk0) 0.8552

P00l - 0.7835 0.0170
P(hk0) - 0.2164 0.9829

that identified by Mishra et al. who oriented the Ti3SiC, particles with the aid of high
intensity magnetic field (12 Tesla).[3] The side surface texture is equivalent to the top
face texture in the present case and vice versa for the top surface in case of Mishra et
al. The f7.(00]) and f1(hk0) in case of Mishra et al. was 0.75 and 0.35 respectively. The
improvement of f;(hk0) from 0.35 to 0.88 in the present case suggest a higher degree of
prismatic texture apart from basal texture which is very evident from high f7(00/) val-
ues. The higher value of f7(hk0) can also be accounted for the fact that the intensity of
equivalent planes like (101) and (104) were also considered.

POLE FIGURE
In hexagonal materials, basal texture is the most common form of preferred orientation.
The sintered Ti3SiC; has a strong basal texture. Fig.5.5 shows (008) and (110) pole figure
of the top surface of Ti3SiC,. The top surface is a surface perpendicular to the direction
of the application of uniaxial pressure during the sintering process. The (008) pole figure
is distributed along the normal direction (ND) suggesting the alignment of basal planes
along the normal direction (ND) plane. The c/a ratio for Ti3SiC; is 5.759 which is nearly
3.5 times the ideal c/a ratio of 1.633. Although the c/a ratio is very high, the (0002) pole
figure represented by (008) pole figures strongly shows basal texture fiber resembling
materials with c/a = 1.633. Usually, materials with high c/a ratio shows splitting along the
RD. This is due to the absence of any other slip system besides basal slip in Ti3SiC,. The
process of sintering in ceramics can be compares to that of annealing in metals. Hence,
the texture evolution of metals during annealing can be compared to that of sintering in
ceramics which results in a low energy configuration of the material.

The (1010) pole figure in combination with (0002) pole figure intensity makes it evi-
dent that material has basal texture similar to cold rolled hexagonal metals.[4]

ORIENTATION DISTRIBUTION FUNCTION

Since the information obtained from pole figures are semi-quantitative and incomplete,
an orientation distribution function is a way of representation of the orientation of a
crystal in a three-dimensional Euler space. The Euler space is defined by three angles
(¢1, ¢, ¢2) which are used to rotate the crystal in Z, X and Z’ (new Z axis after ¢; and ¢
rotation) axis respectively to coincide with the sample geometry axis. The ¢; was varied
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Figure 5.5: Incomplete pole figures of a 008 and b 110 orientation in normal direction of spark plasma
sintered Ti3SiCp, (VIBGYOR intensity scale a 0-3460 b 0-918).

from 0° to 60°, whereas was varied from 0° to 90°. For hexagonal crystal systems, there is
no direct correlation between ODF and crystal planes and direction. Hence a conversion
of hexagonal to cubic system is necessary.[4] Table 5.4 shows the main texture compo-
nents for hexagonal materials with constant ¢, and ¢ sections. The convention used for
defining the Euler space was Bunge notation.

Table 5.4: Common texture components for hexagonal material in the Bunge convention

Texture component | ¢2(°) | ¢(°) ¢ (°)
Basal fiber {0001} 0-60 0 0-90
Fiber {1010} 30 90 0-90
Fiber {1120} 0/60 90 0-90
{0001} <1010> 0/60 0 0,60
{0001} <1120> 0/30 0 0,60/0,90

The ODF shown in Fig.5.6 matches with the Basal fiber 0001 texture component and
hence the sintered Ti3SiC, has the same texture component. The significant texturing of
TizSiC, by just sintering free powders in SPS is reported for the first time. Mishra et al and
Hu et al. used very strong magnetic field (12 Tesla) and the aid of slip casting to have aliq-
uid medium to ease the rotation of Ti3SiC, particles.[3, 5, 6] As compared to the tedious
processing in presence of high magnetic field and further careful sintering to preserve
the texture obtained during green body processing. In the present case, the synthesized
powder has a platelet morphology (Fig.4.18.b) and hence during pressure assisted sin-
tering the platelets gets aligned to their lowest energy state which corresponds to the
basal texture observed by pole figure and ODE




74

5. RESULT & DISCUSSION II: PROCESSING OF Ti13S1C2 COMPOSITES CONTAINING SIC

WHISKERS AND SHORT S1C FIBERS

e =

— 7 =

e

ooo ) :
= 43 oL

AU AT N ATG

e
e

Figure 5.6: Orientation distribution function of spark plasma sintered Ti3SiCp with ¢ section from 0° to 90°.

GRAIN SIZE MEASUREMENT AND PHASE MAP
The microstructure of a spark plasma sintered material tends to be anisotropic due to
the uniaxial pressure and not isostatic pressure. In case of materials with non-cubic
crystallography, the anisotropy is exaggerated in the microstructure. In an anisotropic
microstructure, the grain size measurement is calculated by considering the geometric
mean of the grain sizes of the surface perpendicular and parallel to the application of
load during sintering at high temperature. The elongated grains with high aspect ratio
make it difficult to have an overall grain size distribution.

The equivalent grain size is calculated by the following relation:[7]
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Figure 5.7: a Microstructure and b phase map of the perpendicular surface (top) of sintered Ti3SiCp obtained
from the band contrast of kikuchi patterns.
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Where d and d are the average grain size of perpendicular and parallel face respec-
tively. Although the grain morphology was different comparing the parallel and perpen-
dicular face, the average grain size calculated by the projected area diameter was similar
for both faces and the effective grain size was always calculated to be 1.2 + 0.6 pm. Fig.5.7
shows the grain morphology and phase map of sintered TizSiC, from the top surface of
the specimen. The grain shape is equiaxed with large grains of approximately 5 ym in
diameter accompanied with small grains below 1 um. The formation of TiC (4.93 g/cm?®)
and TiSi, (4.02 g/cm®) by decomposition does not affect the calculated density because
of the counter-compensation of new phases resulting in an aggregate same density as of
TizSiC,. The presence of TiC on the grain boundaries supports the assumption of Si de-
pletion from the grain boundaries in vacuum at high temperature. It is noteworthy that
TiC is only seen on grain boundaries and not the interior of the Ti3SiC, grain. TiSi, may
have formed due to the reaction between de-intercalated Si and Ti3SiC; resulting in the
subsequent formation of more TiC. The presence of alumina grains can be explained by
the fact that Al was used for enhancing the purity of Ti3SiCy.

The role of Al was to form an impervious later of alumina in the interface of salt
and reaction mixture to stop the out-diffusion of Si. There might be residual Al after
the synthesis process which can be oxidized due to the boiling of synthesized product
in water to clean the salt content. The grain shape of the side surface of the sintered
Ti3SiC, has a lenticular shape. With the grain morphology of the top and side surface,
the three-dimensional shape of the grain can be assumed to be platelet like which is
the morphology of the initial Ti3SiC, particles after synthesis. The platelets are aligned
perpendicular to the direction of application of pressure.
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R o Sum
Figure 5.8: a Microstructure and b phase map of the parallel surface (side) of sintered Ti3SiC obtained from
the band contrast of kikuchi patterns.

ELECTRON BACK SCATTERED DIFFRACTION

Although pole figures and ODF provide the information for the texture present in the ma-
terial, they do not show visually the orientation of single grains. Moreover, x-ray inves-
tigations yield macrotexture and EBSD results in the realization of microtexture. Fig.5.9
shows the EBSD scan of top and side surface of sintered Ti3SiCy.

Figure 5.9: Orientation map of sintered Ti3SiCy, a top surface and b side surface of the specimen
perpendicular and parallel to the direction of applied uniaxial load.The top right inset in b shows the inverse
pole figure key for the orientation map in a and b.

The EBSD orientation map suggests that the basal plane is oriented in the normal
direction plane. If the Ti3SiC; grains are considered to be individual hexagon crystals,
the 0001 basal plane which should be hexagonal in shape in ideal condition faces upright
and is represented by a higher density of red color in Fig.5.9.a. As prismatic texture is
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complimentary to basal texture in a hexagonal system, it is expected that the orientation
map of the side surface in Fig.5.9.b has a prismatic texture with (1100) family of planes.
This is in contradiction to the results obtained by Tang et al. who reported that the basal
planes of Ti3SiC, do not prefer to be oriented parallel to the pressing surface during hot
press.[8] The reason might be due to the reaction sintering in the case of hot pressing. In
the present case, already synthesized Ti3SiC, powder with platelet morphology was used
and hence the strong basal texture on the pressing surface.

5.2. GRAIN GROWTH OF TEXTURED T13S1C, AND ITS CHARAC-

TERIZATION

TizSiC, is known to have different mechanical properties for it fine grained and coarse
grained counterparts and as it was observed that there is a texture evolution along with
coarsening of the grains. TizSiC, was annealed at 1500 °C for 1 h in argon to induce grain
growth. The properties of Ti3SiC, depends on the grain size, moreover the microstruc-
ture evolution of textured Ti3SiCy has not been reported till date.[9] The large grains of
TizSiC, have higher propensity to delaminate and kink as compared to fine grain coun-
terpart. This difference makes the same material with a higher grain size behave different
as far as mechanical response is concerned.

X-RAY DIFFRACTION

The high temperature treatment resulted in the recombination of TiC and TiSi, to form
TizSiC,. The TiC peak disappeared from the XRD pattern after annealing at 1500 °C.
Moreover, the peaks of the 101 family planes also disappeared suggesting an increase in
the basal texture. The XRD pattern of the interior of the sample is like that of SPS sin-
tered Ti3SiCp. The increase in purity of Ti3SiC, may be related to the long processing
time during annealing as compared to the SPS operation in vacuum. The results ob-
tained are in agreement to the phase composition reported by Murugaiah et al.[10] The
condition for grain growth were intermediate to that of fine grains and coarse grains,
hence in the present case the microstructure can be expected to be duplex. Since the
(hk0) reflections disappeared after annealing at 1500 °C, the lotgering factor (f;) of the
annealed sample was re-calculated. The f; was calculated to be 0.96 which is very high
for a polycrystalline sample. Since the value of fj is approaching the value of 1 which is
the representative of a single crystal. A conclusion based on the f; speculation can be
drawn that the solid-state single crystal conversion (SCC) of Ti3SiC, phase is not anecdo-
tal. It may be achieved by prolonged annealing of textured Ti3SiC, at high temperature
(>1500 °C) to enable the grain boundaries to move to the surface of the specimen, ren-
dering the MAX phase into a single crystal entity. Dillon et al. demonstrate the SCC of
alumina by local co-doping of alumina to induce controlled abnormal grain growth.[11]

POLE FIGURE

The pole figure shown in Fig.5.10.a has intense peaks at specific points which suggests
that the presence of very few orientations which has a single peak in the center of the
pole figure. The grain growth process has intensified the basal texture. The grains with
string basal texture consumed other grains with weak basal texture. This can also be
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correlated to the fact that the grains of MAX phases or hexagonal materials in general
prefer to grow in a direction parallel to the basal plane. The 110 pole figure shown in
Fig.5.11.b also intensified at certain points which represent specific atomic planes. It is
noteworthy that the intensity in Fig.5.11.a is one order of magnitude higher than that of
the finer grain counterpart (Fig.5.3.a).
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Figure 5.10: XRD pattern of synthesized Ti3SiC» powder, SPS sintered and high temperature (1500 °C/1h)
annealed TizSiCp.

ORIENTATION DISTRIBUTION FUNCTION

The pole figures provide evidence for the increase in basal texture during grain growth,
but they do not provide the complete information of the texture evolution in the bulk of
the sample and hence an ODF was plotted for the coarse grained textured TizSiC, and is
shown in Fig.5.12.

The texture components identified from the ODF in Fig.5.12 are 0001 < 1010 > and
0001 < 1120 > and can be referred to table 5.3. The basal texture is getting weaker and
there is evolution of other texture components. The weakening of basal texture can be
attributed to the grain growth process which consumed the grains with basal texture
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Figure 5.11: Incomplete pole figures of a 008 and b 110 orientation in normal direction of high temperature
annealed Ti3SiCp, (VIBGYOR intensity scale a 0-31208 b 0-1205).

orientation. The hypothesis of differential grain growth on the surface and in the interior
bulk of the material is still subject to speculation and further studies to come to derive a
tangible conclusion of the texture evolution of Ti3SiC, during the grain growth process.

MICROSTRUCTURE AND PHASE MAP
The microstructure of annealed TizSiC; is highly anisotropic with grains with very high
aspect ratio. The grains are aligned in a direction perpendicular to the application of
pressure during sintering. Since the initial alignment of the basal plane was perpen-
dicular to the normal direction, the grain growth was preferred along the basal plane
resulting in a grain with very high aspect ratio. Fig.5.13.a shows the microstructure of
annealed Ti3SiCy.

Fig.5.13.b shows the phase map and since the image is at a low magnification, it a bet-
ter representation of the phase composition and the wt.% of TizSiC, calculated was 93%.
Moreover, the content of TiC and Al, O3 were calculated to be 3.8 and 2 wt.% respectively.
Itis evident that annealing resulted in a duplex microstructure with very large grains em-
bedded in a matrix of very fine grains. The grain size of the large grains are above 500 um
and the grain size of the fine grains are nearly 1 um. Hence, the calculation of the average
grain size wouldn't be a realistic representation.

ELECTRON BACK SCATTERED DIFFRACTION
Fig.5.14 shows the EBSD of side surface of Ti3SiC, annealed at 1500 °C for 1 h. The duplex
microstructure is due to the selection of temperature and time for annealing (1500 °C, 1
h).

Unlike the top surface which has pure basal texture, the side surface has a mixed
pyramidal and prismatic texture and grain growth can lead to the exaggeration of one of
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Figure 5.12: Orientation distribution function of high temperature annealed (1500 °C) TizSiC2 with ¢ section
from 0° to 90°.

either. Fig.5.14.b shows the propagating front of the grain boundary, wherein the small
grains with similar orientations are consumed by the large grains, whereas other small
grains with basal orientation (grains in red color) are entrapped within the large grains.
Fig.5.14.c shows the grain boundary interface of two large grains which are equilibrium
with each other and the grain boundary mobility may have been ceased due to the re-
duction in the curvature of the grain boundaries and absence of sufficient thermal acti-
vation leading to further atomic jumps across the grain boundary.[12] The top surface of
annealed Ti3SiC, showed in Fig.5.15 has facetted grains rather than equiaxed grains as in
the as-sintered Ti3SiC,. The annealing process may have resulted in a more equilibrium
grain boundary configuration. The EBSD measurement is done at a very high magnifi-
cation and hence the imaging is perhaps focused on the fine grain matrix of the duplex
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a b

Figure 5.13: a Microstructure and b phase map of the parallel surface (side) of high temperature (1500 °C)
annealed Ti3SiCy obtained from the band contrast of kikuchi patterns.

Figure 5.14: Orientation map of high temperature annealed Ti3SiCy, a side surface, b the interface of
coarse-fine grains and c the interface of coarse-coarse grains. The top right inset in ¢ shows the inverse pole
figure key for the orientation map in a, b and c.

microstructure. An EBSD measurement with a low magnification may reveal the basal
plane of large grains shown in Fig.5.14.a.

5.3. CHARACTERIZATION OF SPARK PLASMA SINTERED SHORT
S1Cy / T13S1C, COMPOSITES

SiC fiber containing composites are novel material system which can provide a new as-
pect for the research in composite materials. Chopped SiC offers the ease of fabrication
and also higher mechanical stability for the composite. SiC¢ / TizSiC, composites (TSC-
SiCy) were fabricated by mixing chopped Hi-Nicalon SiC fibers of 1 mm length and 10 um
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Figure 5.15: Orientation map of high temperature annealed Ti3SiCp top surface.

diameter. Fig.5.16 shows the XRD and SEM of chopped SiC fiber. The XRD shows -SiC
phase with wide peaks suggesting nano-crystalline grains..
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Figure 5.16: Chopped Hi-Nicalon SiC fibers, a XRD and b SEM.

X-RAY DIFFRACTION

The composites were densified in a SPS at 1250 °C for 35 min. To analyze the phase purity
and a potential reaction XRD and SEM were performed. Fig.5.17 shows the XRD pattern
of TSC-10SiC¢ composite. The XRD shows similar basal texture on the top surface as that
of monolithic material. The degree of basal plane alignment may have been hindered
by the presence of chopped SiC fibers. The content of SiC¢ was not substantial to be de-
tected by X-ray diffraction. Moreover, the Hi-Nicalon SiC fibers are composed of nano
crystals of 8-SiC which decreases the signal to noise ratio. The alignment of SiC; can-
not be concluded from XRD data and needs direct imaging to be commented on. The
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successful fabrication of a composite depends on the interaction of the matrix and rein-
forcement and in the present case the XRD suggests the absence of any reaction between
TizSiC, and SiC¢ due to absence of any third phase apart from TiC which forms due to de-
composition of Ti3SiC,. The absence of any reaction between SiC¢ and Ti3SiC; is further
supported by Spencer et al.[13] The XRD of TSC-20SiC¢ was like TSC-10SiC; and hence
not shown here. The mass attenuation coefficient of SiCs are higher and hence the peaks
of Ti3SiC, are more intense and the SiC¢ are not identifiable by XRD.

10 vol.% SiC, / Ti,SiC,

(008)

. -TiC

Top surface
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A Side surface
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Figure 5.17: XRD of TSC-10SiC¢ ceramic composites with top surface and side surface.

SCANNING ELECTRON MICROSCOPY

Fig.5.18 shows the perpendicular and parallel surface of TSC-10SiCs sintered by SPS at
1250 °C for 30 min. Apart from the orientation of basal plane of Ti3SiC; in the direction
perpendicular to the pressing direction. The SiC fibers are also aligned and it can be seen
in Fig.5.18.a as being aligned in the x-y plane if z-axis is considered as the normal direc-
tion or the direction along which the uniaxial pressure is applied. The SiC fibers appear
dark because of material contrast. The fibers are randomly oriented in the x-y plane
with the axis of the fiber aligned long the plane. Fig.5.18.b shows that cross-section of
the fibers confirming the orientation of chopped SiC;. The density of the SiC¢ reinforced
TizSiCy CMCs were above 99% with no pores visible in the SEM of TSC-10SiC¢. The ad-
dition of 20 vol.% of SiCy resulted in an inhomogeneous distribution of fibers and ag-
glomeration to form unresolvable knots which cannot be infiltrated by Ti3SiC, powder
during sintering. Hence, a higher content of SiCs resulted in porous compact which can-
not be further used for mechanical characterization. The content of the reinforcement
can be increased by decreasing the size of the fibers which will offer a better homogene-
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a b

Figure 5.18: Back-scattered electron image of 10 vol.% SiCs reinforced Ti3SiCp, a perpendicular surface and b
parallel surface.

ity. Fig.5.19 shows the fiber crinkling in the sintered TSC-20SiC¢. The dispersion of SiC¢
in TSC-20SiC¢ is erratic and the areas with high density of fibers have incomplete densifi-
cation with large pores as shown in Fig.5.19.b. The problem of incomplete densification
and poor dispersion maybe solved by using a surfactant-micelle system to stabilize the
fibers in a suspension.

Figure 5.19: Back-scattered electron image of 10 vol.% SiCy reinforced Ti3SiCy, a perpendicular surface and b
parallel surface.

ELECTRON BACK SCATTERED DIFFRACTION

The presence of SiC short fibers did not influence the microstructure evolution of sin-
tered Ti3SiCy in context to the grain size. However, the alignment of Ti3SiC, platelets
were greatly hampered by the presence of SiC fibers. The basal texture exists but is not
as intense as that of monolithic TizSiC,. The combination of X-ray data and EBSD con-
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firms that the presence of SiC¢ has impeded the texture evolution of Ti3SiC,. The SiCs
could not be indexed by EBSD because of nanocrystalline nature. The black patch on
the top left hand side of Fig.5.20 shows the cross-section of a SiCs.

Figure 5.20: Orientation map of 10 vol.% SiC¢ containing Ti3SiCp a top surface and b side surface.

5.4. CHARACTERIZATION OF SPARK PLASMA SINTERED SIC,, /
T13S1C, COMPOSITES

In the present work, instead of using a shorter (<1mm) SiC fiber, SiC whisker were used
which are single crystals of SiC with very high aspect ratio and will serve the purpose of
reinforcement similar to fibers. However, the effect of reinforcement of SiC whiskers will
be different than that of SiC¢. The silicon carbide whiskers (length: 10 pm, diameter of 1
pm) Haydale technologies, USA) used for the fabrication of the composites are shown in
Fig.5.21. The as-received whiskers (Fig.5.21.a) were agglomerated and hence dispersed
in ethanol and ultra-sonicated (Fig.5.17.b) for better dispersion.

Figure 5.21: SEM of a as-received SiC whisker and b ultra-sonicated SiC whisker.
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The density of the CMCs was measured to be above 99% of the theoretical value as
calculated by considering the initial volume fraction of Ti3SiC, and SiC,y. The formation
of TiC (4.93 g/ cm3) and TiSi, (4.02 g/ cm3) by decomposition does not affect the calcu-
lated density because of the counter-compensation of new phases resulting in an aggre-
gate with the same density of TizSiC,. The size of whiskers is much smaller than that of
SiC fibers and hence the reinforcement is in a much finer scale. Since the whiskers are
single crystal entities they offer a different reinforcement mechanism than that of poly-
crystalline SiC fibers. The matrix-whisker interface does not provoke any crack propaga-
tion into the whisker along the grain boundaries as it does in case of fibers. The use of SiC
whiskers gives us the possibility of full crack deflection along the matrix-whisker inter-
face. However, the interface strength dictates the fate of the crack tip. This can further be
engineered by surface treatments of the whisker. In the present case, whiskers were used
as reinforcements without any further surface treatment. As whiskers are single crys-
tals, they offer an atomically smooth surface which makes the need of an inter-phase
superfluous.

X-RAY DIFFRACTION

Fig.5.22 shows XRD of Ti3SiC, powder, SPS-sintered TizSiC, and 20 vol.% SiC,y reinforced
Ti3SiC,. TSC-10SiCy, is not shown because it is same as that of TSC-20SiC,,. The XRD
peaks correspond to TizSiC,, SiC,y and other phases like TiC, Al,O3 and TiSi». There is
no direct implication of any interfacial chemical reaction between SiC,, and Ti3SiC, that
could have compromised the structural integrity of the final CMC. Although the starting
Ti3SiC, powder presented only 3 wt.% of TiC and 1 wt.% of Al,Os, the sintered Ti3SiCp
has a higher content of TiC (8.8 wt.%) and Al,O3 (4.6 wt.%). The higher content of TiC
might have resulted from the thermal decomposition of Ti3SiC, during sintering. The
change in the intensity ratio of the peaks at 39.5 and 40.8 20 positions are due to the
evolution of a crystallographic texture during sintering of Ti3SiC,.

SCANNING ELECTRON MICROSCOPY

Fig.5.23.a, b and c show the microstructure of SPSed TSC, TSC-10SiC,, and TSC-20SiC,,
after polishing a face perpendicular to the direction of external pressure applied during
sintering. The dispersion of SiC,, is homogeneous in TSC-10SiC,, whereas an increase
in SiCy, resulted in agglomeration in TSC-20SiC,,. However, the Ti3SiC, matrix phase
was infiltrated into the SiC,, agglomerates. There were no pores observed in any of the
composition and this was beneficial for the evaluation of creep in further investigation.

GRAIN SIZE MEASUREMENT AND PHASE MAP

Fig.5.24.a reveals the grain shape and SiC,, orientation in the direction perpendicular to
the direction of pressure for sintering. The high vacuum and uniaxial pressure applied
during sintering might be responsible for the evaporation of Si from the crystal structure
of Ti3SiC, forming TiC. Fig.5.24.b depicts the phase map of TSC-20SiC,, corresponding
to Fig.5.24.a.The presence of TiC on the grain boundaries supports the assumption of
Si depletion from the grain boundaries in vacuum at high temperature. The orientation
of SiC,y may be beneficial for the creep resistance because the deformation due to com-
pressive stress is in lateral direction which is same as that of whisker alignment. The
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Figure 5.23: Back-scattered electron image of SPS sintered Ti3SiCy a with 10 vol.% SiCyy and b 20 vol.% SiCyy.

microstructures of the CMCs on the perpendicular face are equiaxed with an average
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Figure 5.24: Microstructure of SPS sintered a TizSiCp with 20 vol.% SiCyy and b phase map corresponding to a.

grain size of 1.2 + 0.6 um of the Ti3SiC, phase, irrespective of the SiC,, content.

ELECTRON BACK-SCATTERED DIFFRACTION

Fig.5.25.a shows the orientation map of TSC-10SiC,, perpendicular to the pressing direc-
tion. Clearly, the sintered TSC-10SiC,, has a texture due to the applied uniaxial external
pressure and the rearrangements of the platelets under high temperature and pressure
to attain a high density. The c-axis is parallel to the pressing direction. As expected,
the SiCy, are also oriented perpendicular to the pressing direction and the perpendicu-
lar plane the orientation of the whiskers can be considered as random.[7] In Fig.5.25.b

Figure 5.25: Orientation map of Ti3SiCy with 10 vol.% of SiCyw, a perpendicular surface and b parallel surface.

only the tips of SiC,, are visible, hence not identifiable as entities with high aspect ratio
(SiCy). The TizSiC, grains on the face perpendicular to pressing direction are equi-axed
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whereas on the parallel to pressing direction the grains were elongated with an aspect
ratio =10.

The Ti3SiC;, platelets are not aligned perpendicular to the pressing direction as that of
monolithic Ti3SiC, (Fig.5.9.b). This maybe be attributed to the presence of SiC whisker
between the particles of TizSiC, which impedes the rearrangement of platelets during
sintering process. This was not observed in the case of SiCy reinforced Ti3SiC, because
of the higher scale of reinforcement.
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Compressive creep resistance of short SiC fiber /
TizSiC, composites

IGH temperature compressive creep measurements were done on a variety of mono-
lithic and reinforced TizSiC, ceramics. The details of the samples with the corre-
sponding nomenclature is shown in Table 6.1. The creep was measured in the tempera-
ture range of 1100-1300 °C under a uniaxial compressive pressure of 20-120 MPa. Since

Table 6.1: Nomenclature of samples under high temperature compressive creep investigation

Microstructure | Basal plane orientation | Reinforcement Sample ID

Fine x-y plane - TSCFxy
Fine x-z plane - TSCFxz

Duplex x-y plane - TSCDxy

Duplex x-z plane - TSCDxz
Fine x-y plane 10 vol.% SiCy TSCF-10SiCy

Duplex x-y plane 10 vol.% SiCs TSCD-10SiCy
Fine x-y plane 10 vol.% SiCyy TSC-10SiCyy
Fine x-y plane 20 vol.% SiCy TSC-20SiCyy

the sintered samples were highly textured with a preferential basal plane orientation,
the creep was also measured with the compression axis parallel and perpendicular to
the basal plane orientation. Fig.6.1 shows the configuration of the TizSiC, samples cut
in a different geometry from the same sintered block.

Parts of this chapter have been published in Journal of American Ceramic Society 103, 5952 (2020) and 103,
7072 (2020) [1, 2].
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Figure 6.1: Machined creep samples of Ti3SiCy with basal plane a parallel (TSCFxz) and b perpendicular
(TSCFxy) to the compression direction of creep.

6.1. CREEP OF TEXTURED T13S1C,

6.1.1. STEADY STATE CREEP OF FINE GRAINED TEXTURED T13S1C»

Like other physical properties, creep resistance is also a function of the crystallographic
anisotropy and hence the investigation of creep resistance of textured Ti3SiC, was done
in different configurations. Fig.6.2 shows the strain vs. time plot at a constant tempera-
ture (1100, 1200 °C) and load (20 MPa).
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Figure 6.2: Compressive creep curves of textured Ti3SiCy at a 1100 °C, 20 MPa and b 1200 °C, 20 MPa.

The creep was measured only in the steady state regime, it is to be noted that the
creep of TSCFyz at 1100 °C, 20 MPa has an influence of the primary creep. The tests
were aborted before the tests could go into tertiary regime. Although the initial defor-
mation of TSCFyz was higher the creep rate of both TSCFxy and TSCFxz at 1100 °C, 20
MPa were similar. The higher initial deformation of TSCFxz can be related to the forma-
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tion of probable kink bands due to the basal plane being aligned parallel to the applied
load direction. TSCFxz is more prone to deformation because the stresses generated by
loading can be relieved by shear of the layers relative to each other. Since MAX phases
only constitute basal dislocations, individual grains of TSCFxz can also undergo more
extensive bending as compared to the TSCFxy grains. At 1200 °C, the total deformation
has increased and so has the creep rate which is evident from the slope of the curves in
Fig.6.2.b. As Ti3SiC, has a brittle to plastic transition (BPT) at around 1200 °C, the in-
crease in deformation is obvious.[3] The deformation of MAX phases are simple as com-
pared to metals because of absence of any slip plane other than the basal slip. Hence
deformation by dislocations can only take place in grains with the alignment of basal
plane parallel to applied stress. However, the deformation of MAX phases can be seen as
complicated because the deformation is more than just the movement of dislocations as
in other crystalline materials. Multiple phenomenon like shear banding, grain delami-
nation, grain bending and kink band formation can act in a mutually exclusive manner
or together.[4] However, the deformation and creep rates of TSCFxy and TSCFxz at 1300
°C, 20 MPa are different (meanwhile at lower temperatures were similar). Fig.6.3 shows
the strain vs. time curve at 1300 °C and 20 MPa.

a b
1300 °C, 20 MPa Ti SiC 1300 °C, 40 MPa i Si
0.020 |- — = 32 0.020 | TiSic, |
Fine microstructure Fine microstrycture
0.015 0.015 | E
H ——TSCFxy|| § — ggixy
@ o010} TSCRYZ| | @ o410 ¥2 |

0.005

0.000

0.005

0.000

L
0 500 1000 1500 2000

Time (s)

L
2500

3000

0 100 200 300

400 500 600 700

Time (s)

Figure 6.3: Compressive creep curves of textured TizSiCy at 1300 °C, a 20 MPa and b 40 MPa.

The difference in creep rate of TSCFxy and TSCFxz is controlled by temperature. The
reason about why TSCFxy is more susceptible to deformation is not exactly clear. The
same is true for creep at 1300 °C at a higher load of 40 (Fig.6.3.b) and 80 MPa (not shown
here). TSCFxz are loaded with their basal planes edge-on and hence more prone to
kinking.[5] TSCFxy are loaded with their basal plane face-on and hence more suscep-
tible to shear banding.

6.1.2. STEADY STATE CREEP OF COARSE GRAINED TEXTURED T13SIC,

The Ti3SiC, under investigation is more precisely with a duplex microstructure. How-
ever, the rate controlling factor for the creep deformation is the least creeping grains.
Hence the response of the duplex microstructure towards the creep will be an average
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of fine grains and coarse grains. As already known, coarse grains of MAX phases have a
higher tendency to form kink bands and shear bands resulting in a higher initial defor-
mation. However, coarse grained Ti3SiC; is also known to have a lower creep resistance
as compared to fine grained Ti3SiC,.[6] The creep resistance of coarse grained textured
Ti3SiC, has not been reported till date. This section is about the creep resistance of high
temperature (1500 °C) annealed Ti3SiC, mentioned in Chapter 5. TSCDxy and TSCDxz
were subjected to a constant load of 20-120 MPa from a temperature of 1000-1300 °C.
The creep of TSCDxy was not measured because of rapid deformation and it was not
possible to attain a steady state creep rather directly into tertiary creep. Fig.6.4 shows
the creep curves of TSCDxy and TSCDxz at 1100 °C under 20 MPa load.
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Figure 6.4: Compressive creep curves of high temperature annealed textured Ti3SiCp at 1100 °C, a 20 MPa and
b 40 MPa.

TSCDyz has a higher deformation as compared to TSCDyz at 1100 °C, 20 MPa whereas
at 40 MPa TSCDxy has a higher deformation. The combination of 1100 °C and 40 MPa
may have been the threshold condition for the critical shear resolved stress in case of
TSCDxy for delamination of grains or possibility the formation of shear bands. At higher
temperatures, TSCDxy undergoes a higher deformation along with a higher creep rate as
well. Fig.6.5 shows a comparison of the creep of fine and coarse grained textured Ti3SiC,
in every configuration. TSCDxz has the highest deformation of all the other configura-
tions of TizSiC,. As 1100 °C is lower than the BPT and 20 MPa is a low load to initiate
mechanisms like shear banding and delamination. Hence, the configuration which was
easily deformable was the one with large grains of Ti3SiC, with basal plane upright, so
that the loading was edge-on. This is the probable reason for the highest deformation
of TSCDxz. With the exception of 1100 °C and 20 MPa (Fig.6.3.a), TSCDxy has the high-
est deformation at higher temperature and pressure combination. Since TSCDxy has
elongated grains in the x-y plane. The creep of TSCDxy might have resulted in grain frac-
ture thereby leading to grain refinement. The cleavage of grains during creep needs a
higher driving force as compared to simple dislocation creep. Moreover, it is observed
that TSCDxz bends after creep at 1300 °C, 80 MPa forming an arch between the top and
bottom fixtures of the instron testing machine, whereas TSCDxy only bulges radially. It
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can be inferred from this observation that there is extensive grain kinking and bending
in the case of TSCDxz. TSCDxy undergoes plastic deformation during the creep by the
probable shearing of the basal planes resulting in material movement in a radial manner.
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Figure 6.5: Compressive creep curves of TSCFxy, TSCFxz, TSCDxy, TSCDxz at 1100 °C, a 20 MPa, b 40 MPa and
1200 °C, € 20 MPa, d 40 MPa.

The trend of gradation of deformation resistance is similar 1200 °C with TSCFxy as
the least deformable and TSCDxy as the most deformable. It is to be noted that the creep
of Ti3SiC, or any other MAX phase involves multiple phenomenon and it is difficult to
decipher the main contributing factor for creep. Further analysis of activation energy,
stress exponent supported with microstructural evidence are presented in further sec-
tions for a proposed creep mechanism.

6.1.3. CREEP ACTIVATION ENERGY AND STRESS EXPONENT

The activation energy and the stress exponent imply the rate controlling factor and the
main creep mechanism respectively. However, the exact the mechanisms without direct
evidence from high resolution microscopy are only speculative. The steady state creep
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rate was obtained by measuring the slope of the fitted straight line in the steady state
regime of the creep curves with time as the x-axis and creep strain as the y-axis. The
activation energy and the stress exponent values were calculated by using the following
relation[7]:

... (Y -Q
£—£0A(U—O) exp(ﬁ) (6.1)
Where A, n, Q are dimensionless constant, stress exponent and activation energy re-
spectively. £y and o are 1 s™' and 1 MPa, used for defining the dimensions of strain rate
and stress. The slope of straight lines plotted by fitting the data of minimum creep rate
with respect to inverse of absolute temperature and In of the applied stress gives the ac-
tivation energy and stress exponent respectively. Eq.6.1 is simplified into straight line
equation (y= mx + c) by applying the natural logarithm on both sides of the equation

where m accounts for the slope of the fitted line.
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Figure 6.6: Ln-In plot of min strain rate as a function of temperature for textured a fine and b coarse Ti3SiCy.

Fig.6.6 and 6.7 shows the In-In plot of steady state creep rate vs. the inverse of tem-
perature and the In of the applied stress respectively. The activation energies and stress
exponents of textured Ti3SiC, for different configurations are mentioned in Table 6.2.

Table 6.2: Summary of creep activation energy and stress exponents of textured Ti3SiCo

Sample Q (kJ/mol) n Reference
TSCFxy 696 + 16 2.95+0.13 This work
TSCFxz 558 + 14 2.98+£0.14 This work
TSCDxy 454 +29 2.53+0.11 | This work
TSCDxz 520 + 31 2.54+0.12 | This work
TizSiC; fine 537 +31 1.9 [6]
Ti3SiC, coarse 835+ 40 2.1 [6]
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Figure 6.7: Ln-In plot of min. strain rate as a function of applied compressive stress during the creep test of
textured a fine grained and b coarse grained TizSiCy.

TSCFxy has the highest activation energy for creep and TSCFxz has lower activation
energy and is consistent as every stress values (Fig.6.6.a). TSCDxy has the lowest activa-
tion energy. It is worth nothing that TSCFxz and TSCDxz has similar activation energy
which might suggest that the xz alignment of basal plane makes the creep response in-
dependent of grain size. The alumina and TiC present in the sintered Ti3SiC, might also
affect the creep response of the material but it is safe to compare the different grades
of textured Ti3SiC, because they all contain same vol.% of alumina. In contrary to the
results reported by Zhen et al. coarser microstructure had a lower activation energy in
the present work.[6] The grain growth experiments were done in argon which has some
ppm level of oxygen and can diffuse into the material at high temperature. The stress
exponents are all in the range of 2.5 — 3 and does not differ hugely with the orientation
or grain size.

6.1.4. POST CREEP MICROSTRUCTURAL INVESTIGATION

The post-deformation micrographs of TSCFxy and TSCFxz are shown in Fig.6.8. The
electron back scattered diffraction images provide insight of how the grain deformed or
fractured.

TSCFxy was loaded face-on and TSCFxz was loaded edge-on with respect to basal
plane orientation. TSCFxy simply resulted in fracture of basal plane and fragmentation
of larger grains into smaller grains. Please note the clusters of grains with same orien-
tation in Fig.6.8.b. It can be assumed that the cluster was a single grain before creep
deformation and after creep at 1300 °C, 80 MPa, the grains with favorable orientations
fractured into smaller grains. In case of TSCFxz, complete folding of grains basal tex-
ture has occurred, this can be seen in Fig.6.8.d where some grains with basal texture are
seen as compared to Fig.6.8.b where grains with basal texture are not present. To bet-
ter understand the phenomena and mechanism involved during the creep of TSCFxy, a
fractured surface of a post-creep samples was analyzed.

Fig.6.9 shows the fractured surface features which confirm that creep of fine grained
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Figure 6.8: Orientation map of post creep textured Ti3SiCp ceramics. a top and b side surface TSCFxy, ¢ top
and d side face of TSCFxz.

Figure 6.9: SEM micrographs of fractured surface of crept sample of fine grained Ti3SiCy (TSCFxy) showing a
delamination, b kinking and ¢ grain bending.

Ti3SiC; involved delamination, limited kinking and grain bending. Whether these are the
main mechanism contributing to the deformation during creep has still not been clear.
Basal slip and dislocations along the basal slip plane are the only operating slip plane
in MAX phases and hence this cannot be ignored and might be the main contributor
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for deformation as reported by Zhen et al.[6] A transmission electron microscopy study
was done obtaining a lamella from the post creep sample of TSCFxy. Fig.6.10.a shows an
overview of the lamella with grains of different phases at low magnification. The den-
sity of dislocation across the different grains shown in Fig.6.10.a was inhomogeneous.
Fig.6.10.b shows the phase distribution in the lamella under investigation. Some grains
did not have any dislocation at all and some grains had a high density of dislocations. As
TizSiCy is known to have only perfect dislocations lying the basal plane, a transmission
kikuchi diffraction (TKD) was obtained and shown in Fig.6.10.c.[5, 8] The blue and green
colored grains in Fig.6.10.c represents pyramidal and prismatic orientation respectively.
There were no dislocations seen in the blue and green color-coded grains. However, the
pink colored grains, which represent near basal orientation shows dislocation arrays.

Fig.6.10.d shows a low angle grain boundary (LAGB) with dislocation pile-up along
it, the dislocation glide along the basal plane is the most favorable.[9] There are shear
bands observed in grains oriented in a non-basal manner (Fig.6.7.e). It is noteworthy
that shear bands and dislocations are present independent of each other in separate
grains. The deformation of grains by basal slip in a favorable orientation is accommo-
dated by mechanisms like shear banding in non-basal oriented grains. Fig.6.10.f shows
the interaction of dislocations. The main creep mechanism can be concluded as the dis-
location creep with deformation accommodating phenomena in non-basal orientated
grains with respect to the compression axis in creep. The LAGB can be seen as a kink
boundary which is formed during the creep due to the dislocation glide along the basal
plane. Further extensive microscopy at high resolution is required to understand the
creep process of textured TizSiCy in more detail.

6.2. CREEP OF SHORT SI1C; / Ti3S1C, COMPOSITES

6.2.1. STEADY STATE CREEP OF FINE GRAINED SI1C; / Ti3S1C, CMC

As TSCFxy had the least deformation in creep and had the highest creep resistance. This
configuration was used for further CMC fabrication and comparison as a reference ma-
terial for creep resistance. TSCDxy was also used for comparison with SiCt reinforced
TizSiC, composites with duplex microstructure. Henceforth, TSCFxy and TSCDxy will be
just referred as TSCF and TSCD respectively. TizSiC, reinforced with 10 and 20 vol.% of
chopped SiC fiber of 1 mm length was fabricated for creep investigations. TSCF-20SiC¢
was not used for creep testing because of the presence of macroscopic pores and the
inhomogeneity in the dispersion, see Fig.5.19. TSCF-10SiC¢ and TSCD-10SiCs were sub-
jected to creep testing from 1100-1300 °C under stress levels of 20-120 MPa. Fig.6.11
presents the strain vs. time graph for creep at 1100 °C. The addition of 10 vol.% of SiCg¢
did not result in any significant increase in the creep resistance of TSCF at 1100 °C, 40
MPa (Fig.6.11.a). The red curves in Fig.6.11.a are almost superimposable. This can be
an indication that at this temperature-pressure combination, dislocation creep is the
only contributing factor. This is not to misunderstand that there is a transition in creep
mechanisms beyond this point. Itis only that other deformation mechanisms apart from
dislocation-based deformation are activated with the increase in temperature and pres-
sure. The addition of similar content of SiC¢ in TSCD resulted in a significant reduction
of the deformation during creep. The duplex microstructure might have facilitated effi-
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She:{r bands

Figure 6.10: Transmission electron microscopy of post creep TSCFxy, a overview of the lamella, b phase map,
¢ TKD, d showing dislocation arrays and pileups, e shear bands and f dislocation interaction.

cient load transfer to the SiC¢ due to the presence of coarse grains which are more prone
to bending. However, at a higher stress 1100 °C, 80 MPa, the effect of addition of SiC¢
to TSCF is more pronounced. TSCF enters the steady state creep later as compared to
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TSCEF-10SiCs which enters the steady state creep regime much sooner.
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Figure 6.11: Compressive creep curves of SiC¢ reinforced Ti3SiCp at a 1100 °C, 40 MPa and b 80 MPa.

The deformation of TSCD-10SiCs is higher than TSCF at 1100 °C, 40 MPa whereas at

1100 °C, 80 MPa it is vice versa. It can be assumed that under a higher stress the de-
formation mechanism in TSCD-10SiCs is like that of TSCF and is not accompanied with
delamination of grains or kinking of grains that may have taken place in TSCD. The pres-
ence of SiCy may be responsible for ceasing of mechanism by which coarse grains of
Ti3SiC, are known to deform.[10-12]
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Figure 6.12: Compressive creep curves of SiCs reinforced TizSiCp at a 1200 °C, 40 MPa and b 80 MPa.

Fig.6.12 shows the creep deformation curves of monolithic and SiCs reinforced Ti3SiCp
at 1200 °C. The trend of deformation of monolithic fine grained and coarse grained Ti3SiCy
along with SiCt reinforced composites are same as that at 1100 °C. At 1200 °C, the primary
creep regime is not visible anymore. The effect of SiC¢ addition in TSCF can be clearly
seen at 1200 °C, 40 MPa (Fig.6.12.a).
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6.2.2. CREEP ACTIVATION ENERGY AND STRESS EXPONENT
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Figure 6.13: Ln-In plot of min strain rate as a function of temperature for SiCs reinforced a fine and b coarse
TizSiCy.

The effect of the addition of SiC¢ makes the creep response of the composite near
independent of the grain size of Ti3SiC, suggesting the creep can be controlled with the
addition of fibers. This shows that the presence of SiC¢ in TSCD restricts the delamina-
tion of the coarse Ti3SiC, grains which might have taken place in the specimen with-
out any fiber. The activation energies and stress exponents for creep of SiCy reinforced
Ti3SiC, as compared to monolithic TizSiC, is shown in Table 6.3. The activation energy
of TSCF-10SiCs is in the same range as that of TSCE The rate controlling mechanism for
creep is also assumed to similar throughout the temperature range. TSCD-10SiCy has a
visible increase in activation energy due to the presence of SiCs. This can be the evidence
of the effective suppression of creep deformation of TSCD as compared to TSCF with the
addition of SiCs. Fig.6.13.a shows that the creep rates of TSCF-10SiC;s is nearly one order
of magnitude lower than that of TSCF at 20 MPa whereas at higher stress the creep rates
of both TSCF and TSCF-10SiC¢ seems to converge. Fig.6.13.b shows that the creep rate
of TSCD-10SiC; is two orders of magnitude lower than that of TSCD. The slope of fitted
straight lines are different for TSCD and TSCD-10SiC¢ and hence different corresponding
activation energies. Fig.6.14 shows the In-In plot creep rates vs. the applied stress. The
Ti3SiC, grades irrespective of the grain size and the presence of SiC¢, have similar stress
exponents over the whole temperature and stress range.

The creep rates as shown in Fig.6.14.a for TSCF and TSCF-10SiCy are similar over
the temperature range. The addition of SiCs resulted in a slight decrease of the creep
rates. The decrease in creep rate is more pronounced at 1300 °C as compared to 1100
°C. Fig.6.14.b shows that the creep rates of TSCD-10SiCs is reduced by the addition of
SiCt even at a temperature of 1100 °C. This may be related to the plastic deformation of
coarse grained Ti3SiC; by kinking however fine grained Ti3SiC, needs to be beyond the
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Figure 6.14: Ln-In plot of min. strain rate as a function of applied compressive stress during the creep test of
SiCs reinforced a fine grained and b coarse grained Ti3SiCp.

Table 6.3: Summary of creep activation energy and stress exponents of SiC¢ reinforced TizSiCo

Sample Q (kJ/mol) n
TSCF 696 + 16 2.95+0.13
TSCF-10SiCy 641 +33 2.76 +0.18
TSCD 454 + 29 2.53+0.11
TSCD-10SiCy 576 + 33 2.59+0.21

BPT temperature to demonstrate substantial plasticity.[11, 13] The creep of Hi-Nicalon
SiCy alone also has a contribution to the creep of the composite. The stress exponent of
the creep of only Hi-Nicalon fibers lies in the range of 1.9-3 which is also the range for the
fabricated composites in the present work.[14] The primary creep of Hi-Nicalon fiber is
due to the grain boundary sliding of SiC grains and straightening of folded carbon crys-
tals between SiC grains.[14] Since discontinuous SiC¢ were added the creep in fibers may
have been induced by shear stress from the matrix. A post-microstructural investigation
after creep was done to better understand deformation mechanisms of the composites.

6.2.3. POST CREEP MICROSTRUCTURAL INVESTIGATION

The specimens under creep testing at 1300 °C, 80 MPa were polished to observe the de-
formation during creep. Fig.6.15.a and b shows the surface perpendicular and parallel
to the applied stress respectively.

Fig.6.15.a shows multiple fractures in SiC¢ perpendicular to the axis of the fiber which
might be indication of load transfer from the matrix to the fiber. Since the fibers are a re-
inforcement in the microscale, the mechanisms leading to the increased creep resistance
can also be in a microscale. Considering a homogenous composite, the critical percola-
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Figure 6.15: Post-creep (1300 °C, 80 MPa) microstructure of 10 vol.% SiCs reinforced fine Ti3SiCp showing the
a perpendicular face and b parallel face.

tion limit volume fraction (®.p) of SiCt can be calculated by the following relation:

0.7
Ppep = (aspectratio) (6.2)
®pcp is the limit above which the whiskers can form an interconnected network. Since
the materials are sintered under uniaxial pressure, there is a lack of three-dimensional
connectivity (percolation) of SiC¢ rather there are two dimensional arrays of SiC¢ perpen-

dicular to the uniaxial stress during sintering. @, for such materials can be larger by a
factor of two because expression (6.2) holds true for only randomly oriented whiskers.[15]
Since the length and diameter of the SiC¢ used is 1 mm and 10 um respectively the aspect
ratio can be considered as 100. Hence a volume fraction of 1.4 vol.% can result in the
formation of a continuous percolated network. The point contacts of fibers are shown
in Fig.6.15.b. Moreover, the fiber cracking due to other fibers compressing against each
other is also visible. At high temperature (>1200 °C), the Ti3SiC, matrix behaves like a
plastic material and the rigid SiCs act like a framework to resist any deformation due to
the plasticity of Ti3SiC; at high temperature.[13, 16]

Fig.6.16 shows the post-creep microstructure of TSCD-10SiC;. As compared to TSCF-
10SiCy, the cracks in SiCy are filled with matrix material in the case of TSCD-10SiCs (Fig.
6.16.a). This confirms the visco-plastic creep of the matrix material (Ti3SiC,) into the
cracks of SiCy formed during the creep. Both Fig.6.16.a and b shows higher amount of
porosity as compared to post-creep TSCF-10SiC¢ microstructure in Fig.6.15. The poros-
ity may arise due to the viscoplastic creep of the Ti3SiC, matrix phase followed by vis-
coelastic creep of the SiC¢ network.[17] The surrounding matrix accommodates the vis-
coelastic creep of SiC¢ by plastic deformation. However, during the release of the stress
the SiCt inter-connected structure tries to re-gain its original configuration which is not
possible in the case of TizSiC, matrix. This unaccommodated partial reversal of creep
deformation is manifested as pores which can be seen in Fig.6.16. Circular cracks are
visible around the SiCy in Fig.6.13.b, this maybe an indication of toughening by crack
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Figure 6.16: Post-creep (1300 °C, 80 MPa) microstructure of 10 vol.% SiCs reinforced coarse TizSiCp showing
the a perpendicular face and b parallel face.

deviation and fiber debonding for TSCD-10SiC¢. Further in-depth study is required to
conclude the effect of the presence of SiCy in coarse grained Ti3SiC, on the strength of
the composite. The number of iterations of the series is unknown because of multiple
crack in a single fiber and the transition from viscoplastic to viscoelastic creep in not
reflected in the strain vs time plot.

The lamella for TEM investigation was cut from an interface of a SiCf and matrix to vi-
sualize the dislocations getting arrested at the interface. Surprisingly, dislocations could
not be viewed in the Ti3SiC, grains in the vicinity of the SiC;. This can give an indication
that the creep in TSC-10SiC¢ is not dislocation dominated rather the grain boundary slid-
ing of B-SiC grains in the SiCy.[18] It can be seen in Fig.6.17.a that the SiC grains grow in
the interface and the Ti3SiC, grains are arranged in a radial manner around the SiC;.
There are fragments of SiC which is shaved off the surface of SiCy during creep and in
visible as a very thin needle in Fig.6.17.b. The TKD of the TizSiC, grains around the SiC¢
shows that there is no preferential orientation. This may be due to the presence of SiC
which absorbs all the stress and does not transmit it to the matrix as in the monolithic
material during sintering. The deformed Ti3SiC, grains are not being indexed for stress
accumulation. The phase map id shown in Fig.6.17.d. The SiC¢ was not indexed because
of very small grains (5 nm) which is beyond the limit of the EBSD detector. An investi-
gation far from the SiC¢ vicinity might show dislocations but has not been done in the
present case.

6.3. CREEP OF SIC,, / T13S1C, COMPOSITES

6.3.1. STEADY STATE CREEP OF FINE GRAINED SIC,, / T13S1C, CMC

The composites with fine grained Ti3SiC, matrix and with reinforcement of SiC whiskers
were considered for high temperature creep investigations. The creep curves of SiC,y re-
inforced Ti3SiC, based CMCs for temperatures of 1200 and 1300 °C under 20 MPa are
shown in Fig.6.18.a and b respectively. The creep curves [6] can be separated into two
stages being representative of (i) primary creep regime with a rapidly decreasing creep
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Figure 6.17: Transmission electron microscopy of post creep TSCFxy, a overview of the lamella, b region with
curved basal planes, ¢ TKD and d phase map.

rate also known as transient creep stage, (ii) secondary creep regime (steady state creep)
with a constant creep rate, it is this regime which is of interest and is considered for
evaluation of the creep properties of the CMCs fabricated in this work. The tests were
aborted before reaching the tertiary creep regime. Fig.6.18.c and d show the creep of the
the composites at 1200 and 1300 °C, 40 MPa. At a higher stress level, the primary creep
regime of TSC and TSC-10SiCyy is not so clear whereas TSC-20SiC,, always has a primary
creep regime before attaining the steady creep state.

Since the creep testing was performed in air, the surface was oxidized because of very
long dwell time at high temperature (>1000 °C). However, the reduction in cross-section
area is not significant and is same for all the CMC with different SiC,, content. Hence,
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the effect of oxide scale (=200 um) on the evaluation of creep data have been neglected.
Moreover, the CMCs with different SiC,y content being tested for compressive creep un-
dergo similar oxidation and hence the effect of oxidation on creep can be ignored.[3, 6]
To prove the effect of oxide scale on creep, a creep test was conducted in the cooling cy-
cle for the sake of comparison. For example, the creep rate of TSC-10SiC,, at 1200 °C and
40 MPa during heating from room temperature to 1300 °C was compared with the same
creep conditions but during cooling from 1300 °C to room temperature. At 1300 °C the
oxidation of the sample is more imminent and might influence the creep but the creep
rates during heating and cooling were approximately the same. Moreover, the creep rate
at 1300 °C is so high that the dwell time is very low, hence the oxidation of the surface of
the sample is not severe.
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Figure 6.18: Compressive creep curves of SiCyy / Ti3SiCp based CMCs at a 1200 °C, 20 MPa b 1300 °C, 20 MPa,
¢1200 °C, 40 MPa and d 1300 °C, 40 MPa.

The addition of SiCy, has a profound effect on the creep resistance of Ti3SiC,. TSC-
20SiCy, is much more resistant to deformation as compared to monolithic Ti3SiC, or
TSC-10SiCy,. SiC,y reinforced Ti3SiC, appears to enter the steady state creep regime
much earlier than pure Ti3SiC,. TSC-10SiC,, and TSC-20SiC,, have similar deformation
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at 1200 and 20 MPa whereas TSC and TSC-10SiC,, have their creep curves close to each
other at 1300 °C and 20 MPa. The deformation of TSC-10SiC,, is not intermediate to that
of TSC and TSC-20SiCy, and hence the addition of SiC,, leads to a non-linear effect on the
increase of creep resistance, being an indication of different activation energies and/or
stress exponents as will be discussed further.

6.3.2. CREEP ACTIVATION ENERGY AND STRESS EXPONENT

Fig.6.19 presents Arrhenius plots of the steady state creep rate versus the reciprocal ab-
solute temperature for different applied stresses. Regression analysis of the data was
carried out via a global fit of all data using the software Origin to obtain the activation
energies for the considered temperature range of 1100-1300 °C. A boot strap analysis was
done by deleting individual data points and performing a fit of the rest of the data points
to identify the specific data point which causes the increase in scatter of the activation

energy.
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Figure 6.19: Ln plot of min strain rate as a function of temperature for Ti3SiCy; MAX phase-based CMCs with
varying content of SiCy, for compressive creep measured at stress levels of 20-120 MPa.

It was found that the data points for TSC-10SiC,, at 1100 °C and 20 MPa corresponded
to a creep of 1 pm/day and is probably still in primary creep regime, hence it was ex-
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cluded for the calculation of activation energy, the same was done for TSC-20SiC,, at
1100 °C and 40 MPa. The calculated activation energies for the CMCs are summarized in
Table 6.4. Upon the addition of SiC,, there is reduction in activation energy from 696 +
16 kJ/mol for monolithic TizSiC, to 665 + 31 kJ/mol for TSC-20SiC,, with a similar value
for the material with 10 vol.% whisker, so the addition of SiC,, results in ~10% lower acti-
vation energy. A lower activation energy simply means a change in creep rate controlling
process and has no strict implication towards the resistance to creep of a material, more
indications to the creep mechanism is provided by the stress exponent values. However,
the overall activation energies of three composition measured are similar and the rate
controlling factor can be assumed to be almost the same as well.

Table 6.4: Summary of activation energies for creep of SiCyy reinforced Ti3SiC, composites in compression

Stress exponents
1100°C | 1200°C | 1300°C

Sample ID Q (kJ/mol)

TSC 696 + 16
TSC -10SiCy, 652 + 10 3.0+0.1
TSC-20SiCyy 665 + 32 34 | 41 | 46x03

Ln-In plots of steady state creep as a function of applied stress for different tempera-
tures are given in Fig.6.20. The stress exponents (n) were calculated by a linear regression
analysis of the data. A global fit of the creep rates of TSC and TSC-10SiC,, was performed
whereas for TSC-20SiCy,, individual fits were performed since the global fit with TSC-
20SiC,, resulted in large scatter. The stress exponents of every composition are com-
pared in Table 6.4 for the different temperatures. The increasing values of stress expo-
nents of TSC-20SiC,y clearly indicate a transition of the creep mechanism for TSC-20SiC,,
at different temperatures. With the addition of 10 vol.% of SiC,, addition there is a reduc-
tion in the creep rate by two orders of magnitude. There is no temperature dependency
of the stress exponent for TSC and TSC-10SiC,, hence the creep mechanism is expected
to be same over the whole temperature range. On the other hand, TSC-20SiC,, has a
strong temperature dependency and the stress exponent increases from 3.4 at 1100 °C to
4.6 at 1300 °C. Stress exponents of 3-5 indicate dislocation climb as the rate controlling
mechanism. In addition, the deformation process also involves dislocation glide due to
shear stress acting normal to the applied uniaxial stress during creep test.[19] The rate
control mechanism of both monolithic and reinforced Ti3SiC, MAX phases is similar due
to similar activation energies but the exact rate controlling mechanism of the CMCs are
not clear.

The addition of SiC,, appears to have a strong effect leading to a reduction of the high
temperature creep deformation of TizSiC,. Since Ti3SiC; is a pseudo ductile material
where not all five slip systems are active for ductile deformation, the plastic deformation
during creep might be attributed to the combination of basal slip and other phenomena
like kink banding, delamination and shear band formation. (3, 10] As fine grains are not
prone to delamination or kink banding, it can be assumed that dislocation creep maybe
the only contributing factor to the creep deformation in the present case.[6] For temper-
atures < 1300 °C and low stresses (< 40 MPa), the presence of SiCy, reduces the creep,
whereas the increase in the content of SiC,, (from 10 to 20 vol.%) has only a subtle de-
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Figure 6.20: Ln-In plot of min. strain rate as a function of applied compressive stress during the creep test for
SiCy reinforced Ti3SiCyp in the temperature range of 1100-1300 °C.

crease in the creep rates (Fig.6.20) suggesting the extra 10 vol.% SiC,, does not efficiently
inhibit grain boundary sliding (GBS) rather, this might imply dislocation creep as one
of the mechanisms in case of SiC,, reinforced Ti3SiC,. The presence of rigid SiC,, may
have restricted GBS of Ti3SiC, partially or completely and hence resulted in a smaller
deformation and creep rate.[20]

6.3.3. POST CREEP MICROSTRUCTURAL INVESTIGATION

Since the aspect ratio of the SiC,, is =10, the critical percolation limit volume fraction
(@ pcp) is around 7% as calculated by the relation 6.2. @, is the limit above which the
whiskers can form an interconnected network. Since there is a lack of three-dimensional
connectivity (percolation) of SiCy, ®,.p for such materials can be larger by a factor of
two. Considering a @, of 14%, the content of SiCy, used in the present study is both
below (TSC-10SiCy,) and above (TSC-20SiC,,) percolation limit. The fact that the stress
exponent of TSC-20SiC,, becomes larger at high temperature indicates that the prop-
erty for this material under this condition is not a general material representative rather
representative for material under specific conditions only. The increasing stress expo-
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nents of TSC-20SiCy, provides the evidence of a change in creep mechanism over the
temperature range of 1100-1300 °C, whereas for TSC and TSC-10SiC,, the creep mech-
anism is same across the entire temperature range. At 1200 °C, 20 MPa, the addition of
SiCy, may have restricted grain boundary sliding (GBS) and hence the lower deforma-
tion and creep rates of TSC-10SiC,, and TSC-20SiC,,. Although fine grained Ti3SiC, has
a brittle to plastic (BTP) transition at 1200 °C, the creep resistance is enhanced by the
addition of SiCyy.[3] Since the addition of SiCy, has an increase in the creep resistance of
Ti3SiCy, grain boundary diffusion may have been hindered. At a temperature of >1200
°C, both lattice and grain boundary diffusion may have become significant as indicated
by the BTP transition of Ti3SiC, and hence pile-up of dislocations can be reduced effi-
ciently and so the addition of SiC,, did not reduce the creep rates considerably at 1300
°C. At temperature above 1200 °C, where the Ti3SiC; has a brittle to plastic transition, the
creep of CMCs (specifically TSC-20SiCyy) can be viewed as a sequential viscoplastic and
viscoelastic deformation. The viscoplastic creep refers to the approach of SiC,, randomly
oriented perpendicular to the creep direction. The matrix phase (TizSiC,) is squeezed
out from between the in-plane SiC,, network. The hard SiC,, act as lines of stress con-
centration which cuts through the soft TizSiC, grains. Fig.6.21 shows the perpendicu-
lar surface of post-creep microstructure of TSC-10SiCy,. The large arrows in Fig.6.21.a
show a grain with straight edge grain boundary because of SiC, sinking into it and a cut
Ti3SiC, grain with SiC,, in the grain boundary. The distance between the randomly SiC,,
is stochastic and the lack of three dimensional SiC,, network is due to the perpendicular
alignment of SiC,y to the stress during sintering.

Figure 6.21: a Microstructure and b orientation map of post creep TSC-10SiCy. Note the SiCyy is cutting
through Ti3SiCp grain during creep at 1300 °C, 80 MPa.

For inter-connectivity there should be a random angular distribution of SiC,, whereas
it is not in the present case. The viscoplastic deformation ceases once the SiC,, have
point contacts within the perpendicularly oriented planes. The elastic bending of SiCy,
with the deformation of TizSiC; in the immediate vicinity of the SiC,, to accommodate
the elastic deformation of SiC,, is referred to as viscoelastic creep. The viscoplastic de-
formation is only if ® < @), hence this is valid for TSC-10SiC,y, whereas in the case of
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TSC-20SiC,, the SiCy, network is responsible for decreased creep rate. The probable ab-
sence of any viscoplastic creep above 1200 °C results in an increase in creep resistance
of TSC-20SiCy. Since TSC-20SiCy, has a SiCy, content higher than @), the SiCy, net-
work inhibits GBS and the creep is governed by only diffusion, hence it has lower creep
rates as compared to TSC and TSC-10SiC,,. However, beyond a certain stress (1300 °C,
80 MPa) the SiC,, network can no more oppose any resistance to GBS, hence both TSC-
10SiC,, and TSC-20SiC,, have similar creep rates (Fig.6.20). In case of TSC-10SiCy, GBS
is evident by the change in the grain morphology and alignment of basal plane normal
to the applied stress during creep (compare Fig.6.22.a and b).

Figure 6.23: SEM micrographs of fracture surface of crept samples of a TSC-10SiCy and b TSC-20SiCy. Note
that the crept samples were broken in the direction parallel to the creep stress.

The fractured surface of crept samples is shown in Fig.6.23. The TSC-10SiC,, sample
shows fracture of SiC,, whereas CMC with higher SiC,y shows rather kinking and bend-
ing of grains (Fig.6.23.a and b). This may be due to the local constraints created by the
presence of SiC,, which leads to the kinking of Ti3SiC, grains. Transmission electron
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microscopy of TSC-20SiCy, reveals how the SiC,y increases the creep resistance of the
composite.

1

Figure 6.24: Transmission electron microscopy of post creep TSC-20SiCy;, a overview of the lamella, b phase
map, ¢ TKD, d showing dislocation pileups, e shear bands and f dislocation interaction.

Fig.6.24.a shows the overview of the lamella obtained from post creep TSC-20SiCy,.
The phase with light contrast and high aspect ratio is SiCy,. The phase map in Fig.6.24.b
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shows the presence of very small alumina grains. Fig.6.24.c shows the transmission
kikuchi diffraction of TizSiC, phase. There are no grains with basal orientation, however
there are dislocations seen in the grains due to the deformation during creep. Fig.6.24.d
shows a high density of dislocation in the vicinity of SiC,y. Fig.6.24.e shows that the dis-
locations are pinned at the interface of Ti3SiC,-SiC,y. Fig.6.24.f shows a network of dis-
location which has resulted in the formation of dislocation cells indicating a dynamic
recovery process during the creep at high temperature. Self-arrangement of the dislo-
cations to the cell walls happen to obtain a high angle grain boundary which is more
stable.

6.4. SUMMARY OF DIFFERENT REINFORCEMENTS ON THE CREEP
OF T13S1C,

Fig.6.25 shows the comparison of the strain vs. time for monolithic Ti3SiCp, SiC; and
SiCyy reinforced Ti3SiCy composites at 1200 and 1300 °C, 20 MPa. A similar level of rein-
forcement (10 vol.%) for both SiC¢ and SiC,y was compared. The highest creep resistance
was offered by the composite with SiC,y. The composite with SiC¢ has a creep resistance
intermediate to that of monolithic Ti3SiC, and SiC,, reinforced Ti3SiC,. Table 6.5 sum-
marizes the creep results of all the composites investigated in the present work.

Table 6.5: Summary of creep activation energy and stress exponents for Ti3SiCp in compression with
comparison to the previously investigated results

Material Q (kJ.mol'!) n Proposed mechanism Reference
TSC (compression) 537 +31 1.9 Dislocation (6]
TSC (tension) 445+ 10 1.5 Plastic deformation [21]
TSCFxy 696 + 16 3 Dislocation This work
TSCDxy 454 +29 2.53 | Dislocation, delamination | This work
TSC-10SiCs 641+33 | g Dislocation viscoplastic- |y
viscoelastic
TSCD-10SiCy 576433 | 2 Viscoplasticviscoelastic- |
viscoplastic
TSC-10SiCy 652+ 10 3 Dislocation,GBS & This work
viscoplastic
. 3.4 Dislocation, GBS, .
TSC-20SiCyw 665+ 32 -4.6 | viscoplastic & viscoelastic This work

The SiCt reinforced composite has a higher creep resistance than the pure material
but a lower creep resistance as compared to SiC,, reinforced composites. This may be
due to the high aspect ratio of SiC which allows for higher flexibility resulting in a higher
deformation during creep. SiCy, on the other hand are single crystal entities which when
forms a network is more rigid as compared to chopped SiCt networks. At higher tempera-
ture (1300 °C) and pressure (80 MPa), the CMC with SiCs resists deformation and is more
resistant to creep as compared to the CMC with SiC,y. The transition of the trend be-
tween SiC,, and SiC¢ containing Ti3SiC, CMCs can be seen in Fig.6.25.e where the strain
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Figure 6.25: Compressive creep curves of SiC¢ and SiCyy reinforced Ti3SiCy based CMCs at a 1200 °C, 20 MPa,
b 1300 °C, 20 MPa, ¢ 1200 °C, 40 MPa, d 1200 °C, 40 MPa, e 1300 °C, 40 MPa and f 1300 °C, 80 MPa.

over time for both the CMCs are identical. The maybe due to the extended network of
SiC¢ formed in the composite due to high aspect ratio resulting in an elastic bounce-back
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CONCLUSION

A novel method for the synthesis of MAX phases and other non-oxide ceramics was de-
veloped. The process was based on molten salt which enabled the reduction of the syn-
thesis temperature also allowed the process to be carried out in an air furnace. The
process was named as Molten Salt Shielded Synthesis/Sintering (MS®). KBr was used
as the molten salt medium for enhanced diffusion of elements at high temperature. In
addition, KBr was also used to create a gas tight cladding around the specimen which
protects the sample from oxidation at a temperature below the melting point of the salt.
Further, the sample was protected from oxidation due to the barrier of molten salt pool
which cuts off the oxygen supply between the ambient atmosphere inside the air furnace
and the material being processed. The property of KBr to be pressed to very high density
at room temperature was exploited to protect the material from oxidation with dense
encapsulation of KBr around it. Various non-oxide ceramic powders like TiC, Ti3SiCo,
Tip AN, Ti AlC, Cr,AlC, MoAIB and Cr,AlB, were synthesized in air with this process for
the proof of concept. The advantage of using the MS? is that there is no requirement of
grinding or milling step after the synthesis step. Loose micrometric powders were ob-
tained by just washing the salt content with water. In addition, oxidation prone metals
like titanium was also processed with the MS? process. Dense and porous titanium were
fabricated in air for the first time. Thermal analysis of the encapsulated specimen-salt
bath assembly revealed the inhibition of oxidation after the melting point of the salt.
Oxygen analysis of the processed products yielded comparable oxygen wt.% as to when
the material is processed in argon or vacuum.

Ti3SiC, was synthesized by the MS? process at 1250 °C for 1 h. The addition of 0.1
mol.% of Al to the reaction mixture of Ti/Si/C results in the increase of the phase pu-
rity of Ti3SiCy to 97 wt.%. The addition of Al was necessary for enhancing the purity of
TizSiC,. A reaction mechanism leading to the formation of TizSiC, phase was proposed.
XRD analysis reveals that there was no Al in the crystal lattice of Ti3SiC, and the lattice
parameter of Ti3SiC, is the same irrespective of the content of Al. The addition of Al as-
sisted the reaction by forming TiAl; as intermediate compound by reducing TiO, which
might have formed due to oxidation at low temperatures. The formation of alumina in
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the interface of Ti3SiC, and KBr also impedes the out-diffusion of Si into the KBr salt
thereby maintaining the stoichiometric ratios of the constituent reactants. Clusters of Si
were seen in the molten salt bath when Al was not used. Nano-metric TizSiC, particles
were prepared by milling the synthesized powders.

Monolithic TizSiC; and its composites were sintered in spark plasma sintering furnace at
1250 °C with a pressure of 80 MPa in a graphite die and vacuum. The sintered Ti3SiC, had
a higher content of TiC as compared to the starting powder. This can be due to the de-
intercalation of Si from the MAX phase structure due to high vacuum during sintering.
The wt.% of TiC and Al,Oj3 is 8.8 wt.% and 4.6 wt.% by Rietveld analysis, respectively, in
the SPS sintered Ti3SiC,. The presence of Al,Og3 is due to the use of Al as a reaction addi-
tive during the molten salt synthesis of TizSiCy. The average grain size of the SPS sintered
Ti3SiC, was nearly 1 um. In addition, the sintered Ti3SiC, had a high basal texture which
suggests that the basal plane is aligned perpendicular to the applied external stress for
sintering. A grain growth study by annealing the already sintered Ti3SiC, showed that
the grains do not prefer to grow in the 0001 direction rather in other directions. A duplex
microstructure of Ti3SiC, was obtained with very large grains of the size of 500 pm in the
matrix of fine grains (1 um). As the material was textured, the large grains also grew in
an oriented manner. The CMCs were sintered by mixing 0, 10, 20 vol.% of SiC fibers and
SiC whiskers separately for two set of experiments. The grain size of the matrix was not
affected by the presence of SiCy or SiCy,. The composites with reinforcement were fully
dense with the grain size equivalent to the monolithic sintered material. SiC¢ and SiCy,
were aligned in a plane perpendicular to the applied load. The effect of macro-scale and
micro-scale reinforcement on the high temperature creep response was studied.

The creep response of textured monolithic TizSiC, was investigated in the temperature
range of 1000-1300 °C with a constant load of 20-120 MPa. Since the sintered Ti3SiC,
was textured, different configurations of specimen were cut out from the sintered block
creep testing. In one set of experiments, the basal plane was loaded edge-on and in other
set of experiment, the basal plane was loaded face-on. Similar experiments were done
for TizSiC, with duplex microstructure. The activation energy for the specimens loaded
with basal plane face-on and fine microstructure was found to be highest with a value
of 696 + 16 kJ/mol. The specimen with duplex microstructure had a lower creep acti-
vation energy of 454 + 29 kJ/mol. This is contradiction to the activation energy trend
reported for fine and coarse grained TizSiC, in the literature. The discrepancy might be
due to the high degree of texture in the specimen fabricated in the current work. Simi-
lar stress exponents of 2.5-3 for all configuration of textured TizSiC, suggested the same
creep mechanism. TEM results reveal the presence of dislocations and shear banding for
fine grained texture Ti3SiC,. SiCy reinforced Ti3SiC, had a creep rate which is one order of
magnitude lower than that of pure Ti3SiC,. SiCt / Ti3SiC, with duplex microstructure had
a creep resistance of two magnitude lower than that of monolithic Ti3SiC, counterpart.
SiCy absorbed the mechanical stress and fragmented into smaller segments during the
creep. The creep rates were a function of the SiC,, content and decreased with increas-
ing SiC,,. The stress exponent of TSC and TSC-10SiC,, were constant over the range of
temperatures but that of TSC-20SiC,, increased with increasing temperature from 3.4 at
1100 °C to 4.6 at 1300 °C. SiC,y may have inhibited the grain boundary sliding by anchor-
ing grains together, a higher content of SiC,, in TizSiC, might be responsible for creating
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a network of particles resulting in higher creep resistance. A combination of viscoplas-
tic and viscoelastic creep can be operating during the creep of TSC-20SiC,,. The highest
creep resistance was offered by the composite with SiC,,. The composite with SiC has a
creep resistance intermediate to that of monolithic Ti3SiC, and SiC,, reinforced TizSiC,.
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