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ABSTRACT

With the rapid growth of the transportation industry (automotive and aerospace),
the demands for the control of noise and enhancing the stability of structures, through
the development of high damping materials are continually increasing. In the last two
decades, increasing attention is being given to develop high damping materials for
various applications. The aim of this study is to develop high damping material by
combining these two unique material systems, a NiTi (SMA) with a Ti3SiC2 (MAX
phase) which are individually excellent materials for damping applications. Another goal
here is to investigate whether large recoverable shape change in SMAs during thermomechanical cycling can generate residual stresses and defects that could further enhance
damping capability of the novel SMA-MAX phase composites.
In this study, NiTi-Ti3SiC2 composites are processed using spark plasma sintering
(SPS) technique and microstructurally characterized using scanning electron microscopy
(SEM) to study the distribution of NiTi, Ti3SiC2 and remnant porosity in the composite. The
highest energy dissipation is observed for the thermo-mechanically cycled (TC) composite
followed by the as-sintered (AS) composite, pure NiTi and pure Ti3SiC2 when compared at
the same applied stress levels. Both the AS and TC composites exhibited higher damping up
to 200 MPa stress than any of the metal – MAX phase composites reported in the literature to
date.
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Interfaces play a crucial role in determining the overall properties and performance
of the composites. Bulk components of NiTi (SMA) and Ti3SiC2 (MAX phase) are
successfully joined using pressure assisted diffusion bonding. Interfaces thus formed are
micro-structurally characterized where the interfacial structure consists of NiTi / Ti2Ni /
Ti5Si3 / NiTiSi / Ti3SiC2. Nano-indentation showed that the elastic moduli of the phases in the
interface are close to that of Ti3SiC2 while their hardness is higher than that of both Ti3SiC2
and NiTi.
Four-point bend delamination tests are used to study the fracture behavior of the
NiTi-Ti3SiC2 interface under mixed mode loading configuration for bilayer specimens. NiTi
starts to deform plastically in the region between the inner loading points prior to crack
propagation suggesting the formation of strong, tough interface. This is contrary to most
literature studies wherein crack propagation occurs prior to onset of plastic deformation in the
metallic phase, because of the weak interface. Thus, this study demonstrates the interplay
between the interfacial and yield strength of the metallic phase in determining interfacial
fracture behavior. Fracture occurs along the interface between Ti3SiC2 and NiTiSi phase,
occasionally inside the Ti3SiC2 phase and also in the different phases in the reaction layer.
Formation of strong interface enables efficient load transfer between SMA and MAX phase
leading to the observation of excellent damping in composites. In conclusion, this study
demonstrates the potential of novel SMA-MAX phase composites for high damping
applications.
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NOMENCLATURE

DSC

Differential Scanning Calorimetry

EBSD

Electron Backscatter Diffraction

EDS

Energy Dispersive Spectroscopy

WDS

Wavelength Dispersive Spectroscopy

EPMA

Electron Probe Micro Analyzer

SEM

Scanning Electron Microscope

SMA

Shape Memory Alloy

SME

Shape Memory Effect

SPS

Spark Plasma Sintering

Wt.

Weight %

Ms

Martensite start

Mf

Martensite finish

As

Austenite start

Af

Austenite finish

WNiTi

Weight % of NiTi in the composite

WTi3SiC2

Weight % of Ti3SiC2 in the composite

ΔHcomp.

Enthalpy of transformation of the composite

ΔHNiTi

Enthalpy of transformation of pure equiatomic bulk NiTi

VfNiTi

Volume fraction of NiTi (vol. %) in the composite
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ρNiTi

Theoretical density of NiTi

ρTi3SiC2

Theoretical density of Ti3SiC2

Poverall

Volume fraction of overall porosity (vol. %) in the composite

ΔHA→M

Enthalpy of transformation from Austenite to Martensite

J

Joule

g

Gram

°C

Degree Celsius

ΔT

Temperature Difference

AS

As Sintered

TMC

Thermo-mechanically Cycled

MMC

Metal Matrix Composites

CMC

Ceramic Matrix Composites

PMC

Polymer Matric Composites

CTE

Coefficient of Thermal Expansion

DMA

Dynamic Mechanical Analysis

nA

Nano Ampere

keV

Kilo Electron Volt

MPa

Mega Pascal

HTSMA

High Temperature Shape Memory Alloys
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1. INTRODUCTION*

1.1 Motivation
With the rapid growth of the transportation industry (automotive and aerospace),
high precision instruments, systems having tiny, highly sensitive electronic components,
the demands for the control of noise and enhancing the stability of structures, and
instruments are continually increasing. This necessitates the development of high
damping materials, systems and/or structures which can suppress mechanical vibration,
attenuate wave propagation, and stabilize structures and highly sensitive systems.
Reducing noise and vibration of structures may also lead to the increase in their fatigue
life leading to the improvement in their durability.
There are two ways of obtaining high-damping behavior, either by external or
internal means. External means imply obtaining structural or system damping through
air damping and absorbers, joint friction; and intrinsic means include material damping
by using high damping materials [1]. The aim of this study is to employ the latter,
material damping, through the development of high damping materials. This could
contribute to the overall weight savings by completely removing or reducing the

*Part of this section is reprinted with permission from “Thermomechanical Response and Damping
Behavior of Shape Memory Alloy–MAX Phase Composites” by Kothalkar et. al., Metallurgical and
Materials Transactions A, 45, 1-13, [2014] by Springer and “Interfacial study of NiTi–Ti3SiC2 solid state
diffusion bonded joints” by Kothalkar et. al., Materials Science and Engineering: A, 622, 168-177, [2015]
by Elsevier

1

requirement for special active control devices, energy absorbers or dampers [1, 2].
Material damping capacity is defined as the amount of the energy dissipated during
mechanical vibration under cyclic loading in the material [2].
In the last two decades, increasing attention has been placed on developing high
damping materials for various applications such as reducing noise and vibration of
structures, increasing the fatigue life, and improving the durability of cutting tools.
Amongst the various classes of high damping materials, a large portion of research is
dedicated towards the developing shape memory alloys for damping applications. The
feasibility of using SMAs for seismic applications, i.e. protection of civil construction
from earthquakes, has also been explored. The reason for extensive studies on SMAs is
that the energy dissipation in SMAs is at least an order of magnitude higher than most
structural metallic materials [3]. Another group of materials that also shows high
mechanical damping capacity is nanolayered ternary ceramics, known as MAX phases.
These materials are under extensive investigation for their unusual non-linear, hysteretic,
elastic behavior, unlike most ceramics. They possess excellent combination of properties
such as high stiffness, thermal and electrical conductivity, and fracture toughness while
being readily machinable along with high damping capacity. For example, Ti3SiC2
belonging to the group of MAX phases, dissipates 25% of the mechanical energy while
showing full recovery up to 1 GPa stress [4], under cyclic compression at room
temperature. The mechanical damping observed in MAX phases is comparable to some
woods and orders of magnitude higher than most structural ceramics with comparable
stiffness [5].
2

Composite processing offers an opportunity for improving the damping behavior
by modifying the microstructure and introducing various energy dissipation sources [2].
Hence, a metal/ceramic interpenetrating composite of two high damping materials, a
NiTi SMA with a Ti3SiC2 MAX phase, is selected in this study. Combining two different
classes of materials, such as a ceramic with a metal or alloy, naturally leads to the
formation large number of interfaces between them. Large differences in thermal
expansion coefficients (CTE) are bound to generate thermal mismatch strains possibly
leading to the generation of crystallographic defects such as dislocations, mechanical
twins around the interfacial region. These defects should play a vital role in contributing
to the energy dissipation of the composite. The motivation behind choosing an SMA
over other metals, apart from SMAs having high damping capacity, is to utilize the
unique shape memory effect to introduce defects in both constituents, MAX phases and
SMAs, and modify the microstructure of the composite. Thus by combining SMAs with
the MAX phase, the aim here is to investigate whether large recoverable shape change in
SMAs during thermo-mechanical cycling can generate residual stresses and defects that
could further enhance damping capability of the novel SMA-MAX phase composites.
After selecting the different constituents of the composite, SMA and MAX
phases in this case, it is the nature and properties of the interface that play a crucial role
in determining the overall properties and performance of the composite. For example,
load transfer across the interface determines the stiffening and strengthening of the
composite, crack deflection/bridging affects the toughness and relaxation of stresses at
the interface influences the ductility [6]. Thus, it is very important to carry out a
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comprehensive microstructural characterization of the formation and evolution of the
interfacial microstructures, interfacial fracture behavior and the correlations between
them for complete understanding and development of composite materials. Diffusion
bonding is selected in this study as the joining technique because it is capable of joining
of wide variety of materials for industrial applications, is simple and does not require
large capital investment and offers significant advantages over other conventional
joining techniques such as welding [7].
One of the basic failure mechanisms affecting the fracture resistance of the
composites is the debonding and fracture along the interfaces between the two
constituent phases [8]. Thus, by measuring interfacial fracture toughness, correlations
with the overall composite properties can be established. In composites, when the
constituents have widely different elastic moduli, the modulus mismatch leads to
shearing of the crack surfaces resulting in mixed-mode stress state [9]. Also, most real
life applications which involve interface fracture problems experience mixed mode
loading. Thus, for efficient and safe design of structures involving interfaces between
dissimilar materials, it is important to characterize the interface fracture behavior under
mixed mode loading configurations [10].
In summary, the aim of the proposed study is to process, characterize and study
the mechanical damping of the SMA (NiTi) - MAX phase (Ti3SiC2) composites and
improve their damping behavior through introduction of residual stresses and defects
using shape memory effect of SMAs. As the interface plays an important role in
determining the behavior of the composite, another goal here is to join bulk components
4

of NiTi and Ti3SiC2, microstructurally characterize the interface after different joining
conditions and study interfacial fracture behavior under mixed mode loading conditions.

1.2 Shape Memory Alloys
1.2.1 Introduction
Shape Memory Alloys (SMA) belong to a unique class of metallic materials that
undergo solid to solid martensitic phase transformation from a high temperature
austenite phase to a low temperature martensite phase. Shape memory effect (SME)
refers to the ability of SMAs to recover their original predeformed shape after
deformation when heated above a particular temperature or on application of sufficient
magnetic field. Shape recovery in SMAs is due to the thermoelastic martensitic phase
transformation. Simply put, SMAs can find applications where they can be deformed
using an external force and will come back to (or remember) their original shape when
sufficient external stimuli such as thermal or magnetic is applied. Pseudoelasticity or
Superelasticity (SE) is the ability of SMAs to recover large mechanical deformation
immediately on unloading, under isothermal conditions, in high temperature austenite
phase due to stress-induced martensitic transformation. Besides the unique shape
memory effect (SME) and superelasticity, SMAs have the ability to absorb and dissipate
large mechanical energy under applied mechanical cyclic loading. SMAs thus find
applications in fields ranging from aerospace, automotive, biomedical to seismic
applications for vibration damping. NiTi, the most characterized and widely used SMA,
is a benchmark SMA that has been used for various applications in medical industry [11]
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and different engineering fields [12] because of its excellent shape memory performance
combined with good ductility, strength, corrosion resistance and damping capability.

1.2.2 Applications
SMAs find applications in various fields such as aerospace, automotive,
appliance, automation and control, electronics, safety along with many others [13].
SMAs have been used in these industries since many decades now. In 1970s, SMAs
were used in F-14 fighter jets for coupling of hydraulic lines [14]. An active
aerodynamic device with SMA actuators, also known as variable geometry chevrons was
used on commercial aircraft Boeing 777-300 ER [15-17], installed on a GE90-115B jet
engine. The chevron reduced the noise during take-off and increased cruise efficiency
during the remaining flight (Figure 1.1). NiTi thermovariable rate springs are used in
automatic transmissions of Mercedes Benz for smooth gear shifting, domestic
applications such as to control hot water flow, and the opening of door in the selfcleaning oven [18-21].
SMAs have been used for their good vibration damping capability in small
spacecraft such as microsatellite for low shock release mechanisms [24-26]. SMAs also
has applications in civil structures for seismic vibration control such as base isolation
systems, cable stayed bridges due to their excellent damping capabilities [27]. European
commission funded a project named MANSIDE (Memory Alloys for New Seismic
Isolation Devices) which led to the implementation and testing of two full scale SMA
isolation devices: for buildings and bridges, and energy dissipating braces for framed
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structures [28, 29]. In august 2000, release tests were carried out on a building in
southern Italy which demonstrated full scale applicability of SMA based isolated
devices. The building weighed around 1500 tons, consisted of a 3 story R/C structure
having dimension of 13.3m by 22.6m. Figure 1.2 (a) and (b) show the building equipped
with the SMA based isolation device and the full scale isolation device itself
respectively. The tests demonstrated excellent performance of the SMA based isolation
devices in structural vibration isolation. For other applications and their in depth
description, the reader is referred to the review articles [13, 30, 31].

Figure 1.1 Variable geometry chevron flight tested by Boeing for noise reduction. Inset
shows the position of SMA actuators which control the bending providing the structure
with morphing capability [22, 23].
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Figure 1.2 (a) SMA based isolation system employed in the building, (b) Full scale view
of the isolation device [28].

1.2.3 Thermomechanical Behavior
Shape memory alloys show many unique characteristics, including the two
widely observed and utilized phenomenon in applications, shape memory effect and
Pesudoelasticity or Superelasticity. Here, our primary focus is on the shape memory
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effect. SMAs can exist in two different phases, namely high temperature austenite and
low temperature martensite, and three different crystal structures, namely austenite,
twinned and detwinned martensite. When martensite is heated, it starts to transform into
austenite at austenite start temperature As, and completely transforms into austenite at
austenite finish temperature Af. When the austenite is cooled, transformation to
martensite starts at martensite start temperature Ms, and ends at martensite finish
temperature Mf. When austenite is cooled under no stress, transformation occurs with no
macroscopic shape change. The structure thus obtained is referred to as “selfaccommodated” or twinned martensite. Change in the crystal structure from cubic
(austenite) to monoclinic (martensite) in NiTi produces large local strain. This large
local strain is accommodated by forming a twinned martensite structure in NiTi.
Austenite to martensite transformation may occur in several ‘ways’, called martensite
lattice correspondence variants [30]. Symmetry of austenite and martensite determines
the number of possible variants; for example, 12 lattice correspondence variants can be
formed when a cubic austenite transforms to a monoclinic martensite [32]. Under stress
free conditions, all the different variants in the martensite are energetically equally
favorable. However, when this self-accommodated martensite is deformed at constant
temperature, some variants grow at the expense of others and form a single variant
martensite. This process is called martensite reorientation or martensite detwinning and
is always accompanied by macroscopic shape change. When this detwinned martensite
is heated past Af, it recovers its original shape prior to deformation as it completely
transform into austenite. This shape recovery is referred to as one way shape memory
9

effect (OWSME) (Figure 1.3). Thus, remembering the shape it had prior to deformation
in detwinned martensite. On cooling under no stress from austenite to temperatures
lower than Mf again results in twinned martensite state.

Figure 1.3 Demonstration of the one way shape memory effect (OWSME) [30]

In two way shape memory effect (TWSME), austenite directly transforms to
detwinned martensite even when no external stress is applied and this transformation is
accompanied by corresponding macroscopic shape change. On heating, it transforms
back to austenite with macroscopic shape change. Thus, in TWSME, it remembers both
shapes, in detwinned martensite and austenite whereas in OWSME, it remembers only
one shape. TWSME is also referred to as reversible SME. TWSME is observed in
materials that have experienced specific thermomechanical cycling path (also referred to
as training) [33]. Training leads to permanent changes in the microstructure by
introducing defects. These defects lead to directional residual internal stresses which
favor the formation of one of the several possible variants leading to detwinned
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martensite. Plastic deformation of martensite leading to directional arrangement of
dislocations or retained martensite in the structure due to prior thermo-mechanical
treatment is one of the several mechanisms that can cause generation of directional
internal stresses in SMA’s [33-36]. In this study, both the OWSME and TWSME of
SMA-MAX phase composites are extensively characterized; their evolution with applied
stress and the mechanisms contributing to the generation of residual internal stress are
investigated.

1.2.4 Energy Dissipation/Damping Behavior
Besides the unique shape memory effect (SME) and Superelasticity, SMAs also
possess high mechanical damping capacity in both, austenite and martensite phase. The
energy dissipation capacity of materials is related to the different microstructural
mechanisms leading to the internal dissipation of mechanical energy. The mechanism of
reversible stress induced martensitic transformation in austenite and hysteretic
movement of twins, twin boundaries and martensite variant interfaces in martensite
contributes to their high damping capacity [3, 37-47]. This high damping capability of
the SMAs can be utilized to suppress undesirable mechanical vibration and wave
propagation. Collective results from fundamental, small scale to elaborate, large scale
studies conclude that the SMAs can be effectively used for vibration control of structures
through vibration isolation and energy absorption mechanisms [31]. The reason for
extensive studies on SMAs is that the energy dissipation is at least an order of magnitude
higher in SMAs than most structural metallic materials [3]. Thus, the idea behind
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combining a SMA with a MAX phase (discussed in detail section 1.3) is to utilize the
high damping capacity of both materials to obtain improvement in the overall damping
capability.

1.3 MAX Phases
1.3.1 Introduction
More than 60 ternary carbides and nitrides with the general formula Mn+1AXn
(MAX phases), where n = 1, 2, or 3, M is an early transition metal, A is an A-group
element (from columns 13–16 in the periodic table), and X is C and/or N, have unusual
and unique combination of metallic and ceramic properties [48, 49] (Figure 1.4). Like
metals, they have high thermal and electrical conductivity [51], good thermal shock
resistance [52] and damage tolerance [53], and are most readily machinable. Like
ceramics, they have low density, high Young’s modulus [54, 55], good high temperature
strength and creep resistance [56-58] along with good corrosion resistance [59]. The unit
cells of the MAX phases are characterized by near close-packed M layers interleaved
with layers of a pure A-group element, with the X atoms filling the octahedral sites
between the former [60].
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Figure 1.4 Possible combination of elements that form the MAX phases where M is an
early transition metal [red], A is an A group element [blue] and X is C or N [black],
reprinted from [50]

Among all the MAX phases known till date, Ti3SiC2 is the most characterized
and well known one with low density (4.52 g/cm3 [48]) and high elastic modulus (343
GPa [5]). Like other MAX phases, Ti3SiC2 shows spontaneous fully reversible, strain
rate independent hysteretic stress-strain loops when cyclically loaded in compression [4]
or tension [58]. Thus, a significant portion of the mechanical energy - about 25% at 1
GPa in the case of Ti3SiC2 - can be dissipated during each cycle [4]. At this time,
Incipient Kink Bands (IKBs) that form during loading and annihilate during unloading
are believed to be one of the factors contributing to the unusual hysteretic (or
pseudoelastic) behavior [4]. IKBs are fully reversible dislocation loops observed in
plastically anisotropic solids which nucleate on easy slip planes [61]. Mechanisms of
energy dissipation are described in detail in section 1.3.4.

Above brittle-to-plastic

transition temperature, i.e. above 1000 - 1100°C, stress-strain response of Ti3SiC2
becomes a strong function of temperature and deformation rate, and it can be plastically
deformed to strains exceeding 25% even in tension [58, 62, 63]. Along with high
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damping capacity, Ti3SiC2 possesses high temperature strength; good high temperature
oxidation resistance and good machinability making it a potential candidate for high
temperature structural applications.

1.3.2 Applications
MAX phases possess a remarkable set of properties. Currently, they are being
developed for applications such as resistive heating elements and electrodes, gas burner
nozzles, foil bearings, rotating electrical contacts, drilling tools and heat exchangers [64]
(Figure 1.5). For example, by utilizing excellent thermal and electrical properties of
MAX phases, company named 3-ONE-2, LLC have developed heating elements made of
Ti2AlC (211-Maxthal ®) [67]. As gas burner nozzles, they have been shown to perform
better than steel under sulphur containing natural gas corrosive atmospheres, owing to
their high corrosion and oxidation resistance. Drilling tools made up of diamonds in
MAX 312 have been developed by 3-ONE-2 and Hilti [64]. These materials were
reported to be much better than the current diamond/Co for drilling of concrete. Ti3SiC2hydroxypatite composites have been developed and displayed favorable properties for
bio-applications [68], owing to the bioinertness of Ti3SiC2 [69]. Honeywell is
developing MAX phase based materials such as Ta2AlC/Ag, which have low friction and
wear properties for foil bearing applications [64].
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Figure 1.5 Few current and potential applications of MAX phases (a) Ti2AlC Heating
element at 1723 K (courtesy 3-ONE-2, LLC), (b) reactor cell with Maxthal 211 heating
elements [65], (c) Comparison of Maxthal gas burner nozzles and 353MA steels after
one year at 1773 K (courtesy 3-ONE-2, LLC and Kanthal), (d) Condition after 10,000
cycles in a rig: Ta2AlC/Ag shaft and superalloy foil [66], (e) Diamond-Co and DiamondTi3SiC2 concrete dry drills (courtesy 3-ONE-2, LLC and Hilti), (f) Three-dimensional
shapes of MAX phases obtained after slip casting and sintering (courtesy 3-ONE-2,
LLC)
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As MAX phase possess high fracture toughness and energy dissipation
capabilities apart from high temperature strength and oxidation and corrosion resistance,
they are an excellent candidate for applications in aerospace industry. Owing to the low
density of these materials, these materials have also been considered as light weight
armor materials. Investigations have demonstrated the potential use Ti3SiC2 as parts of
add-on ceramic armor [70, 71]. Apart from these applications being developed, severe
potential applications include directly heated catalyst support and exhaust gas filters for
automobiles, oxidation resistant films or coatings, cladding materials for nuclear
applications [64, 72].

1.3.3 Fracture Toughness
Nanolayered ternary ceramics, also known as MAX phases, have considerably
higher fracture toughness (K1c: 5.5 – 16 MPa-m1/2) than monolithic ceramics and most
ceramic matrix composites [9]. MAX phases in general and especially Ti3SiC2 are
known for their high fracture toughness and R-curve behavior [60, 73]. MAX phases are
believed to possess one of the highest values of fracture toughness ever reported for a
monolithic, single phase, non-transforming ceramic [60]. Table 1.1 lists room
temperature fracture toughness (K1c) values of select few MAX phases and select few
ceramics.
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Table 1.1 Room temperature fracture toughness (K1c) values of select few MAX phases
[60] and select few ceramics [9].
1/2

MAX phases

Ceramics

Material

K1c MPa m
( room temperature)

Ti3SiC2

7-16

Ti3AlC2

6.9-9.5

Ti2AlC

6.5

Ta2AlC

7.7

Nb4AlC3

7.1

Sodalime glass

0.5-1

Magnesium Oxide

3

Alumina

1-3

Silicon Carbide

2-4

Silicon Nitride

3-5

MAX phases have much higher fracture toughness than most regular ceramic
materials. These materials display higher degree of grain bridging, sliding and frictional
pullout mechanisms, similar to processes observed in Al2O3 [74], Si3N4 [75], and SiC
[76]. Apart from these mechanisms, Ti3SiC2 also shows crack bridging through heavily
deformed lamellae, along with significant amount of delamination and bending [73].
These mechanisms contribute to the high fracture toughness values of Ti3SiC2.
Deformation and distortion of laminae, which are formed due to delamination along the
weaker basal planes, contributes to the increased toughening observed in these materials
[77]. The ability of MAX phases to contain damage through the mechanisms of
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delamination and kinking of individual grains makes them an exceptionally good
damage tolerant material [60]. Fracture toughness of MAX phases may be further
improved by addition of ductile metallic materials such as SMAs. Thus, this study on the
fabrication and characterization of the SMA-MAX phase composites will serve as a
precursor to future fracture toughness studies on the SMA-MAX phase composites.

1.3.4 Mechanical Hysteresis/ Energy Dissipation
MAX phases are known for their unusual non-linear, hysteretic, elastic behavior,
unlike most ceramics. On cyclic compression under very high loads, they show full
recovery, dissipating large amounts of mechanical energy in the process. For example,
under cyclic compression at room temperature, Ti3SiC2 dissipates 25 % of the
mechanical energy while showing full recovery up to 1 GPa [4]. Inset in Figure 1.6
shows that full recovery is observed in fine grain Ti3SiC2 under uniaxial compression at
room temperature. Figure 1.6 shows the comparison of stress–strain curves at room
temperature for different materials: fine and coarse-grained Ti3SiC2, Al2O3 and Al. As
expected for Al2O3 and Al under linear elastic region, no hysteretic dissipative behavior
is observed. But for fine and coarse-grained Ti3SiC2 microstructures, reversible,
hysteretic behavior is observed wherein the area under the loop represents the amount of
energy dissipated in that loading-unloading cycle. Mechanical damping observed in
MAX phases is comparable to some woods and orders of magnitude higher than most
structural ceramics with comparable stiffness [5].
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Figure 1.6 Comparison of stress–strain curves at room temperature for different
materials: fine and coarse-grained Ti3SiC2, Al2O3 and Al [4]. The dashed line represents
the response expected from Ti3SiC2 without non-linear behavior. E is Young’s modulus.
Inset and figure axes are identical. Reprinted with permission from NPG

Various models including the Kinking Nonlinear Elastic (KNE) model [78-81],
Microcracking model (MC) [82] and Reversible Flow (RF) model [83] have been
proposed to explain the non-linear hysteretic behavior of MAX phases and account for
the energy dissipation during each of the loading-unloading cycles. As per the KNE
model, formation, growth and annihilation of incipient kink bands (IKB), reversibly
under stress is responsible for the observed energy dissipation in the MAX phases.
According the MC model, friction caused by the microcracks and crack surfaces formed
because of delamination during loading lead to the hysteretic behavior in the MAX
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phases. RF model suggests that plastic anisotropy or Bauschinger-like effect is
responsible for the reversible macroscopic deformation in the MAX phases. However,
no single model can explain all the phenomena observed in the deformation of MAX
phases. In a recently published article on deformation of Ti2AlC, the authors show that
the above mentioned models are valid only in certain stress ranges and all of them are
required to completely characterize the hysteretic behavior of MAX phases in the
complete stress range [84]. That study classifies the uniaxial deformation of fine and
coarse grain Ti2AlC under compression in four different stress regions (Figure 1.7):
region I where the behavior is completely linear elastic; region II where deformation and
energy dissipation can be explained by the RF model; region III where reversible
movement or bowing of dislocation walls, unlike proposed by the KNE model, is
responsible for the observed cyclic hardening and large energy dissipation; and region
IV where MC model along with the RF and reversible movement of dislocation walls
simultaneously contribute to the observed behavior. As the energy dissipation in pure
MAX phases depend on stress or strain experienced by them, energy dissipation capacity
of the SMA-MAX phase composites is bound to be affected by the load distribution
among these phases.
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Figure 1.7 Bottom, middle and top plots show the Wd, irrecoverable strain from first
load-unload cycle and relative young’s modulus respectively, as a function maximum
applied stress squared [84]. Square and circular represent two different samples. Average
grain diameter and thickness were 6 ±3 μm and 5 ±2 μm respectively

Thus, the aim in this study is to process SMA-MAX composites having strong
interface for better load transfer and maximize the individual contribution to the overall
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composite damping capacity. This necessitates the extensive interfacial characterization
between these two components under various processing conditions along with its
fracture strength.

1.4 Joining and Interface Fracture
1.4.1 Joining
Recently, the ability to reliably manufacture large components of engineering
ceramics has improved along with better understanding of its processing techniques.
Still, most engineering applications require them to be joined with other materials,
mostly metals. Metal-ceramic joining is not easy, mainly due to two reasons, nature of
atomic bonding and large differences in coefficients of thermal expansions (CTE) [85].
Most ceramics have much lower coefficient of thermal expansions than metals. Thus,
when they are cooled from joining or bonding temperatures, metals contract more than
ceramics leaving the latter under tensile state of stress, making the joint or the ceramic
prone to failure.
MAX phases, as described in section 1.3.1, possess a combination of metallic
and ceramic properties, as they are stiff but readily machinable ceramics, with excellent
thermal and electrical conductivity. This combination of properties is attributed to the
nature of atomic bonding and layered crystal structure [60]. MAX phases possess a
combination of metallic, ionic and covalent bonding [86], which is responsible for
metallic as well as ceramic like behavior. Considering these two facts, that MAX phases
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have partial metallic bond character and higher CTE than most ceramics, it makes them
suitable for joining with metals.
Several studies have been conducted to investigate the feasibility of joining
MAX phases with other metals and study their reactions and stability at elevated
temperatures [87-95]. Joining of Ti-6Al-4V with Ti3SiC2 in the temperature range of
1200-1400°C showed that below 1350°C, the mechanism for bonding is solid state
diffusion whereas above it is liquid state diffusion [90]. Diffusion bonding of Ni with
Ti3SiC2 in the temperature range of 800-1100°C suggested that the diffusion of Ni into
Ti3SiC2 is the key step in the bonding process [91]. Study on the stability of Ti3AlC2 in
presence of Cu in the temperature range of 800-1050°C found that at 800-950°C, partial
loss of Al occurs from Ti3AlC2 into Cu leading to the formation of Cu (Al) solid solution
whereas above 950°C, Ti3AlC2 decomposed and transformed into TiCx [88]. Reactions
between Ti and Ti3SiC2 were investigated in the temperature range of 1000-1300°C [95].
They found out that Ti3SiC2 decomposes in two different ways: by de-intercalation of Si
and formation of TiCx by remaining Ti and C; and secondly, by separation of C from
Ti3SiC2 and further reaction of C with Ti. The common theme in these studies is the
successful joining of the MAX phases with various metals without an interlayer and the
loss of “A” element from the MAX phases contributing to the formation of new reactive
phases. The leaching out of the “A” element from the MAX phase is expected as it is the
most weakly bonded element in MAX phases [86]. As the SMA-MAX composites are
being studied in this research, it makes sense to systematically study the joining of
SMA-MAX phase without an interlayer between them to characterize the possible
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reaction phases between SMAs and MAX phases. Thus, this study will also serve as a
basis for understanding the reactivity of MAX phases with NiTi at elevated temperatures
and designing and controlling the microstructures of SMA-MAX phase joints and
composites.

1.4.2 Mixed Mode Interface Fracture
Fracture of a metal/ceramic interface plays an important role in many areas of
technological relevance, including decohesion of thin films/substrate systems used in
microelectronic devices [96, 97], thermal barrier coatings for turbine blades [98],
multilayer capacitors, layered structural composites, and adhesive joints [99]. Interfaces
are a critical part of multiphase composites, and their properties play a crucial role in
determining the overall properties and performance of the composite. For example, load
transfer across the interface determines the stiffening and strengthening of the
composite, crack deflection/bridging along the interface affects the toughness of the
composites [6]. Fracture in a metal or ceramic matrix composite will occur either along
the interface or in one of the individual constituent phases. As a precursor for studying
the fracture of the composites, it is important to understand and quantitatively
characterize fracture behavior of the interface between the constituents.
The fracture toughness is a critical parameter in determining the applicability of a
composite to various engineering fields, especially for structural applications. The
critical strain energy release rate (Gc) (J/m2) is a measure of the resistance to crack
propagation. The parameter Gc has been studied extensively for different composite
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systems [100-110]. Crack propagation can occur in one of the three fracture modes:
mode I, II, and III (also referred to as the opening, shearing and tearing mode
respectively). Mixed mode refers to a combination of these modes. Most real life
applications involving interfacial fracture experience mixed mode loading. Thus, for
efficient and safe design of structures involving interfaces between dissimilar materials,
it is important to characterize the interface fracture behavior under mixed mode loading
configurations [10].
Several tests have been utilized to characterize the interfacial fracture toughness
under mixed mode loading configurations [111-117], but the most relevant here is the
four point bend delamination test [113]. One of the advantages of using four-point bend
delamination test is that the moment between the inner loading points is constant [112].
Thus, the strain energy release rate becomes independent of crack length between the
inner loading points. The assumption being that the crack grows along the interface and
the critical strain energy release rate (Gc) of the interface does not vary significantly.
This makes the experiment easier to conduct as it removes the necessity to monitor the
crack length during testing
The analytical solution for calculating the critical strain energy release rate (Gc)
for the four point bend delamination test as a function of the critical load, Pc, is given by
equations 1-5 [113] below

𝐺𝑐 =
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where a subscript of 1 and 2 corresponds to the top and bottom layer respectively, λ is a
function of elastic properties of each layer, I2 is the second moment of area of the bottom
layer, and Ic is the second moment of area of the composite. Other geometric parameters
are shown in Figure 1. Using the Euler-Bernoulli beam theory and assuming plane strain
conditions, the strain energy release rate can be obtained analytically by subtracting the
strain energy stored in the cracked beam from that stored in the uncracked beam [113].
For the derivation of the analytical solution of the strain energy release rate and the
assumptions involved, the reader is referred to the following article [113]. In this study
the aim is to characterize the interfacial fracture toughness of NiTi-Ti3SiC2 bilayers
under mixed mode delamination beam test utilizing the equations 1-5 described above.
Thus, this study will also be useful in understanding the fracture behavior of the SMAMAX phase composite, as interfaces may play a vital role in determining composite’s
fracture behavior.
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1.5 Ceramic and Metal Matrix Composites
Composites are known to mankind since many centuries in the form of naturally
occurring wood, seashells or manmade materials such as steel. The recognition of this
concept of combining two distinct form of materials to obtain better or improved
properties as compared to individual constituent materials is pretty recent. Since then,
the field of composites has grown rapidly with applications found in aerospace,
transportation industry including automotive and railways, electronic packaging,
recreational products and sporting equipment among many others. Composites are often
utilized to achieve combination of properties that is not easily achievable in conventional
monolithic materials. For example, metallic materials are ductile but have lower
strength. Ceramic materials have high strength but are brittle. By combining metals with
ceramics, a combination of moderate strength and ductility can be achieved.

1.5.1 SMA-Ceramic Composites
SMAs are multifunctional materials with ample current and potential
applications. The ever increasing need for materials that can retain their
multifunctionality while providing conventional materials performance has led to the
combination of the SMAs in other materials. By combining SMAs with other functional
or structural materials, either as matrix or reinforcements, optimal combination of
properties relevant to specific applications can be achieved. By incorporating SMAs in
other materials, the concept of tuning the properties has also been suggested, which has
tremendous potential to cater to the needs of advanced engineering applications [118].
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SMA being a smart material, a lot of research effort has been dedicated in the last
two decades to develop smart/intelligent materials and structures with multifunctional
and adaptive properties [118]. SMAs have been combined with PMCs [119-123], MMCs
[124-129] and CMCs [130-132] either in embedded form or bonded to these materials
for various applications ranging from actuators, sound and vibration control, for impact
damage and creep resistance in structures. Several studies have been conducted where
ceramic reinforcement has been added to study shape memory behavior in the presence
of ceramic particles [133-141]. On the other hand, NiTi has also been added as a
toughening agent in ceramics to improve the toughness of the ceramics [130-132, 142].
The advantage of SMAs over conventional metallic materials is the presence of
SME. Due to the macroscopic shape change during SME, SMAs can introduce internal
stresses in the SMA based composites which can lead to improvement in the desired
properties. For example, utilization of the shape memory effect of NiTi particles
dispersed inside the aluminum metal matrix composites (MMCs) to strengthen them has
also been proposed [143]. The strengthening mechanism suggested is as follows: already
prestrained SMA particles incorporated in the Al matrix upon heating will undergo
reverse transformation and recover original shape, thus introducing residual compressive
stresses in the matrix. Hence, one of the reasons for studying a composite of two high
damping materials, a NiTi SMA with a Ti3SiC2 MAX phase, is to investigate whether the
large recoverable shape change in NiTi during thermo-mechanical cycling can generate
residual stresses that could further enhance its overall damping capability.
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1.5.2 MAX Phase – Metal Composites
Recently, several studies have been reported on the MAX phase-metal
composites in an attempt to tailor/optimize properties of MAX phases for different
applications by adding metallic phases. The first metal - MAX phase composite reported
was of Cu/Ti3SiC2 system demonstrating superior mechanical properties and higher
electrical conductivity as compared to Cu/graphite composites as electro-friction
materials [144]. Since then, mechanical strength of Cu has been enhanced by reinforcing
it with different MAX phases such as Ti3SiC2 [145-146], Ti3AlC2 [147-148] and Ti2SnC
[149] without significantly decreasing its electrical conductivity. The tribological
performances of Ag/Ta2AlC and Ag/Cr2AlC composites, as new solid lubricant materials
against Ni-based superalloys and alumina, have also been investigated in the temperature
range of ambient to 550°C [66]. There have been few studies on processing, compressive
properties and tribological performances of Al/Ti3SiC2 composites [150]. In another
study, Ni/Ti3SiC2 and Co/Ti3SiC2 composites were fabricated but poor wettability of Ni
or Co with Ti3SiC2 resulted in inhomogeneous microstructures [151].
Most recently, two materials with high mechanical damping were combined in
Mg/Ti2AlC [152] and Mg/Ti3SiC2 [153] composites in order to produce light-weight but
stiff materials with superior mechanical damping capabilities. These composites
displayed fully reversible hysteretic stress-strain loops under uniaxial cyclic compression
at room temperature, that dissipate more elastic mechanical energy in each cycle than
either pure Mg or MAX phase [152-153]. As SMAs also possess high damping capacity
similar to Mg, the aim here is to combine SMAs with the MAX phase to obtain high
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damping and investigate whether SME of SMAs can be utilized to generate residual
internal stresses and defects which can further increase their overall damping capacity.
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2. RESEARCH OBJECTIVES

The aim of the proposed study is to process, characterize and study the
mechanical and thermomechanical behavior of the SMA (NiTi) - MAX phase
composites. As the interface plays an important role in determining the behavior of the
composite, the aim here is also to join bulk components of NiTi and MAX phase,
microstructurally characterize the interface under different processing conditions and
obtain the fracture toughness of the interface. Thus, the proposed study can be broadly
classified into two parts: study of composites and interfaces as summarized in Figure 2.1

Figure 2.1 Schematic showing the overview of the proposed study

31

The objectives of this study are
1) To process, for the first time, the novel SMA (NiTi) – MAX phase composites
using SPS;
2) To microstructurally characterize the composites using scanning electron
microscopy (SEM);
3) To thermo-mechanically characterize the shape memory behavior of the
composite, by doing differential scanning calorimetry (DSC), isobaric heatingcooling experiments under uniaxial compressive stresses;
4) To study the damping behavior of as-sintered composites under uniaxial
quasistatic compressive cyclic loadings at room temperature, as both MAX
phases and SMAs possess good damping capability;
5) To investigate the introduction of residual stresses by thermo-mechanical cycling
and their effect on damping behavior of the composites;
6) To join bulk components of SMAs and MAX phases using pressureless and
pressure assisted diffusion bonding in a tube furnace and SPS;
7) To investigate the formation and evolution of microstructures in the diffusion
bonded interface at elevated temperatures using SEM and also the new phases
formed in the interface using SEM, energy and wave dispersive spectroscopy
(EDS/WDS) and electron back scatter diffraction (EBSD).
8) To propose a reaction mechanism for the newly formed phases and study the
growth kinetics of the interfaces;
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9) To evaluate the mechanical properties such as hardness and elastic moduli using
nanoindentation and fracture toughness of the interface using mixed mode four
point bend delamination test;
Thus, this study will serve as a basis for understanding the reactivity of MAX
phases with NiTi at elevated temperatures and designing and controlling the
microstructures of NiTi-MAX phase joints and composites.
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3. EXPERIMENTAL METHODS*

3.1 Spark Plasma Sintering (SPS)
3.1.1 NiTi-MAX Phase Composites Processing
To keep the reaction layer to minimum and retain original individual components
in the composite, a fast processing technique called spark plasma sintering (SPS), is used
in the current study. SPS employs uniaxial loading while applying a pulsed DC voltage
which results in rapid heating rates enabling fast densification of materials at lower
temperatures compared to conventional sintering techniques. The relatively low
temperatures combined with small processing times ensure tight control over interfaces,
grain growth, and microstructure in the materials.
Ti3SiC2 powders (Sandvik, Sweden) with the particle sizes of 45~90 µm and
equiatomic NiTi powders (gas atomized from an alloy ingot with the nominal
composition of 50 at. % Ni) with the particle sizes of 88~105 µm are used to process all
the composite samples in this study. The Ti3SiC2 powders are mixed with 50 vol. % of
equiatomic NiTi powders by ball milling and placed in a graphite die in the SPS machine
(Thermal Technology LLC, Model # SPS 25-10). Inside the SPS chamber, vacuum is
held at 10-6 torr for 10 minutes and then argon is backfilled to a pressure of 2 torr. Then

*Part of this section is reprinted with permission from “Thermomechanical Response and Damping
Behavior of Shape Memory Alloy–MAX Phase Composites” by Kothalkar et. al., Metallurgical and
Materials Transactions A, 45, 1-13, [2014] by Springer and “Interfacial study of NiTi–Ti3SiC2 solid state
diffusion bonded joints” by Kothalkar et. al., Materials Science and Engineering: A, 622, 168-177, [2015]
by Elsevier
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the samples are heated to 960 ~ 1000°C at 200°C/min and held at the target temperature
for 3 ~ 20 minutes. Uniaxial pressure of 100 MPa is applied before starting the heating
cycle and maintained till the sample cooled to ambient temperature.
Bulk equiatomic NiTi (acquired from SAES Getters in cold drawn condition and
solution heat treated at 800°C for 1 hour in vacuum), and bulk Ti3SiC2, reaction sintered
at 1400°C for 8 hours using hot isostatic pressing (HIPing), were also used in this study
to compare their properties with that of the composites. The average grain size of the
reaction sintered bulk Ti3SiC2 was 10 µm and that of solution heat treated NiTi was
around 50 µm.
Table 3.1 lists all the processing conditions and the porosity contents for the
composites synthesized using SPS. The density and the overall porosity of the sintered
samples were determined by alcohol immersion method based on the Archimedes’
principle, as specified in ASTM C20-00 [154]. The theoretical density of 5.48 g/cm3 for
fully dense 50 vol. % NiTi/Ti3SiC2 composite was calculated by taking the weighted
average of 50 volume % NiTi and 50 volume % Ti3SiC2 with densities of 6.45 g/cm3
[155] and 4.52 g/cm3 [48], respectively. Calculation of theoretical density assumes that
no new reaction phases are formed after sintering.
According to the NiTi binary phase diagram, liquid phase starts to form at around
980°C in the Ti-rich region of the phase diagram [156]. To avoid the formation the
liquid phase, 960°C and 8 minutes were initially selected as the starting processing
condition. The SPS # 1 composite had a porosity of 16.7 %. To decrease the porosity
content, sintering time was increased to 20 minutes keeping everything else the same.
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No significant change in porosity was observed. Temperature was then increased to 980
and 1000°C but time was reduced to 10 and 3 minutes respectively, in order to keep the
reaction between the two phases as low as possible. The porosity values obtained for all
the processing conditions listed in Table 3.1 is within the error limits of each other.

Table 3.1 Processing conditions of 50 vol. % NiTi/Ti3SiC2 composites and their porosity
values.

Sample

Sintering
temperature
(oC)

Time
(mins)

Pressure
(MPa)

Total Porosity
(Vol. %)

SPS # 1

960

8

100

16.7 ± 1.1

SPS # 2

960

20

100

16.5 ± 0.8

SPS # 3

980

10

100

16.4 ± 1.1

SPS # 4

1000

3

100

17.2 ± 0.9

3.1.2 NiTi-Ti3SiC2 Joining
Bulk equiatomic NiTi having transformation temperatures of 40, 67, 75 and
107°C for martensite finish (Mf), martensite start (Ms), austenite start (As), and austenite
finish (Af) respectively, was acquired from ATI Wah Chang (Rotary forged at 800°C
followed by air cooling). Pre-alloyed powders (unsieved) obtained from Sandvik
Sweden was used to process fully dense Ti3SiC2 in the SPS under following conditions:
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1325°C, 100 MPa, 15 minutes, heating/cooling rate of 50°C/min, loading rate of 50
MPa/min at 1000°C (inside the SPS chamber, vacuum was held at 10-6 torr for 10
minutes and then argon was backfilled to a pressure of 2 torr). 40 mm diameter discs of
NiTi and Ti3SiC2 were cut using wire electric discharge machining (EDM). Each Ti3SiC2
disc was further cut into two symmetric halves by EDM. All samples were polished
using standard metallography techniques followed by ultrasonic cleaning in ethanol prior
to joining. Spark Plasma Sintering (SPS) machine (Thermal Technology LLC, Model #
SPS 25-10) was used to join the discs under following conditions: 1000°C, 40 MPa, 30
minutes, heating/cooling rate of 50°C/min under 5 MPa pre-stress, loading rate of 35
MPa/min at 1000°C (inside the SPS chamber, vacuum was held at 10-6 torr for 10
minutes and then argon was backfilled to a pressure of 2 torr).

3.2 Horizontal Tube Furnace
Bulk equiatomic NiTi having transformation temperatures of 45, 61, 76 and 94°C
for martensite finish (Mf), martensite start (Ms), austenite start (As), and austenite finish
(Af) respectively, was acquired from SAES Getters in cold drawn condition. Bulk
Ti3SiC2 samples were reaction sintered from Ti, SiC and C powder mixtures at 1400°C,
for 8 hours using hot isostatic pressing. The NiTi and Ti3SiC2 samples were cut using
wire electrical discharge machining (EDM) to the sizes of 10 x 5 x 2 mm3 samples.
These samples were surface grinded to remove the EDM layer, followed by mechanical
polishing prior to joining. A customized loading fixture of rectangular alumina plates
with one hole at each corner along with appropriate alumina screws and bolts was
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prepared to hold both the NiTi and Ti3SiC2 samples on top of each other during bonding
at joining temperatures. At room temperature, the whole fixture with samples between
them was compressed to a uniaxial stress of 150 MPa and unloaded to 20 MPa in an
MTS Insight electromechanical test frame. Holding the load that corresponds to stress at
20 MPa, the bolts were tightened in the fixture and the load was removed afterwards.
The objective of initial pre-loading was to achieve good, intimate contact between the
mating surfaces. The fixture was then placed in an alumina boat in the tube furnace
(MTI Corporation, Model GSL 1600X) to carry out bonding experiments. The vacuum
level in the tube furnace was held at 2 x 10-2 Pa for 5 minutes followed by purging with
ultra-high purity Argon. The purging process was repeated once again before heating the
samples to desired temperatures in flowing argon environment as it is important to have
an oxygen free atmosphere to prevent the formation and growth of oxide films at
elevated temperatures. The presence of oxide layer on either of the mating surfaces
prevents their contact and degrades the kinetics of interface creation by hindering the
diffusion [157]. Heating/cooling rate of 5°C/min was used during bonding experiments
in the tube furnace.

3.3 Microstructural Characterization
3.3.1 SEM
The microstructures of the as-sintered samples were characterized using field
emission scanning electron microscopes (FE – SEM, Quanta 600 FEG, FEI, Oregon,
USA and JSM-7500F, JEOL, Tokyo, Japan) after standard metallographic polishing
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procedure. Energy dispersive spectroscopy (EDS) was used for quantitative analysis of
different phases, through EDS spot analysis. The cross-sections of the bonded NiTiTi3SiC2 samples were cut using a low speed diamond saw before mounting in epoxy, and
polished using standard metallographic procedures up to final step of polishing with 1
µm diamond paste followed by ultrasonic cleaning in ethanol. The microstructures of the
interfaces were characterized using a field emission scanning electron microscope (FE –
SEM, Quanta 600 FEG, FEI, Oregon, USA). Rectangular bars of the dimension (32 x 5
x 2) mm were cut from the bilayer discs using EDM. Both the surfaces of the all the bars
were polished using standard metallography techniques up to final step of polishing with
0.25 µm diamond paste followed by ultrasonic cleaning in ethanol. Observation of precrack and microstructural characterization of the interface was done using a field
emission scanning electron microscope (FE – SEM, Quanta 600 FEG, FEI, Oregon,
USA). One surface of each bar was spray painted by a white paint followed by a sticking
a scale printed on it using a glue. This was done to obtain the maximum contrast on the
surface to monitor crack propagation using a digital camera during four point bend
testing.

3.3.2 DSC
TA Instruments, Q20TM differential scanning calorimeter (DSC), was used to
ascertain the phase transformation in the composites after sintering in the SPS.
Specimens were cut using diamond saw and grinded using 180 grit SiC paper so that
they could fit in a DSC pan which was 5 mm in diameter and 2 mm in thickness. The
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specimens were thermally cycled 10 times between 0 and 150°C at a heating – cooling
rate of 10°C/min. The slope line extension method was used to determine the stress free
transformation temperatures from the peaks observed in DSC curves [158]. The
transformation temperatures and enthalpies were determined from the second cycle in
the DSC curves.

3.3.3 EPMA/WDS
Electron micro probe analysis (EPMA) was used for quantitative analysis of
different phases in the interface, through the spot analysis. An excitation voltage of
15keV and a beam current of 10 nA was used in the spot analysis. Energy dispersive
spectroscopy (EDS) line scan was also carried out to determine the elemental
distribution across the interface.

3.3.4 EBSD
Electron backscattered diffraction (EBSD) was used to determine the reaction
phases in the interface. An additional polishing step using a 0.05 µm colloidal silica
solution was necessary for the EBSD characterization. The SEM used for the
characterization was a Zeiss Ultra Plus FEGSEM, equipped with an Oxford Instrument
AZtec EDS and Electron Backscatter Diffraction (EBSD) system and a Nordlys nano
EBSD detector. The accelerating voltage was set at 20 keV and the working distance
was between 10 and 12 mm. The step size used to scan the area of interest was 50 nm.
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3.4 Thermomechanical Characterization
Isobaric heating-cooling experiments under uniaxial compressive stresses were
conducted to study the shape memory behavior and the evolution of transformation
temperatures, transformation and irrecoverable strains as a function of applied stress on
NiTi and the NiTi/Ti3SiC2 composites. Evolution of two way shape memory effect
(TWSME) was also studied after each isobaric heating-cooling cycle. Compression
samples with the dimensions of 4 x 4 x 8 mm3 were cut using wire electrical discharge
machining (EDM). An MTS Insight electromechanical test frame and an MTS 12.7 mm
gage length extensometer, (Model # 632.53 E-14) with a strain range of ± 20% attached
on the WC grips, were used for the thermo-mechanical experiments. Specimens were
heated by conduction from the hot grips around which heating bands were wrapped.
Liquid nitrogen was circulated through the copper tubes wrapped around the grips to
cool the specimens. Temperature was measured using three K-type thermocouples with
one directly attached on the specimen and one on each grip. Specimens were thermally
cycled between 20 and 150°C at a heating-cooling rate of 8°C/min which was used to
maintain a small and steady difference between the temperatures of the grips and
specimen throughout the experiment.

3.5 Mechanical Property Characterization
3.5.1 Energy Dissipation
Uniaxial cyclic compression tests were performed on similar compression
specimens at room temperature in the MTS Insight test frame. A 3mm gage length
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extensometer with a range of ± 8% directly attached to the sample was utilized for
accurate strain measurements. Two loading-unloading cycles were performed at each
stress starting at 50 MPa with 25 MPa increments up to 250 MPa under displacement
control mode with a crosshead displacement rate of 0.005 mm/s. Upon reaching 250
MPa, they were cycled once at each stress with 25 MPa decrements down to 50 MPa.
Energy dissipation per unit volume per loading-unloading cycle (Wd) was calculated at
each stress level from the area inside the stress-strain loop for all the specimens. Both
the mechanical tests, namely isobaric heating-cooling under compression (thermomechanical cycling) and cyclic compression tests at room temperature were performed
only on NiTi/Ti3SiC2 composite processed at 980°C (referred to as SPS # 3 in Table
3.1). Based on the low porosity and high amount of transformable phase of NiTi in the
NiTi/Ti3SiC2 composite, SPS # 3 was selected for these mechanical tests. Two batches
of SPS # 3 composites were prepared for the mechanical tests. On the first batch, only
cyclic compression tests were performed to measure energy dissipation of as-sintered
composite. On the second batch of as-sintered (AS) composites, isobaric heating-cooling
tests (thermo-mechanical cycling) were performed under compression to characterize
shape memory behavior which was followed by cyclic compression tests to determine
energy dissipation of thermo-mechanically cycled (TC) composites. The compression
axis in all the experiments was perpendicular to the loading direction in the SPS.
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3.5.2 Nanoindentation
The nano-indentation measurements across the NiTi-Ti3SiC2 interface were
conducted using an Agilent Technologies G200 Nanoindenter and a diamond Berkovich
indenter tip. A maximum penetration depth of 250 nm was used for all the indents. An
array of indents was made to map the elastic modulus and hardness of different phases in
and around the NiTi- Ti3SiC2 interface.

3.5.3 Vickers Micro-Hardness Test
Vickers Micro-Hardness tests were also carried out across the interface for
qualitative analysis. A series of indentation loads (0.1, 0.2, 0.3 and 0.5 kg) were used to
obtain indents on the interface using diamond pyramidal indenter. For each indent, a
dwelling time of 13 seconds at peak load was used. Post Vickers SEM was used to
observe the indentations and regions around them. Both the nano-indentation and
Vickers micro-hardness tests were conducted at ambient temperature where NiTi is in
fully martensite phase.

3.5.4 Four Point Bend Tests
Tests were carried using a four point bend fixture obtained from
TESTRESOURCES Model G238X attached to a MTS Insight electromechanical test
frame with a MTS load cell of 2.5 kN under displacement control at a constant
displacement rate of 0.002 mm/s. Inner and outer loading span of 14 and 28 mm
respectively, was used during the tests. A pre-load of 15 N was applied to ensure contact
43

with the sample. SEM Micrographs of the interface were obtained after the tests to
characterize the crack propagation path.
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4. THERMOMECHANICAL RESPONSE OF COMPOSITES*

4.1 DSC
Figure 4.1 shows a typical DSC curve of the NiTi/Ti3SiC2 (SPS # 3) composite.
The presence of peaks in the DSC curve suggests martensitic phase transformation in the
NiTi phase of the SPS # 3 composite. Area under the cooling (heating) peak represents
the enthalpy of transformation from austenite to martensite (respectively, martensite to
austenite). As the enthalpy of transformation is the amount of energy required for the
transformation per gram of the composite, it is possible to obtain the weight and volume
fraction of the transformable NiTi phase present in the composite by comparing it with
the enthalpy of pure NiTi using the equations 6-8 below.
W NiTi 

H comp.
 100
H NiTi

(6)

W Ti3SiC2  100  W NiTi

V f NiTi 

(7)

(W NiTi /  NiTi )
 (100  Poverall )
[(W NiTi /  NiTi )  (W Ti 3SiC 2 /  Ti 3SiC 2 )]

(8)

WNiTi is the weight % of NiTi, WTi3SiC2 is the weight % of Ti3SiC2 in the composite,
ΔHcomp. is the enthalpy of transformation of the composite, ΔHNiTi is the enthalpy of

*Part of this section is reprinted with permission from “Thermomechanical Response and Damping
Behavior of Shape Memory Alloy–MAX Phase Composites” by Kothalkar et. al., Metallurgical and
Materials Transactions A, 45, 1-13, [2014] by Springer
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transformation of pure equiatomic bulk NiTi, VfNiTi is the volume fraction of NiTi (vol.
%) in the composite, ρNiTi is the theoretical density of NiTi, ρTi3SiC2 is the theoretical
density of Ti3SiC2, Poverall is volume fraction of overall porosity (vol. %) in the
composite.

Figure 4.1 Differential scanning calorimetry (DSC) curve clearly showing the
transformation in the SPS # 3 composite. It also depicts the method for determining the
transformation temperatures
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Table 4.1 lists the values of the transformation temperatures (Ms: Martensite start
and Af: Austenite finish, directly determined from the DSC curve shown in Figure 4.1),
the enthalpy of transformation (ΔHA→M), the weight and volume % of the transformable
NiTi phase for all the composite samples. The table also compares their transformation
temperatures and enthalpy values to that of pure equiatomic bulk NiTi. A slight decrease
is observed in the transformation enthalpy (ΔHA→M) of the composite as the sintering
temperature is increased from 960 to 980°C. However, a sharp decrease in
transformation enthalpy is evident when the sintering temperature is increased to 1000°C
even though the sintering time is reduced to only 3 minutes. As the NiTi is the only
transformable phase in the composite, the enthalpy has a direct correlation to the amount
of NiTi transforming in the composite. SPS # 4 has the lowest and SPS # 1 has the
highest amount of transformable NiTi present in the composite. This is assuming that the
new reaction phases formed do not transform.
Calculation of the volume fraction of the transformable phase is based on the
assumption that weight and volume fraction of the reaction phases is small as compared
to individual NiTi and Ti3SiC2 phases. The observed vol.% of the transformable NiTi in
the composite is 10 to 18% less than that of starting powders of the composite which had
50 vol. % NiTi. Possible explanations for lower volume percentage of transformable
NiTi are: (a) the consumption of some NiTi by the reaction with Ti3SiC2 during sintering
leading to the formation of new non-transforming phases such as Ti2Ni, Ti5Si3 and
NiTiSi at the interface [159]; (b) formation of Ti2Ni precipitates in NiTi due to the Ni
diffusion towards the interface with Ti3SiC2, and (c) the presence of dislocation density
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which can partially inhibit transformation. It has been reported earlier that cold work or
presence of high dislocation densities can be the reason for non-transforming NiTi [133,
160]. The investigations on NiTi/TiC composites reported that not all the NiTi present in
the composites transforms [133].

Table 4.1 Summary of the DSC results for 50 vol. % NiTi/Ti3SiC2 composites, their
transformation temperatures and enthalpies, and the amount of transforming phase in the
composite

Enthalpy of
Austenite ΔT= Wt. % of the Vol. % of the
transformation, Martensite
transformable
Sample Austenite to start (M ) finish Af - transformable
NiTi phase in
s
(Af)
name
Ms NiTi phase in
Martensite,
the
(°C)
A→M
(°C) (°C) the composite composite*
(ΔH
) (J/g)
SPS # 1

17.6

74

110

36

57.7

40.6

SPS # 2

17.5

73

108

35

57.4

40.5

SPS # 3

17.5

71

104

33

57.4

40.5

SPS # 4

14.6

71

104

33

47.4

32.0

Pure
NiTi
30.5
78
114
36
(bulk)
*Initial powder mixture (before sintering) contained 50 vol% of transformable NiTi

In the current study, the composites are cooled from sintering temperatures to
room temperature under 100 MPa stress. Residual stresses created by thermal expansion
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mismatch and the transformation strains under 100 MPa stress may get relieved through
the formation of dislocations, thus reducing the amount of transforming NiTi phase. The
fact that the transformation temperatures observed in NiTi/Ti3SiC2 composites are close
to that of equiatomic NiTi eliminates the possibility of compositional changes being the
reason of non-transforming NiTi in the composites (Table 4.1). All the NiTi/Ti3SiC2
composites show similar transformation temperatures and temperature hysteresis (ΔT =
Af – Ms).

4.2 Thermo-mechanical Cycling of As-Sintered (AS) SPS # 3 Composite
The aim here is to investigate whether the composites show reversible shape
change or not, and how it is affected by the magnitude of applied stress. One of the goals
of this work is also to evaluate energy dissipation potential of the novel NiTi/Ti3SiC2
composites and understand the effect of thermo-mechanical treatment on the energy
dissipation in the composites rather than to optimize the processing conditions.
Figure 4.2 shows a detailed flowchart of thermal cycling under uniaxial
compressive stresses for the SPS # 3 composite. To begin with, a minimum constant
stress of 10 MPa is applied during thermal cycling to accurately measure strain changes
due to the transformation in the NiTi phase of the composite. Stress is increased
incrementally to 50, 75 100, 150 and 200 MPa in the austenite phase and at each stress,
the composite is thermally cycled once from the austenite to martensite phase and back,
in order to obtain its stress-temperature relationship. At the end of thermal cycle at each
of the 100, 150 and 200 MPa stresses, the composite is unloaded to 10 MPa in the
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austenite phase and thermally cycled once to study the evolution of TWSME with prior
thermo-mechanical treatments. The thermal cycling at different stresses is performed on
the same specimen. Bulk pure equiatomic NiTi is also subjected to the same thermal
history for meaningful comparison with the SPS # 3 composite.

Figure 4.2 Flowchart of thermal cycling under compressive stresses for SPS # 3
composite and pure equiatomic NiTi. All the cycles at different stresses are on the same
sample
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4.2.1 One Way Shape Memory Effect
Figures 4.3 and 4.4 show strain versus temperature plots under increasing
compressive stresses for the SPS # 3 composite and pure NiTi respectively. The 75 MPa
stress cycle in both the composite and the NiTi is omitted for clarity. It is observed that
important shape memory characteristics such as transformation temperatures,
transformation and irrecoverable strains change as a function of stress for both the
composite and bulk NiTi. These are analyzed in detail in the following sections. Figure
4.5 includes a schematic showing the method for measuring transformation
temperatures, transformation and irrecoverable strains in the NiTi and the composite.

Figure 4.3 Strain versus temperature plots under increasing compressive stresses for SPS
# 3 composite
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Figure 4.4 Strain versus temperature plots under increasing compressive stresses for
equiatomic bulk NiTi
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Figure 4.5 Schematic depicting the method used for measuring transformation
temperatures and transformation and irrecoverable strains of NiTi and composites
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Figure 4.6 Evolution of the transformation temperatures with increasing compressive
stresses (Clausius-Clapeyron plot) for the SPS # 3 composite (solid lines) and its
comparison with that of bulk NiTi (dotted lines)

4.2.1.1 Evolution of Transformation Temperatures with Stress
Stress-temperature plots of the SPS # 3 composite and pure NiTi are shown in
Figure 4.6. Owing to the fact that martensitic transformation involves shear deformation,
application of stress assists in the martensitic transformation. This leads to the shift of
martensitic transformation temperatures to higher values under external stresses. Pure
NiTi nicely follows this trend as both the austenite (martensite) start, As (Ms), and
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austenite finish, Af, temperatures are shifted by almost the same amount at each stress
value.
For the SPS # 3 composite, Ms and Af are shifted to higher values whereas Mf
and As remain almost the same or are slightly lowered, as compared to those of pure
NiTi under the same external stress level. This shift in transformation temperatures leads
to the broadening of the transformation ranges (i.e. Af-As and Ms-Mf) at each stress. The
most probable reason for the observed increase in Ms and Af values in the composite is
the creation of local stress concentrations due to porosity and non-transforming reaction
phases at the interface between NiTi and Ti3SiC2. These stress concentrations lead to
early initiation of forward and reverse transformation in the composite as compared to
pure NiTi.
There are two reasons that can lead to lowering of Mf and As temperatures when
compared with unreinforced NiTi. First, the presence of non-transforming ceramic
regions around the NiTi can cause a back stress due to the volume and shape mismatch
when the martensite plates nucleate and propagate, thus requiring higher driving force to
finish the transformation [133, 136]. Reorientation/detwinning cannot be completed
because of the presence of constraints and thus the reverse transformation is easier which
leads to reduction in As. It is well-known in SMAs that the As temperature of
reoriented/detwinned martensite is notably higher than that of twinned martensite.
Moreover, the stiffness of the NiTi phase is further lowered during the transformation,
thus decreasing the stress experienced by the NiTi phase [161]. This may lead to a
decrease (respectively, increase) in the forward (respectively, reverse) transformation
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finish temperatures. Numerous other investigations have also reported a decrease in Mf
and As [162, 163]. The lower Mf and As values as compared to pure NiTi are also in
agreement with the earlier reported observations on NiTi/TiC composites where TiC was
added as a reinforcement of up to 20 vol. % [133, 136]. However, the increase in Ms and
Af values does not agree with the observed behavior in NiTi/TiC composites [133, 136]
and that predicted by micromechanical modeling of SMA-ceramic composites [161].
The difference lies in the nature of the SPS # 3 composite, which is interpenetrating and
contains some residual porosity and reaction layers whereas in the aforementioned
studies [133, 136, 161], the discrete reinforcements added has a maximum volume
fraction of 20% with little or no porosity and reaction layers.

4.2.1.2 Evolution of Transformation and Irrecoverable Strains with Stress
In SMAs which show only one way shape memory effect, when the austenite is
cooled below Mf temperatures under almost zero stress, austenite transforms into
martensite with several possible variants with no notable macroscopic shape change. The
structure thus obtained is referred to as “self-accommodated” martensite since the
different variants form to minimize the shape change and thus the energy. When the selfaccommodated martensite is stressed at constant temperature, some variants grow at the
expense of others and form a single variant martensite. This process is called martensite
reorientation or detwinning and is always accompanied by macroscopic shape change.
When polycrystalline SMAs are cooled under low stresses from austenite to martensite,
some grains for twinned and others detwinned martensite depending on the grain
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orientation and minimum stress required for detwinning. Formation of detwinned
martensite is accompanied by macroscopic shape change measured as transformation
strain shown in Figure 4.5. As the stresses are increased, more detwinned martensite
forms and higher transformation strains are observed. The transformation strains
increase with the applied stresses for pure NiTi and SPS # 3 composite as shown in
Figure 4.7. Smaller transformation strains are observed in SPS # 3 composite as
compared to pure NiTi due to the following reasons: first, the SPS # 3 composite has less
than 50 vol. % of pure transformable NiTi; secondly, the stress experienced by the NiTi
phase in the composite is less than the applied external stress because the stiffer Ti3SiC2
phase carries most of the stress; and lastly, the Ti3SiC2 phase puts a constraint on the
amount of detwinning occurring by not allowing the martensite to detwin in order to
maintain the compatibility across the interfaces.
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Figure 4.7 Evolution of the transformation (red color)) and irrecoverable (blue color)
strains with increasing compressive stresses for SPS # 3 composite and its comparison
with that of bulk NiTi

Irrecoverable strains in SMAs is usually caused by generation and motion of
dislocations (transformation induced plasticity) and remnant martensite that does to
transform back to austenite even after heating above Af (retained martensite). Thus,
irrecoverable strains increase on increasing the applied stresses due to higher
transformation induced plasticity and amount of retained martensite, as observed in
Figure 4.7. Interestingly, the irrecoverable strains for the SPS # 3 composite is very close
to that of pure NiTi, even after having large difference in the transformation strains, at
58

each stress value. The ratio of the irrecoverable to transformation strains of the SPS # 3
composite and pure NiTi at each stress provides a better comparison for the reversibility
of the martensitic transformation in the composite and the pure NiTi (Figure 4.8). This
ratio is much higher for the SPS # 3 composite than that of pure NiTi which suggests
that more factors are contributing towards the irrecoverable strain in the SPS # 3
composite than those mentioned above for pure SMAs (NiTi). Irrecoverable strain in the
composite is arguably a sum of two contributions: irrecoverable strain in NiTi and
irrecoverable strain in Ti3SiC2. Irrecoverable strain in NiTi can be further categorized
into two parts: one caused by dislocations and retained martensite in NiTi, irrespective
of the presence of Ti3SiC2 around it; second caused by generation of dislocations and
retained martensite due to the presence of Ti3SiC2 in the NiTi region, especially closer to
the interface between NiTi and Ti3SiC2. Irrecoverable strain in Ti3SiC2 could be due to
dislocation glide in individual grains and their bending or kinking. Some of the
irrecoverable strain in Ti3SiC2 can possibly come from delamination, that does not
propagate, but remains contained within the grain.
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Figure 4.8 Comparison of the ratio of irrecoverable to transformation strains of SPS # 3
composite with that of bulk NiTi at different compressive stresses

During the transformation from austenite to martensite, high local strains and
thereby high local stresses are generated due to the geometric constraints imposed by the
Ti3SiC2 phase. Stress as high as 700 MPa have been reported in the literature when SMA
is prevented from returning to high temperature phase upon heating due to external
constraints [164]. These high stresses coupled with local stress intensity factors induced
by pores and voids can generate very high local stresses causing deformation of Ti3SiC2.
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In fully dense Ti3SiC2, deformation is completely reversible up to 1 GPa stress under
compressive loadings at room temperature [4]. However, the presence of porosity in the
composite may cause irrecoverable deformation in Ti3SiC2 at lower stresses than
mentioned above, thus contributing to the total irrecoverable strain of the SPS # 3
composite. It is difficult to estimate quantitative contributions of each factor at this time
and specially designed experiments and/or finite element modeling are needed to
estimate them.

4.2.2 Two Way Shape Memory Effect (TWSME)
Figures 4.9 and 4.10 show the two way shape memory strain versus temperature
plots for the SPS # 3 composite and pure equiatomic NiTi, respectively. Firstly, the assintered SPS # 3 composite is thermally cycled under minimum stress (10 MPa) to
determine whether the residual stresses generated during cooling from the sintering
temperatures are sufficient to cause transformation. No significant TWMSE strain is
detected in the composite. As previously described, to investigate the formation of
internal stress and study its evolution, the SPS # 3 composite is thermally cycled once
under minimum stress (10 MPa) after cycling each at 100, 150 and 200 MPa stress.
Transformation strains obtained during thermal cycling at 100, 150 and 200 MPa
stresses and two way shape memory (TWSM) strains obtained under minimum stress
after cycling at these stresses are compared for the SPS # 3 composite and pure
equiatomic NiTi in 4.11 Compressive TWSM strains are observed for both the SPS # 3
composite and the NiTi and are found to increase with stress, similar to transformation
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strains. As the stress under which the samples are cycled is increased, further dislocation
storage occurs leading to more plastic deformation of martensite and more retained
martensite in austenite, consequently higher internal stresses and TWSM strains are
obtained as shown in Figure 4.11.

Figure 4.9 Evolution of two way shape memory effect (TWSME) with increasing
compressive bias stresses during prior thermo-mechanical cycling for the SPS # 3
composite
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Figure 4.10 Evolution of two way shape memory effect (TWSME) with increasing
compressive bias stresses during prior thermo-mechanical cycling for the equiatomic
bulk NiTi
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Figure 4.11 Evolution of the transformation and two way shape memory (TWSM)
strains with increasing compressive stresses for the SPS # 3 composite and its
comparison with that of bulk NiTi

Lower TWSM strains in the SPS # 3 composite are obtained as compared to pure
NiTi after thermal cycling at same stresses. This is due to the fact that the composite
shows lower transformation strains as the amount of transformable NiTi and the stress
experienced by the NiTi phase in the composite is less than that in bulk NiTi. Similar to
irrecoverable and transformation strain comparison described in the previous section, the
ratio of the TWSM to transformation strain of the SPS # 3 composite and pure NiTi at
64

each stress provides a better comparison (Figure 4.12). This ratio is much lower for the
SPS # 3 composite than that of pure NiTi, which indicates that the formation of
directional internal stresses is hindered by the presence of the Ti3SiC2 phase.

Figure 4.12 Comparison of the ratio of two way shape memory (TWSM) strain obtained
at 10 MPa to transformation strain of the SPS # 3 composite with that of bulk NiTi after
cycling at same stresses of 100, 150 and 200 MPa
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4.3 Summary


Microstructural characterization via scanning electron microscopy clearly depicted
the presence of two distinct, interconnected phases, NiTi and Ti3SiC2, along with
some remnant porosity in the composites. Martensitic transformation in NiTi/Ti3SiC2
composites was confirmed by the transformation peaks observed using differential
scanning calorimetry. One way and two way shape memory effects were observed in
the composites during thermo-mechanical characterization.



The stress-temperature phase diagrams of the composites are analyzed and compared
to those of pure NiTi. For the composite, Ms and Af are shifted to higher values
whereas Mf and As stayed the same or are shifted to slightly lower values, as
compared to pure NiTi, at each stress. The increase in the Ms and Af is due to the
creation of local stress concentrations when external load is applied as a result of
porosity and non-transforming reaction phases at the interface between NiTi and
Ti3SiC2. Lowering of Mf and As is attributed to two factors: firstly, the presence of
non-transforming ceramic regions around the transforming NiTi may cause a back
stress due to deformation mismatch when the martensite plates propagate, thus
requiring higher driving force to finish the transformation. Secondly, the stiffness of
the NiTi phase is lowered during the transformation, thus decreasing the stress
experienced by the NiTi phase, leading to a decrease (respectively, increase) in the
forward (respectively, reverse) transformation finish temperatures.



Transformation and irrecoverable strains in the composites show similar trend as
observed in pure NiTi; both increase with increasing applied external stress.
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However, the ratio of irrecoverable to transformation strains of the composite is
higher when compared to that of pure NiTi and the additional irrecoverable strain is
caused because of the constraints imposed by the Ti3SiC2 phases around the
transforming regions in NiTi and possible deformation of Ti3SiC2 phase (e.g.
formation of permanent kink bands).


Similar to the one way effect, increase in TWSM strain is observed with increase in
applied external stress during prior thermo-mechanical cycling. The ratio of TWSM
to transformation strain in the composite is lower than that in pure NiTi because the
presence of Ti3SiC2 interpenetrating regions and the complex stress state at the
interface between NiTi and Ti3SiC2 upon transformation prevents the accumulation
of enough directional internal stresses that lead to TWSME.
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5. ENERGY DISSIPATION BEHAVIOR OF COMPO SITES*

5.1 Energy Dissipation
Both the as-sintered (AS) and thermo-mechanically cycled (TC) SPS # 3
composites, show fully reversible, closed, non-linear hysteretic stress-strain loops when
loaded in compression. During cyclic loading with increasing maximum stress, the first
loop is always slightly open while the second loop is closed. This behavior, typical for
pure MAX phases [153], is also observed in bulk NiTi in martensite. During cyclic
loading with decreasing maximum stress, all the loops at and below 200 MPa are closed
for both the composites (AS and TC) and their individual constituents (NiTi and
Ti3SiC2). Wd, energy dissipation per unit volume per loading-unloading cycle, is
calculated at each peak stress by measuring the area inside the stress-strain loops.
Energy dissipation is calculated only from the fully reversible, closed hysteretic loops
during cyclic loading from decreasing maximum stress. Figure 5.1 shows one
representative engineering stress-strain loop at 200 MPa for each material, namely fully
dense pure Ti3SiC2, pure NiTi, TC pure NiTi, AS and TC SPS # 3 composites. The
energy dissipation is the highest for the TC composite followed by AS composite, pure
NiTi, TC pure NiTi and fully dense pure Ti3SiC2. To compare the energy dissipation

*Part of this section is reprinted with permission from “Thermomechanical Response and Damping
Behavior of Shape Memory Alloy–MAX Phase Composites” by Kothalkar et. al., Metallurgical and
Materials Transactions A, 45, 1-13, [2014] by Springer
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capacity at varying stress levels for different materials, the energy dissipation (Wd) is
plotted as a function of maximum stress squared in Figure 5.2. For pure Ti3SiC2 phases,
a linear dependence of Wd on σ2 is predicted and experimentally observed where σ is the
maximum applied stress [56]. On plotting Wd as a function of σ2 for the pure NiTi and

Figure 5.1 Engineering stress-strain loops at 200 MPa for each material, namely pure
NiTi, fully dense pure Ti3SiC2, thermo-mechanically cycled (TC) pure NiTi, as-sintered
(AS) and TC SPS # 3 composites
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NiTi/Ti3SiC2 SPS # 3 composites, a linear dependence is observed where all the straight
lines have an R2 value > 0.96 except for pure NiTi which has a value of 0.91. As shown
in Figure 5.3, the highest dissipation, (Wd), is observed at all stress values for the TC
composite followed by AS composite. Pure NiTi and TC pure NiTi have similar
dissipation and Wd is the lowest for pure Ti3SiC2. At 200 MPa applied stress,

Figure 5.2 Energy dissipation per unit volume per loading-unloading cycle (Wd) as a
function of maximum applied stress squared for each material, namely pure NiTi, fully
dense pure Ti3SiC2, thermo-mechanically cycled (TC) pure NiTi, as-sintered (AS) and
TC SPS # 3
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Figure 5.3 Energy dissipation per unit volume per loading-unloading cycle (Wd) as a
function of maximum applied stress for pure NiTi, fully dense pure Ti3SiC2, as-sintered
(AS) and thermo-mechanically cycled (TC) composite

Wd in the TC composite is eighteen times larger than that of fine grain (FG) fully dense
pure Ti3SiC2 and three times larger than pure NiTi. In AS composite, Wd is thirteen
times larger than that of FG fully dense pure Ti3SiC2 and two times larger than that
observed in pure NiTi. Among all the works on the metal/MAX composites in the
literature, energy dissipation has only been reported in Mg/Ti3SiC2 composites at
stresses below 200 MPa [153]. Both the TC and AS composites of the present study
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show higher Wd than Mg/Ti3SiC2 composites at similar stresses. Wd in the TC
composites is higher by an order of magnitude when compared to Mg/Ti3SiC2
composites at similar stresses.

5.2 Damping in As-Sintered (AS) Composites
The major contributing factors for the high energy dissipation observed in the
SPS # 3 composite are the damping contributions from pure Ti3SiC2, pure NiTi away
from the interface, and in regions of NiTi closer to the interface between NiTi and
Ti3SiC2 phases, and the presence of porosity. MAX phases in general and Ti3SiC2 in
particular are known to be good damping materials. As stated earlier, Ti3SiC2 dissipates
25% (0.7 MJ/m3) of the mechanical energy while being compressed to 1 GPa stress at
room temperature [4]. One of the possible mechanisms for the high energy dissipation in
the MAX phases is due to the reversible formation and annihilation of incipient kink
bands (IKBs) during loading-unloading cycles [4]. As Ti3SiC2 is the stiffer phase in the
SPS # 3 composite, it carries most of the stress. Thus, the stress experienced by Ti3SiC2
is higher than the applied external stress, which leads to higher damping contribution of
the Ti3SiC2 phase to the overall damping of the composite.
In addition, SMAs are also known to be high damping materials in both,
austenite and martensite state. In the current study, all the mechanical cycling
experiments aimed at measuring energy dissipation are performed at room temperature,
at which equiatomic NiTi is in martensite state. The damping in martensite is due to
hysteretic movement of twin boundaries and interfaces between the different variants,
72

the latter found to be a necessary requirement for high damping [165]. Moreover,
microstructural features in martensite plates such as dislocations, stacking faults and
other defects also contribute to high damping of SMAs [35]. Although the stress
experienced by NiTi is lower than the externally applied stress to the composite,
twinning has been experimentally observed using neutron diffraction in pure NiTi at
stresses as low as 33 MPa [166].
Another important contributing factor for damping in the composites which is not
present in pure bulk NiTi or Ti3SiC2 phases should be the damping caused by the twins
and twin boundaries possibly formed due to the residual stress relaxation occurring in
the interface between the NiTi and Ti3SiC2 phases. On cooling the composites from
sintering temperatures, elastic and thermal mismatch caused by the differences in the
elastic modulus and thermal expansion coefficients respectively, between Ti3SiC2 phase
and NiTi should lead to the generation of residual stresses in the interface. Additional
mismatch stresses are generated between NiTi and Ti3SiC2 phases due to volumetric and
shape changes upon transformation in NiTi. These stresses may get relaxed by the
formation of relaxation twins in the NiTi regions near the interface. Several studies on
metal matrix composites (MMCs) reinforced with ceramic fibers, suggest that interface
thermal stresses promote the formation of highly mobile dislocation zones in the metal
matrix near the interfaces [167-168]. In NiTi, stress for twin formation is lower than
stress for formation of dislocations. Hence, in the SPS # 3 composite, more relaxation
twins are expected to form thereby contributing to the overall energy dissipation of the
composite. For multiphase materials such as MMCs reinforced with ceramic fibers, a
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model has been developed and supported with experimental results, which divides the
contributions to overall damping into three parts: the fibers, the matrix far from the
fibers and the high dislocation density zones, also called microplastic zones, around the
fibers [169]. This aforementioned model for multiphase materials substantiates the
argument that interface region in the SPS # 3 composite is a contributing factor to its
overall damping. As the NiTi and Ti3SiC2 phases are present in equal volume fractions in
the SPS # 3 composite, contribution due to interface twinning towards overall damping
cannot be neglected.
It is quite well known that the higher the percentage of the porosity in the MAX
phase, the higher the energy dissipation (Wd) gets as compared to a fully dense MAX
phase [170, 171]. Porosity reduces the threshold stress for kink band formation which is
an effect of reduction in shear moduli [171]. It has been shown that 18 % porosity in FG
pure Ti3SiC2 leads to an increase in the energy dissipation (Wd) by a factor of 6 at a
stress of 200 MPa when compared to a FG fully dense Ti3SiC2 [171]. In the current
study, the SPS # 3 composite has 16.4 % overall porosity mostly due to incomplete
sintering of MAX phase. Thus, it is only fair to argue that 16.4 % porosity in the SPS # 3
composite enhances the dissipation capacity several folds and thereby significantly
increases the overall damping capacity of the composite.
In summary, four factors that result in an increase in the damping observed in the
as-sintered NiTi/Ti3SiC2 composite as compared to pure individual constituents are: first,
higher stresses experienced by the Ti3SiC2 phase due to difference in elastic moduli of
the NiTi and Ti3SiC2 phases present in the composite which lead to higher damping in
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the Ti3SiC2 phase; second, damping due to hysteretic movement of twins and twin
boundaries in NiTi phase; third, newly formed twins and twin boundaries in the NiTi
near the interface region due to relaxation of residual stresses in the composite; and
lastly the presence of porosity in the composite. As of now, it is difficult to comment on
the quantitative contributions of each of the four possible factors to the overall damping
of the composite.

5.3 Damping in Thermo-mechanically Cycled (TC) Composites
As stated earlier, energy dissipation of the martensitic phase in SMAs is strongly
related to the mobility of twin interfaces and other structural defects inherent to the
martensitic phase such as vacancies, dislocations and grain boundaries [172]. These
defects in the microstructure are significantly influenced by the thermo-mechanical
treatment which also indirectly affects the overall energy dissipation of the material.
Thermo-mechanical cycling leads to the generation of internal stresses, as observed in
the form of TWSME in the SPS # 3 composite. This internal stress in turn leads to the
reduction in the stress required for detwinning. Hence, when an external stress of, for
example, 200 MPa is applied, more twin boundaries move in TC than AS composites
leading to higher energy dissipation, Wd, in TC than AS composites. As previously
stated, irrecoverable strain in the SPS # 3 composite is due to the generation of
dislocations in the bulk NiTi and in the regions near the interface along with
irrecoverable strain in Ti3SiC2 phase. Dislocations, twins and other defects near the
interface region created due to thermo-mechanical cycling may affect the overall energy
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dissipation capability of the composite. It has been shown that interaction of dislocations
with other lattice defects could influence the energy dissipation capacity [173]. Also,
several studies observed a correlation between the damping capacity and generation and
motion of dislocations around the interfaces between multiphase materials [169, 174].
The nature of interaction of these defects with Ti3SiC2 phase which itself shows
reversible kinking behavior while loading is not clear at this time. In the TC SPS # 3
composite, various mechanisms of damping, namely hysteretic movement of interfaces
and twin boundaries in NiTi phase, incipient kink band formation in Ti3SiC2 phase and
dislocation damping in the interface region are operative simultaneously. The
dislocations and other defects formed due to thermo-mechanical cycling coupled
together with the reasons listed in the as-sintered NiTi/Ti3SiC2 composite result in an
increased damping in the composite as compared to pure constituents.
To the best of author’s knowledge, both the TC and AS NiTi/Ti3SiC2 composites
show higher energy dissipation, Wd, than all the metal/MAX composites reported in the
literature to date, up to 200 MPa stress. Also, Wd in TC composites is higher by almost
an order of magnitude when compared to Mg/Ti3SiC2 composites at similar stresses
[153]. In summary, the novel SMA / MAX phase composites show promising properties
as a high damping material at low stresses and the present work highlights the ability to
enhance the performance with suitable thermo-mechanical loading paths.
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5.4 Summary


All the composites show fully reversible, closed, non-linear hysteretic stress-strain
loops up to the stress of 200 MPa. The as-sintered (AS) NiTi/Ti3SiC2 composite
shows higher energy dissipation than its individual components. At 200 MPa applied
stress, the energy dissipation measured in the AS composite is thirteen times larger
than fine grain fully dense pure Ti3SiC2 and two times larger than pure NiTi. This
increase is due to the following reasons: First, higher stress experienced by the
Ti3SiC2 phase due to difference in elastic moduli of NiTi and Ti3SiC2 phases which
lead to higher damping in the Ti3SiC2 phase; second, damping due to hysteretic
movement of twins and twin boundaries in NiTi phase; third, newly formed twins
and twin boundaries in the NiTi phase near the interface region due to relaxation of
residual stresses in the composite; and lastly, the presence of porosity.



The highest energy dissipation, (Wd), is observed at all stress values for the thermomechanically cycled (TC) composite followed by the as-sintered (AS) composite. At
200 MPa, the energy dissipation, Wd, in the TC composite is eighteen times larger
than fine grain fully dense pure Ti3SiC2 and three times larger than pure NiTi. The
superb energy dissipation capacity of the composite is attributed to the dislocations
and other defects formed due to thermo-mechanical cycling leading to more twin
boundary motion in addition to the reasons listed for the AS composite. At this time,
this hypothesis is unsubstantiated with experimental results and the need for
specially

designed

experiments

and

overemphasized.
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6. JOINING AND MICROSTRUCTURAL CHARACTERIZATION OF BILAYER*

6.1 Microstructure of the Bonded NiTi-Ti3SiC2 Interface
Figure 6.1 shows the cross sectional views of the microstructure of NiTi-Ti3SiC2
interface after diffusion bonding at 800, 900 and 1000°C for 1, 5 and 10 hours. All the
microstructural images are shown on the X-Y plot where the X-axis is the bonding time
and the Y-axis the bonding temperature. In all the micrographs in Figure 6.1, the lighter
region on the left is equiatomic NiTi and the dark grey region on the right is Ti3SiC2. In
between the two, the interface is marked with vertical dotted red lines to denote the start
and end of the reaction layer in the interface. The numbers on each of the image are the
lengths of the horizontal black lines which represents the average interface thickness.
Evolution of the interface thickness with time at different temperatures along with the
kinetics of the reaction will be described later in section 6.3. As it can be seen in Figure
6.1, bonding has been observed for all conditions except at 800°C for 1 hour. In our
previous study, NiTi and Ti3SiC2 have been joined in the temperature range of 11001200°C using pressureless liquid phase assisted diffusion bonding [87], however, no
bonding was observed at 1000°C, most likely due to poor contact between the two
surfaces in the absence of any preloading stress.

*Part of this section is reprinted with permission from “Interfacial study of NiTi–Ti3SiC2 solid state
diffusion bonded joints” by Kothalkar et. al., Materials Science and Engineering: A, 622, 168-177, [2015]
by Elsevier
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Figure 6.1 Microstructural evolution of the NiTi-Ti3SiC2 interface with time and
temperature obtained by SEM. Red (dotted) line indicates the start and end of the
interface region between NiTi and Ti3SiC2. The numbers shown in each of the
micrographs are the thicknesses of the interface as indicated by the black horizontal lines
on each image in the interface region.

As it can be seen in Figures 6.1 and 6.2, at each bonding condition, formation of
three distinct layers in the interface is observed. One light grey layer adjacent to NiTi
and the other adjacent to Ti3SiC2. These two light grey layers are separated by a third
dark grey layer in between. To determine theses reaction phases in the interface, EPMA
was used. Figure 6.2 shows the selected, but typical, back-scattered electron micrographs
of the interface for the bonding condition of 1000°C, 5 hours.
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Figure 6.2 Back-scattered electron images of the NiTi-Ti3SiC2 interface for the bonding
condition of 1000°C, 5 hours. Points 1-5 in (a) and 6-7 on (b) show the location where
quantitative spot spectra are obtained by electron microprobe for determining the
composition of different reaction phases formed in the interface. Table 6.1 lists the
composition of all the points shown in this figure. Points 1 and 5 are 10 microns away
from the interface in the NiTi and Ti3SiC2 regions, respectively. The horizontal red line
in Figure 6.2 (b) indicates the location of the line scan shown in Figure 6.4.

Points 1-5 in Figure 6.2 (a) and 6-7 on Figure 6.2 (b) show the location where
quantitative spot spectra are obtained by EPMA. Table 6.1 lists the atomic percentages
of Si, Ni, Ti and C at the locations marked in Figure 6.2. The percentage of C was
calculated by taking the difference between the total (100%) and the sum of the
measured atomic percentages of Si, Ni and Ti. Point 1 corresponds to equiatomic NiTi as
ratio of Ni to Ti is almost 1:1 and point 5 to Ti3SiC2 as the ratio of Ti to Si is 3:1. Points
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3 and 4 are on the same light grey phase adjacent to Ti3SiC2 and their compositions
suggest it to be NiTiSi phase. Points 6 and 7 in Figure 6.2 (b) are on the dark grey phase

Table 6.1. Atomic percentages of Si, Ni and Ti from electron microprobe spot analysis
of the different points marked in Figure 2 and also the probable phases for each location
in the interface. BDL means below detection limit, which was 0.2 % for Ni.
Location
(Figure 6.2)

Probable
phase

Atomic %
Si

Ni

Ti

C

1

0.2

49.2

50.6

0

NiTi

2

6.3

35.4

58.3

0

Ti2Ni

3

31.6

29.8

33.5

5.1

NiTiSi

4

31.2

29.5

33.5

5.8

NiTiSi

5

16.8

BDL

51.8

31.4

Ti3SiC2

6

36.0

1.2

62.8

0

Ti5Si3

7

35.4

1.8

62.8

0

Ti5Si3

which separates the two light grey phases in the interface. The compositions of these
points suggest the phase to be Ti5Si3 with the ratio of Ti to Si being close to 5:3. Low Ni
(around 1%) is also observed due to scattering from adjacent Ni containing phases.
Composition of point 2 in Figure 6.2 (a), which is located in light grey phase adjacent to
NiTi, is slightly off from that of Ti2Ni phase. This is due to the fact that its thickness is
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less than 1 µm and the beam from the microprobe scatters more than a micron during
quantitative analysis, thereby detecting extra Ni from the adjacent NiTi phase. All the
probable phases (Ti2Ni, Ti5Si3 and NiTiSi) in the interface are also present in the ternary
phase diagrams of Ni, Ti and Si at 900 [175] and 1000°C [176], as shown with a
schematic in Figure 6.3 following the phase diagram at 1000°C [176]. All the three
phases observed in the interface form continuous layers as shown in Figure 6.2 (a)
whereas in Figure 6.2 (b), the light grey phase (Ti2Ni) closer to NiTi is discontinuous.
Both the images are obtained for the same condition of 1000°C, 5 hours. Also the
micrograph shown in Figure 6.1 for 1000°C, 5 hours is similar to the one in Figure 6.2
(b). The most probable reason is the amount of local pressure experienced in these
locations in the diffusion couple is different possibly due to surface asperities.
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Figure 6.3 Schematic of the Ni-Ti-Si ternary phase diagram at 1000°C following [176],
showing the phases observed at interface after the 1000°C, 10 hours bonding. The
numbers labeled 1 (a, b, c, red), 2(purple) and 3 (green) on the schematic correspond to
the equations 9-11 shown in the text.

Elemental distribution of Ni, Si and Ti across the interface determined using the
EDS line scan analysis for the bonding condition of 1000°C, 5 hours is shown in Figure
6.4. The horizontal line (red) marked in the Figure 6.2 (b) shows the location of the line
scan across the interface. For each element, the normalized intensity is obtained by
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dividing the intensity at each point with the maximum intensity. Three regions, NiTi,
interface and Ti3SiC2 are clearly marked on the line scan. Very low intensities of Si and
Ni are observed in NiTi and Ti3SiC2 regions respectively suggesting minor diffusion of
Si and Ni away from the interface. At the NiTi side of the interface region, the intensity
of Ni first drops to near zero and then locally increases before going down again. The
region without Ni in the interface corresponds to Ti5Si3 phase where only Ti and Si
elements are detected. When the Ni intensity reaches a local maximum before dropping
to near zero, Ti and Si elements are also detected and this region in the interface adjacent
to Ti3SiC2 corresponds the NiTiSi phase. Thus, the line scan is consistent with the results
shown in Table 6.1 and Figure 6.2 (b).
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Figure 6.4 Line scan for Ni (red), Si (black) and Ti (green) across the NiTi-Ti3SiC2
interface for the bonding condition of 1000°C, 5 hours indicated on Figure 2 (b) with a
horizontal (red) line.
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6.2 Electron Backscatter Diffraction (EBSD) Observations and Reaction
Mechanisms

Figure 6.5 Images of the NiTi-Ti3SiC2 interface for the bonding condition of 900°C, 5
hours (a) BSE image, and (b) Electron backscattered diffraction (EBSD) phase map of
the “Area A” marked in (a) showing the distribution of the reaction phases, NiTiSi
(pink), Ti5Si3 (green) and Ti2Ni (light blue) in the interface. The MAX phase is indicated
in red and the blue areas are the NiTi phase that could be indexed. The black areas in the
map represent areas where diffraction patterns could not be obtained due to sample
preparation issues or resolution limit of the technique (this second explanation is
especially true for the NiTi phase that its martensite phase consists of very thin needles).
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Figure 6.6 Images of the NiTi-Ti3SiC2 interface for the bonding condition of 1000°C, 10
hours (a) BSE image, and (b) Electron backscattered diffraction (EBSD) phase map of
the area B marked in (a) showing the distribution of the reaction phases, Ti2Ni (light
blue), ), Ti5Si3 (green) and NiTiSi (pink) and in the interface. Also shown are TiC
(yellow) and Ti3SiC2 (red).

Figure 6.5 and Figure 6.6 show the distribution of different phases in the NiTiTi3SiC2 interface for the conditions of 900°C, 5 hours and 1000°C, 10 hours,
respectively, obtained using EBSD analysis. EBSD analysis confirmed and substantiated
the formation of Ti2Ni, Ti5Si3 and NiTiSi reaction phases in the interface, earlier inferred
from the results of quantitative analysis and Ni-Ti-Si ternary phase diagram [176],
schematically shown in Figure 6.3. Figure 6.5 (a) shows the backscattered electron
image of the NiTi-Ti3SiC2 interface formed at 900°C, 5 hours, marked with area A from
where the phase map shown in Figure 6.5 (b) is obtained using EBSD. Clearly, the
interface has a structure of NiTi / Ti2Ni / Ti5Si3 / NiTiSi / Ti3SiC2. A similar interface
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structure is observed in Figure 6.6 wherein all the reaction phases form continuous
layers in the interface at 1000°C, 10 hours. TiC phases are detected in the Ti3SiC2 phase
and also along the boundary between NiTiSi and Ti3SiC2. Small amount of TiC is
expected to form as a result of Si de-intercalation and as Ti3SiC2 phase usually contains
few percent impurities in the form of TiC. From the combined results of EBSD,
quantitative EPMA analysis, micrographs of the microstructures of the NiTi-Ti3SiC2
interface at various bonding conditions, and the ternary phase diagram, a reaction
mechanism has been proposed as described in the equations 9-11

Ti3SiC2 → x Si + Ti3Si1-xC2

(9a)

4 Ti3SiC2 → Si + Ti5Si3Cy + 7 TiC1-x

where y = 1 + 7x

(9b)

2 NiTi → Ni + Ti2Ni

(9c)

5 Ti2Ni + 8 Si → Ti5Si3 + 5 NiTiSi

(10)

Ti5Si3 + 5 Ni + 2 Si → 5 NiTiSi

(11)

As “A” element is the most weakly bonded element in the MAX phase [86], the
decomposition of Ti3SiC2 by de-intercalation of Si may lead to the formation of nonstoichiometric Ti3Si1-xC2 as per equation 9a, whereas formation of Ti5Si3Cy and nonstoichiometric TiC1-x phase may occur on further decomposition of Ti3SiC2, where y = 1
+ 7x, according to equation 9b. The reaction (equation 9b) has been previously observed
when bulk NiTi and Ti3SiC2 are diffusion bonded at 1100°C [87]. Various researchers
have studied the reactions and stability of MAX phases in the presence of metals and
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alloys at elevated temperatures [87-95]. The study of reactions between Ti and Ti3SiC2
in the temperature range of 1000-1300°C found out that de-intercalation of Si is one of
the ways that leads to the decomposition of Ti3SiC2. In this study, on the other side of the
interface, Ni from NiTi diffuses out leaving behind a Ti-rich Ti2Ni phase according to
equation 9c. Study on the microstructure and diffusion bonding of Ni - Ti3SiC2 joints
found out that diffusion of Ni towards the reaction zone is the main controlling step in
the bonding process [91]. Here, equations 9a, 9b and 9c occur simultaneously followed
by the combination of Si from Ti3SiC2 with the Ti-rich Ti2Ni phase to form Ti5Si3 and
NiTiSi phase according to equation 10. Ni coming out of NiTi as per equation 9c gets
consumed by reacting with Ti5Si3 formed as per equation 10, and Si diffusing through
NiTiSi phase, leading to the formation of more NiTiSi phase according to equation 11.
On further increasing the time, more Ti2Ni phase is formed which gets consumed in
forming Ti5Si3 and NiTiSi phase. However, Ti5Si3 also gets consumed by Ni and Si to
form NiTiSi phase. Thus, NiTiSi phase could be imagined to moving towards NiTi
formed by consuming Ti2Ni phase and Ti5Si3 phase. Thus, arguably the most probable
location of the original interface would lie between the current Ti3SiC2 and NiTiSi phase.
At 1000°C, 10 hours, TiC phase is also observed due to possible complete loss of Si
from Ti3SiC2 phase at higher temperatures and longer time compared to other bonding
conditions. The presence of intermetallic phases such as Ti5Si3, Ti2Ni and NiTiSi were
also observed in the reaction layer formed between NiTi and Ti3SiC2 composites
sintered at 960°C, for 8 minutes under 100 MPa uniaxial pressure using spark plasma
sintering (SPS) technique [159].
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6.3 Bonding Kinetics
From the results of quantitative analysis using EPMA and EBSD, the presence of
Ti2Ni, Ti5Si3 and NiTiSi reaction phases in the NiTi-Ti3SiC2 interface is confirmed. The
total thickness of the reaction layer which is a combination of all the three sublayers
(Ti2Ni, Ti5Si3 and NiTiSi rich sublayers) is measured at each bonding temperature and
time using backscattered electron imaging. Total reaction layer thickness and standard
deviations are calculated from an average of at least 15 measurements for each bonding
condition. Figure 6.7 (a) shows the plot of total reaction layer thickness versus square
root of the bonding time at 800, 900 and 1000°C. At each temperature, as the holding
time is increased, the thickness of the total reaction layer also increases, while for the
same holding time, the thickness increases as the holding temperature is increased. Good
linear relationships are observed in Figure 6.7 (a), for all the temperatures wherein all
the best fit lines have an R2 value > 0.98 indicating that the growth of the reaction layer
follows the parabolic kinetic law, i.e. d2=2Kp·t where d is the total thickness of the
reaction layer, Kp is the parabolic rate constant and t is time. The total reaction layer
thicknesses vary from less than a micron at 800°C, 5 hours to 7 microns at 1000°C, 10
hours bonding conditions. These layer thicknesses are an order of magnitude smaller
when compared to the 45-55 microns reaction layers reported in the temperature range of
1100-1200°C between NiTi-Ti3SiC2 diffusion couples [87]. The difference lies in the
mechanism of diffusion bonding, liquid state diffusion bonding above 1000°C [87]
whereas solid state diffusion bonding below 1000°C obtained here. The presence of
liquid phase also leads to increased reaction and higher number of reaction phases
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present in the interface at 1100-1200°C [87] as compared to those obtained in this study
below 1000°C.

Figure 6.7 (a) Evolution of the total reaction layer thickness with the square root of
holding time at different temperatures for the NiTi-Ti3SiC2 interface, and (b) Arrhenius
plot of the parabolic rate constant versus the reciprocal of the absolute bonding
temperature in the temperature range of 800-1000°C.
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Parabolic rate constant is obtained for each bonding temperature from the slopes
of the curves shown in Figure 6.7 (a). However, one needs to be careful while
determining Kp from the slopes of the curves in Figure 6.7, as the calculated Kp is for a
combination of reactions given in Eq. 1-3 and not for a single reaction. To obtain an
approximate value for the activation energy of the overall bonding process, the Kp is
plotted as a function of bonding temperature in the temperature range of 800-1000°C.
Figure 6.7 (b) indicates a good linear relationship with an R2 value = 0.98 between Ln
(Kp) and the inverse of absolute temperature in accordance with the Arrhenius equation,
Kp = A exp (- Q/RT) where A is the pre-exponent factor, Q is bonding activation energy,
R is universal gas constant and T is absolute temperature. Using the slope and the
intercept of the straight line in Figure 6.7 (b), the bonding activation energy (Q) and the
pre-exponent factor (A) are found to be 120 kJ/mol and 4.34 x 10-11 m2/s, respectively.
Thus the Arrhenius equation for the NiTi-Ti3SiC2 interface in the temperature range of
800-1000°C can be written as

−120000

K p = 4.34 × 10−11 𝑒𝑥𝑝 (

RT

) m2 /s

(12)

For the Ni-Ti3SiC2 diffusion couple, the activation energy in the temperature
range of 800-1100°C is reported to be 118 kJ/mol [91], which is very close to the
observed value of 120kJ/mol between NiTi and Ti3SiC2 in the temperature range of 800-
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1000°C. This substantiates the argument that Ni diffuses out from NiTi forming another
intermetallic compound, Ti2Ni, and behaves in a similar fashion as in the case of pure
Ni-Ti3SiC2 diffusion couple. Activation energy values for other metal-Ti3SiC2 systems
have also been reported in the literature: 156 kJ/mol for Ti-6Al-4V - Ti3SiC2 in the range
of 1200-1300°C [90] and 132 kJ/mol for Si-Ti3SiC2 in the range of 1200-1350°C [93].
Therefore the value obtained here falls within the range of previously measured values
for similar material couples.

6.4 Summary


Successful bonding between bulk NiTi and Ti3SiC2 components using solid state
diffusion was realized in the temperature range of 800-1000°C for the times of 1
to 10 hours except at 800°C, 1 hour. Possibly, a sub-micron reaction layer forms
at the interface at 800°C after 1 hour, but was unable to withstand the thermal
residual stresses generated during cooling to the room temperature, leading to
debonding.



The reaction phases in the NiTi-Ti3SiC2 interface were characterized and the
reaction mechanisms were proposed. Three uniform, distinct layers of Ti2Ni,
Ti5Si3, NiTiSi phases were formed between NiTi and Ti3SiC2, thus making the
interfacial structure of the form NiTi / Ti2Ni / Ti5Si3 / NiTiSi / Ti3SiC2.



The overall reaction layer thickness grows as a square root of the time at each
temperature indicating that mechanism of solid state diffusion in the interface
follows a parabolic kinetic law. Diffusion of Si into NiTi from Ti3SiC2 and Ni
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from NiTi into the reaction zone is responsible for the formation of reaction
layers in the interface and thus the bonding at these conditions. However, the rate
limiting step is diffusion of Si from Ti3SiC2.
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7. MECHANICAL CHARACTERIZATION AND FRACTURE OF BILAYER*

Mechanical characterization of the NiTi-Ti3SiC2 interface was done using nanoindentation and Vickers micro hardness tests. Here, nano-indentation is used to perform
quantitative analysis and obtain hardness and elastic modulus values for the interface.
Owing to the small size of the interfaces formed at these conditions, Vickers microhardness test is used as a qualitative tool to investigate crack initiation/propagation, if
any, in and around the interface regions. Both tests were performed at room temperature
where the NiTi is completely in the martensite phase.

7.1 Nanoindentation
Figure 7.1 (a) and (b) show 3-dimensional plots of the hardness and elastic
modulus, respectively, obtained using nano-indentation across the NiTi-Ti3SiC2 interface
for the bonding condition of 1000°C, 5 hours. A grid of 100 indents (10 x 10) each
separated by a distance of 3 µm is made across the interface as shown in Figure 7.1 (c).
Indents lie partially in NiTi, interface and Ti3SiC2. Hardness and elastic modulus are
obtained for each indent using the Oliver-Pharr method [177]. Hardness of the reaction
zone in the interface is higher than that observed for both NiTi and Ti3SiC2. An average

*Part of this section is reprinted with permission from “Interfacial study of NiTi–Ti3SiC2 solid state
diffusion bonded joints” by Kothalkar et. al., Materials Science and Engineering: A, 622, 168-177, [2015]
by Elsevier
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hardness of 17.55 ± 0.95 GPa is obtained for the interface as compared to 5.44 ± 0.73
GPa for NiTi and 11.86 ± 1.80 GPa for Ti3SiC2. Elastic modulus of the reaction zone is
higher than NiTi and close to that of Ti3SiC2. An average elastic modului of 278.68 ±
10.02 GPa is obtained for the interface as compared to 91.62 ± 11.16 GPa for NiTi and
263.21 ± 31.89 GPa for Ti3SiC2. Elastic moduli obtained for pure components are
similar to the previously reported literature values for martensitic NiTi [166] and Ti3SiC2
[178, 179] using nano-indentation. Most of the indents within the interface lie in the
NiTiSi phase which is responsible for the increased hardness as compared to the
individual components.
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Figure 7.1 A 3-dimensional plot of the (a) hardness in GPa and (b) elastic modulus in
GPa, obtained using nano-indentation across the NiTi-Ti3SiC2 interface for the bonding
condition of 1000°C, 5 hours. (c) BSE image of the locations of the indents where the
plots in (a) and (b) were generated and (d) high magnification BSE image showing
indents in different reaction phases.
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Figure 7.1 continued

7.2 Vickers Micro-Hardness Test
Vickers micro-hardness test is used to obtain indents on/near the NiTi-Ti3SiC2
interface and investigate whether any cracks initiate and/or propagate near the interface.
Any further quantitative analysis of these results is difficult to perform as most of the
indents are larger than the interface thickness for most of the bonding conditions. As the
interface thickness is in the order of few microns compared to the indent size which is in
the range of tens of microns, the indents lie partially in NiTi, interface and Ti3SiC2
regions. Interestingly for few cases, cracks near the NiTi-Ti3SiC2 interface are observed
around the indents. One such indent obtained at a test load of 0.5 kg is shown in Figure
7.2 (a). No cracks are observed in the NiTi region whereas initiation of a single crack is
observed at the bottom edge of the indent in the Ti3SiC2 regions close to the interface.
This is expected as NiTi is known for its ductility and Ti3SiC2 for its high damage
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tolerance. In brittle solids, Vickers indentation leads to crack initiation at the corners of
the indents [55]. However, for pure MAX phases, it is very difficult to induce cracking
from the corners of the Vickers indents [180-182]. Rather, damage in the form of
delaminations, kinking and grain pushout and pullouts [182-184] is observed, as shown
at the top right corner of Figure 7.2 (a). These mechanisms dissipate energy in the
process and lead to confinement of damage around the indentation leading to the high
damage tolerance in the MAX phases [55, 182]. The crack which initiated at the bottom
edge of the indent propagates through Ti3SiC2 and terminates at the interface, as it is
shown in high magnification image in Figure 7.2 (b).

Figure 7.2 (a) Secondary electron (SE) image of the indent obtained during Vickers
micro-hardness tests at a load of 0.5 kg on the NiTi-Ti3SiC2 interface bonded at 1000°C,
5 hours. (b) High magnification SE image of the crack initiated at the bottom edge of the
indent terminating at the interface shown in Figure 7.2 (a).
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When the indent was oriented, so that its diagonal lies along the interface
between the two phases, some corner cracks that propagate along the interface were
observed. For example, Figure 7.3 shows an indent obtained at a test load of 0.3 kg in
the NiTi-Ti3SiC2 interface for the bonding condition of 1000°C, 1 hour. A large (~ 60
µm) crack initiates very close to the NiTi-Ti3SiC2 interface and propagates between
Ti3SiC2 and interfacial reaction layer, and partially through Ti3SiC2. Some damage in the
form of delamination is observed near the corners and edges of the indent on the Ti 3SiC2
side. Figure 7.3 (b) shows a BSE image of the area marked as “Area A” in Figure 7.3
(a). Apart from the large crack, small cracks and crack patterns are also observed in the
NiTi-Ti3SiC2 interface. These sub-cracks branch from the large crack in Ti3SiC2 and stop
at the interface as it is depicted in Figure 7.3 (c) that shows a high magnification BSE
image of the zigzag crack pattern obtained in the interface. The zigzag crack pattern and
crack branching in the interface (Figure 7.3 c) is unlike straight crack paths commonly
observed in typical brittle materials. The common phenomena of cracks originating
elsewhere and terminating at the interface, as well as their torturous propagation path in
the interface suggests the formation of a strong interface between bulk NiTi and Ti3SiC2
components at these temperatures, regardless of the fact that interfacial reaction layer has
higher hardness and, in some locations, stiffness than parent phases. Nevertheless, more
quantitative testing such as interracial fracture toughness tests is needed to characterize
and effectively comment on the mechanical properties of the NiTi-Ti3SiC2 interface.
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Figure 7.3 (a) Secondary electron (SE) image of the indent obtained during Vickers
micro-hardness tests at a load of 0.3 kg on the NiTi-Ti3SiC2 interface bonded at 1000°C,
1 hour. (b) Backscattered electron (BSE) image of the “Area A” marked in Figure 7.3
(a), (c) High magnification BSE image of the zigzag crack pattern obtained in the
interface as shown in Figure 7.3 (b).

7.3 Four Point Bend Delamination Test
Figure 7.4 shows the schematic of the bilayer sample along with the loading
configuration for the four point bending tests [115]. A bilayer sample is notched through
the thickness in the top layer, and a symmetric pre-crack (shown as a dotted line) is
present along the interface between the two layers. Figure 7.4 also shows the coordinate
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axis, height of top and bottom layer, (h1 and h2, respectively), distance between the inner
and outer loading points (l), the width (b) and the load (P).

Figure 7.4 A schematic of the bilayer, notched four-point bending specimen showing
symmetrical interfacial pre-cracks and crack front (red color) dotted lines

Considering the fact that the bilayer system undergoes a mixed mode fracture, it
is important to characterize the mode mixity of the configuration chosen. Figure 7.5
shows the percentage of the total energy release rate for the different modes (I, II and III)
as a function of the thickness ratio (h1/h2) for the configuration having Ti3SiC2 as the top
layer. The prediction was obtained assuming both the material layers remain linear
elastic and the virtual crack closure technique (VCCT). This technique is a numerical
method to obtain the strain energy by mode assuming the energy required to close a
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small area of the crack is the same energy required to grow the crack by the same area.
For all the values of h1/h2 ratios considered, mode II, is found to be the most dominant
followed by mode I, and mode III. For this study, h1/h2 ratio of 1 is selected for which
the mode mixity is expected to be about 75 % mode II, 20 % mode I and 5 % mode III.

Figure 7.5 Percentage of the total energy for the different modes (I, II and III) as a
function of the thickness ratio (h1/h2) for the configuration having Ti3SiC2 as the top
layer (Figure courtesy of Keith Ballard [185])
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7.3.1 Diffusion Bonding
Before studying the fracture of the interface between bilayer material systems
and quantitatively measuring the interfacial fracture toughness or the critical strain
energy release rate, they need to be joined first. The nature of the joining technique and
corresponding processing conditions are bound to affect their fracture behavior. In this
study, diffusion bonding mechanism is used as the joining technique for the NiTiTi3SiC2 bilayer system. The selection of joining mechanism and their corresponding
parameters is guided by the results of our previous studies on diffusion bonding of NiTi
and Ti3SiC2 bulk components [87] and their composites [159]. Herein, SPS is used as the
joining technique at processing conditions similar to those used for processing NiTiTi3SiC2 composites to keep interfacial reactions and their layer thicknesses comparable.
The end goal is to utilize the knowledge of the interfacial fracture behavior and their
properties obtained in this NiTi-Ti3SiC2 bilayer study to better understand the fracture
behavior of NiTi-Ti3SiC2 composites, in future studies.
The sample geometry for the four point bend delamination test [115] requires the
creation of a notch and symmetric pre-cracks, as shown in Figure 7.4. The notch and the
pre-cracks can be formed either before or after joining the individual bulk components.
The literature reports a few ways to make the notch and pre-crack after joining [106,
108, 186-188]. The notch can be created by cutting in the material above the interface
followed by loading under three-point bending with displacement control. It is loaded
until the crack propagates from the notch to the interface and gets deflected a few
millimeters along the interface [106, 187, 188]. Another technique is to use Knoop
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indentation at the center of the beam and load the specimen under three-point bending to
create and propagate the crack to and along the interface, similar to the technique
described above [108]. Creating the notch after joining requires removal of the material
from the top layer up to the or slightly above the interface followed by loading the
specimen under three-point bending to propagate the notch to the interface. The problem
with this technique is the large number of attempts required to achieve a successful
specimen. Unsuccessful attempts lead the notch tip being either slightly above the
interface in the top layer or slight below in the bottom layer, possibly leading to large
scatter in the experimental results. When the notch tip is in the top layer, due to the nonhomogeneous or textured top layer, the notch may not propagate vertically from its tip
leading to the loss of symmetry in the bilayer geometry. The difficulty is further
increased when the bimaterial system forms a new, thin reactive layer between the two
components, as earlier observed for the NiTi-Ti3SiC2 bimaterial system. It was decided
to make a notch in the top layer prior to joining and creating the pre-cracks by utilizing
the fact that applied stress during solid state diffusion bonding is important for obtaining
strong joints between the two components.
Figure 7.6 (a) shows a schematic of the punch and die set up used for the joining
of NiTi and Ti3SiC2 components inside the vacuum chamber of the SPS machine. The
novelty of the design lies in the fact that the top punch has been modified to generate
symmetric pre-cracks in the bilayer along the interface. The top punch is symmetrically
notched along its center axis so that little or no stress is applied to the region adjacent to
the notch in the Ti3SiC2 layer. Stress plays an important role in the joining of two
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components, especially when there is no presence of liquid phase at joining
temperatures. Due to the lower stress in the region around the central notch, no or weak,
sporadic bonding is expected leading to the formation of pre-crack along the interface.
The pre-crack formed using the above technique is shown in Figure 7.6. Figures 7.6 (b)
and (c) show low and high magnification SEM micrographs respectively of the notch
and the pre-crack region. The top and bottom layers are Ti3SiC2 and NiTi respectively;
with the dark vertical region at the center being the notch. The debonded region between
the two layers is the pre-crack and is obtained on both sides of the notch. Figure 7.6 (c)
shows another high magnification image of the interface region around the notch
wherein the arrow depicts crack direction. The dark region on the right top corner is the
notch.
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Figure 7.6 (a) Schematic of the punch and die set up used for the joining of NiTi and
Ti3SiC2 components inside the vacuum chamber of the SPS machine

Figures 7.6 (b) and (c): Low (b) and high (c) magnification SEM micrographs of the
notch and the pre-crack region respectively
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7.3.2 Limiting Elastic Load
Before obtaining Gc using equation 1-5, one needs to check whether either of the
two individual materials will yield before crack propagation and undergo large scale
plastic deformation. Very few studies in the literature concerning the measurement of a
bimaterial interfacial Gc have mentioned the phenomena of yielding in the bulk metal
layer. Hardly any study in the literature, among those that mention yielding, calculate
and check whether large scale yielding will occur prior to crack propagation. This is very
important because plastic deformation can dissipate a significant amount of energy.
Thus, if significant plastic deformation occurs far away from the crack tip prior to crack
propagation, then the interfacial Gc values reported can be inaccurate.
In one study [113], the limiting elastic load (Py) is estimated using simple
bending theory given by the equation 13 below

𝑃𝑦 =

𝑏ℎ22 𝜎𝑦

(13)

3𝑙

where 𝜎𝑦 is the uniaxial yield strength of the metal layer. The limiting elastic load (Py)
is the load above which yielding occurs in the bottom layer in the region between the
crack tips. Applying the equation 13 to the NiTi-Ti3SiC2 bilayer system, a limiting
elastic load, Py, of 110 N is obtained. This suggests that when the applied load exceeds
110 N, in this case, the region of NiTi between the inner loading points starts to
plastically deform. From the uniaxial stress-strain curve of NiTi at room temperature (in
martensite), the stress at which the curve starts to become non-linear is obtained. That
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stress can be considered to be “yield” stress of NiTi. Yield stress of most metals is
defined to be the stress at which they start to deform plastically (irreversible
deformation) through movement of dislocations. SMAs (NiTi), rather detwin and this
deformation is irrecoverable on unloading of stress. However, detwinning of NiTi
(reorientation of different martensitic variants) is recoverable by heating the SMAs
(NiTi) past a particular temperature, Af, Austenite finish. For the purpose of discussion
here, deformation through both detwinning and motion of dislocations can be considered
permanent as no heating is carried out and the fact that both mechanisms dissipate
energy in the process. If the critical load drop (Pc) is obtained before the load reaches a
value of Py, then Gc can be calculated from the Pc using the equations 1-5. On the other
hand, if Pc > Py, then plastic deformation of NiTi in between the inner loading points
starts to occur before crack propagation. Pc value cannot be obtained a priori and has to
be obtained through experiments.

7.3.3 Load-Displacement Curves
Figure 7.7 (a) shows a typical load displacement curve of NiTi-Ti3SiC2 bilayer
sample obtained using a four-point bend test under cyclic loading. Critical strain energy
release rate (Gc) of the interface can be obtained by using the critical load (Pc) from the
load–displacement curve at which the crack propagates along the interface. The critical
load drops are obtained by plotting the slope of the load-displacement curve of the fourth
cycle from Figure 7.7 (a) as a function of the load (Figure 7.7 (b)). When the slope
becomes negative, a load drop occurs. Care is taken to consider only those load values as
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critical which have highly negative slope values. Multiple load drop values are obtained
and they increase with an increasing applied displacement. On measuring the crack
length just before each of the critical load drops, Figure 7.7 (c) is obtained. It plots the
crack length values of the left crack with the load at critical load drop values. As the
crack propagates from the pre-crack length to the inner loading point, the critical load,
Pc, increases. Directly applying the equations 1-5 apparently suggests that Gc of the
interface increases with increasing crack length. More energy is required to propagate
the crack as the crack length increases, suggesting an apparent increasing R-curve
(resistance curve) behavior. This is quite contrary to what is expected from the four point
bend delamination test. No dependence on the crack length of Gc is expected due the
constant moment between the inner loading points. Gc should have a steady state value,
and one expects a single critical load drop at which the crack propagates until it meets
the inner loading point, thus giving a unique value of interfacial Gc. This leads us the
following questions: 1) Is the interface Gc value intrinsically different at different
locations along the interface; 2) Why does the NiTi-Ti3SiC2 bilayer system show
increasing R-curve behavior; 3) Does the NiTi starts to deform plastically away from the
crack tip before crack propagation; 4) Is the crack always propagating along the
interface; If not, then are we actually quantifying interfacial Gc? These questions will be
discussed in the following sections.
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Figure 7.7 (a) Typical load displacement curve of NiTi-Ti3SiC2 bilayer sample obtained
using a four-point bend test under cyclic loading
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Figure 7.7 (b) Slope of the load-displacement curve of the fourth cycle from Figure 7.9
(a) as a function of the load
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Figure 7.7 (c) Crack lengths (left) as a function load just before the critical load drops

7.3.4 NiTi Deformation
For the NiTi-Ti3SiC2 bilayer system, the limiting elastic load (Py) of 110 N is
obtained using equation 13. In this study, several bilayer samples are tested using a four
point bend delamination test. An average value for the first critical load drop when both
the crack lengths are at least 1.5 mm long is 130 N. The 1–1.5 mm region on each side
of the notch is the pre-crack region where no or weak, intermittent bonding is observed
due to the design of the die, described in section 7.3.1. Hence, load drops which are
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observed until the crack length on both sides before 1.5 mm are not considered, as they
do not represent the crack propagation in bonded interface.
Since the average value of the first critical load drop (130N) is higher than the
limiting elastic load (110), nonlinear deformation starts in the NiTi layer before the
crack propagates. Finite element analyses are used to calculate stress fields for three
critical loads using the measured crack lengths at those loads. Linear elastic material
properties are used, and the volume of NiTi experiencing a Von Mises stress greater than
the detwinning stress is plotted, as shown in Figure 7.8. The percent volume exceeding
the detwinning stress for the critical loads (Pc) and crack lengths (a1, a2) are (a) 0.5 % for
Pc = 135N, (0.5, 1.2) mm; (b) 2.9 % for Pc = 181N, (3.5, 2.1) mm; and (c) 13.7 % for Pc
= 277N, (6.4, 6.1) mm. These critical load drop values and corresponding crack lengths
are from the same sample and represent a state before the crack has grown out of the
precrack region (both crack lengths are less than 1.5 mm), after some crack propagation,
and late in the experiment before it reaches the loading points, respectively. The percent
volume of NiTi over the detwinning stress is considered to be a first order approximation
of the significance of the energy dissipated via detwinning. Unfortunately, it is difficult
to quantify the amount of energy dissipated by detwinning.
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Figure 7.8 Percent volume of NiTi experiencing stresses higher than detwinning stress
increases at different critical loads (Figure courtesy of Keith Ballard [185])
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Crack growth is predicted to occur when the available energy for fracture is
enough to overcome the resistance of the material. Energy release rate (G) is the measure
of energy available for crack growth and is defined as the rate of change of potential
energy with crack area [189]. The crack propagates when G reaches a critical value (Gc)
which is a measure of resistance to crack propagation (or fracture toughness of the
material). The analytical solution [113] (equations 1-5) for calculating Gc using the
measured Pc assumes that the material remains linear elastic and plastic deformation, if
any, is confined to a small region near the crack tip. However, for the NiTi-Ti3SiC2
bilayer system, NiTi deformation occurs away from the crack tip in the region between
the inner loading points. As the NiTi starts to nonlinearly deform prior to crack
propagation, part of the available energy is being dissipated through the nonlinear
deformation of NiTi and the rest is being spent in crack propagation. Thus equations 1-5
are not valid for the NiTi-Ti3SiC2 bilayer considered here. For the first critical load drop
of 135 N, a very small region of the NiTi is predicted to detwin, so the error may not be
as significant. However, much more of the NiTi detwins at higher critical loads. Since it
is difficult to quantify the amount of energy dissipated by detwinning, there is no basis
for assuming that the 0.5% of NiTi over the detwinning stress at the lowest critical load
may consume either negligible amount or large amounts of energy compared to energy
spent in crack propagation. To quantify the energy spent in propagating the crack to
obtain Gc of interface, one must determine the energy dissipated by detwinning the NiTi,
which requires nonlinear analyses that were not conducted as part of the present work.
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However, one can use the limiting elastic load value (Py) to calculate a lower
bound for Gc using equations 1-5, since the NiTi is not predicted to detwin until an
applied load of Py. This results in a minimum Gc value of 115 J/m2. It is important to
note that this minimum value of Gc is calculated without the results of the experiments,
but this is only possible because the experiments showed critical load drops at loads
which exceeded the limiting elastic load. Since the actual value of Gc is unknown, this
minimum Gc at least allows comparisons to other material systems. Another interesting
observation from the Figures 7.7 (c) is that the Pc values increase with increasing
displacement/crack length. This suggests that higher energy is required to propagate the
crack as the crack length increases, suggesting an apparent increasing R-curve
(resistance curve) behavior. One clear reason for this observation is the increased energy
absorption caused by the increased deformation of NiTi between the inner loading
points. From Figure 7.8, it is evident that the percent volume of NiTi experiencing
stresses higher than detwinning stress increases as the load is increased from 135 N
(Figure 7.8 (a)) to 277 N (Figure 7.8 (c)). This contributes to the increased energy
absorption by the NiTi-Ti3SiC2 system.
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Figure 7.9 Backscatter electron (BSE) images of the crack propagation around the
interfacial region between the joined NiTi and Ti3SiC2 layers. The direction of crack
propagation is indicated by the red arrow. Figure 7.9 (b) shows the location marked Area
A in Figure 7.9 (a). Figures 7.9 (c) and (d) show BSE images of the interface obtained
from different locations where the crack is propagating to the right of the image as
indicated by the arrow (red)
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7.3.5 Crack Path
Figure 7.9 shows backscatter electron (BSE) images of the crack propagation
around the interfacial region between the joined NiTi and Ti3SiC2 layers. The direction
of crack propagation is indicated by the red arrow. Figure 7.9 (b) shows the location
marked Area A in Figure 7.9 (a). All the BSE images in Figure 7.9 are obtained after the
NiTi-Ti3SiC2 bilayer has experienced the load-displacements cycles depicted in Figure
7.7 (a).
The light grey region, between the dark grey Ti3SiC2 phase (top layer) and the bright
white NiTi phase, is the interfacial reaction layer. Previous studies on NiTi-Ti3SiC2
bilayer couple have also demonstrated the formation of new a interfacial reaction layer
wherein their morphology and reaction phases are extensively characterized under a
wide range of temperatures and processing times [87]. The reaction layer itself is
comprised of many layers of reaction phases (interphases) and the interfacial structure
has the form NiTi / Ti2Ni / Ti5Si3 / NiTiSi / Ti3SiC2. Si and Ni are the diffusing elements
that lead to the formation of these reaction layers between the NiTi and Ti3SiC2 phase.
Therein, the total interfacial reaction layer thickness varied from sub-micron to 55
microns when the joining temperatures are varied from 800 to 1100°C respectively. In
this study, the total interfacial reaction layer thickness is observed to be around 5
microns.
Fracture in the NiTi-Ti3SiC2 bimaterial system manifests itself in the form of
various crack trajectories as shown in Figure 7.9. Fracture occurs, (a) along the interface
between Ti3SiC2 and the reaction layer, (b) inside the Ti3SiC2 phase and, (c) in the
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different phases of the reaction layer. Along with the primary crack, secondary cracks
are also observed, which propagate through the reaction layer terminating at the NiTi
layer. The intermetallic reaction phase closer to the Ti3SiC2 phase in the reaction layer is
NiTiSi, and fracture is observed at the interface of NiTiSi and Ti3SiC2. The crack is also
observed to alternate between the Ti3SiC2 layer and along the interface between NiTiSi
and Ti3SiC2.

7.3.5.1 Crack Propagation inside the Ti3SiC2 Layer
Figure 7.9 (b) shows a high magnification BSE image of the crack propagation
path. Moving from the right to the left of the image, initially the crack is completely
inside the Ti3SiC2 phase, then it gets back between the reaction layer and Ti3SiC2, and
again back to the Ti3SiC2 phase. This alternating trajectory of the crack between the
interface and its adjacent layer is not uncommon in two bulk materials joined using a
third interlayer or sandwich specimens and has been observed previously in the
literature. For example, in an alumina bilayer specimen joined using pure Al or Al-Mg
alloy interlayer, the crack alternated between Al2O3 and the Al2O3/interlayer interface
[110]. There is an excellent review on the mixed mode cracking in bilayer systems [99],
with a specific section on failure modes of joints. Therein, a multitude of cracking
morphologies, including interface cracking, straight and wavy cracking in the interlayer,
and alternate cracking between the interlayer and adjacent layer are depicted in a
schematic and issues surrounding the selection of these cracking morphologies have
been discussed. Similar multiple crack trajectories are also observed in this study in the
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NiTi-Ti3SiC2 bimaterial system, and the interface fracture toughness may have a strong
dependence on these crack morphologies. The alternating path of crack propagation
between the Ti3SiC2 layer and the interface between reaction layer and Ti3SiC2 may be
due to relative toughness of these regions [99]. To predict the crack trajectory at an
interface, characterization of local stress fields is very important, since they affect the
direction of crack propagation and the corresponding interfacial fracture energy [108].
These local stress fields are commonly described by the phase angle ψ, which is equal to
the ratio of the arc tangent of shearing to opening stress intensity factors at the crack tip,
wherein pure mode I and II correspond to ψ of 0° and 90° respectively [187]. This
assumes the mode III component is negligible and does not play a significant role. The
critical strain energy release rate (Gc) of the bimaterial interface depends on the phase
angle ψ and is typically found to increase with an increase in ψ (higher shear
component), which is attributed to the increased work of friction in the wake of the crack
tip[108, 187, 190]. Thus, it is important to report the ψ along with the Gc for bimaterial
systems for comparsion of different material systems. For this NiTi-Ti3SiC2 bimaterial
system, ψ is 75°, assuming both the constituent materials remain linear elastic or that the
detwinning does not change the ratios of stress at the crack tip.
Another factor that could contribute to the apparent R-curve behavior is the
nonlinear fracture behavior of MAX phase ceramics. The crack is observed to propagate
into the Ti3SiC2 layer, and MAX phases in general and especially Ti3SiC2 are known for
their high fracture toughness and increasing R-curve behavior [48, 55]. MAX phases are
believed to possess one of the highest values of fracture toughness ever reported for a
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monolithic, single phase, non-transforming ceramic [55]. At room temperature, coarse
grained Ti3SiC2 shows increasing R-curve behavior with fracture toughness values of
crack growth initiation of 8.5-11 MPa-m1/2 to peak values of 14-16 MPa-m1/2 after 2.7 4 mm of crack extension [66]. Apart from the presence of bridging and frictional pullout
mechanisms, similar to processes observed in Al2O3 [67], Si3N4 [68], and SiC [69],
Ti3SiC2 exhibits crack bridging through heavily deformed lamellae, along with a
significant amount of delamination and bending [66]. These mechanisms contribute to
the high fracture toughness values of Ti3SiC2. The ability of MAX phases to contain
damage through the mechanisms of delamination, kinking of individual grains makes
them an exceptional damage tolerant material [55]. These attributes of the Ti3SiC2 is
expected to contribute to the apparent increasing R-curve behavior of the NiTi-Ti3SiC2
bilayer system.

7.3.5.2 Crack Diversion inside the Reaction Layer
Figure 7.9 (c) shows a BSE image of the interface obtained from another location
where the crack is propagating to the right of the image as indicated by the arrow (red).
Along with the observation of a major crack between the Ti3SiC2 phase and the NiTiSi
phase, secondary (minor) cracks are also observed. These secondary cracks propagate
through the reaction layer terminating in the NiTi also contribute to the increased high
Gc value of the NiTi-Ti3SiC2 phase bilayer system. The secondary cracks observed in
Figure 7.9 (c) are similar to those previously observed for the NiTi-Ti3SiC2 material
system. These diversions of the crack front into different regions consume energy
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making the crack propagation difficult through the NiTi-Ti3SiC2 bilayer system. A few
cases of the crack propagating through the different phases of the interfaces have also
been observed (Figure 7.9 (d)). Here, the crack is observed to enter from the
Ti3SiC2/NiTiSi interface into the reaction layer, and then continue to propagate through
the Ti2Ni phase and divert back to the weaker Ti3SiC2-NiTiSi interface.

7.3.6 Gc Value Comparison with Literature
The NiTi-Ti3SiC2 material system has a minimum Gc of 115 J/m2 for a phase
angle ψ value of 75°. It is important to report the Gc values with the corresponding ψ
values, as Gc depends on ψ. Table 7.1 summarizes the interfacial Gc values of some of
the material systems studied in the literature using four point delamination tests along
with their corresponding mode mixity values. For the model Al-PMMA system joined
using epoxy, the interfacial Gc is measured to be in the range of 11-13 J/m2 [113].
Interfacial strain energy release rate of the Al-Glass system joined using a thermoplastic
adhesive, which is translucent and brittle at room temperature, is found to be in the range
of 5-25 J/m2 with slight differences between Glass/adhesive and Aluminum/adhesive
values [112]. For the NiAl/Cu system, Gc is reported to be in the range of 37-62 J/m2 and
crack extension occurred prior to large scale specimen yielding [191].
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Table 7.1 Interfacial Gc values of some of the material systems studied in the literature
using four point delamination tests along with their corresponding mode mixity values
2

Mode Mixity, Ψ
(degrees)

Material

Interlayer

J/m

Glass-Steel

Epoxy

26

53 [24]

PMMA-Al

Epoxy

6

68 [24]

PMMA-Al

Epoxy

11-14

68-74 [22]

Al2O3-Glass

thermoplastic

7-9

42 [24]

Glass-Glass

thermoplastic

7

42 [24]

Al2O3-Al2O3

Glass

10

42 [24]

Sapphire-Sapphire

Au

~50

52 [53]

Stainless Steel-Cu

-

91-734

42 [52]

NiAl-Steel

-

37-62

45 [52]

Al2O3-Al2O3

Ti

10-45

45 [40]

NiTi-Ti3SiC2

-

> 115

75
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However, for the stainless steel/Cu system, the large variation in the Gc calues is
observed due to variation in the interface toughness. Such large toughness variation is
attributed to the variation in the temperatures during microcasting process, leading to
non-uniform interface. In our study, the minimum Gc of the NiTi-Ti3SiC2 material
system is much higher than materials systems joined using a polymer interlayer [113,
115] and comparable to other systems which are joined either with a metallic interlayer
[186, 192] or without an interlayer [191].
As shown in Figure 7.9 and described in section 7.3.5, the crack is observed to
enter the Ti3SiC2 layer multiple times and has undulating trajectory. This suggests that
the resistance to crack propagation along the interface between the reaction layer and
Ti3SiC2 is comparable to that of the pure Ti3SiC2 layer under similar mode mixity
conditions. If the interface was considerably weaker than Ti3SiC2 layer, then crack would
have propagated all along the interface, instead of going in the Ti3SiC2 layer several
times. This inference is based on the observation of the crack propagation path after the
four point delamination test. When a high strength Al-4% Mg interlayer is used to join
two alumina layers, crack propagation is observed to occur in the alumina layer [193]. In
the same study, when a comparatively lower strength pure Al layer is used instead of Al4% Mg, crack propagation is observed in the Al layer. In both cases, crack propagation
is observed in the bulk of the constituents instead of the interfaces between them
suggesting higher resistance to crack propagation along the interface as compared to
constituent materials [108, 193]. The NiTi-Ti3SiC2 material system has a minimum Gc of
115 J/m2 and qualitatively, Gc value comparable to that of Ti3SiC2 for a phase angle ψ
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value of 75°. As interfaces are critical in determining the overall properties of the
composite, the fact that NiTi-Ti3SiC2 material system form strong reaction layer is useful
in fabricating tough NiTi/Ti3SiC2 composites. As Gc is a non-unique value and depends
on the phase angle ψ, this study needs to complemented with future interface fracture
studies in the different range of mode mixity values to generate a fracture locus (Gc as a
function of ψ).

7.4 Summary


Nano-indentation results show that the elastic moduli of the phases in the interface
are higher than that of NiTi and close to that of Ti3SiC2. An average elastic modulus
of 278.68 ± 10.02 GPa is obtained for the interface as compared to 91.62 ± 11.16
GPa for NiTi and 263.21 ± 31.89 GPa for Ti3SiC2. The hardness of the phases in the
interface is higher than that of Ti3SiC2 and NiTi. An average hardness of 17.55 ±
0.95 GPa is obtained for the interface as compared to 5.44 ± 0.73 GPa for NiTi and
11.86 ± 1.80 GPa for Ti3SiC2.



Vicker’s

micro-hardness

tests

are

employed

for

qualitative

mechanical

characterization of the NiTi-Ti3SiC2 interface. The indents obtained by Vickers test
near the interface region lead to cracks which terminate at the interface. Secondary
zigzag crack patterns are also observed in the interface indicating a good resistance
to the crack propagation. However, quantitative analysis of fracture toughness
measurements is needed to effectively comment on the mechanical properties of the
interface.
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Four point bend delamination test is used to characterize and investigate interfacial
fracture of NiTi-Ti3SiC2 bilayer system under mixed mode loading configuration. The
major findings of this study are as follows:


Bulk components of NiTi and Ti3SiC2 have been successfully joined using spark
plasma sintering technique.



NiTi starts to deform plastically in the region between the inner loading points prior
to crack propagation. Thus, critical strain energy release rate of the interface cannot
be obtained using analytical equations 1-5 obtained by linear elastic fracture
mechanics. A part of available energy is being dissipated through the nonlinear
deformation of NiTi and the rest is being spent in crack propagation.



NiTi is predicted to detwin between the inner loading points at an applied load of
110 N and the first critical load drop occurs at 135 N. Detwinning of NiTi between
the inner loading points is one of the reasons for the observed increasing R-curve
behavior in NiTi-Ti3SiC2 bilayer system.



The minimum interfacial critical strain energy release rate (Gc) for the NiTi-Ti3SiC2
bilayer system is 115 J/m2 and qualitatively, Gc value comparable to that of Ti3SiC2
for a phase angle ψ value of 75°. This Gc value is obtained by using the load at which
NiTi yields between the inner loading points, prior to crack propagation. As
interfaces are critical in determining the overall properties of the composite, the fact
that NiTi-Ti3SiC2 material system forms strong reaction layer is useful in fabricating
tough NiTi/Ti3SiC2 composites.
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Fracture occurs along the interface between Ti3SiC2 and NiTiSi phase, inside the
Ti3SiC2 phase and also in the different phases in the reaction layer. It is also observed
to alternate between the Ti3SiC2 layer and along the interface between NiTiSi and
Ti3SiC2. Secondary cracks are also observed and they propagate through the reaction
layer terminating on reaching NiTi.



Reasons for the observed R curve behavior in the NiTi-Ti3SiC2 bilayer system are as
follows: 1. Higher energy dissipation due to plastic deformation of NiTi between the
inner loading points far away from the crack tip, 2. Increasing R-curve behavior of
MAX phases, 3. Initiation and propagation of the secondary cracks through the
various layers of the interface terminating in the NiTi. 4. Crack diversion into the
different reaction phases in the reaction layer and back to the weak Ti3SiC2–NiTiSi
interface.
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8. OVERALL SUMMARY AND FUTURE WORK

8.1 Summary
In the present work, for the first time, a novel shape memory alloy / MAX phase
composites has been processed using spark plasma sintering. Thermo-mechanical
response and damping behavior of NiTi/Ti3SiC2 composites has been studied in detail.
The major findings of this work are as follows:
Composites:


Microstructural characterization via scanning electron microscopy clearly
depicted the presence of two distinct, interconnected phases, NiTi and Ti3SiC2,
along with some remnant porosity in the composites. Martensitic transformation
in NiTi/Ti3SiC2 composites was confirmed by the transformation peaks observed
using differential scanning calorimetry. One way and two way shape memory
effects

were

observed

in

the

composites

during

thermo-mechanical

characterization.


The stress-temperature phase diagrams of the composites are analyzed and
compared to those of pure NiTi. For the composite, Ms and Af are shifted to
higher values whereas Mf and As stayed the same or are shifted to slightly lower
values, as compared to pure NiTi, at each stress. The increase in the Ms and Af is
due to the creation of local stress concentrations when external load is applied as
a result of porosity and non-transforming reaction phases at the interface between
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NiTi and Ti3SiC2. Lowering of Mf and As is attributed to two factors: firstly, the
presence of non-transforming ceramic regions around the transforming NiTi may
cause a back stress due to deformation mismatch when the martensite plates
propagate, thus requiring higher driving force to finish the transformation.
Secondly, the stiffness of the NiTi phase is lowered during the transformation,
thus decreasing the stress experienced by the NiTi phase, leading to a decrease
(respectively, increase) in the forward (respectively, reverse) transformation
finish temperatures.


Transformation and irrecoverable strains in the composites show similar trend as
observed in pure NiTi; both increase with increasing applied external stress.
However, the ratio of irrecoverable to transformation strains of the composite is
higher when compared to that of pure NiTi and the additional irrecoverable strain
is caused because of the constraints imposed by the Ti3SiC2 phases around the
transforming regions in NiTi and possible deformation of Ti3SiC2 phase (e.g.
formation of permanent kink bands).



Similar to the one way effect, increase in TWSM strain is observed with increase
in applied external stress during prior thermo-mechanical cycling. The ratio of
TWSM to transformation strain in the composite is lower than that in pure NiTi
because the presence of Ti3SiC2 interpenetrating regions and the complex stress
state at the interface between NiTi and Ti3SiC2 upon transformation prevents the
accumulation of enough directional internal stresses that lead to TWSME.
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All the composites show fully reversible, closed, non-linear hysteretic stressstrain loops up to the stress of 200 MPa. The as-sintered (AS) NiTi/Ti3SiC2
composite shows higher energy dissipation than its individual components. At
200 MPa applied stress, the energy dissipation measured in the AS composite is
thirteen times larger than fine grain fully dense pure Ti3SiC2 and two times larger
than pure NiTi. This increase is due to the following reasons: First, higher stress
experienced by the Ti3SiC2 phase due to difference in elastic moduli of NiTi and
Ti3SiC2 phases which lead to higher damping in the Ti3SiC2 phase; second,
damping due to hysteretic movement of twins and twin boundaries in NiTi phase;
third, newly formed twins and twin boundaries in the NiTi phase near the
interface region due to relaxation of residual stresses in the composite; and lastly,
the presence of porosity.



The highest energy dissipation, (Wd), is observed at all stress values for the
thermo-mechanically cycled (TC) composite followed by the as-sintered (AS)
composite. At 200 MPa, the energy dissipation, Wd, in the TC composite is
eighteen times larger than fine grain fully dense pure Ti3SiC2 and three times
larger than pure NiTi. The superb energy dissipation capacity of the composite is
attributed to the dislocations and other defects formed due to thermo-mechanical
cycling leading to more twin boundary motion in addition to the reasons listed
for the AS composite. At this time, this hypothesis is unsubstantiated with
experimental results and the need for specially designed experiments and finite
element modeling cannot be overemphasized.
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Joining and Microstructural Characterization of Interface:


Successful bonding between bulk NiTi and Ti3SiC2 components using solid state
diffusion was realized in the temperature range of 800-1000°C for the times of 1
to 10 hours except at 800°C, 1 hour. Possibly, a sub-micron reaction layer forms
at the interface at 800°C after 1 hour, but was unable to withstand the thermal
residual stresses generated during cooling to the room temperature, leading to
debonding.



The reaction phases in the NiTi-Ti3SiC2 interface were characterized and the
reaction mechanisms were proposed. Three uniform, distinct layers of Ti2Ni,
Ti5Si3, NiTiSi phases were formed between NiTi and Ti3SiC2, thus making the
interfacial structure of the form NiTi / Ti2Ni / Ti5Si3 / NiTiSi / Ti3SiC2.



The overall reaction layer thickness grows as a square root of the time at each
temperature indicating that mechanism of solid state diffusion in the interface
follows a parabolic kinetic law. Diffusion of Si into NiTi from Ti3SiC2 and Ni
from NiTi into the reaction zone is responsible for the formation of reaction
layers in the interface and thus the bonding at these conditions. However, the rate
limiting step is diffusion of Si from Ti3SiC2.

Mechanical Characterization of Interface:


Nano-indentation results show that the elastic moduli of the phases in the
interface are higher than that of NiTi and close to that of Ti3SiC2. An average
elastic modulus of 278.68 ± 10.02 GPa is obtained for the interface as compared
to 91.62 ± 11.16 GPa for NiTi and 263.21 ± 31.89 GPa for Ti3SiC2. The hardness
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of the phases in the interface is higher than that of Ti3SiC2 and NiTi. An average
hardness of 17.55 ± 0.95 GPa is obtained for the interface as compared to 5.44 ±
0.73 GPa for NiTi and 11.86 ± 1.80 GPa for Ti3SiC2.


Vicker’s micro-hardness tests are employed for qualitative mechanical
characterization of the NiTi-Ti3SiC2 interface. The indents obtained by Vickers
test near the interface region lead to cracks which terminate at the interface.
Secondary zigzag crack patterns are also observed in the interface indicating a
good resistance to the crack propagation. However, quantitative analysis of
fracture toughness measurements is needed to effectively comment on the
mechanical properties of the interface.

Fracture Toughness of Interface:


NiTi starts to deform plastically in the region between the inner loading points
prior to crack propagation. Thus, critical strain energy release rate of the
interface cannot be obtained using analytical equations 1-5 obtained by linear
elastic fracture mechanics. A part of available energy is being dissipated through
the nonlinear deformation of NiTi and the rest is being spent in crack
propagation.



NiTi is predicted to detwin between the inner loading points at an applied load of
110 N and the first critical load drop occurs at 135 N. Detwinning of NiTi
between the inner loading points is one of the reasons for the observed increasing
R-curve behavior in NiTi-Ti3SiC2 bilayer system.
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The minimum interfacial critical strain energy release rate (Gc) for the NiTiTi3SiC2 bilayer system is 115 J/m2 and qualitatively, Gc value comparable to that
of Ti3SiC2 for a phase angle ψ value of 75°. This Gc value is obtained by using
the load at which NiTi yields between the inner loading points, prior to crack
propagation. As interfaces are critical in determining the overall properties of the
composite, the fact that NiTi-Ti3SiC2 material system forms strong reaction layer
is useful in fabricating tough NiTi/Ti3SiC2 composites.



Fracture occurs along the interface between Ti3SiC2 and NiTiSi phase, inside the
Ti3SiC2 phase and also in the different phases in the reaction layer. It is also
observed to alternate between the Ti3SiC2 layer and along the interface between
NiTiSi and Ti3SiC2. Secondary cracks are also observed and they propagate
through the reaction layer terminating on reaching NiTi.



Reasons for the observed R curve behavior in the NiTi-Ti3SiC2 bilayer system
are as follows: 1. Higher energy dissipation due to plastic deformation of NiTi
between the inner loading points far away from the crack tip, 2. Increasing Rcurve behavior of MAX phases, 3. Initiation and propagation of the secondary
cracks through the various layers of the interface terminating in the NiTi. 4.
Crack diversion into the different reaction phases in the reaction layer and back
to the weak Ti3SiC2–NiTiSi interface.
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8.2 Future Work
Preliminary interfacial fracture toughness results obtained for one processing
condition studied here suggest that it is strong and tough. In this study, microstructural
characterization of various processing conditions has been done. The next question that
comes to mind is how does the fracture toughness of these interfaces obtained under
different processing condition compare to that of studied here. One way answer is to
build on the results of this study which suggests that the interfacial structure between
NiTi and Ti3SiC2 comprises of the Ti2Ni, Ti5Si3 and NiTiSi intermetallic reaction phases.
Under different processing parameters, temperatures and times for joining studied here,
the amount of these intermetallic phases varies. For example, the processing condition of
1000°C under 10 hours selected for joining, the NiTiSi phase is the major reaction phase
in the interface. This interfacial condition has been characterized using EBSD,
Nanoindentation, Vickers Microhardness and mixed mode delamination beam test. By
selecting the processing condition of 1000°C 5 hours, one would obtain the interfacial
structure which has the Ti5Si3 as the major reaction phase. Thus, by characterizing this
interfacial structure using above mentioned techniques, one could obtain its mechanical
properties and be able to comment on which is preferred for a set of application. This
way, one could obtain a processing, microstructure and property relationship between for
NiTi-Ti3SiC2 interface.
This relationship is useful in selecting the processing parameters for the NiTiTi3SiC2 composites so as to obtain interface structure that can give possibly the highest
fracture toughness of the composites. This leads us to the following set of future work
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Fracture toughness of composites, their comparison with pure MAX phases and
other composites in the literature



Energy Dissipation characterization of SMA-MAX phase composites
o As a function of temperature, in complete austenite phase and when both
phases, austenite-martensite, coexist, by cyclic mechanical loading
o As a function of frequency, strain amplitude and temperature, under
isothermal conditions, using dynamic mechanical analysis (DMA)



Further detailed investigation in the ability of SMAs to tune/improve the
properties of MAX phases such as damping, fracture toughness and compressive
strength, through selective thermomechanical loading path, based on the exciting
preliminary results obtained in this study



Similar study on fabrication and characterization of HTSMAs (NiTiHf, NiTiZr)
and MAX phase composites and bilayer for high temperature applications.
Results obtained in the current NiTi-MAX phase composite study would serve as
a guideline for future work.
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