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Abstract

Carbon/Carbon (C/C) composites consist of carbon fibers and carbonaceous matrix as the main
constituents. In these composites, the carbon fibers are oriented in different directions to achieve tailored
properties. Two of such architectures are three-dimension hybrid (3DH) and four dimensions inplane
(4DIN) C/C composites widely used in thermal protection systems in aerospace applications. These
composites are very popular in the applications where the dimensional stability of structures is highly
needed under severe thermo-mechanical loading conditions. Therefore, in the present study, these
composites have been studied in detail using the image-based finite element method and two-scale
asymptotic homogenization scheme. This includes some of the inherent geometrical imperfections
directly in the finite element meshes and also accounts for the micro-structure hierarchy.

First of all, the 2D images of these composites were reconstructed using an X-ray computed tomography
facility. The inherent imperfections that are primely raised during the heat treatment procedure of
fabrication were explored. The inherent imperfections were categorized as voids (Micro voids and big
voids), cracks (intra-bundle, matrix, and interfacial), and bundle distortions. With the help of 2D images
of microstructure, a three-dimensional (3D) model of these composites was reconstructed and discretized
into finite element mesh. The resulting finite element model of realistic microstructure successfully
included some of the inherent imperfections such as irregularly shaped big voids and bundle distortion
directly.

Further, two-scale asymptotic expansion homogenization was utilized under periodic boundary
conditions to predict the effective thermo-mechanical properties such as effective thermal conductivity
and effective thermal expansion coefficient. The Laser flash experiment was performed to measure the
effective thermal conductivity of 3DH C/C composite in the in-plane direction up to 1000°C for the
numerical model's validity. The measured TC is found in a very good agreement with predicted results
that successfully validate the proposed IBFE model. The effect of interfacial debond was also
incorporated in terms of effective thermal gap conductance that caused a decrease in the effective thermal
conductivity of the composite. In the case of 3DH Cc/C composite, around 14.85% and 7.98 %
reduction in the in-plane TC of the 3DH C/C composite was observed at 27°C and 1227°C
respectively. However, the out-of-plane TC was reduced by 6.2 % and 2.8 % at the respective
temperatures. On the other hand, TC was reduced by around 5% due to the imperfect interface for the

tull range of temperatures; thus, Interfacial debond shows a significant effect on the behavior of 3DH
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C/C composite compared to 4DIN C/C composite. Further, it was observed that the local distribution
of field variables (temperature and heat flux) is significantly affected due to the presence of imperfections.
Next, the effective thermal expansion coefficients (CTEs) of these composites were studied. In the
numerical predictions of effective CTEs of 4DIN Cc/C composite, the effect of the three interfacial
conditions, namely 1) perfectly bonded, ii) imperfectly bonded, and iii) completely debonded interface
was included using surface-based cohesive behavior. The effective CTEs in x and z directions decreased
significantly due to the imperfect interface, while opposite behavior was noticed for CTE in the y-
direction. For the validation of numerical findings, effective CTEs of 4DIN Cc/C composite were
measured experimentally in the temperature range of 200-2500 °C. The in-plane CTE varied from 0.56
to 2.66 x 10°/°C. The predicted CTEs corresponding to the imperfect interface were found in very close
proximity with experimental results. It was also found that interfacial damage initiates at around 247 °C
with the corresponding strains of 0.008%, 0.06 %, and 0.009% in x, y, and z directions respectively.
Finally, the thermal shock resistance (TSR) of 4DIN C/C composite was predicted in terms of critical
laser power density as a function of laser beam diameter using the finite element-based simulation of laser
pulse irradiation technique. The temperature dependency and anisotropic behavior of material were
included in the analysis. A homogenous cylindrical body was assumed as a test specimen, and shear
strength as a failure criterion. The yz-plane was predicted as a critical plane. The locations near the laser
beam periphery around 1.5-2 mm below the irradiated surface were observed as the critical location for
shear failure. Apart from this, the temperature and shear stress distribution at critical LPD values were
studied in detail. It was noticed that the TSR of 4DIN C/C composite is 10-18 times higher than that
of 2D C/C composite.

The presented study concludes that the IBFE method is an effective route to include the inherent
imperfections realistically into the FE analysis. The microstructural imperfections such as voids, bundle
distortion, and imperfectly bonded interfaces cause a significant reduction in effective thermo-mechanical

properties of multidirectional C/C composites.
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Chapter 1

Introduction

This chapter contains a brief introduction of Carbon/Carbon (C/ C) composites, their classification, and
applications. The fabrication process involved in the manufacturing of these composites is also discussed for
better understanding. There are many stages involved in the manufacturing of these composites that affect the
evolution of microstructure. Hence, the final microstructure of these is also explored in detail. Later, the

motivation and layout of the thesis are presented.

I.I Carbon/Carbon composite

Composites are well defined in literatures as a material made by mixing two or more constituents at the
microscopic level to produce materials with one or more enhanced properties than their constituents. Carbon,
in the form of graphite, is the best candidate material for use at extremely elevated temperatures where inert
atmosphere and ablative environment are dominant. The brittle nature of the monolithic carbon greatly limits
its use at the component level. This limitation has been omitted in the recent past by the introduction of carbon
in fiber form. Thus, new material has been introduced to the aerospace industry consisting of carbon fibers
embedded in the carbonaceous matrix, known as Carbon/Carbon composite. This material aimed to replicate
the advantages of the fiber-reinforced composites such as high specific strength, stiffness, high toughness, and
high thermal resistance. Due to these enhanced properties, these composites were used during World War-II in
rocket fins (Germany used polygranular synthetic graphite for the fins) [1]. Further developments of these
composites have taken place slowly, and in the late 1960s, it has emerged as a new generation material. In the
1970s, the USA and European countries have extensively used these composites in military armor applications
[1, 2]. There are a variety of Carbon/Carbon composites available nowadays depending on the different types
of precursors used for fiber and matrix, fiber orientations, and various properties of constituents. The

classification of these composites is discussed in detail below.



1.2 Classification of C/C composites

The composites can be tailored depending upon the specific requirements or needs by altering the basic
physical and geometrical properties of the constituents. Therefore, there are various forms of Carbon/Carbon

composites. These composites can be organized into four major categories as given below

I. Depending on the precursor used for matrix
The precursors used for the carbon matrix are broadly classified into two categories.
a.  Thermosetting resin:
Thermosets are those materials that, once solidified, cannot melt upon reheating. The main advantages
of the thermoset resin include easy impregnation in the fiber preforms of the composites, easy
production of large structures and complex geometries, and a relatively large technological base already
exists. There are numerous thermoset polymers which can be used as impregnates for Cc/C composites.

The carbon yield of some thermoset precursors has been shown in the following Table I.I.

Table I.I Carbon yield of various thermoset precursors [1]

Precursor Carbon yield in (%)

Phenolic resins 55-55

Furan resin 50-60
Oxidized polystyrene 55
Polyvinyl alcohol 50
Polyacrylonitrile 44
Polyvinylidene chloride 25
Cellulose 20
Epoxy resins S
Polystyrene S

b.  Thermoplastics resin:
Unlike the thermosets, thermoplastic materials melt upon reheating. The pitches derived from the coal
tar, petroleum, and polyaromatic resins are widely used as thermoplastic precursors for the carbon
matrix. The main advantages of these precursors include the high yield of carbon, ease of graphitization,

and IOWCI processing cost.

2. Depending on the type of fibers used
a. The composites are generally characterized in two categories according to the length of the carbon

fibers: short fiber-reinforced composite and long fiber-reinforced composite.



i.  Short fiber-reinforced composite:
These are also known as discontinuous fiber-reinforced composites. The properties of these
composites largely depend on the length of the fiber. Generally, the aspect ratio, i.e., a ratio of
diameter to length, is kept between I-100.
ii. Long fiber-reinforced composite:
These are also known as continuous fiber-reinforced composites. The length of the fiber extends
to the component scale in these composites. The fiber is a principle load-bearing component in
these composites as the load is directly transferred to fiber along the fiber axis.
b. According to the precursor material used for carbon fibers, these composites can be divided into three
categories.
i. Rayon based:
Rayon is used here as a precursor for producing carbon fibers. Carbon fibers have been obtained
through three heat treatment stages: namely, oxidization, carbonization, and graphitization. The
properties of these fibers are generally inferior to the other two types.
ii. Polyacrylonitrile (PAN) based:
These fibers are obtained by the stabilization of the PAN structure using an oxidization process.
These fibers have superior properties to those derived from rayon.
. Pitch based:
Another class of fibers which are derived from pitches such as coal-tar and petroleum. They are

relatively low-cost and high-performance fibers.

3. Depending on the matrix impregnation route
The Matrix impregnation method has a significant effect on the properties of the composite. C/C
composites can be broadly divided into three categories based on the matrix impregnation route.
1. QGas route
ii. Liquid route

iti. Combined route

4. Depending on the architecture
The long fibers are generally arranged in the form of bundles or yarns for the manufacturing of preforms
of the composites. Many arrangements have been developed for the effective use of the fiber properties in
the composite. These arrangements of the fiber bundles/yarns are also known as fiber architectures. Based
on the arrangements of the bundles/yarns, C/C composites can be broadly divided into the following three
broad categories [3].
i. One-dimensional (Unidirectional or Linear)

ii. Two- dimensional (Bidirectional or planer)

3



iii. Three dimensional (Multidirectional)

These three categories of composites are further subclassified based on the type of interlocking of fiber/ yarn in

the preform as shown in Fig. 1.1.

Flat
; = Multifilament
3 _ : Continuous (filament) Twisted
- . . Monofilament
5 )_I 1D-Linear Discontinuous (Spun) Textured
! ' 1
Woven Knitted Braided
|
[ l | f 1 1 [ !
Biaxial Triaxial Weft Warp Biaxial  Triaxial
! v !
Knitted Nonwoven Braided
Angl Multiaxial 2-St
. Fully fashioned weft knit P
interlock
XYZ 3D
Triaxial MWK 6-Ply impaled
Core 4-Ply impaled

Fig. 1.1 Fiber/yarn architectures of Carbon-Carbon composites.

1.3 Multidirectional Carbon/Catbon composites

In a composite, the fibers are the principal load-carrying elements and can be oriented in different directions
to provide the specific needs of resistance in different directions. In aerospace industries, 2D preform
reinforcements are generally adopted for the components under simple mechanical loading conditions [1]. But,
under complex thermomechanical loading conditions (e.g., conditions at the time of re-entry), 2D architectured
C/C composites become the inappropriate choice due to their incapability to sustain the severe load in out of
plane direction [1]. This limitation of 2D-composite has been overcome by introducing the reinforcement in
the third (out of plane) direction, which finally constitutes a 3D architecture of reinforcement [2]. This is the
simplest form of the multidirectional composite. In 3D composite, the fibers in the forms of yarns or bundles
are oriented in three orthogonal directions, as shown in Fig.1.2 (a). The weaving of this architecture makes it

possible to form fabric preforms, as shown in Fig. 1.2 (b). 3D weaved architecture of the composite is also
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known as 3D inplane woven composite. The most commonly used other multidirectional composites in the

aerospace industry are presented in Fig 1.2.
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Fig. 1.2 Different possible architectures of multidirectional Cc/C composite. (a) 3D orthogonal, (b) 3D
inplane woven (c) 3D orthogonal hybrid, (d) 4D inplane (e) 4D inplane hybrid (f) 4D inplane woven (g)
SD-inplane and (h) SD inplane woven.

1.4 Application of multidirectional C/C composites

Due to the high performance of these composites under extreme loading environments, they are widely
used in the aerospace industry, automobile sectors, power generation industries, high-temperature glass and

ceramic industries etc, [2, 4]. The following are some of the major applications of these composites.

a. Braking pads

b. Rocket nose cones

c.  Rocket motor throats

d.  Heat shields of re-entry shuttles

e. Glass industry for guides, push-out pads, and transfer pads
f. Hot dies and high-temperature furnace filaments

g. Biomedical implants such as knee ligaments, ankles, and hip joints

1.5 Fabrication of C/C composites

The C/C composites are manufactured in three ways depending on the matrix impregnation [I, 2].
Generally, the preforms of the carbon fibers are first prepared in the desired shape and size, and then the matrix

is impregnated in the fibers preforms. There are generally three ways of matrix impregnation.



a. Liquid phase route

b. Gas-phase route

c. Combined route
In the gas-phase rout, the chemical vapor infiltration or densification techniques are generally utilized. This
method is the most suitable when the structure or component is thin. In contrast, the liquid phase rout is more
popular and generally used in industrial manufacturing. The thickness of the components is not an issue in this
impregnation method. Sometimes, the liquid phase rout is followed by the gas-phase impregnation or vice versa
to achieve more densification. The most commonly used precursors in the liquid phase route are coal-tar,

petroleum pitches, and high char-yielding thermoset resins.
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Fig. 1.3 General diagram of the liquid precursor based fabrication process for the C/C composite.

Fig. 1.3 shows the flow chart of the C/C composite manufacturing process [4]. Firstly, the preforms of the
fibers are made according to the desired architecture and volume fraction. This process is also called green
fabrication. Next, the desire liquid precursor is impregnated into the fibers' preforms at a temperature ranging
between 300—450°C. In the third step, carbonization of the liquid phase is carried out at a temperature around
1200°C under high pressure. The pressure affects the yielding of the carbon in the matrix [1]. It has been
observed in other studies that the grains are coarser and isotropic due to higher pressure during carbonization.
The last process is the graphitization of the carbon preforms. This is achieved by applying high temperatures in
the range of 2000-3000°C at the same pressure. This whole process is known as a graphitization cycle. As there

are many voids left in the composite after one cycle, the fabrication process starting from the liquid impregnation



up to the graphitization is repeated to get the required degree of the densification. The final microstructure of

the composite has been discussed in detail in the next section.

1.6 The hierarchical microstructure of C/C composites

Multi-directional fiber-reinforced composites are generally made of fiber in the form of bundles embedded
in the matrix in more than two directions. Therefore, the typical micro-structure at the mesoscale consists of
fiber bundles, matrix, the interface between matrix/bundles, and imperfections. These imperfections at this scale
consist of matrix cracks, voids in the matrix, interfacial cracking, misalignment, and distortions of the bundles
(S, 6]. The porosity in the C/C composites is generally due to the cavities remaining during the matrix's
impregnation or introduced by the generation of gases during the graphitization process. On the other hand, the
micro-cracks in the matrix and at the interface originated due to the shrinkage or differential thermal stresses
produced during the manufacturing process. Although several cycles of infiltrations have been used to achieve
the dense material, the micro-cracks and porosity are unavoidable in the Cc/C composites.

Apart from this, the bundles consist of fibers embedded in the same matrix. This arrangement of fibers in the
matrix produces a unidirectional composite. Imperfections like micro-cracks, porosity, and fiber misalignment
preexist at this scale. They are generally referred to as local imperfections or intra-bundle defects. These
hierarchical microstructures present at these two-scales affect the thermo-mechanical behavior of Cc/C
composites. The presence of defects like voids and cracks reduces composite strength and sometimes enables
crack propagation due to stress concentration. The effect of these defects on the thermo-mechanical behavior
of these composites has been explored in the present study using X-ray tomography and reconstruction

techniques.

1.7 Thermo-mechanical properties of C/C composites

The excellent thermo-mechanical properties like specific strength (strength/ density), toughness, specific
modulus (modulus/density), specific thermal conductivity (thermal conductivity/density), low thermal
expansion coefficient, and resistance to thermal shocks have been reported for Cc/C composites [1]. These
remarkable properties make the C/C composites the most advanced form of carbon compared to conventional
graphite. The thermo-mechanical properties, along with inherent reactivity to oxygen, make these composites
an extraordinary candidate for aerospace applications like turbine components and heat shields to resist high
temperatures for long durations. There are many variables, such as selecting the fibers, fabrication of green forms,
matrix precursor, densification methods, number of cycles, etc. involved in achieving these properties [4].
Therefore, these properties of the C/C composites have always appealed to the interest of researchers in the

past to carry out the investigations experimentally, analytically, or through numerical simulations.



1.7.1  Analytical
The difterent approaches, such as the strength of the material, theory of elasticity, bounding methods,
self-consistent models or Eshelby method, and semi-empirical relations, usually come under this
category. These methods are mostly based on the assumption of perfect bonding at the interface and

can be applied to only limited problems that make it inappropriate for complex architectured composite.

1.7.2  Experiments
Mostly reported experiments are Laser flash experiments, Dilatometry, Quenching tests, laser irradiation
tests, etc. at the room and elevated temperatures. These tests have been conducted to characterize the
behavior of the composite under thermal, thermo-mechanical, and thermal shock kind of loading
conditions. The experimental studies are destructive, more expansive, and require highly experienced
and skilled individuals. It is also challenging to determine the properties at elevated temperatures for
the multidirectional composites through experiments. However, the experiments are necessary for the

validation of numerical and analytical solutions.

1.7.3  Numerical
In contrast, the numerical methods are the most efficient tools to simulate the complex microstructures
and boundary conditions of any material. Numerical techniques such as finite difference, finite volume,
spring lattices, boundary element method, finite element method (FEM), extended finite element
method, etc. are the tools generally utilized by various researchers to handle the complexity of the
problems. FEMs in which the micro and macro geometrical complexities of a composite can be directly
incorporated have been utilized in the present study. Also, the asymptotic homogenization technique
has made much advancement in the last decade to predict the homogenized properties of heterogeneous
materials. In this approach, a representative volume element (RVE) or unit cell is analyzed by applying
the periodic boundary conditions to evaluate the effective or homogenous properties. This method is

discussed in detail in chapter-4.

1.8 Motivation for research

During the re-entry into the atmosphere, the missiles nose-tips experience a severe aero-thermal
environment. A special thermal barrier is provided at the nose cone to protect the critical components and
vehicle from the high-temperature exposure [3]. The material used in the nose cone of the re-entry vehicle
structure (RVS) generally contains carbon phenolic and C/C composites. The failure analysis of these materials
under high temperatures is always an active area of the research. These materials are generally studied by simple

experiments at the laboratory level. For the component scale thermomechanical analysis, an accurate and multi-
P y P y



scale numerical model is needed, which can predict the overall damage and degradation in thermo-mechanical
properties due to high temperature.

As discussed earlier that thermo-mechanical properties of C/C composite are of the main interest of the
aerospace industry. These properties are greatly affected by the different processing and manufacturing variables.
Some of these factors were investigated by various researchers in the past using idealized unit cell analysis. The
hierarchical microstructure of the multi-directional composites has rarely been given any attention. In the recent
past, some researchers have explored the material microstructure including the inherent defects such as cracks,
voids, bundle misalignment, etc. using X-ray tomography. The motivation of the present research is the
assimilation of the hierarchical microstructure along with micro defects in FEM for the study of the thermo-

mechanical properties of commercially available multidirectional C/C composites.

1.9 Layout of the thesis

In the present thesis, the material microstructure of the multi-directional C /C composites has been
reconstructed using the X-ray tomography. Two-scale homogenization has been performed for the prediction
of the thermo-mechanical properties. Previous studies were explored in the discussed areas and they are presented
in chapter 2. Chapter 3 covers the development of an Image-based FE model. Chapter 4 and chapter S contain
the thermo-mechanical characterization of C/C composite. Finally, the applications of these properties to

determine the thermal shock resistance have been presented in chapter 6. The study is concluded in chapter 7.



Chapter 2

Literature survey

In this chapter, a brief review of existing studies on the characterization of thermal, thermo-mechanical, and
thermal shock behavior of C/C composites are presented. The literature review is briefed into three separate
sections. In each of these sections, the work done by the researchers is classified as experimental, analytical, and
numerical. The chapter ends with the findings of the research gaps in the existing literature and the objectives

of the present study.

2.1 Thermal shock resistance

It is well known that C/C composites are the most popular materials for the aerospace industry that utilizes
such composites to manufacture spacecraft’s components such as rocket nozzles, nose cone for re-entry vehicle,
heat shields, disc brakes, etc. [ 1]. These components fail mostly due to the thermal stresses induced under sudden
exposure to a high-temperature or thermal shock type of loading [2]. Therefore, the exploration of material
behavior under thermal shock type of loading is one of the most important research areas. In the last few decades,
researchers have shown their interest to explore the thermal shock resistance (TSR) behavior of composites that

belongs to the ceramic family through theoretical [7-11], experimental [ 13-26], and numerical [27-30] studies.

In the theoretical investigation, Kingery [7] found that the thermal shock resistance (TSR) of ceramic materials
depends on the factors such as geometry of the sample, material strength, material properties, and heat transfer

rate. Based on the heat transfer rate, Kingery [7] proposed two TSR parameters, R and R’ as follows.

] _
For an infinite rate of heat transfer: R= M (2.1)
Ea
ko (1-
For a finite rate of heat transfer: R = % =kR (2.2)
o

Where R and R” are the thermal shock resistance parameters (also termed as material index parameters), Ot is
the strength, k is the thermal conductivity (TC), E is the young’s modulus, o is the coefficient of thermal
expansion (CTE), and v is the Poisson's ratio. These parameters of the materials are generally obtained through
experiments [8]. Lu and Fleck [9] have discussed the dependency of Biot number (Bi) (which is the indication
of a high rate of heat transfer) and material porosity on the TSR of solids in detail. Lu and Fleck [9] suggested

two TSR parameters based on the value of ‘Bi’ given as.
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For an infinite rate of heat transfer( Bi = o0): R=—. (2.3)
EFa
e . ko,

For infinite rate of heat transfer( Bi < I): R'= 3 (24)
(04

The parameter R and R’ defines the resistance against crack initiation rather than crack propagation. Deng et
al. [8] used the equation (2.4) to obtained the TSR parameter for carbon felt reinforced Cc/C composite. Later,
Hasselman [10, 11] introduced two different thermal shock parameters in unified form for crack initiation and
propagation by combining the thermoelastic and fracture mechanics approaches. In later studies [ 12, 27], it was
found that the above discussed theoretical TSR parameters (equation (2.1)-(2.4)) are well valid for monolithic
and isotropic materials possessing temperature-independent material properties only.

Conventionally, the thermal shock test of ceramics and composites was carried out through arc discharge [13],
direct electric current [14], and quenching of heated specimens in different quenching media [15- 20]. The
direct electric current heating method [14] is more appropriate for the materials having pores and flaws where
failure originates at a flaw (rather than the outer edge of the disc sample as in [13]). Li et al. [15] observed that
the coefficient of thermal expansion (CTE) is the most critical factor among all that are used to determine the
thermal shock resistance of ceramics. Wang et al. [17] concluded that the composite's failure due to thermal
shock is not catastrophic as in the monolithic ceramics through the water quenching test of 2D woven C/SiC
composite. Yin et al. [19] observed that around 83% strength of 3D C/SiC composite was retained even after
50 cycles of the thermal shock of I000°C through air quenching. In similar testing, Leanos et al. [20] found
that the compressive stiffness of 2D C /C composite decreases with the peak temperature of thermal shock, and
composite fails mostly in shear and interfacial debonding.

In quenching techniques, thermal shock resistance is measured in terms of relative degradation of strength due
to the shock and the critical temperature difference that can be sustained without fracture. Also, the heat transfer
mechanism is highly unstable; thus, it makes the measurement of temperature distribution in the material and
the evaluation of damage mechanisms are very difficult. This difficulty has been overcome by an alternate
experimental technique called the laser irradiation method, which many researchers have used to measure the
TSR of the composites [21-26]. Thermal shock strength of several ceramic materials, including pyrolytic

graphite, was measured by Benz et al. [21] through photon, proton, and electron beam irradiation techniques

and considering a new measure of shock strength as N (The damage threshold). Here @ is the flux density,
and ris the pulse duration. Qi et al. [22] have investigated the thermal shock resistant capability of the ceramic
coating through the CO: laser irradiation technique. The critical power density of the laser was set as a new
measure of thermal shock resistance that is nothing but a laser power density at which the first crack is observed.
Critical power density also varies with the diameter of the laser pulse beam. The same CO: laser irradiation
technique was utilized by Amada et al. [23] and Li et al. [24] to measure the thermal shock resistance of 2D

C/C composites in terms of critical laser power density and laser beam diameter. Kim et al. [25, 26] utilized
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the CO: laser irradiation technique along with the analytical formulation of (Sato et al. [ 13]) to evaluate thermal
shock resistance and thermal shock fracture toughness of graphite that are obtained in the range of 22.1-23
W/mm and 20.6-22.3 W/mm?®* respectively. Amada et al. [23] and Li et al. [24] has obtained a critical power
density curve through finite element simulation of laser irradiation experiment that was found to be in good
agreement with experimental findings. The geometrical model and boundary conditions used in the finite
element simulation are presented in Figs 2.1 (a) and (b), respectively. The application of the numerical
framework of finite element method has also been found for other materials such as; Wang et al. [27] evaluated
the thermal shock resistance of fiber-reinforced SiC/Borosilicate laminated composite, Li et al. [28] predicted
the thermal shock resistance of porous ceramics, Burlayenco [29] studied the thermomechanical behavior and
crack propagation of functionally graded material under thermal shock loading, and Hennberg et al. [30]

explored the damage growth in refractory material under thermal shock.
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Fig 2.1 (a) Geometrical model of specimen (b) Boundary conditions of computations [ 23, 24 ]

It has been noticed through these studies that the microstructure of composite plays a vital role [26-27,30] in
the crack development and propagation under the thermal shock. Also, it has been reported that the
thermomechanical properties (i.e., thermal conductivity and coefficient of thermal expansion (CTE)) of the
composites also affect the performance of the material behavior, especially at high-temperature gradients [ 16-
21, 30].

Since the composites are produced in various forms depending on their basic constituents, these properties were

studied in detail one by one for C/C composites in next sections.

2.2 Effective thermal conductivity

As discussed earlier, the thermal conductivity of the materials plays a vital role in high-temperature

applications. In the case of composites, the properties are characterized in an apparent/ effective manner, and
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these depend on the various parameters of their constituent materials (matrix and fibers) such as type of
precursor, fabrications process, heat treatment temperature, morphology, volume fraction/orientations of the
fibers, etc. Thus, it has been a challenging task for researchers to develop a method that can yield accurate
effective thermal conductivity of multiphase composite materials, including all the affecting parameters. In the
last few decades, several experimental [31-38], analytical [39-54], and numerical [55-66] methods have been
developed due to this challenge. The experimental studies have primarily focused on the measurement of thermal
properties like thermal diffusivity (TD), specific heat (SH), and thermal conductivity (TC). Whittakar et al.
[31] measured the thermal diffusivity of unidirectional and bidirectional C/C composite in the temperature
range of 500-3000K using the Laser Flash method. They concluded that TD of both architectures decreases
with temperature and increases with an increasing number of densification cycles. The data of the TD from
experiments was further used in another work of Whittakar et al. [32] for the reverse estimation of the
constituent’s thermal properties. Luo et al. [33] studied the effect of preform architecture as well as matrix
morphology on the TC of the C/C composites. The composites with rough laminar pyrocarbon (PyC) structure
was found to possess higher thermal conductivity as compared to the smooth laminar PyC structure. Manocha
et al. [34, 35] discussed the dependency of matrix microstructures on the thermophysical properties of the C /C
composites with the help of the phonon interaction mechanism. It was concluded that the degree of the
orientation of graphite around the fibers directly affects the thermal conductivity of the C/C composites, i.e.,
composites with highly oriented graphite possess high thermal conductivity.

Bhatt et al. [36] found that oxidation and gaseous conduction at the debonded interface has a negligible effect
on longitudinal TC of UD composite and decreases the transverse TD by a factor of 2. He also concluded that
90% of the heat across the interface is transferred through gaseous conduction; thus, significantly affecting the
transverse TC of composite even at 300°C. Farhan et al. [37] measured the TD of the 4D architecture of C/C
composite up to 1250°C using the Laser Flash method. They found that TD in all three orthogonal directions
is almost the same and the volume fraction of the bundles is the major factor for the change in TD in any
direction. Kumar et al. [38] measured the TD of 3D orthogonal C/SiC composite up to 1200°C in three
orthogonal directions using the Laser Flash experiment. It was concluded that micropores present at the
interface adversely affect the thermal property of the composite at low temperatures. However, the radiation
dominates the heat transfer through pores at high temperatures.

Alternately, many researchers have developed analytical models based on either analogy techniques such as shear
force analogy [39], thermo-electrical analogy [40-43], or micro-mechanics approach [44-53]. Springer et al.
[39] compared the two analogical techniques (shear loading analogy and electrical analogy) to predict the
effective thermal conductivity of the unidirectional fibrous composite. It was found that the thermal analogy
model under predicts the effective TC of composites as compared to the shear analogy model for the fiber
volume fractions higher than 75%. It was further noticed that the square arrangement of the filaments with
circular cross-section yields more accurate results as compared to the hexagonal arrangement of the same

filaments. Zou et al. [40] developed an analytical expression for the transverse effective thermal conductivity of
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the unidirectional cylindrical fibrous composite using a unit cell model that included the effect of the thermal
barrier resistance at the interface. In another study, the thermal-electrical analogy approach was used for the unit
cell model by Dasgupta and Aggrawal [41]. They have predicted the effective thermal conductivity of woven
composite in inplane and out-of-plane directions. Ning and Chou [42] used a similar approach to the
development of a micromechanics-based model. They have evaluated the inplane (in the warp and fill direction)
effective thermal conductivities of the woven fabric composite. Kulkarni and Brady [43] used a thermal-electrical
analogy approach to calculate the global effective thermal conductivity of laminated composite composed of
angle lamina. Firstly, longitudinal and transverse TC'’s of each lamina were evaluated by the rule of mixture and
Charl’s model, respectively. Then, the overall TC of the composite was obtained using the electrical analogy.
The effects of the volume fraction (varied from O to 50%) and the ratio of TCs of the constituents (varied from
2 to 1000) were discussed in the study. Benveniste and Miloh [44] developed an analytical model for effective
TC of composite, where the reinforcement was considered as spherical inclusion. The effect of thermal boundary
resistance as temperature discontinuity at the interface has been included in the model. This model is valid for
the dilute concentration of the inclusions only. Benveniste [45] used two micromechanics-based models (Mori-
Tanaka and Generalized Self-Consistent) to overcome this limitation. The expressions for effective TC of the
particulate composite were derived, including the effect of thermal contact resistance. Hatta and Taya [46] used
the equivalent inclusion method to derive the analytical expression for the effective thermal conductivity of
coated filler composite. The effects of the coating thickness, coating conductivity, and filler volume fraction
were discussed in their study. It was found that ETC of the composite could be enhanced with highly conductive
fillers. Similarly, Hasselman and Jhonson [47] developed an analytical model for the thermal conductivity of
unidirectional composite, including thermal barrier resistance at the fiber-matrix interface. This formulation is
valid for isotropic constituents and diluted concentrations of fiber (i.e., <50% and no mutual interaction
between inclusions). The same author further used the model for orthotropic fiber in an isotropic matrix [48].
In this study, the proposed model and experimental data were utilized to calculate the interfacial heat transfer
coefficient through reverse calculation. Benveniste et al. [49] derived an expression for effective thermal
conductivity of composite that contains coated fibers based on the Mori Tanaka mean-field approach. The
fibers are considered to be transversely isotropic cylindrical inclusions in the matrix. In another study, Lee et al.
[50] have included the effect of interfacial contact conductance in his analytical model to predict the effective
TC of the particulate and fibrous composite. Here, the interface was assumed to be a thin coat around the
inclusion. Similarly, Sejnoha and Zeman [ 51] analyzed the imperfect textile composite, including the geometrical
and material imperfections using the Mori-Tanaka approach.

Vorel and Sejnoha [ 52] used the analytical formulation based on the same approach to evaluate the homogenized
thermal conductivity of imperfect 2D C/C textile composite. Schuster [53] found that the out-of-plane TC of
3D orthogonal composite depends on TC of adjoining materials and needled fiber density. A modification in
the simple rule of the mixture was done in this study by introducing two parameters corresponding to the

influence of TC of adjoining material and needled fiber density. The modified analytical model was found to
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yield accurate results when compared with the experimental values. It is also concluded that out-of-plane TC
can be enhanced by the factor of 8 with the addition of 6% of needled fiber. Feng et al. [54] developed another
analytical model based on an equivalent circuit approach to predict the transverse thermal conductivity (TTC)
of unidirectional fiber-reinforced composites (FRC). The effects of interface thickness and porosity fraction at
the interface and composite region was concluded in the study. It was found that the TTC of the composite is
adversely affected by these parameters.

Most of the analytical models are generally confined to simple geometries. They are unable to directly model
the complex microstructural features such as the orientation of fibers in multi-directions, imperfections, defects,
etc. Despite these limitations, the analytical models are useful to obtain the constituent’s thermal properties [32]
and interfacial conductance [36, 48] using reverse calculations that are sometimes difficult to obtain directly
using experiments.

The numerical technique, like the finite element method, has proven to be the most cost-effective alternative for
predicting the thermal behavior of complex structured composites. FEM was used by many researchers to study
the thermal conductivity of different architectures of C/C composites such as the unidirectional [55-57], 2D-
woven and laminated composites [S8, 59], 3D orthogonal [60, 61], and multidirectional braided composites
[62-66].

Islam and Permila [5S] predicted the effective transverse thermal conductivity of unidirectional composite using
FEM. Klett et al. [S6] performed a steady-state heat transfer finite element analysis on two types of
unidirectional C/C composite at two different temperatures. Their study concluded the effects of fiber
morphology, matrix morphology, and imperfections (pores, voids, and interfacial debond) on the thermal
conductivity of the composite. Grujicic et al. [57] extended the work of Klett et al. [S6] by performing the 3D
finite element, steady-state heat transfer analysis. This study included the effects of gaseous heat conduction and
radiation heat transfer across the voids, cracks, and interfacial gap. Apart from this, the effects of fiber volume
fractions and porosity levels on effective thermal conductivity were also discussed. It was found in the study that
the imperfections mostly affect the transverse thermal conductivity of composite and have a negligible effect in
the longitudinal direction. Puglia et al. [ 58] included the major manufacturing imperfections in a two-scale finite
element study for the effective thermal conductivity of the 2D laminated composite. The computer-aided design
(CAD) based idealized unit cells were used in the study. It was found that the matrix cracking is a dominating
factor in the reduction of in-plane effective thermal conductivity. The thermal conductivity of 2D woven fabric
in the thickness direction was predicted by Siddiqui and sun [59] using finite element based unit cell analysis
that includes the fiber yarns as reinforcement in the air (as a matrix). The TC in the thickness direction increased
with the temperature rise and an increase in the fiber volume fractions. Alghamdi et al. [60] calculated the
thermal conductivity of 3D orthogonal C-SiC composite using the finite element method. They have considered
four types of porosity defects at different levels of length scales. They concluded that the large voids in the
matrix significantly degraded the thermal properties of 3D C-SiC composites. Shigang et al. [61 ] predicted the

effective thermal conductivity of 3D hybrid C/C composite up to 2500K using finite element based two-scale
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analysis. The idealized CAD-based model of composite unit cells was used in the study. The temperature-
dependent thermal conductivity of PAN-based carbon fiber and carbon matrix reported in this study are listed
in Table 2.1. In another study, the effective thermal conductivities of 3D braided C/C composite was measured
by Liu et al. [62] through FEM. The effect of the braiding angle of the fiber reinforcement was studied. It was
concluded that the transverse TC increases with an increase in braided angle, whereas the longitudinal TC has
the opposite effect. Jiang et al. [63] made a similar observation regarding the effect of braiding angle on effective
TC of 3D braided composite using FE based sub-unit cell model. Lu et al. [64] investigated the effect of
interfacial property on thermophysical properties (TC and CTE) of 3-dimensional 4-directional (3D4D) and
3-dimensional S-directional (3DSD) braided composites performing multiscale 3D finite element analysis
under periodic and non-adiabatic boundary conditions. In this study, a suitable TC and CTE of 0.Ipm thick
yarn/ matrix interface were obtained with the help of experimental results. It was concluded that interfacial
properties have an obvious effect on effective transverse TC of 3D4D composite. However, effective transverse

TC of 3D5D composite shows sensitivity only for the interfacial conductivity less than 0.4325W /mK.

Table 2.1 Thermal conductivities of constituents [0 |

Temperature Longitudinal TC of fiber Transverse TC of fiber TC of matrix
(K) (W/mK) sy (W/mK)
300 2024 2024 150.5
500 197.1 19.71 118.5
700 191.8 19.18 88.4
900 186.5 18.65 73.6
1100 183.4 18.34 63.9
1300 175.3 17.53 56.7
1500 166.7 16.67 51.2

Inplane and out-of-plane effective thermal conductivity of 3D braided and 2.5D knitted C/C composite was
obtained by Dong et al. [65, 66]. Sequential two-scale FE unit cell analysis was performed under periodic
temperature boundary conditions. Based on experimental validation, it was concluded that the equivalent gap
conductance value of 1.5x105 W/m?K was appropriate for the modeling of imperfect interfaces at two-scale
levels. Besides, behavior of 3D braided C/C composite was reported to be transversely isotropic with higher
out-of-plane TC than that of in-plane components. Almost all the numerical studies discussed utilized the
idealized CAD-based model of the microstructure, ignoring the imperfections (such as irregular shaped voids,
bundle distortion and misalignment, cross-sectional warping, etc.).

Recently, the irregular shaped voids in the composite have been included through equivalent ellipsoids using

principal component analysis by Tsukrov et al. [67] and Piat et al. [68]. Simultaneously, many researchers [6,
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69-74] have utilized X-ray computed tomography (XCT) to explore the inherent microstructure of the C/C
composites. In recent past, a comparatively new approach has been developed by different researchers [75-79]
that included the inherent imperfections of the material microstructure directly in the geometry based on the
tomographs obtained through XCT. This approach is also known as an image-based finite element (IBFE).
IBFE was used for the mechanical characterization of 3DH and 4DIN C/C composite by Sharma et al. [76-
79, unidirectional C/C composite by Qi et al. [80], and 2D woven C/C composite by Ali et al. [81]. This
technique was also utilized for the estimations of effective thermal conductivities of 2D woven Cc/C composite
by Alghamdi et al. [82]. IBFE technique is able to include the realistic inherent impetfection of C/C composites
and architectural complexities into the numerical models. However, this technique has yet to be tested for the
thermo-mechanical characterization of complex architectured C/C composites.

Next, the literature review on the study of the thermal expansion behavior of C/C composites is reported in the

next section.

2.3 Effective thermal expansion coefficient

The thermal expansion coefficient is the second most important property of high thermal application
composite materials, Low CTE of the composite materials assures the thermal stability of a structure under
severe thermal loading conditions. At extreme conditions, the failure of the composite structure generally occurs
due to the mismatch of the CTE of constituents at the interfacial [ I-3]. Thus, the detailed study of the thermal
expansion behavior is essential for the efficient design of composite structures used at elevated temperatures. In
the last few decades, various studies covering experimental [33-34, 37-38, 83-85], analytical [86-95], and
numerical [96-110] are reported on the development of an efficient methodology to estimate the effective CTE
of composite materials. Luo et al. [33] studied the effect of three different preform architectures of C/C
composite using experiments. They concluded that the slope of the variation of CTEs with respect to
temperature is almost similar for all.

Manocha et al. [34] discussed the effect of carbon fibers as well as the graphitic orientation on CTE of C/C
composites. It was found that the composite with high strength fiber (PAN-T300) and highly oriented graphitic
matrix possess the lowest CTE (-0.85x10¢/°C). Farhan et al. [37] measured the effective CTE of 4D in-plane
(4DIN) C/C composite in inplane and out-of-plane directions. It was reported that the CTE in all three
orthogonal directions is nearly the same and is around 1.8 xI0¢/°C at 1250°C. Kumar et al. [38, 83] have
studied the CTE of 3D orthogonal and 3D stitched C/SiC composites. It was found that the effective CTE
varied between 0.5 to 4 x 10°/°C for temperature range 25-1050°C. An inverse effect of siliconization
temperature was observed in the case of out-of-plane CTE of 3D stitched C/C composite. At the same time,
the in-plane CTE has a negligible dependency on siliconization temperature. Liao et al. [84] concluded through
the experimental study on the 2D and 3D stitched C/C composites that the effective behavior of CTE of these
composites greatly depends on the architecture, temperature, heat treatment, and porosity. Effective CTEs of
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2D and 3D composites were found to vary from -1.5x10° to 4.321 Ix10¢/°C for a temperature range of 25-
1300°C. Wang et al. [85] discussed the effect of heat treatment temperature on the CTE of the C/C composite
by varying the graphitization temperature from 850 to 2500°C.

Among analytical studies, the simplest upper bound approximation for effective CTE of composite with two
isotropic phases was given by Voigt [86] and Reuss [87] based on uniform strain and uniform stress concept,
respectively. These models are also termed as Rules of the mixture. Voigt model gives reasonable results in the
longitudinal direction for unidirectional composite, whereas the Reuss approximation is poor because of the
existence of interfacial stress due to CTE mismatch [99]. Turner [88] accounted for the mechanical interaction
between phases resulting in a lower bound approximation of effective CTE. Based on the elastic energy principle,
Schapery [89] and Levin [90] developed an analytical model for longitudinal and transverse effective CTE of a
unidirectional composite consisting of isotropic constituents. In the Schapery’s model [89], the expression for
longitudinal CTE is similar to the Voigt model with some modifications. Further, the transversely isotropic
behavior of fibers has been included in the model by Chamis [91] and Chamberlain [92]. The expression for
longitudinal CTE in both of these models is the same as Schapery’s model. Chamberlain [92] also included the
effect of the square and hexagonal packing of fibers into his model. Rosen and Hashin [93] further extended
Levin’s work for the multiphase composite, preserving constituents' anisotropy using a thermo-elastic energy-
based approach. This model was then simplified for unidirectional composite with transversely isotropic
constituents by Hashin [94]. Gowayed et al. [95] included the effect of voids and interfacial coating (considering
it as a third phase) on effective CTE of a unidirectional composite. Again, It is observed from the literature that
the analytical studies are confined to very simple geometry.

The finite element based numerical model is one of the most effective alternatives to study the thermal expansion
behavior of the complex architecture composites. Many researchers adopted this technique to calculate the
effective CTE of different composites such as unidirectional [96-101], 2D woven [102-103], 3D orthogonal
[104-105], and multidirectional braided [64, 106-110] composites. Bowles and Tompkin [96] investigated the
effective CTE of unidirectional composites using FEM on the periodic 2D unit cell model for square and
hexagonal packing. It was found that the fiber properties are significantly responsible for longitudinal CTE,
while matrix properties play the leading role for transverse CTE of composites. Islam et al. [97] used a 2D unit
cell model with periodic boundary conditions to predict the transverse CTE of unidirectional composite along
with the effect of partial interfacial crack. A significant effect of interfacial cracks was observed on the transverse
CTE of the composite. Karch C [98] obtained the effective CTE of UD composite through FEM using three
different approaches characterized by different boundary conditions, i.e., periodic, the plane remains plane and
displacement boundary condition. All three approaches gave almost similar results, and the periodic boundary
condition was found to consume more computational time than the other two. Karadeniz et al. [99] developed
a quarter 3D unit cell model of a unidirectional composite to predict the effective CTE. The predicted results
were compared with various analytical models. In this study, an over-constrained condition, i.e., plane remain

plane, has been imposed. Also, a similar constrained condition has been used by Ran et al. [100] for
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unidirectional composite and Shigang et al. [104] for 3D orthogonal C/C composite. The effective thermo-
mechanical properties of PAN-based carbon fiber and carbon matrix are given in Table 2.2. Dong et al. [101-
102] used periodic displacement and temperature boundary conditions on unit cell analysis to predict the
effective CTE of unidirectional and plain-woven composite, respectively. They concluded that such boundary
conditions have the ability to include thermal to mechanical coupling in the analysis. The asymptotic expansion
homogenization (AEH) approach along with finite element analysis, was utilized by different researchers such
as Dasgupta et al. [103] for woven fabric composite, Nasution et al. [105] for 3D textile, and Zhai et al. [ 106]
for 3D braided composite. Zhai et al. [106] found a particular angle of braiding yarn for which composite

possesses zero effective CTE.

Table 2.2 Material properties of carbon fiber (superscript f) and matrix (superscript m) [104]

Temp E{ E{ G{T G{T
(°C)  (GPa) (GPa) (GPa) (GPa)
27 23313 2311 897 823 02 04 241 641 9738 02 12
227 23282 2308 896 822 02 04 -157 719 9853 02 145
427 23179 2298 892 818 02 04 094 7.64 9967 02 185

f f B f m m m
Vir Vr a; ar E % o

627  231.17 2292 889  8.16 0.2 0.4 -0.56 7.8 10032 0.2 2.15
827  230.78 2288 8388  8.IS5 0.2 0.4 -0.27 7.8 I101.96 0.2 2.36
1027 22936 22.74 883  8.I0 0.2 04 -0.04 736 103.57 02 2.54

1227 227.15 2252 874 8.02 0.2 0.4 0.I8 793 10758 0.2 2.7
1427 22181 2199 853 733 0.2 0.4 032 789 10797 0.2 2.86
1627 210.63 20.88 38.I0 744 0.2 04 048 795 10634 0.2 3.02

1827 18641 1848 7.17  6.58 0.2 0.4 0.58 786 107.1§ 0.2 3.18
2027 1573 1859 605  5.55 0.2 0.4 0.71 784 9737 0.2 3.34
2227 1282 1271 493  4.53 0.2 04 0.8 7.75 8695 0.2 3.5

E=Young’s modulus, v =Poisson’s ratio, G = Shear modulus, L = longitudinal direction, T =transverse direction and &

= CTE. Here a = (tabulated value) x 10°/°C

A similar observation was also made in the work of Wang et al. [107] in which a FE-based multi-unit cell model
(MUCM) was developed to investigate the effect of the yarn braiding angle on effective CTE. A critical braiding
angle was obtained at which composite possesses zero effective CTE.

Sequential multiscale finite element analysis under periodic non-adiabatic temperature boundary conditions was

used by Lu et al. [64] to predict the effective CTEs of 3D4D and 3DSD composites, including the effect of
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the interface. The effect of the interface was found significant for the effective CTE of 3D4D, but it has a
negligible effect on 3DSD braided composites.

It is observed from the literature that the effective properties of the multidirectional C/C composites largely
depend on the hierarchical distribution of the carbon fibers in the matrix, temperature, heat treatment process,
and porosity. Also, it suggests that the defects like interfacial debonding, cracks, and voids have a significant
role in thermo-mechanical behavior. It is further noticed that the CTE of the constituents (especially matrix) is
highly dependent on the temperature and morphology.Literature survey on thermal shock behavior and the

thermo-mechanical properties of C/C composite is concluded in the next section.

2.4 Literature gap

Since the multi-directional C/C composites are subjected to high thermal gradients in a very short time
that creates thermal shock-like conditions during their service life, it becomes important to predict their thermal
shock resistance accurately. Conventionally, the thermal shock resistance of ceramics and composites is measured
through experiments like arc discharge [13], direct electric current [14], and quenching of heated specimens in
different quenching media [15-20]. In quenching techniques, thermal shock resistance is obtained in terms of
relative degradation of strength due to the shock and the critical temperature difference that can be sustained
without fracture. The heat transfer mechanism in this technique is highly unstable; thus, it makes the
measurement of temperature distribution and the evaluation of damage mechanisms very difficult in these
materials. The alternate experimental technique called a laser irradiation test has overcome this difticulty [23-
24]. In this technique, the TSR is defined in terms of the critical power density at which the first crack is
observed in the composite. The heat transfer mechanism in this test is relatively simple and is modeled by the
researchers using the finite element method [23-24]. It is observed through the literature that the thermo-
mechanical properties used for the simulation of the laser irradiation test are considered as isotropic, and the
effect of the temperature on the properties is ignored. The literature on the two most important properties of
these composites, e.g., TC and CTE, is further explored in detail. It has been observed that the factors such as
material anisotropy, temperature dependency of the constituent’s material properties, fiber orientations in green
composites, and voids have a significant effect on the effective behavior of these composites.

It is noticed in the literature that the analytical models developed so far are still limited to simple geometries
such as unidirectional fiber-reinforced, particulate, and 2D composites. Analytical models are completely
incapable of dealing with the geometrical complexity of composites and real inherent imperfections in them.
However, these models are quite useful for the reverse estimation of constituent properties, as it is very difticult
to measure them directly through experiments. Finite element based numerical approaches have overcome the
limitation of analytical approaches and are capable of dealing with the geometrical complexity of composite

materials. It is further observed that almost all numerical studies performed in the past are based on the idealized
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unit cell analysis. In the CAD-based unit cell models of composite, the effect of imperfections such as bundle
distortion, bundle misalignment, and irregular shaped big voids are completely ignored. Most recently, these
imperfections are successfully included in the numerical model through IBFE modeling techniques [77-79, 82].

The main differences in the real and ideal geometries of microstructure are as follows:

o Real microstructure contains inherent irnperfections such as misalignments, cross-section distortions,
irregularity in the distribution phases, etc.

® Inherent damage originated during the manufacturing process, such as irregularly shaped big voids, cracks
in the matrix, and partial debonding of the bundle /matrix interface.

It is also observed in the literature that the effective properties of the composites are greatly affected by the

imperfections like voids and interfacial cracks, temperature, and hierarchical distribution of the microstructure.

Therefore, a hierarchical numerical model that includes realistic microstructural features is needed to predict the

local distribution of the field variables (e.g., temperatures, heat fluxes, strain, and stresses) and effective global

properties of these composites accurately. The experiments, such as a laser flash test for thermal conductivity

and a dilatometer test for the measurement of CTEs, can be performed for the validation of the model.

2.5 Objective of the present study

The aim of the present study is to determine the thermal shock resistance of the 4D-inplane multi-
directional C/C composite using a hierarchical finite element-based model that includes the realistic features of
microstructure and temperature-dependent material properties. The following objectives are defined for the

development of the model.

I) To study the inherent microstructural features and explore the inherent damage network within the 4D In-
plane C/C composite through X-ray computed tomography-based reconstruction techniques.

2) Reconstruction of the 3D finite element mesoscale unit cells from the 2D reconstructed images and
rebuilding of the micro-scale unit cells based on the actual volume fraction details of fibers in the bundle.

3) Development of the image-based finite element model using two-scale hierarchy and asymptotic
homogenization technique along with suitable boundary conditions.

4) Application of the image-based two-scale finite element model to predict the effective thermal conductivity,
temperature-dependent effective CTE, and thermal shock resistance capability of multi-directional C/C
composites.

S) To conduct the different experiments such as laser flash test and dilatometer test at the macro level to

validate the numerical model.
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Chapter 3

Image-based finite element model

In this chapter, the development of the image-based finite element model is discussed in detail. Firstly, the image
reconstruction techniques are discussed; then, the application of the X-ray computed tomography (XCT) to the
reconstruction of Carbon/Carbon composites is presented. Later, the morphology of the reconstructed
microstructure is explored in detail through the obtained XCT images of the 4DIN C/C composite. Lastly, the
hierarchy in the microstructure of composites is discussed, and representative volume elements (RVEs) of the

composites are established at two-scales (macro and micro).

3.1 Material reconstruction techniques

These are the techniques by which the geometrical information of an inherent material’s microstructure can
be extracted in the form of images. The images of the microstructure of any material can be obtained in 2D or
3D forms from the original material sample. There are many reconstruction techniques reported in the literature
to reconstruct various materials and can be broadly classified into two categories: destructive and non-

destructive.

. Destructive reconstruction methods

This is a surface scanning method. In this technique, the top surface of the material is scanned using
one of many suitable means such as scanning electron microscopy, photography, reflective microscopy,
micro-radiography, etc. The geometrical information of the microstructure of the surface is stored in
the form of 2D images. Afterward, a very thin film of the top surface will be removed using any polishing
approach to expose the microstructure underneath for further surface scanning. These methods are also
known as serial sectioning methods because a very thin layer of the material is required to be removed
from the material's surface. Optical tomography was the most widely used example of the destructive
method in the early days [I11]. A very high-resolution 2D image of the material's microstructure is
obtained that includes the details from sub nanometers to a few microns [73]. However, the information
in the third direction is generally compromised due to the trimming process. Another limitation of this

technique is that the registration of the 2D images for 3D reconstruction requires a lot of work [111].
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1. Non-destructive reconstruction methods

As the name suggests, these methods do not need any material trimming or microstructural destructions.
Therefore, they are known as non-destructive methods. In these techniques, a radiation source is utilized
for the exploration of the inherent material structure. Whenever a radiation ray passes through an object,
its properties are attenuated due to the molecular interactions within any material. These interactions
are generally directly proportionate to the density of the material. Therefore, the material density
profiles can be captured with the help of any suitable radiation source and attenuation detector. These
profiles are converted into 2D images, and these images are used to reconstruct the material
microstructure using different reconstruction algorithms. These techniques are further divided into the

following categories based on radiation sources:

a. X-ray computed tomography

b. T'-rays computed tomography

c.  Neutron computed tomography
d.  Magnetic resonance imaging

e.  Ultrasound imaging

3.2 X-ray computed tomography

X-ray is used as a radiation source in this technique. As X-rays pass through the material, properties such
as diffraction coefficient and absorption index attenuate due to molecular interactions. These indices were
recorded with the help of suitable detectors, as illustrated in Fig 3.1. There are two further classifications of this

technique based on the detector type.

) Detector

/

Projected image

Object

X-ray conical Beam
L

Cone beam X-Ray source

Rotating stage

Fig. 3.1 Image acquisition through X-Ray computed tomography
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These detected indices are correlated to the density profiles and finally, an image of the profile is obtained. This
image is also known as a shadow or a projection image. The absorption-based technique is frequently used in
medical applications to detect the fracture of bones. This is also known as classical X-ray tomography or

computed tomography.

3.3 Material description

Two multi-directional composites, namely three-dimensional hybrid (3DH) and four-dimensional in-plane
(4DIN) C /C composites, were considered for investigation in this study. 3DH composite is made of rectangular
fiber bundles in in-plane directions and circular rods in the out-of-plane direction. Nearly 24k fibers are
embedded in the rectangular bundle, and the circular rod contains 15K fibers approximately. On the other hand,
the 4DIN composite contains circular rods in three in-plane (0°, 60°, and 120°) and one out-of-plane direction.
PAN-based fiber (T300) and coal tar pitch-based matrix were utilized as precursors for the fabrication of these
composites. The diameter of a single fiber is around 6.8 um. The total volume fraction of fibers is maintained
at around 48% and 38%, respectively in 3DH and 4DIN C/C composite. The liquid impregnation technique
was used along with three graphitization cycles up to a temperature of 2200°C [I, 2] to achieve the required

density of composites.

3.4 Reconstruction of the C/C composites

In the present study, the X-ray source available at SASE, DRDO Manali, India, was used to reconstruct the
multi-directional composite. As previously discussed, the specimen was exposed to radiation and the density
profile is captured as an image during the reconstruction process. The specimen was rotated with a fixed
increment. An exposure time of a few milliseconds was given to capture the profile image of the specimen from
different angles during the scanning process. In this way, the density variation within the specimen can be
obtained as a function of 't and ‘0’ coordinates where ‘t” is the radial distance, and ‘0’ is the angular position of
any of the material points. This information was converted to Cartesian coordinates with the help of the filter
back-projection algorithm. Sharma et al. [6, 76-79] have more details on the reconstruction procedure. Fig 3.2
shows the transformation process of the density profiles to 2D stacked images, and then from 2D images to 3D

image for 4D C/C composite.
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Fig. 3.2 (a) Projected image acquired through XCT, (b) Reconstructed 2D stack images, (¢) 3D

reconstructed image of microstructure of 4D Cc/C composite.

The final reconstructed 2D image resolution depends on different factors such as the density of the material,
specimen size, X-ray intensity, angular displacement, and exposure time. A specimen of the size of 9 x 9 x 9
mm® was scanned to get the best contrast and resolution at 8 um. Different scanning parameters were tried based

on the trial and error approach. The details of the scanning parameters which offered satisfactory results are

given in Table 3.1.

Table 3.1 Micro-CT scan parameters for C/C composite

X-ray tube:
Radiograph acquisition Reconstruction area
energy/ intensity
Voltage  Current Angular Exposure time Pixel size (m)
(kV) (mA) displacement (°) (ms) 3DH 4DIN
80 100 0.30° 1178 Sum Sum

Fig. 3.2 (b) shows the 2D stacked greyscale images of the 4DIN C/C composite, and a 3D image is presented
for the same in Fig. 3.2 (¢). It is clear from these images that very important structural information about the

inherent microstructure is captured non-destructively. The captured morphology of the microstructure is

discussed in detail in the next section.

3.5 Morphology of 4D C/C composites

The reconstructed 2D images of 4D C/C composite are shown in Fig 3.3. Morphological features such as
bundle cross-sections, cracks, voids, and bundles' misalignments were investigated through these images. Figs.

3.3(a), (b), and (c) show the images of x-y planes at different locations in the z-direction. Fig 3.3 (a) shows the
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2D image of one of the planes across z-direction in which the bundles inclined at 120° appear. Fig 3.3 (b)
shows the 2D image of one of the planes across z-direction in which bundles inclined at 60° appear. Fig 3.3 (c)
shows the image of the plane where bundles of 0° appear. Here, the inclination of the bundles measured with
respect to the x-direction. It is observed from the images that the voids and cracks are presented as dark black,
while bundles in 120° directions are in light grey. The circular patterns, as visible in Fig. 3.3 (a), (b), and (¢),
are the bundles in the z-direction. Fig. 3.3(d) shows the y-z plane to cover the longitudinal section of the z-
bundle and the cross-section of the in-plane bundles. The bundles in the z-direction are clearly dissuadable in
the image as they appear slightly darker compared to the in-plane bundles. The contrast between the matrix and
the bundle is not high, and sometimes it appears to be more or less of the same intensity. Still, the cross-sections
due to peripheral cracking patterns can be easily distinguished (see Fig.3.3(d)). The cross-sections of the bundles
in 60° and 120° appear to be elliptical (see as marked with red in Fig 3.3 (d)) because the image slice cuts them
at an oblique plane.

It is clear from Fig 3.3 that substantial cracks and voids network exists in the microstructure of the C/C
composite in the virgin state (before any loading). This network is very complex and highly interconnected with
each other. All these defects based on the size, shape, and location are characterized in the following categories.

I.  Vords: There are two types of voids visible in these images.

a.  Big voids: These voids generally appear at the center of the matrix pockets. The maximum size of
these voids is comparable to the size of the bundle (i.e., greater than 0.2 diameters); thus, they are
clearly distinguishable from other voids. Hereafter, these voids are referred to as big voids or pocket
voids.

b.  Micro vords: These voids are much smaller than the big voids (i.e. less than 0.2 diameters) and are
present in the other areas .i.e. not in the center, of the matrix bundles. These are further classified
into three categories based on their location: 1) micro voids in the matrix, 2) micro voids at
bundle/matrix interface, and 3) micro voids in bundles. The location of these voids is crucial when
a separate study is conducted at micro length scales. In most studies, the researcher considers the
effect of the macro-porosity in the matrix by degrading its mechanical properties. However, the
effect of the micro voids present at the interface is taken as the average behavior of the interfacial

properties.

26



Bundles in Z-direction

Two interfacial cracks
merging with each other
with the help of pocket
void

Long interfacial erack
extending through

¥ matrix and pocket voids

: 8- Inira bundle crack
Big voids or pocket

voids Two pocket voids

' connected through the

Void to void crack x  matrix crack

networking : ;
Bundle distortions

Matrix cracks merged
with voids

Matrix cracks connected
to micro voids

Interfacial cracks
merged with
matrix eracks

Peripheral cracks

¥ Bundles in X-direction

=R i) 7 (@

Fig 3.3 Morphology of the 4DIN C/C composite

2. Cracks: Cracks are very thin sheet-like or slender pipe-like features present in the morphology.
Generally, cracks are distinguished from voids as one of their dimensions is usually quite larger or
smaller than the other two. It is explained using only two dimensions as their network is very complex
m 3D.

They are classified as follows:
a. Based on the length of the crack:
. Long crack: The crack is classified as long if one of its dimensions is longer than the smallest
dimension of the phase (i.e. either matrix pocket size or bundle diameter).
1. Short crack: The crack is said to be short if its largest dimension is four times lesser than the
least dimension of the matrix pocket or bundle.
ar, Intermediare cracks: Cracks that fall in between these two previous categories are called
intermediate cracks.
b. Based on the location:
1. Matrix cracks: These exist in the matrix pockets between the bundles. These generally originate

due to the shrinkage of the matrix during the processing.
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1.

111

Intra-bundle cracks: The cracks present in the bundles of C/C composites are intra-bundle
cracks. These cracks are clearly marked in Fig 3.3(a), (b), and (d). These cracks are generally
caused due to the improper impregnation of the matrix or the high stresses generated during
the processing of preforms.

Interfacial cracks: The cracks present at the interface of the matrix and bundle are called
interfacial cracks. These cracks originate due to the mismatch of the thermal expansion
coefticient of the matrix and the bundle. Most of the peripheral cracking depicted in Fig 3.3(a),
(b), and (¢) fall under this category.

c.  Based on the propagation:

Once a crack originates at a place, it tends to propagate under different environments and

conditions. Therefore, the cracks can also be characterized in different categories based on their

propagation. The following categories of the cracks are observed in the images based on the propagation.

1
11.
111,
v.
V.

V1.

Cracks originated and propagated only in the matrix.

Cracks originated from the matrix and merged in the voids (both pocket and micro).

Cracks originated from the matrix and merged in another matrix crack.

Cracks originated from the matrix and merged in the interfacial crack or vice versa.

Interfacial cracks of two different bundles propagated and merged with the same pocket voids.
Interfacial cracks originated at one bundle, then propagated through the matrix, and merged in

the interfacial crack of another adjacent bundle.

3. Bundle distortions: During the manufacturing process, the bundles experienced different stress

conditions under different loading environments, which generally lead to distortions in their size, shapes,

alignments, etc. These distortions are well captured in the 2D images of the XCT and broadly are

classified in the following three categories.

a.  Distortion of cross-sectior: The circular bundles due to processing and stress handling are not able

to maintain a perfect circular shape. (refer Fig 3.3)

b.  Distortion of longitudinal-section: The bundles which were initially straight lost their straightness

during the manufacturing process. It is clear from Fig 3.3 (d) that some undulations are present in

the bundles along the longitudinal axis.

c. Distortion of alignment. This means that the bundles that are initially parallel to each other loose

their parallelism after processing. This type of distortion is mostly caused during the preform

manufacturing or matrix impregnation process. Again, it is evident from Fig 3.3 (d) that the bundles

are not perfectly parallel and orthogonal to each other. This defect dominates in composites where

the bundle volume fraction is less than 33%.

Some of these morphological features repeatedly occur within the bundles at lower length scales, and they can

be found at higher resolution images. Apart from this, the microstructure of the multi-directional Cc/C
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composites represents a hierarchy in the length scale as the bundles in these composites themselves are a
unidirectional composite made of matrix and fiber phases. This hierarchy is explored in detail at higher

resolutions in the next section.

3.6 Hierarchy in the C/C composites

A hierarchy is an arrangement of ordered groupings within a system that is again reflected at other levels
either above or below. In the microstructure of the multi-directional C/C composites, the material phases can
be divided into three categories. These are the inclusion phase, the binder phase, and the interface between both.
This arrangement of the inclusion, binder, and interface at the macro scale is known as the mesostructure of the

composite. It is represented by the bundles, matrix, and interface between them.

Fiber - interface
matrix

(© (D
(a) (b)

Fig 3.4 Hierarchical microstructure: a) homogenous at macro scale; b) heterogeneity represented by the
matrix, bundle, and interface; ¢) distribution of the fibers in the bundle; and d) heterogeneity

represented by the matrix, fiber, and interface

The same arrangement can be found at the lower length scale (micro-scale) i.e., at bundle length scale.
Here, this arrangement is represented by the fibers as inclusion, matrix as the binder, and fiber-bundle
interface as the interface between two phases. Fig 3.4 shows the hierarchical microstructure of the C/C
composite at both scales.

Apart from these, some of the defects discussed in the morphology section are also repeated in the
microstructure hierarchy. Fig 3.5 explores the defects at the bundle level through XCT images taken at
2um resolution. Fig 3.5 (a) shows the microstructure of 3DH C/C composite at 2um resolution in one
of the x-y planes. In this composite, the circular bundles are needled in the z-direction, and rectangular
bundles are used in x and y directions. Fig 3.5 (b) shows the zoomed-in cross-section. The micro-porosity
within the bundle is clearly distinguishable, but it is very difficult to locate the fibers at this resolution.
The micro-cracks within the bundles are clearly visible in Fig 3.5(c) (which is an enlarged view of the

rectangular fiber bundle). Also, it is very difticult to include such minute details in the finite element
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analysis. The direct inclusion of these details will lead to a computationally inefficient method [48}

Therefore, some compromise was made during the reconstruction of the 3D RVEs. The details of the

reconstruction of the RVEs are discussed in the next section.

Peripheral Crack

(a)

%) Intra bundle

porosity
Micro voids
in matrix
Bundles in X-direction Vo P @ Intra bundle
— : :
‘ micro crack
Bundles in

Z-direction

Macro voids in matrix pocket L X (C)

Fig. 3.5 a) Reconstructed image of the microstructure of the multidirectional composite at 2pum

resolution, b) Zoomed bundle cross-section, and ¢) Zoomed intra-bundle cracks.

3.7 Reconstruction of the 3D RVEs

The 2D images were processed for the segmentation of the phases and the 3D reconstruction of the RVEs.
A typical histogram of the distribution of the greyscale values in the images of one of the specimens is shown in
Fig 3.6. It is clear from Fig.3.6 that the grey levels have a combined distribution in the different phases. This
condition generally arises in neighboring density materials. Here, the grey level O shows the least density material
particle, which is air, and 255 shows the densest particle of Cc/C composite. The segmentation of the voids in
the composite can be done based on the greyscale threshold value. However, it is not easy to decide a threshold
value, but an estimation of the value can be done using the trial and error approach. The initial guess of the
threshold is considered to be between 50-150 by looking at the histogram. The initial guess of 50 is assumed,

and the value is increased with an increment of 10. The corresponding covered area is observed by the pixel.
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Fig. 3.6 Greyscale value distribution over a 2D stack image

Fig. 3.7 shows the segmentation procedure of the big voids in composite using greyscale values. Fig. 3.7(a)
represents the original image. The area covered by the pixels of greyscale values up to 80 is marked yellow in
Fig. 3.7(b). The area covered by the pixels for a threshold value 100 is shown in Fig. 3.7(c). It is observed that
the big voids were covered satisfactorily at a greyscale threshold value of 80 (see Fig. 3.7(b)).

rbx

voids

(@) (b) (©)
Fig. 3.7 (a) Unsegmented, (b) Segmented at threshold greyscale value of 80, and (c) Segmented at
threshold greyscale value of 100.
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It is clear from Fig. 3.7(c) that a further increase in the threshold value covers some undesired extra areas in the
image. Therefore, it was decided that a threshold value of 80 is sufficient for the segmentation of voids in the
images of the specimen.

As there is a combined distribution of greyscale values of pixels in the other two phases (matrix and bundle), it
is very difficult to segment these phases using existing image processing algorithms. Therefore, a semi-manual
procedure was adopted for the segmentation. The ‘ScanIP’ commercial software available at the Applied
Mechanics Department, II'T Delhi, India, was used for the segmentation and reconstruction of the finite element
meshes. The algorithm of the segmentation procedure is given below.

I) Identify the cross-sections of the bundles in one of the planes, i.e. mark the bundle cross-sections in
one of the orthogonal planes in one mask (Mask refers to a collector bin in this study).

2) Improve the marking in other planes. There will be some cross-sections of the bundle that will be
difficult to differentiate in the particular marking plane. These missing cross-sections are completed
by identifying them in the other two planes.

3) Return to the original marking plane and improve the markings by using smoothening filters or doing
it manually.

4) Repeat the procedure two or three times for each bundle to reduce the manual marking errors.

S) Once the bundles were reconstructed, make a new mask that covers the entire volume. Subtract the

segmented masks from it using a Boolean operation.

" Bundles after
volume rendering

Fig. 3.8 ((2), (b), and (c)) Cross-sectional 2D view of bundle segmentation and (d) 3D view of

segmented bundles
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Fig. 3.8 shows the 3D image of the segmented bundles along with the marking of their cross-sections in all three
orthogonal planes for 4DIN C /C composites. There are some assumptions made during the reconstruction of
the 3D image and finite element mesh of the RVEs of these composites to make them computationally efficient.

These assumptions are given below.

Assumptions:

I. Fiber bundles and matrix are considered homogenous materials at the mesoscale level.

2. It is assumed that fiber bundles are free from voids, cracks, and other inhomogeneities.

3. Micro voids are ignored in the geometry and big voids are directly modeled in the matrix phase.

4. The resolution was compromised and reduced to 36 pm to make the reconstruction process more
accessible and the FE mesh workable.

S.  The uneven surface of the interface was optimized for the finite element meshing. Hence, very sharp
features were ignored and made smoother.

0. The segmentation of the phases was carried out using semi-automatic operations. Therefore, there
always are some manual errors to be associated with the processor.

7. The micro-unit cells are assumed to be of ideal geometry due to the lack of their complete

microstructural information.
3.8 Finite element models of multidirectional C/C composites

381 Reconstructed FE models of 4DIN

A good workable finite element mesh for the unit cell of the composites can be obtained by utilizing
the discussed procedure and assumptions. Fig. 3.9 shows the reconstructed features of the segmented images of
different phases, which were directly included in the finite element model of 4DIN C/C composite.

The final segmented images of bundles, matrix, and voids are shown in Fig 3.9 (a), (b), and (¢). Fig. 3.9 (d)
shows the 3D image of the composite RVE. Fig. 3.9 (e) is the finite element mesh of the RVE, excluding voids.
Fig. 3.10 shows that most of the bundle distortions were preserved during the segmentation and successfully
included in the finite element mesh. There are some small uncertainties associated with the geometric parameters
of the phases due to geometrical variables like size, shape, and orientation that are not uniform throughout the

composite.
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Finite element discretization

Big voids

Fig.3.9 (a) Segmented bundles, (b) Matrix pocket, (c) Big voids in matrix pocket, (d) Reconstructed 3D
image of RVE, and (e) Discretized FE model of RVE eliminating voids

Non elliptic cross section
due to bundle distortion

Unequal ellipse due
to warping

(a) (b) (c)

Fig. 3.10 (a) View from x-y plane, (b) View from the z-y plane, and (c) Opposite side of the view shown in
(b)
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Y

I Nodes: 56352 Nodes: 53475 Nodes: 54680
z X Elements: 220074 Elements: 205565 Elements: 213736

Fig. 3.11 Finite element models of the RVEs of the 4DIN C/C composite.

Table 3.2 Fiber volume fractions of 4D in-plane C/C composite RVEs in different directions

RVEs RVE 4A RVE 4B RVE 4C MEAN/SD

2.586 X4.397 2.5 X4.397 2.586 X4.3973 -

Dimensions (mm)

X3.362 X3.276 X3.276
X-bundle 10 8 9 9/1
V.F In-plane
(xoy plane) | 60°Bundle 8.5 8.2 9.3 8.67/0.57
bundles (9
undles (%) 1 1500 bundte 8.3 7.8 9.5 8.53/0.87
V.F of z-bundle (%) 12 11.8 11.8 11.87/0.12
Total fiber V.F (%) 38.8 35.8 39.6 38.06/2
Void V.F (%) 1.7 2 2.4 2.03/0.35

V.F: Volume fraction

Three-unit cells of the 4DIN C/C composite named RVE4A, RVE4B, and RVE4C are considered from
random locations to consider the effect of the uncertainties associated with the distribution parameters. The
finite element meshes of these RVEs are shown in Fig 3.11. The detailed information regarding FE meshing,

volume fractions, and the dimensions of these RVEs are given in Table 3.2.
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' FE Discretization

Micro unit cell FE Model of micro unit cell

RVE (Meso unit cell)

Fig. 3.12 Finite element discretization of the micro-unit cell

It was discussed in section 3.6 that the multidirectional C/C composites have a hierarchical microstructure at
two length scales. The fiber bundles are also a unidirectional composite at the lower length scale (i.e. micro-
scale). Here, it is assumed that it is a hexagonal packing of fibers in the carbonaceous matrix at this length scale

based on the high-volume fraction of fibers in the bundles.

Table 3.3 FE description of micro-unit cells of different bundles in 4DIN C/C composite.

Fiber volume fraction

RVEs Bundles %) Dimension ([im) No. of elements/Nodes
(0)
X 78.83 12.63 X 729 X 4 57700/67284
XY60 89 11.88 X 6.86 X 4 96650/110578
RVE 4A
XY120 86.8 12.04 X 6.95 X 4 53460/62727
Z 83.62 12.26 X 7.08 X 4 54200/63525
X 90 11.82 X 6.83 X 4 148654/167100
XY60 81.99 12.38 X 7.15 X 4 55540/64974
RVE 4B
XY120 81.02 1246 X 7.19 X 4 56280/65751
Z 87.64 I11.98 X 6.92 X 4 53560/62832
X 83.39 12.28 X 7.09 X 4 55020/64386
XY60 79 12.62 X 729 X 4 57700/67284
RVE 4C
XY120 80.58 1249 X 72 X 4 56740/66234
Z 70.75 13.33 X 7.7 X 4 63380/73374
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In the present study, the fiber volume fraction of bundles is calculated by considering 15k fibers (straight
cylinder of diameter 6.8um) and the actual reconstructed volume of the bundles. The separate micro-unit cell
for each bundle was considered as the fiber volume fraction differs in each bundle due to distortions. The typical
finite element mesh of one of the micro-unit cells is shown in Fig 3.12. The calculated fiber volume fraction
was found to be 82.72 * 5.12 %, which confirms the highly-dense packing of fibers. In this way, the effect of
bundle distortion on the effective properties is included according to the corresponding fiber volume fractions.

The details of fiber volume fraction and finite element meshes of different bundle unit cells are given in Table

3.3.

382 Reconstructed FE models of 3DH

A similar procedure described in the earlier section is adopted to reconstruct the finite element meshes
of RVEs of 3D-Hybrid (3DH) C/C composite. Three images of the unit cells named RVE3A, RVE3B, and
RVE3C are reconstructed and discretized into finite elements mesh. Fig 3.13 shows the 3D image of one of
the RVEs. It is clear from Fig 3.13 that the imperfections such as bundle distortion, misalignments, and big

voids are preserved in the reconstructed microstructure of 3DH C/C composite.

Table 3.4 Fiber volume fractions of 3D orthogonal composite unit cells in different directions

RVEs RVE3A RVE3B RVE3C MEAN/SD
Dimensions (mm) 22IX221X54 241 X2.41X5.804 2.32X2.5X5.839 -
V.F of x-bundle (%) 16.92 14.76 16.79 16.16/0.99
V.F of y-bundle (%) 18.04 15.85 13.54 17.47/1.17
V.F of z-bundle (%) 16.17 13.46 15.74 15.12/1.19
Total fiber V.F (%) SI.I3 44.07 51.07 48.76/3.31
Void V.F (%) 2.38 1.62 2.39 2.64/0.95

V.F: volume fraction. Bundles are named according to their alignment in respective coordinate directions

The statistics of voids and the bundle volume fraction of the three RVEs are presented in Table 3.4. It is known
that in-plane bundles (x and y) are rectangular (in shape) and out of plane bundles are circular in the 3DH C/C
composite. The rectangular bundles contain around 24k fibers, and the circular bundle contains 15k fibers

approximately.
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Fig. 3.13 RVE of 3DH C/C composite containing big voids and bundle distortion

Rectangular bundles | | Circular bundle
(b)

Matrix

Fiber

(S

(€)

Fig 3.14 Micro unit cells for bundles

The fiber volume fraction for each bundle was separately obtained to decide the packing of fibers. Due to the

distortion effect, fluctuations in calculated fiber volume fractions were observed. Fiber volume fraction came
out to be 39.42 * 3.18% and 66.08 = 4.56 % respectively for rectangular bundles and circular bundles. Based

on the degree of tightness, square packing and hexagonal packing for the fibers were assumed for rectangular
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and circular bundles, respectively. The images of the typical micro-unit cells for each packaging arrangement are

shown in Fig 3.14 (b) and (¢).

RVE3A RVE3B RVE3C

z -J\ X Nodes: 37130 Nodes: 38731 Nodes: 38484
Elements: 141044 Elements: 144402 Elements: 146641

Fig 3.15 FE model of (a) RVEs of 3DH C/C composite, (b) Micro unit cell for the circular bundle, and

(¢) Micro unit cell for the rectangular bundle

Table 3.5 Finite element model description of micro-unit cells

RVEs Bundles Packing Dimension (pm) No. of elements/Nodes
Fractions (%)
X 43.53 913X 913X 4 I5158/17178
RVE3A Y 40.89 942X 942 X 4 15990/18102
Z 69 I35 X779 X 4 19019/21462
X 4221 9.28 X 9.28 X 4 15522/18606
RVE3R Y 39.29 9.61 X 9.61 X 4 16510/19698
Z 69.62 1344 X 776 X 4 18629/23114
X 35.25 10.1S5 X I0.15 X 4 18720/22134
RVE3C Y 35.37 10.13 X 10.13 X 4 18265/21644
Z 59.64 [4.53 X 338 X 4 21567/26362
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Finally, the 3D images of the different unit cells at meso and micro levels were discretized into finite element
meshes. Fig 3.15 shows the finite element model of unit cells at these two length scales (meso and micro). The
mesh statistics of all the micro-unit cells along with their dimensions, are presented in Table 3.5. In the present
study, composite RVEs were discretized using tetrahedral elements. These unit cells or RVEs of the
multidirectional C/C composites (3DH and 4DIN) were utilized to predict the thermo-mechanical properties

in the next chapters.
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Chapter 4
Thermal conductivity of multidirectional C/C

composite

Thermal conductivity is a basic property of any material and is a measure of its ability to conduct heat. The
requirement of a very high specific thermal conductivity is the most desired property in aerospace materials.
This chapter starts with introducing thermal conductivity and the Laser Flash experiment for the C/C
composite. Later, a two-scale framework for the prediction of the effective homogenized properties of multi-
directional C/C composites is presented. The numerical analysis of the multi-directional C/C composites
(3DH and 4DIN) is performed based on the two-scale framework and image-based finite element meshes. In

the last section, the predicted FE results are compared with existing models and experiments.

4.1 Thermal conductivity

Thermal conductively is the ability of any material to transfer the heat through the conduction mechanism.
This is one of the most evaluated properties of C/C composites for aerospace material applications. Also, it is
well known that the thermal behavior of the composites depends on the various parameters of the constituents
(matrix and fibers) such as the type of precursor, fabrications process, heat treatment temperature, morphology,
volume fraction, orientations of the fibers, etc. Here, our focus is on the development of an effective numerical
solution that can include the hierarchical arrangements of the basic constituents (fibers and matrix) of the
multidirectional C/C composites and can be validated through experiments.

Many researchers have made an effort for the characterization of the thermal behavior of C/C composites using
experimental [ 31-38], analytical [39-54], and numerical techniques [ 55-66]. The experimental work is primarily
focused on the measurement of thermal properties such as thermal diffusivity, specific heat, and thermal
conductivity. Laser Flash experiment, which has been frequently performed to measure the effective thermal
conductivity of C/C composites, is used to explore the behavior of 3DH C/C composite. The details are

discussed in the next section.
4.2 Laser flash experiment

A very popular method called the Laser Flash method proposed by Parker et al. [112] was used to measure
the thermal diffusivity of the 3DH composite. In this method, one surface of a sample is heated by the laser
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pulse for very small intervals of time, and the temperature rise on the parallel opposite surface is measured (refer
Fig. 4.1). On assuming one-dimensional heat flow and adiabatic conditions, the half rise time (t=1 /2 (refer
Fig. 4.1))) is obtained from the time-temperature profile. Then, thermal diffusivity can be calculated using the

following expression
a = 0.1388 X L?/t; ), (4.1)

Where o is the thermal diftusivity of the composite, and L is the thickness of the sample. In the present study,
the in-plane diffusivity of 3D orthogonal C/C composite was measured using the Laser Flash instrument
developed by NETZSCH over the temperature range of S0°C to 1000°C in Argon atmosphere. It is assumed
that no loss of mass occurred during the experiment (no ablation or oxidation). Therefore, the following

expression can be used to find out the effective thermal conductivity of the composite.
k=axpXc (4.2)

where k is the thermal conductivity, p is the density (1.96 gm/cm3), and ¢ is the specific heat of the composite.

AT (temperature rise on rear face)
INFRA RED DETECTOR A
Rear face
O'I.ltput ﬂfm T 7/_}_
L /
SAMPLE l /
- AT e —
2 /
R
/’; |
LASER PULSE IRREDIATION - | N
- 3‘% Time (t)

Fig. 4.1 Basic principle of Laser flash experiment

The results obtained for thermal diffusivity and conductivity are presented as a function of temperature in Fig.
4.2 (a) and (b) respectively. The maximum thermal diffusivity is 71.5 mm?/s at 51.5°C and then decreases
exponentially to 14.4 mm?/s at 997.2°C.
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Fig. 4.2 Variation of (a) Measured thermal diffusivity and specific heat data of 3DH, (b) Calculated thermal

conductivity data

The two-scale homogenization process for predicting the thermal properties is presented in detail in the

following section.

4.3 Two-scale homogenizations

As discussed earlier, there are two hierarchical length scales present in the multi-directional C/C
composites. The problems in the length scale can be split into two, namely: I') bundle level and 2) composite
level. Different homogenization techniques were utilized by researchers to find the effective response of
heterogeneous materials, as seen in the literature review (Chapter 2). The effective response of heterogeneous
materials is also known as the homogenous response, and the technique to replace a heterogeneous material with
an equivalent energized homogenous material is called homogenization. The framework of the asymptotic
homogenization given by Bensaussan et al. [113], along with finite element formulation, is one of the most
effective approaches. The next section covers the formulation of the asymptotic homogenization at both length

scales to predict the effective macroscopic response of the composites based on these techniques.

4.3.1  Asymprotic expansion bomogen123t1bn

AEH is one of the most popular homogenization techniques widely used in the multiscale analysis of
periodic heterogeneous structures for finding effective properties and scale bridging [113-115]. In such a
method, the heterogeneous domain is split into two levels of length scale as global (of the order of dimension
of structure) and local scale (of the order of microstructure). Fig. 4.3 shows such local and global domains. let
xi and yi (with i=1, 2, 3) are the coordinate systems describing the global and local state of field variables,

respectively. Then, the scale bridging parameter & can be defined as
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&= X wherei=1,2 and 3 (4.3)

The two-scales can be effectively bridged if the scaling parameter & <<I. The small value of & ensures that the

effect of heterogeneities will vanish on the boundaries (00 ) of the local domain (® ) [114] (see Fig. 4.3(b)).

Global domain Local domain

Fig. 4.3 (a) A global heterogeneous domain (b) A local unit cell domain (¢) Interface between two phases.

. . . . . 3 .
Consider a thermal boundary value problem in a 3-dimensional heterogeneous domain QY eR having an outer

boundary 60", as shown in Fig. 4.3 (a).

0 or”
Steady-state heat equation: — —(K:j” j =f in Q"eR’ (44)
ox;, Ox;
Temperature BC: TV =¢, on 02/ (4.5)
y " o0V
Heat flux BC: K o n, =c¢, on 2 (4.6)
J
o , v y OT” ) v
Fourier’s law of conduction: q =—-K; m Q (4.7)
7 ox

Where, GQ'{/ and GQZ are the temperature and heat flux prescribed boundaries respectively such that

oy Uaqy = 00"

The asymptotic expansion approximation of temperature field can be written as
TV (x) =Ty (x)+ &1, (x, ) + E°T, (x, y) + - (4.8)
Here, the first term of the expansion is the globally varying temperature field, while further terms are the local

fluctuations in the temperature field due to the presence of heterogeneity. Heterogeneity may be in the form of
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reinforcements or voids. Using the expansion (4.8) into (4.4) and (4.6) and simplifying them using some
mathematical manipulation under periodicity boundary condition [115], one can obtain the Fourier’s law in

terms of average quantities and homogenized constant thermal conductivity given as [4]]

(q,)= KH<§xT > (4.9)

oT
Where, <q,.> is the average heat flux, <a—> is the average temperature gradient and szl is the homogenized

X

thermal conductivity. Average quantities in two-phase domains are defined as

<‘1l |:'[ ql(l)dvl + Iql@)dvz:l (4.10)

< > {j j s )+ — J‘T]nds} (4.11)

]

Where V' is the volume of the unit cell domain *® . The superscript ‘I" and 2’ represent the local phases at
any scale. UT |] is the temperature jump occurs at the interface (due to imperfectness) of two phases having
interfacial surface area “S” and “n/” as a unit outward normal (See Fig. 4.3(c)). The third term in equation

(4.11) disappears for the perfectly bonded interface. Homogenized thermal conductivity K™ is defined as

l..

H Zj(y)
K] |®|jKU( )[5jk+ o jd@ (4.12)

Here, y,(¥)is temperature influence function which establishes the relation between local temperature and

global temperature gradient as follows

T =y, (y)a—T (4.13)

J

The detailed description of every term, as well as a complete derivation of equation (4.9) through the AEH
method, is given in Appendix-A. Implementation of equation (4.9)-(4.11) at two levels of length scales of

multidirectional C/C composite is discussed in the following subsequent sections.

4.3.2  Bundle level

The basic constituents of the Carbon/Carbon bundles are carbon fibers and a matrix that makes a
unidirectional composite. The effective Fourier Law of Heat Transfer in terms of the asymptotic

homogenization method (AHM) at the bundle level can be expressed as
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0y = g 9L (4.14)
)= )

J

b

X

0
Here, <qi(h)> is the average uniform heat flux in the bundle, < 5

> is the average temperature gradient in the

bundle, and K SH is the effective conductivity matrix for the bundle. The average quantities are calculated as
(¢”) = { [adv, + | ql.("’)dvm} (4.15)
vf vm

< > {I R RN [Tl”fds} (416)

f
Here, g; /) and q[.(m) are the local variations of heat flux in fiber and matrix, respectively. Similarly, and
X
oT" o ] ,
p are the local variations of the temperature gradients, respectively. Vf and vm stand for the volume of
X .

J
the fiber and the matrix, respectively. [T ] indicates the temperature jump at the fiber/matrix interface having a
surface area S i with unit normal » Iz Thus, the effective response of the bundle can be found using the

properties of the constituents and utilizing the equations from 4.14 to 4.16.

4.3.3  Composite level

The main material constituents at the composite level are fiber bundles and matrix. Similar to the bundle

scale, the effective Fourier law for the composite at mesoscale can be expressed as

¢ cr | OT ‘
(4:) =-K; <a> (4.17)

c
C T
Here, <qi> is the average heat flux, <2—> average temperature gradient, and KUCH is the effective

X

conductivity of the composite unit cell. The average quantities can be expressed as

() :% Ja"dv, + [a™dv, + [qdv, (4.18)
vh * vm w
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<8_T>C :l{ I o T, I o I “T In,ds (4.19)

(m)

;" and ql.(v) are the local variations of heat flux in the fiber bundle, matrix, and voids. Similarly,

Here q(b), q;

or’ or" oT"
—_— 5 and

Ox ; ' 8x_/. 6xj

.. . . ko
are the local variations of the temperature gradients respectively. vb' is the volume

of the k* bundle and S,,, is the surface area of the bundle/matrix interface with the unit normal n;. [T ] is

the temperature jump occurring at the bundle/matrix interface due to partial debonding of the interface. One
can easily find the effective response of the composite using equation 4.17 to 4.19 along with suitable boundary
conditions.

These two levels are connected by using the effective response of the bundles obtained at the micro-level as an
input to the composite level's homogenization analysis. This can be done in two ways, either simultaneously
(coupled) or sequentially (uncoupled) [116]. Recently, Xu et al. have used a multilevel finite element approach
with the real-time coupling of scales for the analysis of the super-elasticity behavior of shape memory alloy
(SMA) [117] and pseudo-elastic behavior of SMA fiber-reinforced composite [118]. Dasgupta et al. [41] have
utilized the AHM to solve the unit cell problem for effective thermal conductivity of plain-weave fabric
composite in an uncoupled way. In the present study, the RVEs were reconstructed from the realistic
microstructure. Therefore, it includes complex shapes which inherently increase the degrees of freedom of the
system.

Here, it is assumed that the problem is piecewise linear and utilizes the uncoupled process of homogenization.
An algorithm of the procedure is presented later in Fig. 4.5. AHM is clubbed with finite element discretization

and periodic boundary conditions for two-scale analysis.

4.3.4  Boundary conditions

Since the asymptotic homogenization method is used to derive the effective properties of each unit cell,
it is hypothesized that the mesoscale properties of the composite are the periodic functions of microlevel
heterogeneities. This means that all the fluctuations will vanish at the boundaries of the unit cells. Thus, the
following boundary conditions can be obtained by imposing the symmetry and anti-symmetry conditions on

the heat flux and temperature gradients, which will be similar to the work of Li [119].
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When heat flow is in the x-direction,

AT . )
A 1 for faces perpendicular to the x — direction
AT, AT,
—Y = —Z = 0 for others (4.20)
Aly Alz
When heat flow is in the y-direction,
A—l; = 1 for faces perpendicular toy — direction\
AT, AT, (4.21)
— = =0 f h
Ax ~ Al 0 for others
‘When heat flow is in the z-direction,
AT, : )
N 1 for faces perpendicular to the z — direction
Ay - Alx or others }
Here, iTT; , iTT;: , and % are the temperature gradients; and Alx, Aly, and Alz are unit cell dimensions in x, Vs

and z directions respectively. Fig. 4.4 shows the systematic representation of the boundary conditions. Fig. 4.4
(a) corresponds to the boundary condition (4.20) where the temperature gradient is in the x-direction only.
The face x=0’ is kept at a higher temperature and face x=Alx’ at a lower temperature along the x-direction,
whereas the faces perpendicular to other directions are adiabatic. This allows the heat to flow in positive x-
direction only. Similarly, Fig. 4.4 (b) and (c) represent the boundary conditions in y and z directions
corresponding to the boundary conditions (4.21) and (4.22) respectively. One can easily obtain the effective
thermal conductivities for each unit cell by using the boundary conditions one by one. An algorithm of the

process is also presented in Fig. 4.5 for a better understanding of the readers.

- Adiabatic . T+AT Adiabatic ‘2\ T

‘ . | Adiabatic
y ' l X
' T oA -
z Adiabatic Z T 7 Adiabatic

(a) (b) (c)
Fig. 4.4 Temperature gradient as a boundary condition in (a) x-direction, (b) y-direction, and (c) z-direction

and keeping other faces adiabatic
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For a global increment in temperature, the micro-unit cells were first solved for three independent load cases to
determine the effective properties of bundles. Then the effective properties of the bundles were used in the
analysis of the meso unit cells. At the meso level, three randomly selected unit cells of the composite were
analyzed for three load cases, and the average of these three-unit cells is considered as the effective property for
the composite. This procedure is repeated for every temperature increment to find the effective homogenized

thermal conductivities of the composites as a function of temperature.

At temperature T=T; Wherei=0, 1, 2....n correspond to the temperature 300K, 500K.......... 1500K respectively.

* Analysis of Micro unit cells (Homogenization of bundle) Known quantities: /% and J "%

o

N - F | e 0 o <§> Unknown quantities: K"
oy snfeT? S (g 0 o

(4:- ):—K;”<§> » d‘(q_r:} =0 k¥ 0 (ﬁ)
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Fig. 4.5 Flow chart of the two-scale homogenization process.
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4.4 Numerical analysis

The sequential homogenization process is considered in the present study as it allows us to conduct separate
analyzes at both scales. The numerical work consists of performing a steady-state heat transfer analysis at both
scales (micro and meso) using the previously discussed boundary conditions in the finite element method to
calculate the effective response. The finite element models of 3DH and 4DIN C /C composites along with their
micro-unit cells as developed in the last section of the chapter-3 are considered in this study. The temperature-
dependent thermal properties of constituents (fiber and matrix) are considered from the literature [61] and can
be found in Table 2.1 (chapter-2).

The effect of the imperfect interface was considered through the modeling of the interface with a discrete surface
attached to each phase at both scales. The equivalent gap conductance was utilized to represent the effect of the
imperfectness at such interfaces. The thermal gap conductance (TGC) is considered as 1.5 X 105 W/m’K that
was reported by Dong K et al. [65-66]. It should also be noted that as the reconstructed FE meshes contain big
voids (as discussed in chapter-3), an assumption was made at mesoscale that the big voids are inactive in the

heat transfer.

4.5 Results and discussion

4.5.1  Micro-scale analysis (Effective thermal conductivity of bundles)

The micro-scale unit cells of the fiber bundles of 3DH and 4DIN C/C composite are analyzed under
the previously discussed periodic boundaries individually to get effective properties using asymptotic
homogenization. Temperature distribution and heat flux contour within the phases of the hexagonal and the
square packed unit cells are shown in Fig. 4.6. By exploiting the advantage of the symmetry in transverse
directions, two cases will be discussed: 1)) one parallel to the fibers axis and 2) perpendicular to the fibers axis.
Fig. 4.6 (a) and (b) show the temperature profile in the transverse direction of the hexagonal and the square
packed unit cells respectively and their corresponding heat fluxes are shown in Fig. 4.6 (¢) and (d). Similarly,
Fig. 4.6 (¢) and (f) present the temperature profile in the longitudinal direction of the hexagonal and the square
packed unit cells respectively and their corresponding heat fluxes are given in Fig. 4.6 (g) and (h) respectively.
It is very clear that the matrix is the major carrier of heat in transverse directions. This is obvious as the thermal
conductivity of the matrix is much larger than the transverse thermal conductivity of the fiber. In the longitudinal

direction, the heat transfer capacity of the fiber and the matrix is based on their volume fractions as shown in

Fig. 4.6 (g) and (h).
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direction, (¢, d) Heat flux contour in the transverse direction, and (g, h) Heat flux contour in the longitudinal

direction at 1S00K

To model the effect of the imperfect interface, it is assumed that heat was effectively transferred through a very
close gap between two surfaces of different phases. The effective conductance of the gap region varies from 1.5
x 10° W/m’K (represents an almost perfect condition) to 1.5 x 10° W/m?K (represents the purely deboned
condition). The obtained temperature profiles for the square and the hexagonal unit cells are shown in Fig. 4.7

(a, b, ¢, and d) and 4.6 (e, f, g, and h) respectively.
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Fig. 4.7 Temperature distribution in micro-unit cells at different thermal gap conductance values.

From Fig. 4.7, it is revealed that the temperature profile for the thermal conductance value 1.5 x 10° W/mK
(INTT) is almost similar to the profile for the perfect interface (P). There is an appreciable temperature jump
at the fiber/matrix interface that occurs as the value is decreased by one order (1.5 x 10* W/mK ie. INT2).
A further decrease of the thermal conductance of the gap by one order (1.5 x 10° W/m’K i.e. INT3) causes
the fiber to be almost isolated which means there is a complete deboning at the interface. The effective thermal
conductivities of bundles in the longitudinal and the transverse directions for different values of thermal gap

conductance are obtained through the homogenization process and are presented in Table 4.1.

Table 4.1 Variations of effective thermal conductivity of bundles (of RVE3C) at 1S00K with different

interfacial gap conductance values

Thermal gap Thermal conductivity of square Thermal conductivity of hexagonal packing
conductance packing (W/ mK) (W/ mK)
value (W/m’K) Longitudinal Transverse Longitudinal Transverse
Perfect interface 9191 35.58 120.08 27.37
[.5x I0° 9191 35.25 120.04 26.95
1.5 x 10 91.89 32.71 120.01 24
.5 x I0° 91.86 26.92 120.01 16.49

The study concludes that the effect of the imperfect conditions on the effective longitudinal conductivity is not
predominant as compared to the effective transverse conductivity. The percentage change in effective transverse

conductivities of square packed bundles is approximately 1%, 8%, and 25% for gap conductance values 1.5 x

52



105, 1.5 x 10% and 1.5 x 10* W/m?K, respectively. The same for the hexagonal packed bundles is 1.5%, 12.3%,
and 40% for gap conductance values 1.5 x 10°, 1.5 x 10%, and 1.5 x 10° W/m?K respectively.

Secondly, it is observed through reconstructed images that the cross-sections of the fiber bundle were distorted
during processing that leads to the changes in fiber volume fractions. To include these fluctuations, separate
RVEs were considered for the individual bundles based on the fiber volume fraction. Each RVE is analyzed for
the full range of temperature, and the interface is modeled by considering the gap conduction value of 1.5 x 10°
W/m2K throughout the simulations. The results are separately presented for rectangular and circular bundles
of 3DH in Fig. 4.8 (a) and (b), respectively. The effective thermal conductivities of the bundles have maintained
the decreasing trend of the basic fiber or matrix properties with temperature. The difference in the longitudinal
and transverse TCs of circular bundles is larger as compared to the rectangular ones. It is observed that the
fluctuation in the values of longitudinal TCs increases with temperature increase while it decreases with
temperature increase for transverse TCs. The standard deviation (SD) in longitudinal TCs of rectangular
bundles is about 3.73 at 300 K and 8.3 at I500K. The same for circular bundles is noticed as 2.92 and 6.48 at

respective temperatures.
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lé s —e— Transverse TC < 1eor —*— Transverse TC
% 160 |- £ 160 |
—_—
S 10t % 140k
2
S 120} 2 120}
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(a) (b)

Fig. 4.8 Variations of effective thermal conductivity of (a) Rectangular bundle and (b) Circular bundle of
3DH C/C composite.

In the case of transverse TCs, the trend was reversed and the SD in rectangular bundles is 10.98 at 300K and
2.86 at 1500K, respectively. However, the SD in circular bundles is 6.04 and 1.7 for respective temperatures.
The results of the TC at corresponding temperatures are presented in Table 4.2.

All the circular bundles of 4DIN C/C composite have a higher volume fraction than 3DH and they are closely
packed. A similar approach was adopted to include the bundle distortion effects in the unit cells and the results

of TCs for the full range temperature are presented in Fig. 4.9.
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Table 4.2 Fluctuation in effective thermal conductivity of bundles in 3DH C /C composite

ETC of the rectangular bundle ETC of the circular bundle
Direction Temperature v v
ean ean
(W/mK) SD (W/mK) SD
300 K 167.54 3.73 182.18 292
Longitudinal
1500 K 89.11 8.3 121.72 6.48
300K 90.17 10.98 54.3 6.04
Transverse
1500 K 36.35 2.86 26.56 1.7

ETC: effective thermal conductivity
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Fig. 4.9 Longitudinal and transverse thermal conductivity of bundles in 4DIN composite.

A similar trend for the variation of the effective TCs with respect to the temperature increase is observed in
4DIN. The SD in longitudinal TC of bundles is approximately 2.55 at 300 K and 5.68 at 1500K, and the
same for transverse TC is obtained as 4.80 at 300K and 1.32 at ISO0K. Next, these effective properties are used
as an input for the upper scale analysis. The results of the upper-scale analysis are discussed in detail in the next

section.

4.5.2  Effective thermal conductivity of 3SDH C/C composite

The steady-state heat transfer analysis was performed on three unit cells of 3DH C/C composite. Figs.
4.10 (a, b, and ¢) correspond to the temperature variation in x, y, and z directions from 1500K to I1501IK, and
the corresponding heat fluxes are shown in Figs. 4.10 (d, e, and f). It is clear from the figures that the fiber in

the longitudinal direction is the major carrier of the heat. It is obvious as the TC in the longitudinal direction
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is almost 4 times higher than the transverse TC and nearly two times higher than the matrix TC. Fig. 4.10 (g),
(h), and (1) show the heat flux distribution at low temperature (i.e., from 300K to 30IK). It is clear from these
figures that the matrix has almost equal participation in heat transfer at low temperatures compared to the
longitudinal bundles and that the transverse bundles have the least heat flux. Apart from this, some patches of
low heat flux are also observed near the void boundary. Moreover, the heat transfer mechanism for the 3DH is
complex and cannot be explained through analogies such as the rule of mixture, shear stress, and electrical
analogy.

To evaluate the effect of the interfacial gap conductance on the effective thermal conductivity of the composite,
the analysis was performed on the same unit cell at ISOOK. The thermal gap conductance value is varied in the
same range as in the case of the lower length scale (i.e., from 1.5 X 10° to 1.5 X 10° W/m?K). Fig. 4.11 shows
the obtained temperature profile and heat flux contour. Fig. 4.11 (a), (b), (¢), and (d) show the temperature
profile in the different phases of the unit cell when the heat is transferred in the x-direction for different gap
conductance values. In the first two cases (i.e., perfect bonding and TGC=1.5x10° W/m?’K), the contours of
the temperature are similar while a significant jump is observed in the next two cases. Figs. 4.11 (e), (f), (g), and
(h) show the corresponding contours of the heat flux within the composite phases. As discussed earlier,
longitudinal bundles are the major carriers of the heat in the composite while the matrix is moderately active in
heat transfer. The contribution of the transverse bundles is the least in all. As the gap conductance is decreased,
the contribution of the transverse bundles further decreases. Even the surrounding regions of the voids are
affected by the gap conductance value as the heat flux is reduced nearly by a factor of 2 in the last two cases
(ie, TGC=1.5x10* and 1.5x10° W/m?K). To elaborate on the effect of interface gap conductance on
temperature distribution, a path ‘A-F" is chosen in the direction of heat flow, as shown in Fig. 4.12(a). The
temperature profiles along ‘A-F’ at different conductance values are shown in Fig. 4.12(b). It is clear from this
figure that as the gap conductance is reduced, the temperature gradient in the different phases also drops and

the jump in the temperature values increases at the interface.
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Fig. 4.12 (a) Temperature profile in x-direction and path AF crossing the bundle/matrix interfaces and (b)
Plot of temperature variation along the path A-F in RVE 3C at I500K for different interface conditions.

The steady-state simulations for the effective thermal conductivities are performed on all three RVEs of 3DH
C/C composite for the full range of temperature (300-1500K). The two interface conditions i.e., perfectly
bonded and imperfectly bonded (partially debonded), were considered. It was assumed that the bundle interfaces
are partially debonded and their behavior closely modeled by taking the gap conductance equal to 1.5x10°
W /m?K. The mean values of the TC for respective temperatures are plotted in Fig. 4.13 and the results of the
in-plane direction are compared with the one those obtained from the experiment.

In Fig. 4.13(a), it is observed that the perfect bonded condition at the upper scale has closely predicted the
thermal behavior of the composite at some temperatures while the partially debonded condition has slightly
underestimated the TC values. The overall trend of the curve is similar to the one obtained experimentally. Fig.
4.13(b) shows the predicted values of the transverse TC for the entire temperature range and it was noted that
both conditions (perfectly and imperfectly bonded) are converging towards each other at higher temperatures.
This suggests that the effect of the interfacial gap on effective TCs is more at low temperatures and reduces
considerably at high temperatures. The TC in the in-plane direction was reduced by 7.98%, while out-of-plane
TC is reduced by 2.8% compared to the perfect bonded case at ISOOK. The values of the reduction for the
same at 300K are 14.85% and 6.14%, respectively. It has also been noted that the fluctuations associated with
the RVEs reduced with an increase in temperature. This shows that the uncertainties are well accounted for at
lower length scales. The TC in the out-of-plane direction (Fig. 4.13(b)) is slightly greater than the in-plane

directions that make the 3DH architecture nearly transversely isotropic.
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Fig. 4.13 Effective thermal conductivity of 3DH C/C composite in (a) In-plane direction and (b) Out-of-

plane direction

4.5.3  Effective thermal conductivity of 4DIN C/C composite

A similar steady-state analysis was carried out to study the performance of the unit cells of 4DIN
architecture. The obtained temperature distributions in x, y, and z direction are shown in Fig. 4.14(a), (b), and
(¢) for a perfectly bonded case. The temperature contours are more or less similar to the 3DH case. Similar to
the earlier observations, longitudinal bundles are the major carrier of heat in these composites also (see Fig.
4.14(d)~(1)). It is clear from Fig. 4.14(d) that the in-plane bundles have also actively participated in the heat
transfer in addition to the longitudinal bundles. In the 4DIN composite, there are no longitudinal bundles in
the y-direction; hence, the major carriers of heat are in-plane bundles (refer Fig. 4.14(e)). In the case of the low-
temperature heat transfer, the contribution of the in-plane bundles matches the matrix phase in x and y direction
(see Fig. 4.14 (g) and (h) respectively). Due to the in-plane orientation of these bundles, the effective TC is
higher than the transverse one. In the case of the z-direction, the matrix has higher heat flux values than the
transverse and in-plane bundles (see Fig. 4.14(i)). The contours of the heat flux in the 4DIN composite are
more complex than the 3DH composite.

Next, the effect of gap conductance was also evaluated in 4DIN C/C composite by taking the different values
of the interfacial gap conductance. Four cases of the interface, similar to the 3DH composite, were considered
and the results are presented in Fig. 4.15. Figs. 4.15 (a), (b), (¢), and (d) show the temperature distributions for
perfectly bonded, INTT, INT2, and INT3 interface conditions. In the first two cases, the temperature profiles
are similar to each other. In the case of INT2, the in-plane bundle has a significant temperature jump at the
interface due to which the contours within the bundles and the nearby matrix changed. For the INT3 case, the
in-plane bundles are mostly isolated from the surrounding matrix. A path ‘A-F’ was considered as shown in Fig.

4.16(a) to study the temperature profiles. Similar to the 3DH case, reduction in the gap conductance value
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caused a significant jump at the interface The first two cases (i.e., perfect bonded and INTT) are very similar to
each other. There is a significant reduction in the temperature of in-plane bundles in the last two cases, i.e.,
INT2 and INT3 (see Fig. 4.16(b)). The heat flux contours obtained for all four cases are presented in Fig.
4.15(e), (), (2), and (h). It is clear from these figures that as the gap capacitance values are reduced, the heat-
carrying capacity of the in-plane bundles is also lowered. It was also observed from this study that the heat flux

distribution with the composite is complex due to the presence of voids and orientation of the bundles (refer

Fig. 4.15(¢)-(h)).
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Fig. 4.16 (a) Temperature profile in x-direction and path AF crossing the bundle/matrix interfaces and (b)
Plot of temperature variation along the path AF in RVE4A at ISOOK for different interface conditions.

Finally, the effective TCs of the 4DIN C/C composite were evaluated for the full range of temperatures. The
results for perfectly bonded and INTT conditions are presented in Fig. 4.17.
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Fig. 4.17 Effective thermal conductivity of 4DIN composite with perfect and imperfect interface in all three

directions and their comparison with experimental results of [37]

It was observed that the TC value for x, y, and z direction are very close to each other and the difference between
them is further reduced with an increase in temperature. INTT condition reduces the value of effective TC

around 5% compared to the TC of perfectly bonded case.
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The effective thermal conductivities of these composites will be used to study their behavior at severe
environmental conditions like thermal shock in chapter-6. Before that, there is a need to characterize the
composites for other effective properties such as an effective thermal expansion coefficient, effective elastic
modulus, etc. A similar two-scale approach is considered for the prediction of effective thermal expansion

coefticients of these composites in the next chapter-5.
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Chapter S

Thermal Expansion Coefficient of Multidirectional
C/C Composite

In this chapter, the coefficients of thermal expansion (CTE) of the multi-directional C/C composites are
explored using a two-scale asymptotic homogenization method. Firstly, the experimental procedure to determine
the CTE of the C/C composites is explained. The values of CTE as a function of temperature are obtained for
the 4DIN C/C composite. Then, the two-scale framework of asymptotic homogenization for the prediction of
the effective CTE of a multidirectional C/C composite is presented. Later, the numerical analysis of 3DH and
4DIN C/C composites is presented using image-based finite element meshes. In the last section, the predicted

FE results are compared with the existing models and experiments.

5.1 Thermal expansion coefficient

CTE is the property of any material which decides the degree of deformation under thermal loading
conditions. It is another most desired property of the materials required in the structural design of the
components in the aerospace industries. For materials used in high thermal applications, the CTE should be
considerably low to maintain the dimensional stability. In most cases, the failure of the composite structures
under severe thermal loading conditions occurred due to the mismatch of the CTEs of constituents. Therefore,
it is important to explore the thermal expansion behavior of the composite materials in detail prior to designing
the composite structures. In the past, researchers have put valuable effort to obtain the effective CTE of
composites experimentally [33-34, 37-38, 83-85], analytically [86-95], and numerically [96-110].

In the experimental studies, a classical dilatometer is generally used to measure the elongation of the samples
when they are subjected to any temperature change. Here, the same experimental setup was utilized to measure
the effective behavior of multidirectional C/C composites. The details of the experiments are discussed in the

next section.
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5.2 Experimentation

Two cylindrical specimens: one from the in-plane (along 60° direction) and another from the out-of-plane
direction, are prepared for experimental investigations. All the specimens are of a square cross-section (10x10
mm?) and around 100mm in length. An in-house developed dilatometer at Advance System Laboratory (ASL),
Hyderabad, India is used to measure the CTE of composite samples in the temperature range of 200-2500°C.
The schematic diagram of the CTE measurement system is presented in Fig 5.I. The experiments were

conducted in an inert (N2) atmosphere by raising the temperature of the specimen gradually at a rate of

5°C/min.

Sample holder Sample Furnace

Push Rod
Measuring system / \

v

Thermocouple

Fig. 5.1 Schematic diagram of the CTE measurement system based on the basic principle of dilatometer

The change in specimen length due to the temperature rise is measured as AL=L(T)-L(7:). Here, L(T) and
L(T) are the lengths of the specimen at current temperature (7)) and reference initial temperature (75)

respectively. Then, the CTE of the composite (&) for a temperature rise of A7 is calculated using equation S.1.

AL
o(l)=—— 5.1
() L(T))x AT (5-1)
The average curves of the CTEs as a function of temperature are presented in Fig 5.2 for in-plane (U) and out-
of-plane (Z) directions. For a temperature range of 200-2500°C, the in-plane CTE is found to be in the range

of 0.56 to 2.66 x 10°/°C, while the out-of-plane CTE varies between 0.28 to 2.5 x 10/°C.
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Fig. 5.2 The variation of CTEs of the 4DIN C/C composite with respect to temperature obtained through

experiments

5.3 Asymptotic Expansion Homogenization

AEH is one of the most popular homogenization techniques and is widely used in the multi-scale analysis
of periodic heterogeneous structures for finding the effective properties and scale bridging [ 114]. In this method,
the heterogeneous domain is split into two levels of length scale, i.e., global (of the order of dimension of

structure ) and local scale (of the order of microstructure).

Global domain Local domain

Fig. 5.3 (a) A global heterogeneous domain, (b) A local unit cell domain, and

(¢) Interface between two phases
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Fig. 5.3 shows such local and global domains. Let xi and y: (with i=1, 2, 3) be the coordinate systems describing
the global and the local state of field variables respectively. Then, the scale bridging parameter & can be defined

as

E="L wherei=1,2,and 3 (5.2)

The two-scales can be effectively bridged if the scaling parameter & << /. The small value of & ensures that

the local fluctuations due to heterogeneities vanish on the boundaries (0@ ) of the local domain (@ ) [114]

(see Fig. 5.3(b)).
Consider the following equations describing the elastostatics state of the composite domain QY eR’ having

an outer boundary, 0 as shown in Fig. 5.3 (a).

ol +FY =0 2 (53)
of =Cilleth, i )= Clullet ), ~atixar) im0 (54
(6 =7, =5 ) in ¥ (5.5)

Equation (5.3), (§.4), and (5.5) are the stress equilibrium equation, stress-strain constitutive relation, and strain

displacement relation, respectively. Here, the superscript ¥/ is an indication of the composite domain. O, ;-/ is

the stress field, F” is the body force, C;‘/kl is the fourth-order elastic stiffness tensor, &}, is the strain field, u"’
1
is the displacement field, &, is the thermal expansion coefficient, and AT is the temperature change.  j, &, and

. . . . ¢ b . . . .
[ are the indices along Cartesian coordinate axes. , represents the spatial derivatives of field variables. The

subscripts of the strain field, “Tot’ and “Th’, stand for the total and the thermal parts of the strain field,

respectively. For a linear thermo-elastic case,
l// — (v w
(gkl )Total - (gkl )Thermal + (Skl )Elastic <56>

As per the AEH method, the displacement field in the composite domain can be approximated through its

asymptotic expansion about the small bridging parameter as follows

uf (x)=ul" (x)+&u"(x,y)+ Eul” (x,y)+ oo (5.7)
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The first term of the expansion is the globally varying displacement field, while the other terms are the local
fluctuations in the displacement field due to the presence of heterogeneity. Heterogeneity may be in the form
of reinforcements or voids.

The following constitutive relation can be obtained in terms of average quantities and effective material
properties by substituting the expansion (5.7) in equation (5.5) and simplifying the equations (5.3) and (5.4)

using mathematical manipulations under periodicity conditions [120].
<Gi/‘> = <Cijkl>(<(‘9kl )Tot> - <akl>AT) (8.8)

where “<'>” stands for the average effective quantities. The effective stress and strain fields in the two-phase

domain are defined as

<0',.J.> = VLL[ O'l.j.(l)dv1 + J.O'U(z)dvz} (5.9)

Vs

’

<5ij> = Vi{jglj(l)dvl + Igl.j(z)dvz +_[U”:|] njds} (5.10)

14 v, s

where V" is the volume of the unit cell domain *® . The superscripts ‘1" and 2’ represent the local phases at
any scale. Hul‘] is the displacement jump occurring at the interface (due to imperfectness) of two phases having

interfacial surface area “S” and “n;” as a unit outward normal (See Fig. 5.3 (¢)). The third term in equation
(5.10) disappears for the perfectly bonded interface. One can refer to Appendix-B for the complete derivation
of equation (5.8) through the AEH approach.

In this study, the constitutive relation (equation (5.8)) derived from the AEH approach was utilized sequentially
at two levels of length scales: I') bundle level (micro-scale) and 2) composite level (mesoscale). At the microscale,
bundles are treated as a unidirectional composite having fiber and matrix as its constituents. However, the
bundles and matrix are the constituents of the composite at the mesoscale level. The finite element analysis was
performed at both levels of length scales to obtain effective properties by solving equation (5.8) under different
loading/boundary conditions. Another important condition in the analysis is the modeling of the interface
between the bundle/matrix. Here, the interface is represented using two discrete surfaces and their mechanical

behavior and is discussed in detail in the next subsections.

5.4 Modeling of imperfect intetface

The interface between the bundles and the matrix plays an important role in the thermomechanical behavior
of C/C composites. The differential thermal stresses are induced in the constituent phases due to the mismatch

of their CTEs when these composites were subjected to thermal loads. It is also evident from the previous studies
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that these thermal stresses lead to severe interfacial damage. It is also observed in the tomographic images that
the interface between the bundle and the matrix is not perfectly bonded. Significant damage in the form of
cracks and micro-voids is observed at the bundle /matrix interface. Therefore, in the present study, the imperfect
interfacial behavior was modeled using the surface-based cohesive contact interaction. In cohesive interaction, it
is assumed that the effective traction forces at the interface represent all mechanisms such as crack initiation,
crack propagation, crack bridging, adhesive force, frictional forces, and anchorage. The work done by these
forces at the interface is equal to the fracture energy release rate ( G) required to produce two fractured surfaces.
The constitutive behavior of the interface is given through a traction separation law, which states that all the
traction components at the interface are directly proportional to the separations between them. Initially, the

traction is related to separation using high stiffness of the interface, and once the peak stress is attained, the
stiffness is reduced using suitable damage evolution law. Let, #, and #; be the traction components in normal
(NN) and tangential ( 77 and 72) directions respectively at a point on the interface as shown in Fig. 5.4 (a). Let
Oy, 5T1 and 5T2 be the corresponding value of separations in the respective directions. Then, the traction

separation laws in the normal direction can be represented with the help of equations (5.11) and (5.12) [76].

t(x)—(1-,,(x)KS5,(x)<0; (5.11)
or oy(x)20;
and v (X)=(1=0,,(X))K 3, (x)}5(x)=0; (5.12)

Similarly, the traction separation law in the tangential direction considering both adhesion and friction

conditions can be expressed through equations (5.13) - (5.15).

tr(x)=t; (X)+1,(x) (5.13)
Iy (x)=(1-,,(x))K;6:(x) (5.14)
tr (x)=,(uty) (5.15)

where @.

0 Ky K. and 4 are the interface damage parameter, stiffness in the normal direction, stiffness in

tangential directions, and coefficient of friction respectively. The interfacial damage parameter @,,, can be

int

defined as

5-6° (&
O =7 ( 50} (5.16)

A graphical representation of the traction separation law in normal (Mode I) and tangential (Mode II)

conditions is given in Fig. 5.4 (b) and (c), respectively [76].
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Fig. 5.4 (a) Directions associated with the interface surface, (b) Traction separation law in the normal
direction (pure Mode I condition), and (c) Traction separation law in the tangential direction (Pure Mode II

condition)

Here, a quadratic traction criterion is used for damage initiation and the linear softening law for damage
propagation. According to quadratic traction initiation criteria, the interfacial damage initiates when the

following condition is met

2 2

2
@ + ti + ti =] (517)

£y t;l t;z
Where t;, t% and f;z are the critical values of the tractions. Symbol “< >” is called the Macaulay bracket,

which signifies that there is no interfacial damage under pure compression. The numerical implementation of

these two sub-sections is presented in the next section.

5.5 Numerical analysis

A sub-sequential methodology was considered in the two-scale framework of the homogenization scheme.
The problem was divided into two parts: 1) analysis of the bundle and 2) analysis of the composite. Firstly, the
effective properties of the bundles were obtained through micro-scale analysis at the bundle level. Secondly,
these effective properties were used as inputs at mesoscale level analysis to obtain the effective response of the

composites.

5.5.1  Micro-scale analysis (ar bundle level)

As was mentioned earlier, separate micro-unit cells of each bundle were constructed assuming the
hexagonal packing of fibers for circular bundles and square packing for rectangular bundles. The linear
hexahedral coupled temperature-displacement element (C3D8T in ABAQUS) was used for the discretization

of unit cells. Coupled temperature-displacement step under steady-state condition was performed for the
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thermo-mechanical analysis. The geometrical and finite element details of the models were already presented in
chapter-2.

At the bundle level, the constitutive relation can be rewritten as

<O-ij>h = <Cijkl>b(<(8kl )Tot>b _<ak1>bAT) (5.18)

The average quantities are defined as

<0U>b = ! J.O'U(f)dvf + IO‘ij(m)de:| (5.19)
microUC | vf Vm

(e,) = - ! - [&, v, + | glj('")dvm} (5.20)
micro LV Vm

where 7, j, k, and /are directed along Cartesian axes x, y, and z. ‘5, 'f”, and “m’ represent the bundle, the fiber,
and the matrix phase respectively. At this level, equation (5.18) was solved under two separate conditions: under

zero thermal load (i.e. AT =0), and then under pure thermal load.

For the first condition, the thermal strain part in equation (5.18) vanishes. Six independent load cases in the
form of average strain (1%) along with periodic boundary conditions (PBC) (as derived by Li [119] based on

symmetry condition) were applied on the unit cells for the calculation of homogenized stiffness tensor <Cijkl>

. The six independent load cases are given as

(e.)] [(e.)=0.01 0 0 0 0 0

(£,) 0 (,)=0.01 0 0 0 0

(e.)| 0 0 (s.)=0.01 0 0 0

(s,.)] o [ o [] o [e)=00] o andy (5.21)
(e.) 0 0 0 0 (¢.)=0.01 0

(£4) 0 0 0 0 0 (2,)=0.01

The periodic boundary conditions corresponding to the different loads are shown in tabular form in Table 5.1,
where equation (5.22) is used for normal loads and the equations (5.23), (5.24), and (5.25) are used for shear

load conditions. In this way, the six columns of the effective stiffness matrix are obtained through the six

b
conditions of average stress using equation (5.18). Next, the average compliance tensor <Sijk1> is obtained by

taking the inverse of stiffness tensor. The effective homogenized engineering constants are then calculated as

G, =1/S,,, G,=US., G_=lS

yeyz?

E_=1/S E, =l/S ., E.=1/S

s

XXXX 2 zzzz’ XZXZ )

Vv, = —(Sxxyy /Sxxxx) ,v,=—(S__../S ) and v, = —(S,../S ). Here, E, G, and rare Young's modulus,

xxzz wzz wyy

shear modulus, and Poisson’s ratio, respectively.
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In the second condition, the unit cells were analyzed under pure thermal load in three principal directions. A
unit temperature rise is used in finite element based steady-state thermo-mechanical analysis of the unit cells to

calculate the average/ effective stress. The mechanical boundary conditions used for three cases are presented in

Fig. 5.5 (a), (b), and (c) respectively.

Table §.1 Periodic boundary conditions [77, 119]

u|x:0 =0and u|x:l = <6‘xx >lx
Under normal loading :

v =0andv =(& )l 522
(x,y, and z directions) |y =0 |y =l < yy> d ( )
W|Z=0 =0and W|Z=Z = <8ZZ >l
. V|x=0 = M)i)c:O =0 v|x=lx = ‘/V|x=lx =0
Under shear loading
Z'l|y=0 = ‘/Vly=0 = 0 u|y=lv = <gx)’ >ly and W|y=l = 0 <5’23)
(XY plane) ’ v
W z=0 = 0 M}|z=l = O
u|x=0 =0 ul _, = 0
Under shear loading :
u|y:0 = W|y:0 = 0 u|y:l = M}|y:l = 0 <5'24>
(YZ plane) v v
u z=0 = z=0 = 0 u|z:Iz = 0 and v|z:lz = <8yz >lZ
vx_ :\/\)Ix_ :0 V|x_ :M)Ix_ :0
Under shear loading - - - o
v|y=0 = O V|y=ly = O <5’25)
(XZ plane)
u z=0 = z=0 = O u z=[, = <8xz >lz and V|z:lz = O
Here, / . / . and [ . are the dimensions of the unit cell and u, v, and ware the displacements in x, y, and z directions respectively.

><

Free to deform in these directions Free to deform in these directions ¥ = 0 Free to deform in these directions
(a) (b) ©

Fig. 5.5 Micro unit cell under unit thermal load and constrained deformation BC in

(a, b) Transverse and (¢) Longitudinal directions
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The average/effective stress induced in the unit cells for the unit temperature rise can be calculated using

equation (5.19) one by one for all of the three cases. Therefore, the CTEs of the bundles can be calculated easily

b
by using equation (5.18) for known values of <Cijkl> . This procedure was repeated for the entire temperature

range and the bundle properties were determined as a function of temperature. These properties are then used

as input for mesoscale analysis. The details are discussed in the next subsection.
p Y

5.5.2  Meso-scale analysis (ar Composite level)
Four nodded linear tetrahedral coupled temperature-displacement elements (C3D4T in ABAQUS) are

used in the discretization scheme. The details of the FE mesh of the RVEs were already discussed in chapter-2.

The effective constitutive relation at this length scale using AEH can be rewritten as

<O-ij>c - <Cijkl>c(<(‘9kl )Tot>c - <ak1>CAT)‘ (5.26)

Here, average quantities are defined as

<0'[j>c = i Zn; jaij(br)dvbr + jaij(m)dvm (5.27)
r=ly v,
<5U>C = VL Zn: J.gl.j(br)dvb, + J.gl.j("”dvm + Iﬂui|]-njds . (5.28)
RVE |\ r=ly Vi Sint

The symbol “b"’ stands for ‘7 bundle, and ‘' is the number of bundles present in the composite (n=3 for
3DH and n=4 for 4DIN). Finite element analysis was performed on meso unit cells (RVEs) under suitable
boundary conditions. Here, two different architectures (3DH and 4DIN) are analyzed separately under two
different boundary conditions.

I. Plane remain planer boundary condition in case of 3DH C/C composite

2. Periodic boundary condition in case of 4DIN architecture
The boundary condition used for the analysis of the 3DH C/C composite unit cell is presented in Fig 5.6 (a).
Here, the RVE was allowed to expand freely under unit temperature increase in all three orthogonal directions.
The parallel faces of the RVE are constrained in such a way that there will not be any warping of the planes
under thermal load, 1.e., the planes which are plane and parallel to each other before the thermal load will remain

plane and parallel after deformation.
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Fig. 5.6 (a) Boundary conditions in the mesoscale analysis of 3DH C/C composite and (b) Coupling of rigid
planes with the faces of RVE

To ensure that the parallel planes remain parallel during deformation, the following constraints were
implemented:
® Analytical rigid planes were created and rigidly coupled with their corresponding reference points (RP)
as shown in Fig. 5.6 (b).
e Rigid planes were attached to the positive faces of RVE through surface-to-surface hard contact
providing a small relative sliding relaxation between contacts, as shown in Fig. 5.6 (b).
® The distributing couplings were used between the unit cell surfaces and the corresponding rigid plane’s
reference points to ensure the uniform deformations of the faces.
e Lastly, the rotation of rigid planes was restricted, and planes were allowed to translate linearly in a

particular direction.

Such constraints ensured the paralle]l movement of the positive faces during the deformation of the meso unit

cell. The bundle/matrix interface was assumed to be perfectly bonded in this case.

In the case of the 4DIN C/C composite, Finite Element Analysis was performed on meso unit cells (RVEs)
under the periodic boundary conditions, as depicted in Fig 5.7. The temperature of the whole RVE is increased
quasi-statically from 27°C to 2227 °C and the thermal deformations are computed individually in three
orthogonal directions. The periodic boundary condition used on the faces of the unit cell ensures the
unidirectional deformation. For example, consider Fig 5.7(a), the unit cell face at x=0 is restricted to move in
the x-direction (i.e., u=0) and the opposite face at x=L. is free to move. The unit cells facing the transverse
direction (i.e., y= 0, y=L,, z=0, and z=L.) are restricted to move in the corresponding directions (i.e., y and z
directions respectively). They are free to move in the x-direction. These conditions ensure a uniform deformation
of the unit cell in the x-direction. Similarly, Fig. 5.7(b) and (c¢) show boundary conditions in the other two

directions. Here, L, L, and L: are the geometric length of meso unit cells in x, y, and z directions, respectively.
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In this situation, the use of an analytical rigid plane (as discussed in the last section) confirms the parallel

movement of free surfaces of meso unit cells in three orthogonal directions individually.

Free thermal deformation in arrow directions

w=0 w=() w=0

ol AT BT | AT o u-o| AT P
//
17
/

D s
%X 1vi0 tv=0 WLO Tv=0 )
(

v=0
a) (b) (c)

Fig. 5.7 Boundary conditions in the mesoscale analysis of the 4DIN C/C composite. Free thermal

deformation in (a) x-direction, (b) y-direction, and (c) z-direction.
In both cases (3DH and 4DIN C/C composites), the average or effective thermal stress induced in the

deformation direction equals zero due to free thermal deformation. Thus, the equation (5.26) can be modified

as below to obtain an effective CTE.

(2)r) —{e,) AT =0.

or <al.i>CAT = <(8”.)Tm>c = %
or (a,) =By L (5.29)
WL AT ’

Here, AL, is the thermal deformation of RVE in /* direction. Using equation (29), the effective CTEs of the

composite are obtained in three orthogonal directions.

In the meso level simulations of 4DIN architecture, three types of interfacial conditions, namely: 1) perfect
bonding, 2) imperfect bonding, and 3) complete debonding were used to obtain the effective CTE as a function
of temperature. Properties of the bundle/matrix interface were considered from the previous studies of Sharma

et al [76] and are presented in Table 5.2.
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Table 5.2 Bundle/matrix Interfacial parameters [76]

Debond stress in normal mode Debond stress in shear mode Coeff. of Critical fracture energy
(ty) (N/mm?) (t7) (N/mm?) friction (p) (Gi) (N/m)
6 6 0.75 5

Mix Mode Theory was implemented that assumes the same critical fracture energy and debond strength of
interface for all three modes (Mode I, Mode II, and Mode III). The numerically predicted results at two length
scales are presented in the next section.

An algorithm of the two-scale homogenization scheme adopted for the 4DIN C/C composite is presented in

Fig. 5.8 to illustrate the point. A similar algorithm was followed to predict the effective CTE of the 3DH C/C

composite.
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Fig. 5.8 Two-scale homogenization scheme for effective CTE of 4DIN C/C composite
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5.6 Result and discussion

5.6.1 Results of 3DH C/C composite

5.6.1.1 Effective properties of bundles

Finite Element Analysis of the micro-unit cell was performed under the previously discussed loading
and boundary conditions (section 5.5.1) to obtain the effective CTE of the bundles. The temperature-dependent
properties of constituents are considered from the literature [ 104], as given in Table 2.2 (in chapter 2). Firstly,
the homogenized eftective elastic engineering constants of bundles for the temperature range starting from 27°C
to 2227°C were obtained through finite element analysis at the microscale level and are listed in Table 5.3. The

effective longitudinal modulus obtained for circular bundles is always larger than the rectangular bundles due to

possessing high volume fraction.

Table 5.3 Mean effective elastic properties of bundles in 3DH C/C composite

E. (GPa) Er (GPa) Gur (GPa) Grr (GPa) VLT VTT
Temperature (°C)
Rect/circ Rect/circ Rect/circ Rect/circ Rect/circ Rect/circ
27 145.29/178.34 59.2/4224 2566 /1821 2288 /1581 02/02 02917 /0.3343
227 145.93/178.62 59.63/42.45 2589 /1833 2306/1589 02/02 02916/0.3342
427 146.29/178.47 60.02/42.59  26.09/ 18.42 2322/1593 02/02 0.2915 / 0.334
627 146.83/178.56 60.45/42.77 2632/1852 2339/1601 02/02 02914 /03339
827 147.43/178.79 60.9/42.97 26.54/ 18.64 2288 /1608 02/02 0.2913/0.3337
1027 147.97/178.59 61.45/43.17 2684/ 1877 2274/1616 02/0.2 0.2911 /0.3335
1227 149.78/178.89 62.93/43.78 27.6/ 19.13 2436 /1639 02/02 02907 /03329
1427 148.16/175.86 62.65/43.34 27.55/1899 2425/1624 02/02 0.2905/0.3326
1627 143.48/168.74 61.26/42.02 27.04/ 18.51 2373 /1575 02/02 02901 /03321
1827 135.12/154.42 59.34/39.72 2648/ 1774 2299 /1491 02/02 02891 /03305
2027 118.52/133.11 52.88/34.89 23.75/1571 2050/13.11 02/02 02884 /03295
2227 101.51/111.55 46.14/2994 20.89/13.62 1791 /1126 02/02 0.2876/0.3282

Rect = Rectangular bundle, Circ = Circular bundle, L = longitudinal and T = transverse.

The Von-mises stress contours induced due to thermal load are presented for extremum temperatures (27°C
and 2227°C) in Fig 5.9. The stress distribution over micro-unit cells when deformation is constrained in the
longitudinal direction (z-direction) is shown in Fig. 5.9 (a), (e), (¢), and (g) for both temperatures. Fig. 5.9 (b),
(f), (d), and (h) present the thermal stress distribution when deformation is constrained in the transverse

direction (x-direction). It is clear from Fig.5.9 that the stresses are almost uniformly distributed in the fibers
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and the matrix for the longitudinal case. The interface also has a significant effect on stress distribution in the
phases for the transverse case. At lower temperatures, the mismatch between the CTEs of fiber and matrix is

predominant which caused higher stress fluctuations near the fiber/matrix interfaces.

At27°C At2227°C
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Fig. 5.9 Thermal stress distribution in micro-unit cells at extremum temperatures in different directions

The effective CTEs of the bundles in different directions are obtained for the entire temperature range (i.e.
27°C to 2227°C) through these micro-unit cells. They are presented as a function of temperature in Fig. 5.10.
It is noticed that the effective CTE of the transverse direction of the circular bundle has initially increased up
to a temperature of 640°C. Afterward, it remains almost constant up to 1627°C then slightly decreases. On the
other hand, the transverse CTE of the rectangular bundle continuously increased with a gentler slope with a rise
in temperature. The effective CTE in the longitudinal direction has a considerable effect of volume fraction
variation (The circular bundle has less magnitude compared to the rectangular bundle). The CTE of the
rectangular bundle has zero expansion at around 300°C and the same is noticed around 650°C for the circular
bundle. The CTE variation in the longitudinal direction with respect to temperature for both unit cells is found
to be similar (refer Fig. 5.10). Furthermore, the analytical model of Schapery [89] was also utilized to calculate
the CTEs in longitudinal directions for both of the unit cells. It was found that the present FE analysis is in

excellent agreement with the analytical model (see in Fig 5.10).
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Fig. 5.10 Variation of effective CTE of bundles in 3DH Cc/C composite with temperature

5.6.1.2 Effective properties of 3DH C/C composite

At the upper scale, the effective CTEs of the 3DH Cc/C composite were predicted using lower scale
effective properties and realistic microstructure in RVE under strongly imposed boundaries which were

discussed earlier in section 5.2. The deformation contour of the 3DH composite’s RVE is shown in Figs

5.11(a), (b), and ().

U, U1 u, u2 U, U3
+7.640e-06 +8.148e-06 +1.844e-05
+6.876e-06 +7.334e-06 +1.660e-05
+6.112e-06 +6.519e-06 +1.475e-05
+5.348e-06 +5.704e-06 +1.291e-05
+4.584e-06 +4.889%e-06 +1.107e-05
+3.820e-06 +4.074e-06 +9.222e-06
+3.056e-06 +3.259e-06 +7.377e-06
+2.292e-06 +2.445e-06 +5.533e-06
+1.528e-06 +1.630e-06 +3.68%e-06
+7.640e-07 +8.148e-07 +1.844e-06
-1.483e-22 -8.159%e-22 -1.162e-22

Fig. 5§.11 Thermal deformation in (a) x-direction, (b) y-direction, and (¢) z-direction of 3DH Cc/C composite
RVE at 2227°C
It is clear from the deformation contours of Fig 5.11 that the parallel planes' assumption is maintained in the
analysis (as the parallel planes are uniformly displaced). Although the composite RVE has expanded freely in
three orthogonal directions, the local stresses still developed in the constituents due to the mismatch of their
CTEs and geometric irregularities. Though the magnitude of such stresses is observed to be low, they still have
an important role as residuals [12I-126]. Their behavior with respect to temperature is studied as presented in
Fig 5.12.
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The residual stress distribution in x, y, and z directions (Fig 5.12(b), (¢), and (d) respectively) is shown along
the different paths (A-B and C-D) marked on the RVE as indicated in Fig 5.12 (a). It is observed that
longitudinal bundles experience tensile stress while the stress that matrix and transverse bundles experience is
mostly compressive. It is also clear from Fig.5.12 that the magnitude of stress jumps near the interface is
significantly reduced as the temperature increases to maxima.

The local distribution of the residual stresses is shown in Fig. 5.13. Fig. 5.13 (a), (b), and (c) represent the local
stress distributions in the 3DH C/C composite at 27°C, 1227°C, and 2227°C respectively corresponding to
the deformation of RVE in the x-direction. Similarly, Fig. 5.13 (d), (¢), and (f) are the local stress distributions
corresponding to the y-deformation and Fig. 5.13 (g), (h), and (i) is the local stress distributions corresponding
to the z-deformation of the RVE at respective temperatures.

Furthermore, the stress concentrations were observed in the vicinity of the irregularly shaped voids as depicted
in Fig. 5.14 (a). Also, the magnitude of stress concentration near the voids is nearly one order higher than the
far-field values. It is also clear from Fig. 5.14 (b (1), (ii), and (iii)) that the cross-sectional distortions resulted

in the higher stresses near the reconstructed features included in the geometry.
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Fig. 5.14 (a) Localized stress concentration in the vicinity of irregularly shaped voids and (b) Uneven stress

distribution in bundles due to bundle distortion imperfections
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Fig. 5.15 Variation of the effective CTEs of 3DH C/C composite with respect to temperature (Experimental
[85])

The predicted effective CTEs of the 3DH C/C composite in the in-plane (x and y) and the out-of-plane (z)
directions are plotted in Fig. 5.15., The in-plane CTE is obtained as 1.07x10¢/°C at room temperature, and
the value is increased to 3.29x10¢/°C at 2227 °C. The out-of-plane CTE is obtained 0.688 x10*/°C and 3.129
x10°/°C at both extremum temperatures. The overall trend of CTE is found to be increasing with temperature
which was also observed by Wang et al. [85] in their experimental study. In the present model, the in-plane
CTE is greater than the out-of-plane CTE as the fiber volume fraction is low in the in-plane direction as

compared to the out-of-plane direction.

5.6.2 Results of 4DIN C/C composite

5.6.2.1 Effective properties of bundles

Finite Element Analysis of the micro-unit cell was performed under the previously discussed loading
and boundary conditions to obtain the effective CTE of bundles. Here, Young’s modulus and Poisson’s ratio
for pitch-based matrix were considered as 7 GPa and 0.2, respectively from the experiments conducted by Bhagat
et al. [127]. Other temperature-dependent material properties of constituents were taken from the literature
[104] (refer to Table 2.2). Firstly, the effective elastic constants of bundles are obtained under six strain load

cases and periodic boundary conditions. The obtained mean values of effective elastic constants for the bundles

in the 4DIN C/C composite are tabulated in Table 5.4.
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Table 5.4 Mean effective elastic constants of bundles in 4DIN C/C composite

Temperature (°C)  Ei(GPa)  Er(GPa)  Gur(GPa)  Grr(GPa)  wir vir

27 193.79 17.85 7.18 6.55 02 0.3586
227 192.94 17.83 7.18 6.55 02 0.3587
427 192.43 17.78 7.15 6.52 02 0.3587
627 192.11 17.74 7.13 6.51 02 0.3583
827 191.09 17.72 7.13 6.51 02 0.3583
1027 189.10 17.82 7.10 6.48 02 0.3589
1227 184.69 17.52 7.04 6.43 02 0.3591
1427 175.44 17.23 6.92 6.32 02 0.3595
1627 155.40 16.61 6.65 6.09 02 0.3605
1827 131.33 15.20 6.05 5.56 02 0.3625
2027 107.25 13.38 528 4.89 02 0.3652
2227 193.79 11.43 449 6.55 02 0.3679

The obtained thermal stress distribution in the hexagonal unit cell of the bundle is presented in Fig. 5.16 for
three load cases at extremum temperatures (i.e., 27°C and 2227°C). Fig. 5.16 (a), (b), and (c) show the
distribution of the stress at 27°C when the unit cell is subjected to thermal load in x, y, and z directions. Similar
plots at 2227°C are shown in Fig. 5.16 (d), (¢), and (f) in respective directions. The effect of the mismatch in
thermal expansion coefficients of the phases (i.e., fiber and matrix) is evident from the stress distribution in the
unit cell shown in Fig. 5.16. The distribution of the thermal stress in the unit cell under transverse thermal load
at both extremum temperatures is found to be almost similar with a difference in the magnitude (refer Fig.
5.16(a), (b), (d), and (e)). The longitudinal CTE of the fiber is negative for lower temperatures up to 1027°C;
therefore, the thermal stresses are much higher. It is also noticed in Fig 5.16(c) and (f) that the stresses are
reversed to compressive nature at 2227°C. This shows that the bundle properties follow the trend of the fiber
properties. To study the nature of the stress distribution in the unit cell in the longitudinal direction with respect
to temperature, the thermal stresses were plotted along the path A-B (see Fig. 5.16(g)) in Fig. 5.16(h). It is clear
from Fig. 5.16(h) that the jump in the stress values is observed to be the highest at 27°C and is reduced sharply
to 827°C. The stress jump at the interface is observed to be negligible at a temperature of 1027°C. After that,
it has again increased with a comparatively small magnitude up to a temperature of 2027°C. The temperature
(1027°C) at which the thermal stress changes its sign is also known as transition temperature. This thermal
point is also very near to the transition point of the fiber (the longitudinal CTE is negative at 1027°C and is
positive at 1227°C for fiber). Next, the overall/effective CTEs of the fiber bundle were calculated using

equation (5.18) for each temperature increment and are presented in Fig 5.17.
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Furthermore, it was observed in the reconstructed images of the composite that the fiber bundles were distorted
during the fabrication processes; therefore, the fiber volume fraction in the different bundles inherently differs.
These fluctuations in fiber volume fractions were incorporated in the analysis by varying the size of the unit cell
for each reconstructed fiber bundle in the composite. All the micro-unit cells were analyzed separately for the
effective CTEs over the full temperature range (27°C to 2227°C). Fig. 5.17 shows the mean curve of the
effective longitudinal and transverse CTEs along with associated standard deviations. It is found that the
transverse CTE has a significant effect on the fluctuations as compared to the longitudinal CTE (refer Fig.
5.17).

The effective longitudinal CTE for the fiber bundle is also calculated using the analytical equations given by
Schapery’s [89] considering the mean fiber volume fraction of micro-unit cells to be 82.72%. It was noticed
that the predicted values are matching perfectly with those obtained through Schapery’s model (see Fig. 5.17).
The effective transverse CTEs of the bundle varies from 5.06x10°¢/°C at 27°C to 6.15x10°¢/°C at 2227°C. It
is observed that the transverse CTE initially increases to a maximum value of 6.35x10¢/°C at around 1227°C
and then starts decreasing with a gentle slope with a further increase in temperature. The obtained variation of
the CTEs of bundles was used as an input for the prediction of the effective CTEs of the composite at mesoscale.

The results of the composite are discussed in detail in the next section.

5.6.2.2 Effective properties of 4DIN C/C composite

The Finite Element Analysis of composite unit cells was performed under appropriate boundary and
loading conditions, as discussed in section 5.5.2. The contours of the thermal deformation in the RVE4B for
all three orthogonal loads are presented at a higher temperature (2227°C) in Fig 5.18. Three interfacial
conditions; perfectly bonded, imperfectly bonded, and completely debonded, are considered in the mesoscale
analysis to conclude the effect of the interfacial behavior. The thermal deformation of RVE4B in the x-direction
(in-plane) is shown in Fig 5.18 (a), (b), and (¢) for the perfect, imperfect, and completely debonded interface.
Similarly, Fig 5.18(d), (e), and (f) show the corresponding deformations in y, and Fig 5.18 (g), (h), and (i)
shows them in the z-direction. It is observed in Fig 5.18 that the magnitude of deformation u is the highest for
the perfectly bonded interface and is the lowest for the completely debonded case. Further, it can be noticed
from the y-direction case that the magnitude of deformation v is the lowest for the perfect interface and the
highest for the completely debonded interface. Also, the amount of deformation is approximately two times
higher than that of x and z directions. The possible cause of this opposite behavior can be understood with the
help of Fig. 5.19. In the case of deformation in the y-direction, the RVE is periodically constrained, keeping
the upper face (face y=L,) free to expand as shown in Fig. 5.19(a). The oblique bundles (i.e. 60° and 120°
bundles) do not directly contribute to the deformation mechanism. They transferred the load through the matrix

and interface between the bundle/matrix.
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Fig. 5.19 (a) Boundary condition applied on RVE and (b) Boundary conditions contributed by oblique
bundles
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The bottom face of the RVE is constrained against deformation in the y-direction (v=0) and this face contains
only two bundles (one from each direction) while the other two bundles are attached to the opposite face (see
Fig. 5.19(b)). Hence, the deformation in the y-direction is mostly controlled by the weak interface between
bundles/matrix that results in a higher deformation in the y-direction. Next, the effect of interfacial conditions
in terms of displacement distribution in RVE at 2227°C is presented for all of three orthogonal cases in Fig.
5.20. Fig. 5.20 (b) describes the displacement field along the path ‘J-K’ in RVE4B (refer Fig. 5.20(a) for path)
when deformation is allowed in the x-direction. Here, an increase in the magnitude of displacement jump near
the bundle/matrix interfaces is observed as its condition changes from perfect to complete debond. In the case
of a completely debonded interface, the magnitude of the displacement jump is almost the same at three
interfaces (I, II, and IV') and much higher than that at interface III. Fig. 5.20(d) shows the displacement plots
along the path ‘L-M’ (for path refer Fig 5.20 (¢)) when the RVE deforms in the y-direction. It is clear from the
plots that the variation in the displacement jump at the interface I and IV are negligible as compared to II and
1.

Similar plots for ‘w displacement are shown in Fig 5.20 (f) along the path ‘N-O’ (see Fig 5.20 (e) for path). In
this case, the displacement jump is negligible at the interface II and IV as compared to I and III. Further, it was
noticed that the displacement jumps increase drastically for the complete debond condition while the effect on
the overall deformations is low. It is also clear from the displacement contours that the RVE also captures the
effects of the bundle distortions and voids on the local field (displacements and strains) variations. It is observed
from the study that the overall deformations of RVEs are reduced around 36.69% and 38.97% by using the
imperfect interface (when compared to the perfectly bonded case) for the loads in x and z directions, respectively.
Furthermore, the respective reduction is around 45.48% and 47.15% in the case of the completely debonded
interface.

It is observed from the above study that the effect of the interface is more predominant in the local fluctuations
as compared to the overall deformation.

Next, the contour plots of the cohesive scalar damage variable (CSDMG) are shown in Fig. 5.21 for certain
temperatures to explore the extent of damage that occurred at the interfaces in the RVEs. The value of CSDMG
varies from O (as perfectly bonded) to ‘I’ (for completely debonded). Fig. 5.21(a) shows the contours of

CSDMG for the load in the x-direction at different temperatures.
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It is revealed in Fig. 5.21(a) that the interfacial damage initiates at the ends of oblique bundles nearly at 247°C

(corresponding thermal strain is 0.008%) and then the damage network enlarges with further increments in
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temperature. The interfacial damage progressively increases with temperature and significant damage was
observed at 2227°C (see Fig. 5.21(a)) from left to right), where the corresponding overall thermal strain is
0.49%). A similar trend of the damage initiation and evolution was observed in the case of z-directional load
(refer Fig. 5.21(c)). The thermal strains corresponding to the temperatures, 247°C and 2227°C, are obtained
as 0.009% and 0.42 %, respectively.
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Fig. 5.21 Cohesive surface damage variable (CSDMG) plot when RVE deform in (a) x-direction, (b) y-

direction, and (c) z-direction

It was observed earlier that the deformation pattern of the RVE in the y-direction is different from the other
two directions; in the same way, similar behavior is also observed in the damage patterns. The interface damage
has played a critical role and contributed to the increased thermal strains. The thermal strains at the temperatures
247°C and 2227°C are computed as 0.06% and 0.99% respectively (refer Fig. 5.21(b)). These values are
comparatively higher than those obtained for the cases of x and z directions. Therefore, the amount of damage
at the interfaces of the oblique bundle is observed to be on the higher side as compared to other (x and z)
bundles’ interfaces (see Fig. 5.21(b)). The extent of the damage at the interfaces of x and z bundles is almost
similar to those obtained for the load cases of x and z directions. Finally, the effective thermal expansion
coefficients of all the three RVEs of the 4DIN C/C composite were obtained as a function of temperature

through the two-scale analysis for three interface conditions. The mean effective CTEs obtained from three
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RVEs as a function of temperature (up to 2227°C) in three orthogonal directions are compared to those

obtained through experiments in Fig 5.22.

L —®— Ly~ Perfect interface, =~ —®— Q- Debonded interface, —de— L~ Perfect interface,
7 — O.y- Debonded interface, —#— OL,- Perfect interface, —4— 0~ Debonded interface,
| —»— 0L~ Imperfect interface, —@— O~ Imperfect interface  —#— ;- Imperfect interface,

6+

| —®—CL,- Experimental. —#— (l;;- Experimental

CTE (x10/°C)
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Fig. 5.22 The effective thermal expansion coefficient of 4DIN C/C composite in three orthogonal directions

The values of the effective CTE of the 4DIN C/C composite in the x-direction (¢, ) is computed as -0.06 x
10 at 137°C and 3.546 x 10 at 2227°C for a perfectly bonded case. The same has reduced to -0.68 x10°
and 2.32 x 10 /°C at the respective temperatures in case of the imperfectly bonded case. The values of &, are
further reduced to -1.22 x 10 and 2.016 x 10 /°C for the completely debonded condition at respective
temperatures. A similar trend was found for the effective CTE of the composite for z-direction (&, ). The
values of @, is computed as -0.187 x 10 at I137°C and 3.2 x 10° /°C at 2227°C for a perfectly bonded
interface, which is reduced to the —0.44 x 10 and 2.02 x 10 at respective temperatures for the imperfectly

bonded case. & is always on the higher side as compared to @&, because it possesses a lower volume fraction of
x-bundle than z-bundle in the composite. The variation of the computed @, and @, with respect to the
temperature is also found to be in close proximity to experimental results. The values of ¢, and &, are especially

in excellent agreement to experimental observations for temperatures higher than 627°C and also in the case of

the imperfectly bonded interface. Apart from this, it is also observed that the behavior of & y 18 different than
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that of @ and @, for different interfacial conditions. Initially, the value of & is higher for the imperfectly
bonded condition as compared to the perfectly and completely debonded conditions. The rate of increase of
&, with respect to the temperature is reduced after 675°C. The values of &, are almost match the values of
those obtained for a perfectly bonded case for temperatures higher than 1500°C. The discontinuity in the
oblique bundles in the y-direction (see Fig. 5.19) is the leading cause of this behavior of &, . Finally, it can be

concluded from the study that interfacial degradation has reduced the effective thermal expansion coefficients
of the 4DIN C/C composite. The low thermal expansion coefficient is a favorable condition for composite
performance. Simultaneously, the interfacial degradation also provides an active site for oxidation reaction and

reduces the effective thermal conductivity of that composite, which are unfavorable conditions.
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Chapter 6

Thermal shock resistance of 4DIN C/C composite

In this chapter, a FEM based numerical simulation was performed on a homogeneous sample of 4DIN C/C
composite and its thermal shock resistance was estimated in terms of critical Laser power density. The
temperature-dependent homogenized properties of the 4DIN Cc/C composite as predicted in previous chapters
are used in the analysis. Firstly, the governing theory i.e. the classical theory of linear thermo-elasticity is briefly
discussed. Next, the numerical framework is presented. In the last section, predicted FE results are compared to

those that already exist in literature.

6.1 Thermal shock resistance

Thermal shock resistance of materials reflects their ability to sustain high thermal stresses generated due to
sudden exposure to severe temperature changes. C/C composites are the most popular materials for high thermal
applications in aerospace industries. They are used for the manufacturing of critical components of spacecraft
where they have to endure thermal shock kind of loading. Therefore, it is very important to explore the thermal
shock capability of these composite materials prior to the designing of such critical components. In the last few
decades, the numerous analytical [7-11], experimental [13-26], and numerical [27-30] studies in this concern
illustrate the valuable efforts of researchers worldwide. The main focus of these studies is to estimate the critical
parameters that a material can sustain without fracture. These critical parameters are temperature change and
heat flux. In the present study, the critical parameter has been discussed in terms of laser power density that the

considered 4DIN C/C composite can sustain without showing any sign of fracture.

6.2 Governing equation and finite element formulation

In the present thermal shock analysis, the classical theory of linear thermo-elasticity [128] is used. In

classical theory, the boundary value problem in the domain Q e R“ can be defined using the following set of

_TU t 1% f
differential equations. Let /" be the boundary of the domain Q such that r=ryryrour .

The superscripts 4, ¢, 0, and fstand for displacement, traction, temperature, and heat flux imposed boundaries
respectively.

Elastic initial boundary value problem:
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Equation of motion: 0,1 pF. = pi, in 02 (6.1)

Constitutive relation: 0, =Cyy (ek, -a kl@) in 02 (6.2)
Strain displacement relation: €y = Uy, on (2 (6.3)
Displacement BC: u =1, on I (6.4)
Traction BC: on; = p, on I (6.5)
Initial conditions: w|_,=u and aiLZO =u; (6.6)

Transient thermal initial boundary value problem:

Thermal energy equation: —q,; tPR+T pe, = pcl on {2 (6.7)
Fourier's law: q, =k, on £ (6.8)
Temperature BC: 0=0 on T’ (6.9)
Heat flux BC: qgn.=q,+h(6,-6,) on I’ (6.10)
Initial condition: 6 _,=¢ (6.11)

Where 0 is the stress tensor, €y is the strain tensor, Cijkl is the fourth-order stiffness tensor, U; is
displacement vector, p is the traction, &} is the thermal expansion coefficient (ﬂkl = Cijk[ak[ ) P is the density,
R is the heat generation per unit mass, F, is the body force per unit mass, c is the specific heat, 8 is the

temperature difference, ky is thermal conductivity, ¢; stands for heat flux, #; is the unit vector normal to the

surface, and h is the surface heat transfer coefficient. Here, 7, J, &, and /are the tensorial indices. The subscripts
wand o0 show the body wall and ambient conditions, respectively. The symbols (") and (,) indicate the time
derivative and the spatial derivative, respectively. The symbol () is used for the prescribed quantities.

Equation (6.2) (second term on the right-hand side) and equation (6.7) (the third term on the left-hand side)
contain the terms responsible for thermal to mechanical and mechanical to thermal coupling, respectively. In a
linear elastic range, the effect of mechanical deformation on thermal response is almost negligible. Therefore,
we neglect the coupling term from equation (6.7), which then reduces the problem to only one-way couplings.

Consider ou; and OO to be the test functions for elastic and thermal problem respectively, the weak form of

the problems can be obtained by employing the concept of weighted residuals as (refer Appendix-C(1))

Weak form ofiche [ 5. (dit,) ;v = [ p,Su,ds + [ pF,du,dv— [ pii,diu,dv (6.12)
Vv N 4 Vv

elastic problem:
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Weak form of che [ 4.(56) ,dv+ j PREGY = j G,50ds + j (6, —0,)5ads + j peOSady (6.13)

thermal problem: v

The considered domain is assumed to be discretized into finite element mesh using n noded linear finite

elements. 1f [N d]and [N e]are the displacement and the temperature shape function of the element

respectively, U { ! } and {19 ™) } are the respective nodal unknowns; then, displacement and temperature fields

within each finite element can be approximated as

@

{ul.(e)}: u;e) :[Nd]r{ui(”)} (6.14)
@

{g(e) }= :Ne]f {g(n)} (6.15)

T
Where  {,(} {un L0 D 2,0 ug%

N ’ PRETER

V] =[N? N2 N? ON? ND N?]
e }=[B] b} ana 19}, =[BT 1} (6.16)
k. 0 0
Le  [kKl=| 0 &k, 0] 9)={z. @, a. 0 0 of, [c,]=[D] (6.17)
0 k&

According to Galerkin's approach,

fau)=[v] . {so)=[nT {ou}, =[] {o0}, =[BT (6.18)
Utilizing equations (6.14) - (6.17) in equation (6.12) and (6.13), the following finite element formulations are
acquired (Refer Appendix-C (ii)).

[Mdd]{ (n)}+[Kdd]{ (n)}+[Kd9]{9(n)}: {¢d} (6.19)

[Cﬂe]{é(rz) }+ [Kee]{é’(") }: {¢0 } (6.20)
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[k]= I (5 Ip]*| av [c]= im[NHINBTdv
W' i= ![N N, s + V[p[N ) Jav k)= j BTk BT av
ol [T )= ol Jb b [, .o

ve St 83

[ ]=~[[5* [oYer v T a

ve
Here, equation (6.19) and (6.20) are the finite element formulation for mechanical and thermal problems
respectively. They were solved explicitly to get the displacement as well as the temperature distribution in the
considered domain. In the present study, the explicit algorithm available in the commercial FE package
“ABAQUS” that uses the explicit forward difference method to solve the thermal problem and the explicit

central difference method to solve the mechanical problem [129] was utilized.

6.3 Material

A homogeneous sample of 4DIN C/C composite is considered for this study. Also, the numerically
predicted effective thermal conductivity and the effective thermal expansion coefficients of the composite that

were obtained in the previous Chapters 4 and S are utilized.

Table 6.1 Mean effective elastic constants of 4DIN C/C composite

Temperature Exx Eyy Ezz Gxy Gxz Gyz

(°C) (GP2)  (GPa) (GPa) (GPa) (GPa) (GPa) "7 Ve Vi
27 25.5749 144623  30.2778 5.5753 3.8928 3.8925 0.2725 0.066 0.0802
227 25.5496  14.4563  30.2468 5.5733 3.8918 3.8914 0.2725 0.0661 0.0803
427 254831 14.439 30.1639 5.5665 3.8882 3.8844 0.2726 0.0662 0.0804
627 254166 144217 30.081 5.5596 3.8846 3.8844 0.2726 0.0663 0.0805
827 25.3863 144145 30.0412 5.5586 3.8836 3.8833 0.2726 0.0664 0.0806
1027 25.2457 14.3854  29.8993 5.5487 3.8782 3.878 0.2726 0.0667 0.0808
1227 25.0933 14.3395 29.6766 5.5322 3.8688 3.8685 0.2726 0.067 0.0812
1427 24.6618 14.2261  29.1378 54923 3.8463 3.846 0.2728 0.068 0.0822
1627 23.7556 13.9812  28.0083 54061 3.798 3.7976 0.273 0.07 0.0843
1827 21.7708 134048 25.5399 5.2011 3.6817 3.6812 0.2734 0.0749 0.0891
2027 19.3367 12.6106  22.5308 49157 3.5173 3.5164 0.2737 0.0817 0.0958
2227 16.8359 11.6773 19.4596 4.5762 3.3182 3.3168 0.2736 0.09 0.1037
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The interface is assumed to be perfectly bonded. The mean effective elastic constants of the 4DIN C/C
composite were obtained through the mechanical analysis of composite RVEs. The loading and periodic
boundary conditions as discussed in chapter-S (section-5.5.1, equations 5.2 to 5.25), were utilized during
analysis. The obtained effective elastic constants of 4DIN C/C composite are given in Table 6.1. Apart from
this, the temperature-dependent specific heat of the 4DIN C/C composite is taken from the literature [130] as

given in Table 6.2.
Table 6.2 Specific heat of 4DIN C/C composite [130]
Temperature
(°C> 23 100 200 300 400 500 600 700 800 900 1000 1100
Specific Heat
0.65 0.95 1.35 1.62 1.8 1.95 2.1 2.2 2.25 228 2281 2282
(J/gC)

6.4 Numerical model and thermal shock analysis

In this section, the laser irradiation test is simulated using the finite element based coupled
thermomechanical analysis. It is assumed that the test is performed on a composite cylinder of SOmm diameter

and 12 mm thickness that is similar to the test specimen used by Li et al. [98] (see Fig 6.1(a)).

(a) (b) Axis

Axis Axis |

! SR

| | Beam diameter l | l |
\I- llll /Laser pulse
T . H(T,-T.) | il ' Sample

|
r —
[hlme
i L
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—2 Hy(1,-T.)

el

| H(T-L)

| :
Heat flux ;| 2D Approximation

T, = Body wall fempemf.we
T, = Ambient temperature =20°C

(© @

Fig. 6.1 (a) Cylindrical specimen, (b) 2D approximation, (¢) 2D approximated finite element model with
associated loading and boundary conditions, and (d) Schematic diagram of the laser pulse irradiation

technique
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Furthermore, the problem is reduced to the 2D axisymmetric case by exploiting the symmetric conditions (refer
Fig 6.1(b)). Fig. 6.1(c) represents the discretized FE mesh of the composite that contains around 4800
axisymmetric elements (CAX4RT in ABAQUS/Explicit). The cylindrical body is centrally heated with a laser
pulse for one second and then allowed to cool in the open air for two seconds. The power density of the laser
pulse is varied from IOW/mm? to 230 W/mm? and the beam diameter is also in the range of 4-50 mm. The
schematic diagram of thermal loading and boundary conditions is illustrated in Fig 6.I(d). Next, the
temperature-dependent convective heat transfer coefticients for the top (HI), side (H2), and bottom surfaces
(H3) of the body were taken from the literature [23] that are given by the equations (6.21), (6.22), and (6.23)

respectively.

H, = 1.32 (T) (6.21)
C
AT 0.25
H, =142 (l—) (6.22)
c
AT 0.25
H; = 0.61 (T) (6.23)

c
Here, [, is the characteristic length and is defined as the ratio of the volume to the total surface area of the
specimen. AT is the difference in the wall and the ambient temperatures. The emissivity ‘€’ for the composite
surface is considered to be 0.9. The material is assumed to be failed under shear strength criteria as the shear
strength of the 4DIN C/C composite is reported to be much lower than its tensile and compressive strength.

The maximum shear strength of the composite is assumed from literature as 7.8 MPa [77].

Global orientations : r and s Material orientations: x, y and z
Axis Axis A?(is
¥ LT LT
z r’ y
o + l—- y o v l—s S v
X X Z
1 1 !
For xy-plane For xz-plane For yz-plane

(2) (b) (©)
Fig. 6.2 Representation of (a) xy-plane, (b) xz-plane, and (c) yz-plane by assigning different material

orientations along the r and s direction of the 2D approximated model
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The magnitude of LPD at which the thermally induced shear stresses approach the shear strength is termed as
critical laser power density. This is one of the measures of thermal shock resistance of the composite material
and defines the capability of the material to sustain the laser power density up to the first sign of the fracture.

In the present analysis, the material is assumed to be orthotropic. The shear strength of the composite was
checked in three orthogonal directions (along xy, xz, and yz planes) individually. The representation of three
different orthogonal planes by a 2D approximated model was achieved through assigning the different material
orientations along ‘" and ‘s’ directions (refer Fig 6.2). The detailed discussion on the critical laser power density

for the 4DIN C/C composite corresponding to different beam diameters is presented in the next section.

6.5 Results and discussion

The discussion on the effect of the laser power density on the critical parameters i.e. the critical plane of
failures, a critical time for laser pulse, and critical location on a critical plane, is presented in the next three

subsections.

0.5.1  Critical laser power density and the critical plane

The critical power density depends on the two laser beam parameters: I) the diameter of the laser beam
and 2) heat flux density. The heat flux is varied from 10-230 W/mm? for different diameters of the beam to
conclude the effect of laser power density on the composite. As stated earlier, the heat pulse is allowed on the
specimen for I second followed by a cooling of 2 seconds. The temperature of the composite was increased to
the maximum value during the I second that led to an increase in the shear stress within the composite. Fig.
6.3(a) shows the typical shear stress distribution in the composite for a 20mm beam diameter and 50 W/mm?
heat flux. The maximum shear stress was attained in the specimen at 0.8 sec for this particular case. It is clear
from Fig. 6.3(a) that there are two extreme conditions for the shear stresses: one near the top surface with a
negative magnitude and another above the bottom surface with a positive magnitude. Therefore, it has been
intended to study the stress distribution along the path (A-B) (refer Fig. 6.3 (a)) passing through these two
extreme stress points. Fig.6.3 (b) shows the variation of the shear stresses along the path A-B for different flux
densities. It is observed from Fig. 6.3(b) that the magnitude of the negative shear stress changes sharply along
the line A-B as the flux is increased from 10-100 W /mm?. Also, the results reveal that the point of the maximum
shear stress slightly changed its position along the depth. However, the inflexion point does not change its
position. Fig. 6.3(c) shows the variation of the shear stress along the path C-D (refer Fig. 6.3a) in the horizontal
axis for different flux densities.

The maximum shear stress occurs just near the circumference of the beam (see Fig. 6.3(¢)). It is observed in this
study that the magnitude of the maximum shear stress sharply increases as the flux density is increased from 10-

100 W/mm?. Apart from this, the magnitude of the negative component of shear stress is around 2 times higher
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than its positive counterpart. The location of absolute maximum shear stress lies within 0.5 to 2 mm in the

depth from the irradiated surface near the beam periphery.

Next, the variation of the absolute maximum shear stress with the laser power density is observed. Fig. 6.4(a)

shows the variation of the maximum shear stress (7 o ) with respect to the laser power density for different beam

diameters. A threshold value of 7.8 MPa that corresponds to the ultimate shear strength of the composite is also

marked in Fig 6.4(a). The point at which the threshold line cuts the curves gives the power density of the beam

required to reach the ultimate stress. This point is also referred to as the failure initiation point, and the

corresponding beam power density is referred to as the critical laser power density that initiates the failure. Fig.

0.4(b) shows the requirement of the critical laser power densities for different beam diameters to initiate the

failure in the composite.
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Fig. 6.3 (a) Shear stress contour plot in xy-plane and paths crossing the maximum stress point (b) Shear stress

distribution along the path ‘A-B’ (¢) Stress distribution along the path ‘C-D’.
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Fig. 6.4 (a) Maximum shear stress (7 xy) Vs LPD curve and (b) Critical LPD curve

It is observed from Fig 0.4(b) that the slope of the critical laser density curve between the ISmm to 40 mm
beam diameter is almost flat. The laser power density required to initiate the failure increases exponentially as
the beam diameter is reduced from IS mm to Smm. Similarly, it decreases slowly as the beam diameter is
increased to 40mm and above (this decrement is because of end effect i.e if we consider a test sample of bigger
diameter, the slope of curve will remain flat beyond the 40 mm beam diameter and will go dawn at the end of
the sample diameter). The area under the curve signifies the safe zone for the composite and the area above the
curve is an unsafe zone, i.e., any combination of LPD and beam diameter that lies above this curve will cause

thermal shock damage in shear mode. Fig. 6.5 shows the critical LPD curves obtained for the other two planes
of the composite (i.e., Shear stresses 7., and7 . )- It is clear from Fig 6.5 that the composite has almost similar

behavior in all three planes under thermal shock.

The obtained response of the composite has also been compared to the one obtained by Li et al. [24] for a 2D
laminated C/C composite. It is to be noted that the trend of the critical power density is very similar to the one
obtained for the 2D laminated C/C composite. The critical LPD for the 4D C/C composite is around 10-18
times higher as compared to the 2D laminated composites. This means that the thermal shock resistance
capability of the 4D C/C composite is around I10-I8 times higher than that of the 2D laminated C/C
composite. This enhanced thermal shock resistance of the 4D C/C composite is mainly due to the better
arrangement of fibers and comparatively enhanced properties of the 4DIN composite as compared to the 2D

composite (at 27°C, it possesses TC=5.2 W/mK and CTE=4x10*/°C [24]).
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Fig. 6.5 Critical LPD cutve for 4D C/C composite associated with three orthogonal planes and their
comparison with critical LPD curve for 2D laminated C/C composite (Li et.al. [24]).

Furthermore, it is observed from Fig. 6.5 that the behaviors of the yz and xy planes are almost similar and lie
slightly lower than the xz-plane. This suggests that the critical value of LPD is comparatively higher for the xz-
plane as compared to the other two. Also, the yz-plane of the 4D C/C composite is the critical plane for shear
failure under thermal shock loading. Therefore, the shear stress and temperature distribution on the yz-plane at

critical LPD for different beam diameters are studied in detail in the next subsections.

6.5.2  The critical time of laser irradiation

The critical time of laser irradiation is another important parameter in thermal shock problems; hence,
it was studied for critical yz-plane. Corresponding to the critical LPD values for the yz-plane, the variations of
shear stress with time at the location of maximum shear stress were measured for different beam diameters and
are presented in Fig 0.6(a). The locations of critical shear stress (where shear stress reaches the magnitude of
strength at critical LPD) are termed critical locations. It is revealed in Fig. 6.6 (a) that the shear stress reaches
the ultimate or limiting magnitude of the strength at different time instances in the pulse duration for a critical
LPD. Such an instance of time is called a critical time of laser irradiation. It is also clear from Fig 6.6 (a) that
critical time is also a function of the laser beam diameter. The critical time for the 4mm beam diameter is around
0.1 sec that increases with an increase in the diameter of beams. Fig. 6.6 (b) shows the variation of the critical
time with the laser beam diameter. It is observed that the critical time increases almost linearly with an increase

of beam diameter up to 20mm and afterward remains constant at I sec.
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Fig. 6.6 (a) Shear stress vs time plot at the location of maximum stress and corresponding to critical LPD and

(b) Critical time for different beam diameters.

0.5.3  Shear stress and temperature distributions at the critical laser power density

The critical time of laser irradiation varies with the beam diameter; therefore, the shear stress and the
temperature distribution in yz-plane were studied at the corresponding critical times for different beam
diameters, as shown in Fig. 6.7 (a) and (b) respectively. It is clear from Fig 6.7 (b) that the area in contact with
the laser pulse on the irradiated surface is the region of maximum temperature and is further diffused toward
the boundaries of the specimen.

The critical locations of the shear stress are marked on the contours for different diameters. It is observed that
the locations shift towards the outer periphery of the specimen as the beam diameter is increased (see Fig 6.7(a)).
On the other hand, the propagation of critical locations with respect to the beam diameter is comparatively very
small in the thickness direction (s-direction). The shear stress distribution along the paths crossing the critical
locations (refer Fig 6.3(a) for clarity about paths) is presented in Fig 6.8 (a) and (b) respectively as a function

of coordinates.
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Fig. 6.8 (a) Shear stress distribution in the radial direction along the path crossing critical location, (b) Shear
stress distribution in the thickness direction along the path crossing critical location, and (¢) Depth of critical

location for different beam diameters

Fig 6.8 (a) clearly shows that shear stress varies along the radial direction reaching the peak near the beam
periphery. The peak assures the propagation of critical location in the radial direction with beam diameters. In
Fig 6.8 (b), the shear stresses vary along the depth reaching their minima at 0.5-1.75 mm below the irradiated
surface depending upon the beam diameter. Fig 0.8 (c) shows the critical depth as a function of the beam
diameter. It is observed that it has increased from 0.5 mm to 1.75mm with an increase in the diameter of the
beam from 4mm to 20mm respectively, and remains constant afterward.

Fig. 6.9 shows the variation of the temperature along the critical path in radial and thickness directions. It is
observed that the temperature of the central area of the irradiated surface is around 3200°C for the beam
diameters from 8mm to 25mm which has further decreased to 1700°C with an increase in diameters. It is clear
from Fig. 6.9(a) that the temperature drops sharply just after the periphery of the beam. Fig 6.9(b) shows the
variation of the temperature in the thickness direction. The temperature drops sharply in the depth for smaller
beam diameters and attained a much gentler slope for beam diameters more than 20mm. It is noted that the

sharp gradients of temperature drop in both directions define the critical location of the shear stresses.
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Fig. 6.9 (a) Radial temperature distribution on the irradiated surface and (b) Central temperature

distribution along the thickness.

This study on the thermal shock behavior of the multidirectional composites is concluded in the next chapter.

106



Chapter 7

Conclusions

In this study, X-ray computed tomography was utilized to reconstruct the realistic microstructure of two
complex architectured multidirectional C/C composites namely: 3DH and 4DIN Cc/C composites. The
inherent imperfections such as bundle distortion, bundle misalignment, irregular shaped big voids, and their
distributions were successfully included directly in the finite element model. This omits the major gap between
the real microstructure and the idealized geometries of the past studies to some extent. This is also a more
realistic way of representing the microstructural characteristics rather than the random distribution of the
properties to address the inhomogeneity. Next, the microstructural hierarchy of the material was also included
through the two-scale AEH method sequentially. The two-scale formulation was utilized to predict the effective
thermal conductivity and effective thermal expansion coefficients of the C/C composites as a function of
temperature. The effect of interfacial imperfectness on the local field distributions as well as on the effective
responses was also studied in detail. Some experiments were also performed for the validation of the proposed
model. Finally, the predicted temperature-dependent effective properties were utilized for the thermal shock
analysis at the macro scale. The typical observations and corresponding conclusions based on the current study

are highlighted in the following four subsequent sections.

7.1 X-ray computed tomography

X-ray computed tomography is one of the most important tools that was used to explore the
microstructural characteristics of materials. The image-based finite element models of composite unit cells were

reconstructed using X-ray computed tomography and following major observations and conclusions are derived.

I.  The material microstructure of the 4DIN C/C composite was reconstructed with the help of a 2D image
obtained through XCT and the inherent imperfections present in the material were studied in detail.

a. It is observed that the microstructure of the composite is observed highly fractured and the 3D
network of the cracks and voids is complex. It is revealed from the image analysis that the pores are
present in different locations and sizes in the composite. The big voids i.e., voids that are larger
than 0.2 mm in diameter are located only in the matrix pockets. Apart from this, a significant
porosity is also observed in the composite at different locations such as within bundles, matrix, and

near the interfaces.
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b. Itis also evident from the image analysis that the composite contains a variety of microcracks. Most
of the interfaces of the bundles were found partially cracked. It is also observed through the image
analysis that some of these interfacial cracks also propagate through the matrix and tend to merge
into the cracks of adjacent interfaces.

c. Further, it is evident from the 2D images that the fiber bundles present in the composite are
distorted due to the processing stress. These distortions are found in the form of misalignments,
size, and shape changes.

d. It is observed from the histogram of the greyscale values of the images that the phases i.e. bundles
and matrix, have a combined distribution of the grey values of the pixels. It was difficult to identify
these phases based on the existing automatic segmentation tools. Hence, a semi-automatic procedure
was utilized for the segmentation of these phases.

e. 3D segmented image of material microstructures is also reconstructed that ably includes most of
the inherent imperfections in the geometry.

2. 3D reconstructed images were discretized into finite element meshes. It is found that a very dense or fine
mesh was required to include the micro voids and micro-cracks that lead to a computationally inefficient
FE mesh. To make the computations cost-effective, some compromises were made in the reconstructed 3D
image.

a. Fiber bundles and matrix are considered homogenous materials at the mesoscale level. It is assumed
that fiber bundles are free from voids, cracks, and other inhomogeneities. Micro voids (i.e. diameter
less than 0.2mm) are ignored in the geometry of matrix and big voids (i.e. diameter greater than
0.2mm) are directly modeled.

b.  The resolution of the image was compromised and reduced to 36 pm to make the reconstruction
process easier and the FE mesh workable.

c. The uneven surface of the interface was optimized for the finite element meshing. Hence, very sharp
features were ignored and made smoother.

d.  The segmentation of the phases was carried out using semi-automatic operations. Therefore, there

always are some manual errors associated with the processor which were neglected.

3. The volume fractions of the fiber bundles are obtained 38.06 * 2 % in 4DIN C/C composite.

4. The voids were segmented using greyscale threshold value and the reconstructed FE meshes include around
2.03 £0.35 % of the void fraction.

S. Furthermore, to include the effect of the microstructural hierarchy of the composite. Micro-unit cells were
constructed for each bundle by considering them as a unidirectional composite. Fluctuation in fiber volume

fraction was observed due to bundle distortion. The measured fiber volume fractions lie in the range of

82.72 £ 5.12 % in 4DIN C/C composite
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The study on the effective thermal conductivity is concluded in the following section.

7.2 Effective Thermal conductivity

Fourier’s Law of Heat Conduction derived from the AEH method is solved using FEM and periodic

boundary conditions at two different levels of scales sequentially. The effect of imperfections such as irregular

shaped big voids, bundle distortion, and misalignment, is directly included in the FE mesh. The interfacial

imperfectness is considered in terms of the thermal gap conductance. The following major points are observed:

D

2)

3)

4)

5)

6)

7)

8)

Effective thermal conductivity of the 3DH and the 4DIN C/C composites were successfully predicted as
a function of temperature up to 1227°C. A decreasing trend of TC was found with respect to the
temperature increase for both composites.

Temperature and heat flux contour plots obtained through simulations have suggested that the inherent
imperfections significantly affected the local distribution of the field variables.

Imperfect interfaces caused the temperature jumps at the interface and the magnitude of the jumps inversely
varied with the gap conductance values.

At the bundle level, the effect of an imperfect interface on effective thermal conductivity is negligible,
especially in longitudinal directions.

The in-plane thermal conductivity of the 3DH C/C composite was experimentally measured through a
laser flash method that is measured as 110.5 W /m®°C at 51°C and 53.45 W/m°C at 998°C. On the other
hand, the numerically predicted TC was calculated as 118.8 W/m°C at 27°C and 48.46 W/m°C at
1227°C for the perfect interface. The same for the imperfectly bonded case was obtained as 101.2 to 44.6
W /m°C for the imperfect interface in the same temperature range.

Due to the imperfect interface, around 14.85% and 7.98 % reduction in the in-plane TC of the 3DH C/C
composite was observed at 27°C and 1227°C respectively. However, the out-of-plane TC was reduced by
0.2 % and 2.8 % at the respective temperatures. This suggests that the effect of the imperfect interface on
the effective TCs of the 3DH C/C composite is more pronounced in the in-plane direction especially at
lower temperatures.

The effective TC of the 4DIN C/C composite was numerically predicted as 116.13 W/m°C, 112.16
W,/m°C, and 107.17 W/m°C in x, y, and z directions respectively at 27°C corresponding to the perfect
interface. The same was reduced to 52.68 W/m°C, 51.06 W/m°C, and 47.79 W/m°C in x, y, and z
directions respectively at 1227°C.

In the case of the 4DIN C/C composite, all three components of the effective TC were reduced by around
5% due to the imperfect interface for the full range of temperatures. This shows that the influence of gap

conductance is quite low for the 4DIN C/C composite when compared to that of the 3DH C/C composite.
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9) The current study concludes that the thermal gap conductance value 1.5 x 10° W /m?K corresponds to the
completely debond condition and 1.5 x 105 W/m?K corresponds to the imperfect bond condition.

10)In the 3DH C/C composite, the out-of-plane TC is greater than the in-plane TC, which reflects its
transversely isotropic behavior. However, in the case of the 4DIN C/C composite, the effective TCs in all
three orthogonal directions are almost the same. Thus, it behaves like a quasi-isotropic material.

I1) The proximity of the numerical results with experimental values makes evident the validity of the proposed

model.

7.3 Effective thermal expansion coefficient

The same two-scale hypothesis was extended to study the thermo-mechanical property (thermal expansion

coefficient) of the multi-directional C/C composites and the study is concluded as below.

I) The effective CTEs of the 3DH and the 4DIN C/C composites were predicted as a function of temperature
up to 2227°C by considering the realistic microstructure. In both cases, CTEs were found to be very low
and increases slowly with rising in temperature.

2) At low temperatures, the bundles possess negative CTE in the longitudinal direction and became positive
as the temperature is increased. The transition temperature at which longitudinal CTE changes its sign is
found to be 325°C and 605°C respectively for rectangular and circular bundles (which belongs to 3DH
architecture). Such temperature is around 1100°C for the bundles of 4DIN C/C composite.

3) The in-plane CTE of the 3DH C/C composite varies from 1.07 to 3.29 x 10/°C while the out-of-plane
CTE varies from 0.688 to 3.13 x 10/°C in the temperature range of 27°C-2227°C. The trend of CTE
variation is validated through the existing results of the 3D needle punched C/C composite and found to
be in good agreement with.

4) Again, the CTE of the 3DH C/C composite shows a transversely isotropic behavior.

5) Significant interfacial stress jumps and residual stresses in the different phases were also observed due to the
mismatch of the constituents’ CTEs. Both quantities decrease with the rise in temperature.

6) The effective CTEs of the 4DIN C/C composite was predicted for the three interfacial conditions, namely:
perfectly bonded, imperfectly bonded, and completely debonded using surface-based cohesive behavior.

7) It was observed that the degradation in the interfacial properties has reduced the effective CTEs of the
4DIN C/C composite in x and z directions while this nature was opposite in the y-direction.

8) The overall thermal deformations of the unit cells were reduced around 36.69% and 38.97% in x and z
directions respectively for the completely debonded case as compared to the perfect interface case.

9) The imperfect interface also gave rise to significant displacement jumps at the bundle/matrix interfaces. It

is observed that the local distribution of the field variables in the individual phases was also affected.
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10) Significant damage was observed at the bundle/matrix interfaces of the 4DIN C/C composites in the
thermomechanical simulations. It is observed that the interfacial damage initiates at around 247°C that
corresponds to a thermal strain of 0.008%, 0.06 %, and 0.009% in x, y, and z directions respectively.

I1) The contours of the scalar damage variable show that the interfaces of the in-plane bundles are significantly
affected by the thermal stresses as compared to the other two directions.

12)In case of a perfectly bonded interface, the effective CTEs of the 4DIN C/C composite was found to be -
0.06 x 10/°C, 1.38 x 10¢/°C, and -0.187 x 10 /°C respectively in x, y, and z directions at around 135°C
which further increased to 3.546 x 10/°C, 4.66 10°/°C, and 3.2 x 10-°/°C at 2227°C in the respective
directions.

13) In the case of the imperfect interfacial condition, o reduced to -0.68 x 10¢/°C and 2.324 x 10°/°C while
the reduction in o was up to -0.44 x 10/°C and 2.025 x 10°/°C at 135°C and 2227°C respectively.
I4) Unlike the values of ax and @, the value of @ increases due to imperfectness of interface and reached 2.49

x 10¢/°C and 4.58 x 10°/°C at 135°C and 2227°C respectively.

I5) The effective CTEs of the 4DIN C/C composite was measured experimentally using a dilatometer in the
temperature range of 200-2500°C in in-plane (U) and out-of-plane (Z) directions. The obtained ranges of
the CTEs are 0.56 to 2.66 x 10°/°C and 0.28 to 2.5 x 10/°C in respective directions.

16) Corresponding to the imperfect interface, the predicted range of the CTEs of the 4DIN C/C composite in
x and z directions are a good match with measured results. This shows that the interfacial properties adopted

are appropriate.

7.4 Thermal shock resistance

Next, the thermal shock resistance of the 4DIN C/C composite was obtained in terms of critical laser
power density through the simulation of the laser pulse irradiation method using the FE analysis. The major
conclusions are as follows:

1) The thermal shock resistance of the 4DIN C/C composite was predicted in terms of critical Laser Power
Density (LPD). The trend of the critical LPD curve for the 4DIN C/C composite was found to be very
similar to those reported in the literature for the 2D laminated C/C composite. The thermal shock
resistance of the 4DIN C/C composite was found 10-18 times higher than that of the 2D C/C composite
because of enhanced thermo-mechanical properties.

2) The critical laser density was predicted as 178 W/mm? for a 4mm diameter beam that has been further
reduced exponentially to 22.85 W /mm? for a beam diameter of S0mm.

3) The critical time of laser pulse irradiation was obtained for different beam diameters and it was observed
that the range varied between 0.I—1 sec as diameter increased from 4 to 20 mm. It became constant as Is

beyond 20 mm beam diameter. The shear stress and temperature distribution were studied at critical laser
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pulse irradiation. The maximum temperature is found around 3500 °C for a 4 mm beam diameter that

reduces to 1700 °C for 50 mm beam diameter.

4) The critical laser power density curve was obtained based on all three components of shear stresses. The yz-

plane is found as a critical plane and component Ty. as a critical component of shear stress.

5) The temperature remained almost uniform inside the beam area and sharply decreases near the periphery

along the radius on the irradiated surface. The critical location for shear stress was found near to the beam

periphery and about 0.5-1.75 mm below the irradiated surface (where high thermal gradient exists)

depending upon beam diameter.

7.5 Scope for the Future

g

An appropriate efficient algorithm can be developed for the segmentation of phases such as bundles and
matrix that possess poor contrast of greyscale.

Effect of intra bundle pores, micropores and microcracks can be studied in detail

The effect of matrix morphology on effective thermo-mechanical properties can be included into the
mode] defining a new level of scale.

A more refined voxel-based finite element model can be used to overcome the limitations of the present
study by utilizing the extensive parallel programming FEM algorithms.

More experiments can be performed to estimate the actual properties of the constituents.

Thermal shock analysis can be performed on the reconstructed microstructure to conclude the effect of
interfacial debond and imperfections on TSR.

The present work can be extended to study the ablative behavior of the 4D C/C composite and its

effect on effective thermo-mechanical properties.
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Appendix-A

Asymptotic Expansion Homogenization for thermal problem

Following mathematical facts have been utilized during derivation [113, 115]

Fact 1 Derivative of periodic function is also periodic with the same length of period.
Fact2  The integral of derivative of periodic function over the period is zero

Fact 3  For the equation

Au=F ino® where AO:—i aij(y)i
Y Y,
The O-periodic function ‘«/ will be a unique solution iff
1
(F)=—[Fd®=0
0]5
Where ‘| | and < >are showing volume and volume average quantity over the domain © respectively.

Fact4  for any function @” = @(x, ), chain rule of partial differentiation yields

174
99" _%¢ , 10p where, £ =&
x;,  Ox; &0y Vi

Consider a thermal boundary value problem in a 3-dimensional composite domain as described in Chapter-5

(section-4.3). One can refer to this section also for the definition of symbols.

0 oT" .
Steady state heat equation: -—| K} =f in QeR’ (AT)
ox, Ox;
Temperature BC: TV =¢, on 0€2/
or”
Heat flux BC: K 3 n, =c, on 0QY
7 o
j
or”
Fourter’s law of conduction: q/ =-K/ 3 on Q" (A2)
X .
J

Where, 8.(21”’ and 8[2;" are the temperature and heat flux prescribed boundaries respectively such that
0Q" oY = a0 .
The asymptotic expansion approximation of temperature field can be written as

TV(x)=T)(x,y)+&T,(x,p)+ ETy(x,p )+ (A3)

Substituting expansion (AJ3) into equation (Al) and using Fact 4, we get
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a ] a a I 8 20 e ) e =
—(a—%+gaj{l<y(y)£§j+EaJ(%(x,y)+§T1(x,y)+é Ty(x,y)+ )} f
0 o 10 1 0 o 10
or ‘;%[Ka(y)[gj+Ea](To(x,y)+le(x,y)+---)}—Ea[Kg(y)[gj?a](To(x,y)+§T1(x,y)+ ------ )]—f
on further simplifications, we get
[éAwéAl+A2+--}[To(x,y)+§T1(x,y)+521;<x,y>+ ------ l=r o
__0 K
__9 o |_0 o |__9 9| o
4, = o K,-j(y)axJ ox (K,-j(y)éyj} & [K,-,-(y)axJ Kl-j(y)axiayj

0 0 0’
A, =——| K. .(y)— |=—K,
2 ax ( U(y) axjj lj(y) leﬁxA

i J

Here, K i (¥) has been assumed to vary locally and preserve periodicity in the domain @ .

Equating the terms of equation (A4) with a similar power of f both sides up to the third term of expansion,

we g€t
ATy (x,y)=0 (A3)
AT (x,y)+ ATy(x,y)=0 (A6)
AT (x,y)+ AT/ (x,y)+ AT (x,y)=f (A7)

Now consider the equation (AS)

From Fact 3, T, will be a unique solution and one of the obvious solutions is

Ty(x,y)=Ty(x) (A8)

i.e first term of asymptotic expansion depends only on global coordinate which is a global solution field and

does not vary locally.

Next, equation (A6) can be written as
AT(x,y)=-AT,(x)
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or AT, =

2 oK.,
a( K (v )6T(x)] Kﬁ(y)a T)(x) _0Ky(y) oT,(x) 9

oy ox,0y; oy, ox,

J ! J

In equation (A9), it is to be noted that on right hand side, variables are separated and derivative of conductivity

tensor is also a periodic term in @ (from Fact I). So, its volume average over the local domain will be zero.

Hence, from Fact 3, it is obvious that T]( X,y )Wiﬂ be a unique solution up to an additive constant and can be

written as

I =Z,(y)%+§(w (A10)

where, (¥) is the solution of following local problem

K,
Axi(y)=—""—in® (AIT)

The term %, () is termed as temperature influence function which acts as a bridging term to eestablish the

oTy(x)
ox.

J

relation between the local temperature field T,(X,y) with the global temperature gradient

Now consider the equation (A7)

AT (x,y)=f-AT)(x)-AT,(x,y)

Since, T, is y-periodic (Local temperature field), So, this will be a unique solution ( from Fact 3) iff
<f—A27})(x)—A,T1(x,y)> =0

o é [(F = A4L(x)- AT, (x,y)d0 =0 (AL2)

Where ‘@ ‘ is the volume of the unit cell domain @ . Expanding each term of equation (AI2), we have

I O'Ty(x,y)
AT, =~ 8y( Ky(y)=— JT(X y)=-K,(y) oy,
-2 K,,(y)—[z,(y)aT HLANE )D_K”(y) ‘ [z,( JRUEONE: )]
Vi j j Oxié‘y j
’ 0
-2k ,,(y)z,(y)”(“ K (v )am)] K ()20 L)
Vi oy W, Ox0x,
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2 2
z_a(Kik(y)zj(y))a Ty(x) OKy(y)og(x) CK,(y) ox;(y) 0°Ty(x) (AT3)
oy, ox,0x, oy, ox; oy, Ox0x;
82
AT, =-K,
/O ot (AL4)
Substituting expressions (A13) and (AI4) in equation (AI2), we get
oK
Ll K (9)1,(3)0Ty(x) K,(y) 8§(x) Ky )6;(,0’)8 L )P0 g g
|®| oy, Ox,0x; oy, ox; . Ox,0x, Ox,0x;
or
L 19Ty (x) (9 lk(m,(y)) 1 a;(x) OKy(¥) 4 L OTo(x) @ﬂa( Y io
ol 7% (6] axr, | A T e
19T, (x)
|®| v jK( )d® =0
The second and third terms vanish as per Fact 2. The expression reduces to
1 0°Ty(x) ox,;(y)
— K. K. / ®=0
(f)+ O anr j S+ Kl y) =2
1 Z (y)\, |o°T,(x)
or — || K. K J de |—0 =7 — _
_|®| i( lj(y) + lk(y) k :| GXiaxj <f>
[ ox.(v)Y, 16T (x)
or —| K. 0, - e 0 =—
_|@|£ U(y)( ” Wy Jd ] Oxx, <f>
H o°T, (x)
or —K =7 =
J axiaxj <f>
0 u 0T, (x)
or - — | K==
83@{ ! Ox; ) <f> A

Here, 0 jx1s Kronecker delta and equation (AIS) is the heat conduction equation in an equivalently homogenized

domain with constant effective thermal conductivity K i which is defined as

z/ |®| IKt/( )( Z(,;y(y)}® <AI6)

Substituting the expansion (A3) into Fourier’s law (A2) and applying chain rule (Fact 4), we obtain
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qi (x,y)==Ky(y) [%%;J(T (X)+ET(x,y)+ETy(x, )+ )}

J

=Ky (v~ (T(X)+§T(x V)+ET(x,y)+ )+é£(TO(X)+le(x,y)+§2T2(x,y)+ ...... )}

/ j
= K,y pL 1 9Ty(x) | OTy(x)  OTi(x,y) e T(xy) OT(xy)|, . .
1
=4 ”(x,y)+q,.(“’(x,y)+ Ea(x, )+ E2q(x,p ) rereere
4
oT,(x
Here, qz( "=0a L) =( and the leading term of heat flux expansion is q'”(x,y ) which is the function

J
of global temperature gradient and local temperature. So, the average heat flux in unit cell domain © can be

written as

“1el) j 4"(x,y)do

_ 1 0Ty(x) 0T, (x,y)
_|@|Z£{ b )( o w, J}

=|(f)|f{ Ky )[am) ay[ (g

J

N—

}d@ (from(410))

:L { Ky(y)(ﬁT(x) Ox,(¥) T, | 9¢(x) }d@
@ ' 6xj ,
_ 1 ox,(y) T (x)
@ { KI,(y)(c? + j}d@ o
— gy ) ( from(416))
ox;

Hence, Fourier’s Law in terms of average quantities and effective thermal conductivity can be written as

-
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Appendix-B

Asymptotic expansion homogenization for thermo-elastic problem

Consider an elastostatics problem in the composite domain 0V e R (Refer Ch-5, sectionS.3)

oV
Stress equilibrium equation: a—l] +b" =0 in Q¥ eR’ (BI)
X .
J
Displacement BC: u =c, on 042/
Traction BC: o;n;=c, on 0%
Constitutive relation: o ;” = Cgkl( e}g - ;g AT ) = va'/klelz — ﬂ;g AT (B2)
. , y _oul
Strain-displacement relation: e, = p (B3)
X
Here, the material properties are assumed to vary locally i.e. C,-]V(kl = Cijkl( y)anda), =a,(y) [116]
Displacement field in the composite domain can be approximated through asymptotic expansion as
ul (x,3) =u" (x)+ &u” (x, )+ E2u? (x, p) + oo (B4)
Inserting the expansion (B4) in equation (B3) and using chain rule (Fact 4), we get
0 0 1 (1) i (1
:[au,i L 1o Jg(aia_jg(a_za_j ......
ox, <& 0y o, & oy ox, & oy
1 ou!” N [&t,ﬁm N oul” j N 5[8@“ N ouy”’ j e,
S ox, oy, ox, oy,
1 ,_
= _elil Y+ eliIO) + gelill) +oee (BS)
g
o (0) o (0) o 1) o Q) 0 (2)
Where e,ﬁ]l) 3 , e,({?) = u—k-i-i , 62) = L-|- % and so on...
y, ox, oy, ox, oy,
Inserting the expansion of strain (BS) into the constitutive relation (B2), we obtain
1
G;/j/ = leikl(g elil Y e}g} )+ 561211) +- j - CoyAT
v _ 1 1 0 o,
or o, = go;j +o, + oy’ + (B6)

Where,
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(0
Ou,

o =l =2 @)
(0) (1)
O'l(jo) = Cl.].kl(e,ilo) —ak,AT)Z C[/kl(au—k+ ou —ak,AT],. veveeee..and so on (B8)
' ' Loy oy
Now chain rule of partial differentiation can be applied on stress equilibrium equation (BI) as
oo’ oo’
AL
&, £,
or i(l oV +ol +&of) +- j + li(l oV +ol” + o)+ j +b, =0
ox;\ & oy, \ &
1 0V q1(oc" o0V oo ooV
or S| || |+ +b, =0 (B9)
& ooy, S ox Y, Ox, v,

Now, equating the terms with a similar power of § on both sides of equation (B9) up to the third term, we get

three coupled partial differential equations as follow

(1)
oo, _o
o, (B10)
oo " ooy
i 770
ox; y,; (BIT)
oc'” oot
T 42 4 p =0
ox, Y, (BI2)

Now considering equation (BI0), we have

0 oul”
g (Cljkl ng = 0
J /

0 . . . . .
From Fact 3, U ,E ) must be a unique solution and one of the obvious solutions is

! (x,y)=u"(x) (BI3)

i.e first term of asymptotic expansion depends only on global coordinate “xi". This gives O, lg-_l) =0.

. . 0 -1
Now, using the expressions for O ; ) and O (=1

i equation (BIT) can be written as
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0 o oulV
g{c”kl[ a:; + ﬁ — ak,AT]} =0 (BI4)
J ! i

Here uk )( X,¥) is the local displacement field. According to the method of separation of variable, one can

assume the local displacement field as

(0)

up = ¢,;"Q(y) —+1,(y)AT (BIS)

q

In equation (BIS), the local displacement field is related to the global strain and temperature change through
two arbitrary influence functions @/?('y)and 77,(y ) respectively and are known as displacement influence

function and temperature influence function.

Substituting (BIS) in (BI4), we get

0 oul” 0 0u( "
~—1Cu g—k ( e (y)AT | =, AT | =0
a.yj X ayl q

8(0)
or e, —c 287\, O 19y |laT =0 (B16)
a, | oy ax, oy, | "oy

Since #/'(y) and 1,(y) are arbitrary, equation (BI06) can be split into two decoupled problem in the local

domain as follows

pq
i Ciqu —Cl./.kl 0f; =0iin0® (BI6.a)
a.yj ' oy,
and i ]
0 c,.jk,(%—ak,j =0in0 (BIG.b)
;| o

Equation (BI16.a) and (BI6.b) are the elastic and thermal problems respectively and can be solved separately in
local domain for corresponding influence functions.

Averaging the equation (BI2) over the volume of local domain ©, we obtain

(0) (1)
e
o\ X, Y

ool ool 1
o gl e gl o

The second term of equation (BI7) is zero according to the Fact 2. After further simplifications, we get
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8u,i°) Gu,il)
AT |+d® bd@ 0
ol H e aa T |(dor o f

(0)

0 I 1 8u(0) 0
- | — C k Pq
or |®|£ l]k/( axl a : ( ¢k (y)

+77k()’)AT}ak/ATJd} ||Ibd® 0
X
d au,go) ogy ou)’ 1 on 1
Y Or—<—|C. | =% — OAT |[+— | bdO =0
or ij {|®|I[ ikl l/kl &, Gx |®|£ ijkl o, ay +|®|£l
o1 @\ o | Ou)” on
—|{— -C. ® —k ® bdy=0
" Ox, {G)i( e &y,}’ }ax {|®|I "oy, ajd } } © |J. -

P b (0)
. o) = )T )

%{(cyk){ag—f” - <ak,>ATH +{(b)=0 (BI8)

Clearly, equation (BI8) is nothing but stress equilibrium equation in an equivalently homogenized domain with
constant effective properties <C tI/'kl> and <0[k1> .

Here the equivalent homogenized properties are defined as

1 0P
<Ciqu> = @i(cﬁpq - Cijkl g;l Jd®

on,
2=l G o o

:ijb,.d(a

o2
and <05k1> < z]kl> <18kl>

Hence the constitutive relation in terms of homogenized effective properties and average quantities can be

written as
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Appendix-C
®
Considering elastic problem (equation 6.1)

_[(O-ij,j + pF, — pi; )&"id" =0

14

[0, dedv+ [ pFdiudv— pii diudv=0
V vV V

or

Applying integration by parts on the first term, we obtain

[(o,0u,) dv—[ o0, ,dv+ [ pFéudv—{ pii ditdv=0
vV vV vV

vV

Implementing Gauss divergence theorem, we get

[o,0,n,ds — [ o1, ,dv+ [ pFdu,dv— [ pii dudv=0
S 14 4 V

o [ (o, Youds [ &,6u, dv+ [ pFéudv— piidudv=0
S Vv Vv 4

or J.pi&/lids_.[O-ij&’li,jdv—i_J‘pF;&’lidv_J.mi&/lidv= 0
N V vV 4

or |y dv=pduds+ [ pFdudv— pii,dudv
14 S Vv v

Similarly, for the heat transfer problem (equation 6.7)

I(— qg;;+ PR —pcé)&&z’v =0

v

~[q,,00v+ [ pRS@Iv—[ pcbsaty =0
V 14 14

or

applying integration by parts on the first term

_ ( j (¢,60),dv— j q,(60), dvj + j PRSGAY — j pc05adv =0

4

Implementing Gauss divergence theorem

- j ,60.nds — j 4,(50), dv] + j PRSOHY — j pc056dv =0
S Vv Vv 4
or ~| [(q,n)o0ds - [ q,(50), va + [ pRSGAV [ pedsedv =0
S 4 Vv 4
or ~| [4,00ds+ [ n(6, -0, )56 [ 4,(50), dv} + [ pRSGV— [ pedsadv=0
N S 4 14 14

or

[4,(66),av+ [ proGdv = [ §,06ds + [ pcbstav+ [ h(B, —0,)56ds
4 V

S, v S,
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(i)

Term wise FE discretization in elastic problern (equation 6.12)

J‘Uzj&”i,jdv = _[(Ci/klekl - th/'klaklg)sui,j dv
B (750 P M TP v
= [[B/1DIBT dvlu” |- [[B* DY} [N’ T avio ™}

[ Bods = [ (p INT ds = [[N14p,)ds

S

[ PFdwdv=[ ptEY IN'Y dv=[ pIN' 1F jav

[ i dinv = [ PN T (i INT v = PN LN T i e

Vv

Term wise FE discretization in thermal problem (equation 6.13)

J.qi (50),:‘ dv = I(_ k0 X59),i dv
v :V_J'([k][BG]T{H(n)}}Be]Tdv
= [[B°IKIB°T dv(o™}

j PREQ = j PRV [N’T dv= jp[zvf’] {Rdv
[d,08ds = [{G,}"IN"T ds = [[N°1{4, }ds
[ pebsaiv= ] peINT 10"y IN°Y dv=] peN'IN"T dvi6™}

Vv

jh(ew —0.)68ds = j hO, -6, )N ds= j [N°1h(6, -6, )ds

S,
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