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Introduction to the composite
and its toughening mechanisms
Q.H. Qin

Australian National University, Acton, ACT, Australia

1.1 Basic concepts

The word “composite” usually signifies that two or more separate materials are com-
bined on a macroscopic scale to form a structural unit for various engineering appli-
cations. Each of the material components may have distinct thermal, mechanical,
electrical, magnetic, optical, and chemical properties. It is noted that a composite com-
posed of an assemblage of these different materials gives us a useful new material
whose performance characteristics are superior to those of the constituent materials
acting independently (Ye, 2003; Qin and Yang, 2008). One or more of the material
components is usually discontinuous, stiffer, and stronger and known as the reinforce-
ment; the less stiff and weaker material is continuous and called the matrix. Some-
times, because of chemical interactions or other processing effects, an additional
distinct phase, called an interphase, exists between the reinforcement and the matrix
(Damiel and Ishai, 2006). Composite materials have some advantages when compared
to their components or metal parts. Some material properties that can be improved by
forming a composite material are (Jones, 1999):

» Strength

»  Stiffness

*  Wear resistance

*  Weight

+ Fatigue life

» Extreme temperature response

* Thermal insulation or conduction

» Electrical insulation or conduction

* Acoustical insulation or conduction

* Response to nuclear, X-ray, or magnetic radiation
* Chemical response or inertness to an environment (corrosion resistance)
* Electromagnetic and radar insulation or conduction
* Crack (fracture) resistance and arrest

* Cost

» Fabrication

* Temperature-dependent behavior

» Attractiveness.

Further, composite materials have the following advantages: (1) composites can have
unique properties (e.g., specific strength and modulus) that are significantly better

Toughening Mechani: in Composite Materials. http://dx.doi.org/10.1016/B978-1-78242-279-2.00001-9
Copyright © 2015 Elsevier Ltd. All rights reserved.
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2 Toughening Mechanisms in Composite Materials

than their metal, polymer, and ceramic counterparts; (2) composites offer a greater
flexiblity in designing and manufacturing a specific engineering structure; (3) com-
posites can be fabricated to a final product from raw materials; and (4) composites
can be tailored to have given properties required by the end users.

1.1.1 Matrix materials

Polymers, metals, and ceramics are all used as matrix materials in composites. They
are the constituents that are continuously distributed in a composite. Examples of
matrix materials are (1) polymers: epoxies, polyesters, phenolics, silicone, polyimide,
nylon, polyethelene, polystyrene, and polycarbonate. The first five belong to the
category of thermoset plastic, which is the material that can be melted and shaped only
once (if it is heated a second time, it tends to crack or disintegrate); whereas the last
four are categorized as thermoplastic, which is, in contrast, a material that can be
melted and shaped over and over again; (2) metals: steel, iron, aluminum, zinc, car-
bon, copper, nickel, silver, titanium, and magnesium; and (3) ceramics: alumina, sil-
icon carbide, aluminum nitride, silicon nitride, zirconia, and mullite. The functions of
the matrix are to transmit forces between fibers, hold fibers in proper orientations,
protect fibers from the environment, and stop cracks from spreading between fibers.
To effectively realize those functions, a desired matrix material should have good duc-
tility, high toughness and interlaminar shear strength, stable temperature properties,
and high moisture/environmental resistance. In addition, a strong interface bond
between the fiber and matrix materials is desirable, so the matrix must be capable
of developing a mechanical or chemical bond with the fiber (Gibson, 2012).

1.1.2 Reinforcement materials

Reinforcement materials usually add rigidity and greatly impede crack propagation. In
particular, they enforce the mechanical properties of the matrix and, in most cases, are
harder, stronger, and stiffer than the matrix. The reinforcement can be divided into
four basic categories: fibers, particulates, fillers, and flakes.

Flakes are in flat platelet form and have a primarily two-dimensional geometry
with strength and stiffness in two directions. They can form an effective composite
material when suspended in a glass or plastic. Ordinarily, flakes are packed parallel
to one another with a resulting higher density than fiber-packing concepts. Typical
flake materials are mica, aluminum, and silver. Mica flakes embedded in a glassy
matrix provide composites that can be machined easily and are used in electrical appli-
cations. Aluminum flakes are commonly used in paints and other coatings in which
they orient themselves parallel to the surface of the coating. Silver flakes are used
where good conductivity is required.

Fillers are particles or powders added to material to change and improve the phys-
ical and mechanical properties of composites. They are also used to lower the con-
sumption of a more expensive binder material. In particular, fillers are used to
modify or enhance properties such as thermal conductivity, electrical resistivity, fric-
tion, wear resistance, and flame resistance. Typical fillers are calcium carbonate,
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aluminum oxide, lime (also known as calcium oxide), fumed silica, treated clays, and
hollow glass beads.

Particulates used in composites can be small particles (<0.25 pm), hollow spheres,
cubes, platelets, or carbon nanotubes. In each case, the particulates provide desirable
material properties, and the matrix acts as a binding medium necessary for structural
applications. The arrangement of particulate materials may be random or with a pre-
ferred orientation. In general, particles are not very effective in improving strength
and fracture resistance. Typical particle materials are lead, copper, tungsten, molyb-
denum, and chromium.

Finally, a fiber is a rope or string used as a component of composite materials
whose aspect ratio (length/diameter) is usually very large (>100). The cross-section
can be circular, square, or hexagonal. Commonly used fibers in the composite include
the following: (1) glass fiber, which consists primarily of silicon dioxide and metallic
oxide modifying elements and are generally produced by mechanical drawing of
molten glass through a small orifice. They are widely used due to low cost and high
corrosion resistance. Glass fibers can be used in fishing rods, storage tanks, and air-
craft parts; (2) aramid fiber, which has higher specific strength and is lighter than
glass, is more ductile than carbon. Examples of industrial application are armor, pro-
tective clothing, and sporting goods; (3) carbon fiber, which is often produced from an
oxidized polyacrylonitrile or via pyrolysis carbonized polymers. The carbon fiber can
have a modulus as high as 950 GPa with low density. Its diameter is usually between
5 and 8 pm, smaller than a human hair (50 pm); (4) boron fiber, which usually has
high stiffness, good compressive strength, and large diameters (0.05-0.2 mm) com-
pared to other types of fibers. Composites with boron fibers are widely used in aero-
space structures where high stiffness is needed; and (5) silicon carbide fiber, which is
usually used in high-temperature metal and ceramic matrix composites (CMC)
because of its excellent oxidation resistance, high modulus, and strength in high-
temperature atmosphere.

1.2 Historical developments

Although it is difficult to say when or where people first learned about composites,
nature and literature provide us with numerous examples. About 3000 BC, people
used brick made of straw and mud for construction. Mud reinforced with bamboo
shoots and glued laminated wood were used in houses built by the Egyptians in
1500 BC. Mongols invented the first composite bow in 1200 AD. Glass—polyester
radomes were introduced in 1938 for application in aerospace structures: here, the
fiberglass was combined for the first time with good unsaturated polyester resins.
The first molded fiberglass boat was built in 1942. The U.S. government patented
the first filament winding process in 1946, followed by missile applications in the
1950s. In 1952, Herring and Galt (1952) described the mechanical properties of thin
whiskers of Sn, and inferred that whiskers were single crystals. Boeing 727 started to
employ reinforced plastic components in 1960. The first boron and high-strength
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carbon fibers were introduced in the early 1960s. It was not until 1969 that carbon/
epoxy materials were applied to operational fighter aircraft structures. Metal matrix
composites (MMC) such as boron/aluminum were introduced in 1970. DuPont devel-
oped Kevlar fibers in early 1970s (Greenwoo and Rose, 1974). Starting in the late
1970s, the application of composites has greatly increased and expended to tennis
rackets, large-diameter thin-walled pipes, civilian structural members, golf clubs,
automobile and truck components, skis, fiber-reinforced concrete, epoxy-impregnated
concrete, composite-pressure vessels, armor, space vehicles, boats, and airplanes, due
to the development of new fibers such as carbon, boron, and nanotube and new com-
posite systems with matrix made of polymers and metals.

1.3 Classification and applications

There are two classification systems of composite materials. One is based on the type
of matrix material (metal, ceramic, polymer, carbon/graphite) and the second is based
on the geometry of reinforcing material (fiber, whisker, flake, and particulate).

1.3.1 Classification based on matrix materials

Based on matrix materials, four commonly accepted composites are:

*  MMC are composite materials with at least two constituent parts, one being a metal (alumi-
num, magnesium, iron, cobalt, copper), which is considered as the matrix phase. The other
material may be a different metal (lead, tungsten, molybdenum) or another material (oxides,
carbides, organic compound). Typical engineering structures containing MMC include car-
bide drills, tank armor, automotive disc brakes, automotive engines, and the F-16 Fighting
Falcon.

*  CMC are composed of a ceramic matrix and embedded fibers of other ceramic material (dis-
persed phase). Advantages of CMC include high strength and hardness at very high temper-
ature, high service temperature limits for ceramics, low density, and chemical inertness. The
applications of CMCs are in fields requiring reliability at high temperatures (beyond the
capability of metals) and resistance to corrosion and wear (e.g., heat shield systems for space
vehicles; components for high-temperature gas turbines; components for burners, flame
holders, and hot gas ducts; and components for slide bearings under heavy loads requiring
high corrosion and wear resistance).

* Polymer matrix composites (PMC) are composed of a matrix from thermoset (epoxies, phe-
nolics) or thermoplastic (polycarbonate, polyvinylchloride, nylon, acrylics) and embedded
glass, carbon, steel, or Kevlar fibers. Unlike a CMC, in which the reinforcement is used pri-
marily to improve the fracture toughness, the reinforcement in a PMC provides high strength
and stiffness. The advantages of PMC are attributed to its light weight, high stiffness and
strength along the direction of the reinforcement, and superior corrosion and fatigue resis-
tance compared to metals. Examples of PMC application are secondary load-bearing aero-
space structures, boat bodies, canoes, kayaks, automotive parts, radio-controlled vehicles,



Basic concepts of composite materials 5

sporting goods (golf clubs, skis, tennis racquets, fishing rods), bullet-proof vests and other
armor parts, and brake and clutch linings.

Carbon—carbon composites (C/C) consist of carbon fibers embedded in a carbonaceous
matrix. Carbon is a very versatile material that can exist in a variety of forms: amorphous,
graphite, diamond, pyrolytic graphite, carbon black, carbon nanotube, fullerenes, and graph-
eme. Carbon is an excellent high-temperature material used in an inert or nonoxidizing atmo-
sphere. The working temperature can be as high as 2000 °C. Typical high-temperature
applications involve breaks for aircraft and automobiles, dies for use in hot-pressing,
high-temperature fasteners, heating elements in furnaces and protection tubes, and space
shuttle nose cones.

1.3.2 Classification based on the geometry of reinforcement

There are four typical types of composites based on the geometry of reinforcement:

Fiber-reinforced composites (FRC) consist of three components: (1) the fibers as the discon-
tinuous or dispersed phase; (2) the matrix as the continuous phase; and (3) the fine interphase
region, also known as the interface. The fiber may be of short (discontinuous) or long
(continuous) fiber. As indicated in Gibson (2012), in a fiber composite, commonly used
matrix materials are epoxy, aluminum, calcium-alumino silicate, polymer, and carbon.
Examples of FRP application are bridges and columns, prestressing tendons, reinforcing
bars, grid reinforcement, and dowels. In addition, FRC is also used in outdoor deck floors,
railings, fences, cladding and siding, park benches, and window and door frames.
Whisker composites are composed of a matrix material and embedded reinforcing whisker
materials (e.g., potassium titanate whisker, graphite, aluminum oxide, silicon carbide,
silicon oxide, boron carbide, and beryllium oxide). A whisker is the nearly perfect,
single-crystal material produced synthetically under controlled conditions. It is a very thin,
short filament with large length/diameter ratio and is smaller than chopped fibers. Owing to
its small diameter, the whisker is nearly free of internal defects and yields strength close to
the maximum theoretical value. For example, whiskers of silicon nitride are being made as
fine as 0.2-0.5 pm in diameter. Tjong and Meng (1999) found that whiskers could have
much higher specific strength than short glass or carbon fibers and could reinforce polymers
more effectively.

Flake composites consist of flat reinforcements of matrices. Typical flake materials are
glass, mica, aluminum, and silver. As indicated in Kaw (2006), flake composites provide
advantages such as high out-of-plane flexural modulus, high strength, and low cost. How-
ever, flakes cannot be oriented easily and only a limited number of materials are available
for use.

Particulate composites consist of particles of various sizes and shapes randomly dispersed
within the matrix. Because of the usual randomness of particle distribution, these composites
can be regarded as quasi-homogeneous and quasi-isotropic on a scale much larger than the
particle size and spacing. Particulate composites have advantages such as improved strength,
increased operating temperature, oxidation resistance, high creep resistance, and high
strength to weight ratio (Kaw, 2006). Typical examples of application are appliances, toys,
cell phone casings, helmets, body panels of automotive cars, breaks, bumpers, and intake
manifolds.
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1.4 Effective mechanical behavior of composites

As indicated in Section 1.1, a composite is composed of two or more separate mate-
rials. Each of the material components may have distinct material properties. It is
important to determine the effective material properties if we replace the composite
with a homogeneous material. In classical mechanics, at a macrolevel, the material
properties are always assumed to be homogeneous on an average basis, whereas at
a microlevel, i.e., inside the composite, the material properties are heterogeneous.
At a microlevel, the heterogeneous microstructure and physical laws are usually
known. The task is to find homogeneous material properties at a macrolevel based
on the information of microstructure. These properties are often called overall mate-
rial properties or effective material properties, and the process is often known as
homogenization. Recently, some investigations have been made into the composite
array using methods such as the homogenization method (Qin and Yang, 2008).
Grassi et al. (2002) numerically examined the effect of fiber volume fraction of the
through thickness Young’s modulus. Qin (2004a,b, 2005) and Yang and Qin
(2004) presented several boundary elements—micromechanics models for predicting
effective properties of materials with defects or inclusions. Antoniou et al. (2009)
developed a FE model to predict mechanical behavior of glass/epoxy tubes under
static loading. Xu et al. (2008) conducted an experiment on the plate size in determin-
ing the effective modulus. Yang and Qin (2001, 2003) used the finite element method
(FEM) to predict effective elasto-plastic properties of composites. To determine the
ranges of effective properties using various micromechanics models, the Voigt and
Reuss rule (Gasik, 1998) presented a method to find the upper and lower bounds,
respectively, of the stiffness for a composite material with arbitrary fiber-matrix
geometry. Micromechanic models were also used to determine effective properties
of piezoelectric materials with cracks (Qin et al., 1998; Yu and Qin, 1996; Qin and
Yu, 1997), microvoids (Qin and Yu, 1998), and of human dentine materials (Wang
and Qin, 2007, 2011; Qin and Swain, 2004). Several other research studies have used
representative unit cell models to investigate the dependence of component properties
on composite materials (Tvergaard, 1990; Bao et al., 1991; Zahl and McMeeking,
1991; Levy and Papazian, 1990; Li et al., 1995; Feng et al., 2003). This section briefly
describes major micromechanics models commonly used to determine effective mate-
rial properties and to analyze the corresponding mechanical behavior of composite
materials. It includes the mechanics of materials approach (MMA), finite element
modeling, direct and indirect homogenization, and boundary element approach.

1.4.1 Mechanics of materials approach

MMA provides an analytical technique to calculate effective material properties of the
fiber-reinforced composites. These overall material properties can be used to predict
the material behavior with various interfaces. MMA is used to determine the overall
material properties due to their respective fiber and matrix volume fractions and con-
stituent material properties. It assumes an average of stresses and strains to examine
the global response.
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1.4.1.1 Determination of longitudinal modulus E;

We begin with determining the Young’s modulus £, (Young’s modulus in the fiber
direction) of a fiber-reinforced composite. To this end, consider a representative vol-
ume element (RVE) in Figure 1.1. It is subjected to a longitudinal normal stress ¢, as
shown in Figure 1.1. Static equilibrium requires that the total resultant force F on the
RVE must equal the sum of the forces acting on the fiber and matrix:

F=01A=0m1An +011A¢ (1.1)

where subscripts “m” and “f” refer to matrix and fiber, A, A,,, and A; stand for cross
areas of composite, matrix, and fiber respectively, and

1
Omi :—JamldV:

1
v *JGmldA, Ot =

1
A 7J0f1dV:

1
% 7J0f1dA (12)

A

Since the length of matrix and fiber are the same (Figure 1.1), area fractions are equal
to the corresponding volume fractions. As such, Eq. (1.1) can be rearranged to give a
“rule of mixtures” for longitudinal stress:

_ Am _ Ar _ _
0’1=0m17m+0f1K=0m1Vm+0f1Vf (1.3)

where v, and v; are area fraction of matrix and fiber, respectively.
If both the matrix and fiber are linear elastic and isotropic, we have from
Hooke’s law

o1 =E&, omi =Eném1, o1 =Erép (1.4)
where

_ 1 _ 1 . 1

a=- e1dA, Eml =4 em1dA, o=y errdA (1.5)

and Eq. (1.3) becomes

Elgl = EmEme +Ef§fo (1 6)
T 2 Figure 1.1 Composite loaded in fiber
{Fiber direction.
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If the matrix and fiber are perfectly bonded, the average strains in the composite,
matrix, and fiber along the one direction are all equal:

€1 =&m1 = &1 1.7

Combination of Eqgs. (1.6) and (1.7) yields the rule of mixtures for the longitudinal
modulus:

E\=Ewve+Eqnvn (18)

1.4.1.2 Determination of transverse modulus E

The Young’s modulus of the composite material in the transverse direction can be
determined by considering the loading case shown in Figure 1.2.

With the loading case in Figure 1.2, the normal strains in the fiber and matrix are
found to be

() g7
=—, =— 1.9
& E; Em2 E. (1.9)

The total elongation in the transverse direction is AW =¢,W on average. It should be
equal to the sum of the corresponding transverse elongation in the fiber, Wyey,, and the
matrix, Wyémo:

14 Wf Wm
AW =W =—0r =eppWi+emppWm = — + — 1.10
& E202 EpWi+Emn (Ef Em>02 ( )

where W, Wy, and W, are, respectively, the width of composite, fiber, and matrix.
Equation (1.10) can be reduced to the “inverse rule of mixtures” for £, by dividing

W on both sides of the equation:

1 v vp

— =+ (1.11)
E, E¢ En

Figure 1.2 Composite loaded in transverse TZ

direction. o:
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Matrix f

W B

Matrix

ERARRARRE

A 4




Basic concepts of composite materials 9

1.4.1.3 Determination of major Poisson’s ratio ;>

The major Poisson’s ratio j1,, is obtained by an approach similar to the derivation for
E,. For the loading case shown in Figure 1.1, the major Poisson’s ratio is defined as:

&
= —2 (1.12)
&1

The transverse deformation AW is then equal to &;W=-Wpu ,¢;. In a manner of the
derivation for E,, the transverse deformation in the fiber, AW;, and the matrix,
AW,,, are given as

AW =Wympnér, AW =Wveppey (1.13)
Since geometric compatibility requires that AW =AW+ AW,,, we have
Hiz = HmVm + Ve (1.14)

This gives the rule of mixtures for the major Poisson’s ratio.

1.4.1.4 Determination of in-plane shear modulus G;>

Consider the loading case shown in Figure 1.3a. The in-plane shear modulus of a lam-
ina, G5, is determined in the mechanics of materials method by assuming that the
shearing stresses on the fiber and on the matrix are the same. From this assumption,
we obtain:

T

T T
.S 115
TG TG TG (15

The shear deformations in matrix and fiber are then given as (Figure 1.3b):

An =9 Wn =7mVmW, Ar=pWe=ypW (1.16)

TZ

> 7

Matrix Matrix
o |
3 Matrix Matrix 147A,2

(a) (b) LA» &

Figure 1.3 Composite loaded with shear stress.
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The total shear deformation is A=yW, which is made up of approximate microscopic
deformations (Figure 1.3). Again, geometric compatibility requires that A=A¢+A,,
(Figure 1.3b), which yields by dividing W:

Y =PmVm + VsVt 1.17)
Substituting Eq. (1.15) into Eq. (1.17), we have

1 Vm  Vf

— = 1.18
G2 Gn +Gf (1.18)

1.4.2 Finite element approach

In order to obtain values for the material properties of fiber-reinforced com-
posites using an FEM, the basic formulations are briefly described in this section.
These differ to MMA in that they relate to the basic understanding of stress/
strain relations and are not directly related to the volume fractions as stated in
Section 1.4.1.

1.4.2.1 Calculation of E; and ;>

E| and p;, can be determined by considering the loading case shown in Figure 1.1,
where a stress ¢ is applied in the fiber direction of the composite. The effective
Young’s modulus and major Poisson ratio are, then, evaluated by

Ql

J adV/V J o1dV _ J &dV/V J e dV
v _Jv &2 _ v _ v

s V2= ——=— -
€1

E =2t=

! ngd\//v JsldV
\4 %

(sl

JSldV/V_ JSldV
14 Vv
(1.19)

If the left end is fixed and AL represents the average displacement at the right end, the
average strain can be defined as

™l
I

~| &

(1.20)

Therefore, the major task for FE calculation is to determine AL and the average
stress 0. Further, the calculation of major Poisson ratio requires the information
of &, =AW/W. As a result, the major issue for FE calculation is to calculate aver-
age transverse displacement AW. This has been implemented into our FE
program.
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1.4.2.2 Calculation of E,

Considering the loading case as shown in Figure 1.2, the effective transverse Young’s
modulus FE, is defined as

G J O'de/V J ang
Ey=—=:V S 14 (1.21)

@ Jsde/V Jsgd\/
\4 %

where &, = AW/ W. The major task for FE calculation is, then, to determine AW and
the average stress ;.

1.4.2.3 Calculation of Gy»

The in-plane shear modulus of a fiber-reinforced composite can be determined by
considering the loading case shown in Figure 1.3, a shear stress is applied over the
boundary of the composite.

J dv/v J wdV
==V ==Y (1.22)

J pdV /v J ydV
v v

Gi=

=l al

Considering the fact that the shear strain can be defined as u/y, where u is displacement
in fiber direction and y stands for the vertical coordinate originated at the bottom of the
composite, the task of FE calculation, in this case, is to evaluate shear stress and the
displacement u.

From these equations, we can determine £, E,, and G ,, noting that all other stres-
ses and strains are taken as zero except for the stress and strain along the direction for
the material property being determined.

1.4.2.4 A numerical example

As anumerical illustration, consider a composite composted of carbon fiber and epoxy
resin matrix. Table 1.1 lists the mechanical properties of materials used in finite ele-
ment approach (FEA).

To study effects of fiber’s geometry on the overall properties of the composite, the
following six combinations of geometry are considered: (a) rectangular matrix with
circular fibers (RMCF); (b) rectangular matrix with hexagonal fibers (RMHF); (c)
rectangular matrix with triangular fibers (RMTF); (d) square matrix with circular
fibers (SMCF); (e) square matrix with hexagonal fibers (SMHF); and (f) square matrix
with triangular fibers (SMTF). The corresponding fiber volume fraction for each of
these is:
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Table 1.1 Material properties

Material Carbon fiber Epoxy resin
Young’s modulus 294 GPa 2.415 GPa
Poisson’s ratio 0.3 0.35

RMCF=0.13089; RMHF =0.14433; RMTF =0.08333;
SMCF = 0.08726; SMHF = 0.09622; SMTF = 0.05555.

Figure 1.4 shows the geometrical configuration of the unit cell used. It is obvious from
Figure 1.4 that: (a) total area is 6 for RM and 9 for SM; and (b) the fiber’s area is
nr? =0.78539 for circular fiber, 3*%%/2=3%? x 0.57735%/2=0.86602 for hexagonal
fiber, and 0.5 for triangular fiber. The fiber volume fraction listed above is obtained
based on these data. The finite element meshes used in the calculation are shown in
Figure 1.5.

The FE results obtained are listed in Table 1.2 and also shown in Figures 1.6—1.8. A
comparison of the results between FEA and MMA for E; yield quite similar results.
The average error between these results is within 3%, for all results, in determination
of E;. It indicates that MMA can provide acceptable accurate results for E. Figure 1.6
shows a comparison between the result E; of varying fiber and matrix geometries.
Figures 1.7 and 1.8 list the comparison in results between E, and G,, respectively,

F igu.re 1.4. Geometric'al . b b b

configurations of matrix and fiber
(b=2 for RM and b=3 for SM). O-ﬂ%

le®

(a) SMCF SMHF (c) SMTF

Figure 1.5 Finite element meshes for square matrix with different fiber geometries. (a) SMCF,
(b) SMHF, and (c) SMTF.
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Table 1.2 Composite’s properties for carbon fiber with epoxy resin

Properties E; (GPa) E, (GPa) Gy, (GPa)

Approach MMA FEA MMA FEA MMA FEA
RMCF 40.583 38.923 2.775 3.021 1.028 1.034
RMHF 44.502 43.743 2.818 3.145 1.044 1.062
RMTF 26.714 23.764 2.633 2.846 0.975 0.991
SMCF 27.861 26.351 2.644 2.774 0.979 0.991
SMHF 30.473 29.640 2.670 2.845 0.989 1.021
SMTF 18.614 18.710 2.556 2.736 0.947 0.994

=
o
Qe
by
RMCF RMHF RMTF SMCF SMHF SMTF
= MMA
3.5 HFEA
=
[«
)
N
w
RMCF RMHF RMTF SMCF SMHF SMTF
1.1
105 HMMA
: ®FEA
=
o 1
o
S 0.95
o
0.9
0.851

RMCF RMHF RMTF SMCF SMHF SMTF

Figure 1.6 Comparison of E,
results from FEA with those from
MMA in the case of carbon fiber/
epoxy resin.

Figure 1.7 Comparison of E; results
from FEA with those from MMA in
the case of carbon fiber/epoxy resin.

Figure 1.8 Comparison of G,
results from FEA with those from
MMA in the case of carbon fiber/
epoxy resin.
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derived through MMA and FEA. The difference of these results is within 8%, between
all the results collected for £, and G,. As revealed by the graph, the difference in
results is not always constant. The square matrix with circular fibers, for example,
has a smaller difference than the other models between MMA and FEA results. This
highlights the nonlinear nature of FEA modeling software. Another point to note is
that the values obtained for E; using FEA are lower than those from MMA, while
the values obtained for E, and G, using FEA are higher than those from MMA. This
is a result of the model thickness or the length in the fiber direction.

1.4.3 Direct homogenization

Direct homogenization is based on the average of local fields to calculate effective
material properties. For instance, a uniform strain is applied to a fiber-reinforced com-
posite and the average of the elastic displacement is calculated. Then one can calculate
the effective material coefficients of the composite. In general, the local fields can be
calculated by a numerical method, such as boundary element method (BEM) (Qin,
2004b) or FEM (Qin and Yang, 2008; Qin, 2000).

The constitutive equation used in direct method can be written as

o=Ee (1.23)

where o, E, and € are, respectively, generalized stress, stiffness, and strain tensors. In
direct method, € and o are averaged first, then the effective stiffness properties are
obtained. In detail, for a heterogeneous medium, consider an RVE subjected to a spe-
cific boundary condition and calculate the local fields, € and o, by a numerical
method, such as FEM. Then a volume averaging is carried out and homogenized
fields, € and &, are obtained by

1 1

The effective stiffness E can be determined by

o=Ee (1.25)

;= E,:,‘Ej (1.26)

Applying uniaxial € =1 and other & = 0 on the right-hand-side vector € and calcu-
lating all g; of the left-hand-side vector &, one can obtain the effective stiffness coef-
ficients E;;. The remaining £;; can be obtained similarly.
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1.4.4 Indirect homogenization

Indirect homogenization here refers to various homogenization methods derived from
the generalized Eshelby’s inclusion theory in which an elastic solution has been
obtained for a single inclusion embedded in infinite elastic medium (Qin and
Yang, 2008; Qin et al., 1998). Such a method is not involved in the calculation of aver-
age fields. A self-consistent scheme, a generalized self-consistent scheme, the
Mori-Tanaka method, and a differential method are developed along this routine.
The indirect methods have been widely used to predict the effective properties of
composites (Yu and Qin, 1996; Qin and Yu, 1997, 1998). This section, however, is
based on the developments in Qin and Yang (2008).

The effective properties that are represented by the effective stiffness E or compli-
ance F of the composites, according to the average stress and strain, can be defined by
Eq. (1.25) or

g=Fo (1.27)

The homogeneous boundary conditions are usually used to determine the overall
material properties. For homogeneous traction o> on the boundary of an RVE, we
have

=0~ (1.28)
and
g=Fo*® (1.29)

Thus, to find the effective compliance F, the average strain € must be computed for a
composite subjected to a homogeneous traction boundary condition.
For homogeneous strain condition € on the boundary of the RVE, one has

=%, G=Ee&™ (1.30)

Accordingly, to determine E, the average stress & must be computed for a heteroge-
neous material subjected to a homogeneous strain boundary condition.

It is worthwhile to note that the volume average of stress and strain can be
expressed in terms of phase volume fractions. For a general function G, the volume
average can be written as

G= GdQ—l{ GdQ+ GdQ+--}

(1.31)
:76 +7 G4 =0, G 41,6 4
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where Q,Qp, ... (Q) +Qy + - - =Q) are subdomains that represent the domains occu-
pied by phase 1,2, ... of the composite material, and V', V,, ... are their volumes, while

VM= V2=—",... (132)

are referred to as volume fractions of the corresponding phases and

vo+Vvi+v,+---=1. For an n-phase composite, the stress and strain can be
expressed by

o= Zv,a@ (1.33a)

g=) gl (1.33b)

where the superscript (i) corresponds with phase 7, and phase 0 (i =0) refers to matrix.

The stress or strain in an inclusion is uniform when the inclusion shape is ellipsoidal.

In this case, the effective properties can be expressed by so-called concentration factor
of the stress or strain. It is assumed that the Hooke’s law holds in each elastic phase

o =E"e" (r=0,1,....,n—1) (1.34a)

e =F"a¢, (r=0,1,....n—1) (1.34b)

Substituting Eq. (1.34a) into Eq. (1.33a), and using Eq. (1.25), yields
E=E'+ Zn:vr (B0 —E")elE! (1.35)
r=1
Substituting Eq. (1.34b) into Eq. (1.33b), and using Eq. (1.27), we have
F=F+ Zv (F<"> —F0> o5 (1.36)
=1
It is assumed that there are relations between average strain and local strain
e =A"F (1.37)

Similarly, the average stress and local stress have the relation

o) =B'c (1.38)
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Thus, the effective stiffness € and compliance f of the composite can be written as

E—E+ Zn:vr (E<"> - EO) A (1.39)
r=1
F=F+ Zv (F —F°)B’ (1.40)

where A" and B" are referred to as concentration factors of stress and strain, respec-
tively. They are functions in terms of the properties of the constituents and the shape of
inclusions.

1.4.4.1 Self-consistent scheme

In the self-consistent scheme, the effect of inclusion interaction is taken into account
approximately by embedding each inclusion directly in the effective medium. In
other words, it is assumed that a typical inclusion (fiber, particle, or microvoid)
is embedded in an infinite effective medium subjected to a uniform strain € at
infinite boundary. The corresponding effective stress is then written as

o =FEe™ (1.41)

The strain in the inclusion consists of two parts, uniform strain € and a perturbing
strain €, and the corresponding stress in the inclusion is & + ¢?', that is

e =g+e? (1.42)
oV =5 +c” (1.43)
where superscript (1) refers to the inclusion.
Using equivalent inclusion principle and the assumption of self-consistent method,
yields
o+0” =EV(g+e?)=E(E+&" —¢*) (1.44)
and

eP' =Se* (1.45)

where S is Eshelby tensor and €* is equivalent to eigenstrain.
Solving Eqs. (1.42)—(1.44), yields
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gl — [I+SE’1(E<‘> —E)FE (1.46)

where I is unit tensor. A comparison of Eq. (1.46) with Eq. (1.37) yields the strain
concentration factor as

AW = {1+SE‘1 (E<1> —E)T1 (1.47)

The effective properties can be found by substituting Eq. (1.47) in Eq. (1.39). It should
be mentioned that the strain concentration factor is a function of unknown effective
stiffness E. An iteration procedure is required to solve Eq. (1.39) for the effective
properties.

1.4.4.2 Mori-Tanaka method

Consider a finite-fraction inclusion problem with eigenstrain €*. With the Mori—
Tanaka method, the average stress can be expressed as

(0),,=E"(e), = —v|E(Se* —¢*) (1.48)
where (€),, is average strain in the matrix, and v; is volume fraction of inclusion.

For a binary composite subjected to homogeneous boundary condition (1.28),

denoting r=0 matrix and r=1 inclusion, the effective stress is o°°. For the same

shaped pure matrix applied to the same boundary condition, the corresponding strain
€ can be expressed by

o =E%> (1.49)

where EY is the stiffness of the matrix. Due to the presence of inclusion, the strain in
real matrix of the composite differs from one in pure matrix. Denote € as the perturb-
ing strain and & as the corresponding perturbing stress. Thus, € + € and o™ + ¢ are
strain and stress in real matrix with

0 +0=E’(e* +8) (1.50)
The strain and stress in the inclusion are different from ones in the matrix. The dif-

ferences are €' and o’, respectively. Thus €* + € + €’ and ¢ + o + ¢’ are the strain
and stress in the inclusion. The equivalent inclusion principle yields:

oV =06+G+0'=E'(e*+g+¢)=E’ (X +8+¢ —¢*) (1.51)
g =Se* (1.52a)

§=—v(S—De* (1.52b)
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Equation (1.52b) is obtained based on the Mori—Tanaka’s concept of average stress, in
Eq. (1.48). Solving Eq. (1.51) yields

g* = He™ (1.53)

where H= [E®+ AE(v;I—v(S)] “'AE, AE=E' —E’, and vy = 1 — v, is the volume
fraction of matrix.
Accordingly, the effective strain € is

e=(1-v)e®+vie) = (1—v)(eX+8)+v (e +E+¢€)
(1.54)
=e®+vie*=I+vH)e™

The effective stiffness of the composite is then given by

E=E’(I+vH)"' (1.55)

1.4.4.3 Differential method

The essence of the differential scheme, an incremental form of the self-consistent
method, is the construction of the final defected medium from the intact material
through successive replacement of an incremental area of the current defected mate-
rial with that of the inclusions. Denote E as the effective stiffness of composite
with volume Vj, and inclusion volume fraction v;. Add volume 6V of inclusion to
the composite so that inclusion volume fraction is v; + dv; and the effective stiffness is
E +0E. To keep a constant volume V,, of the composite, the volume of composite is
detracted by 0V before adding the inclusion. Thus concentration of the inclusion is

V1V0+5V—V15V:(V1+5V1)V0 (156)

It is rearranged as

oV v
V=1 _‘VI (1.57)
The average stress is
o= (E+3E)e (1.58)
Then one has
g0V Ve g YooV Vo (1.59)
Vo Vo Vo Vo
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where o and € denote the average stress and strain in instantaneous composite, respec-
tively. o and £ represent the average stress and strain of the added inclusion,
respectively. Because the added inclusion is very small, the strain concentration factor
can be calculated by Eshelby’s solution of a dilute inclusion problem

e =A% (1.60)
__ _ -1
where A= [1+SE'(E'~E)| .
Substituting Egs. (1.59) and (1.60) into Eq. (1.58), yields

SE=(E'-E)A— (1.61)

Using Eq. (1.57), and setting dv; — 0, we can obtain
dE 1
dV] o 1— Vi

(E'-E)A (1.62)

This is a differential equation about effective stiffness. Its initial condition is

in _ 0

E[ _,=E (1.63)
Equation (1.62) is a nonlinear equation that can be solved by a numerical procedure.

1.4.5 Micromechanics-boundary element mixed approach

It is noted that common to each of the micromechanics theories described in
Section 1.4.4 is the use of the well-known stress and strain concentration factors
obtained through an analytical solution of a single crack, void, or inclusion embedded
in an infinite medium. However, for a problem with complexity in the aspects of
geometry and mechanical deformation, a combination of these micromechanics
approaches and numerical methods such as the FEM and BEM presents a power-
ful computational tool for estimating effective material properties. It is also noted
from Section 1.4.4 that the estimation of the average strain (or stress), which may
be expressed in terms of integral equations contains unknown variables on the
boundary only, is the key to predicting the concentration factor A, (or B,). Therefore,
BEM is very suitable for performing this type of calculation. In this section, a
micromechanics-BE mixed algorithm reported in Qin (2004a,b) for analyzing the
effective behavior of piezoelectric composites is described. The algorithm is based
on a typical micromechanics model (self-consistent) and a two-phase BE formulation.
An iteration scheme is designated for the self-consistent-BE mixed method.

1.4.5.1 BE formulation for two-phase composites

In this section, a two-phase BE model is introduced for displacements and stresses on
the boundary of the subdomain of each phase (Qin and Yang, 2008; Qin, 2004a; Yang
and Qin, 2004). The two subdomains are separated by the interfaces between inclusion
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Figure 1.9 RAE used in BE analysis.

and matrix (see Figure 1.9). Each subdomain can be separately modeled by direct
BEM. Global assembly of the BE subdomains is then performed by enforcing conti-
nuity of the displacements and stresses at the subdomain interface.

In two-dimensional linear elasticity, the BE formulation takes the form (Qin, 1993,
1998, 2009):

@ (&)ul” (&) :j U9 % &)T (%)~ Fi (x, £)uf” (x)|as(x) (1.64)

S@)

where u; and T; = o;;n; are, respectively, the displacement and boundary traction in i
direction with n; being the component of the unit outward normal to the boundary,
superscript (o) stands for the quantity associated with the ath phase (« =1 being matrix

and o =2 being inclusion) and

S+T a=1 1 ifgea®
S = { ¢ y_o (®)=405 ifg€5 (S¢) smooth) (1.65)
0 ifggQ®us®

For plane strain, the integral kernels G;; and F;; are given by Qin (1998) and Qin and
Huang (1990)

@)y £)— 1 a1 (L s 4 i
Yy (X’g)*sncwm_ N«x)){(:5 4 )ln <r %+ 3 (1.0
F&(x 5)2—;(1—2;1(“)) (n-ﬁ—n»ﬁ)+ (1—2u(“)>5--+2rirj fn
g 4r(1 — pu@)r r A
(1.67)
with
ri=Xi—=Cp Ta=rii, T=\/Tiri (1.68)

Equations (1.66) and (1.67) can be used for plane stress if u® is replaced by
u® (1- ,U(“))-

To obtain a weak solution of Eq. (1.64) as in the conventional BEM, the boundary
§® is divided into a series of boundary elements. After performing discretization
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using various kinds of boundary elements (e.g., constant element, linear element,
higher-order element) and collecting the unknown terms to the left-hand side and
the known terms to the right-hand side as well as using continuity conditions at the
interface S (Figure 1.9), the boundary integral Eq. (1.64) becomes a set of linear alge-
braic equations:

KY =P (1.69)

where Y and P are the total unknown and known vectors, respectively, and K is the
known coefficient matrix.

1.4.5.2 Algorithm for self-consistent approach

As stated in Section 1.4.4.1, in the self-consistent method, for each inclusion, the
effect of inclusion interaction is taken into account approximately by embedding each
inclusion in the effective medium whose properties are unknown. In this case, the
material constants appearing in the boundary element formulation (1.64) are
unknown. Consequently a set of initial trial values of the effective properties is needed
and an iteration algorithm is required. In detail, for the algorithm:

(a) Assume initial values of material constants E(O).

(b) Solve Eq. (1.69) for the displacement u; using the values of E(H), where the subscript (i)
stands for the variable associated with the ith iterative cycle. Calculate the average strains
using the current values of u;.

(¢) Calculate A{" in Eq. (1.47) by way of Eq. (1.37) using the current values of average strain,
and then determine E;, by way of Eq. (1.47).

(@ If 8 =|[Es —Eu_)||/||Eq) || < 5. where 6 is a convergent tolerance, terminate the iter-
ation; otherwise take E; as the initial value and go to step (b).

1.4.6 Periodic boundary conditions in unit cell scheme

From a practical point of view, it is regarded that the composite material is an assem-
bly of periodic unit cells (Figure 1.10). A unit cell is an RVE, as shown in Figure 1.10.

X2 Surface B+ Surface C—

. Y —— Surface A+
Q@ @ Surface A——1-- %
D\ O >

RVE g

\
\,

\ " Matrix Surface C+ Surface B-
Fiber

Figure 1.10 Schematic diagrams of periodic 1-3 composite laminate (a) and unit cell
(b) (the fiber laminates are poled in x3 direction) (Berger et al., 2005).
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1.4.6.1 Periodic boundary condition

For the statistically homogeneous medium consisting of periodic unit cells
(Figure 1.10), periodic boundary conditions are required to apply on the boundaries
of the RVE. The general periodic conditions expressed by Havner (1971) can be
applied to ensure periodic displacement and subsequent stress field.

w(y)=u(y+Y) ,. .
oi(y) =0;(y+Y) (hj=12.3) (1.70)

where ; denotes the stress components in three-dimensions respectively, y represents
any point in the periodic domain and Y, the periodicity. Applying this displacement
condition to the boundary of the unit cell in Figure 1.10 yields

W= (i,j=1,2,3) (1.71)
which means that the three-dimensional displacement vector for any pair of corre-
sponding locations on areas A—/A+, B—/B+, and C—/C+ should be the same. A more
explicit periodic boundary condition is then given as (Qin and Yang, 2008)

ui:Sijxj+v,~ (1.72)

where the average strain S;; is included as an arbitrarily imposed constant strain; v,
denotes the periodic part of displacement component, which depends on the global
loadings.

Based on the boundary condition (Eq. 1.72), Xia et al. (2003) and Berger et al.
(2005) developed a unified periodic boundary condition:

Wy, 2)—u (xy,2)=¢ (i,j=1,2,3) (1.73)

1 1 1

where the constant terms c{, c%, and c_% represent the normal loads that are either
traction or compression; while, c% :c%, C? = cé, and C% = c% represent the in-plane

shear load.

1.4.6.2 FE modeling

Element type and material property
To show the application of the periodic boundary condition in FE modeling, the
SOLID226 in ANSYS element library is used in the following analysis, which is a
20-node hexagonal shaped element type with 3D displacement degree-of-freedom
(DoF) and additional voltage DoF. This element type is easy for the implementation
of periodic boundary conditions.

The material properties inputs are based on Berger et al. (2005) and listed in
Table 1.3 for the reader’s convenience.



Table 1.3 Composite constituent’s properties (Berger et al., 2005)

c11 C12 €13 €33 Caq C66 K11 K33

(10" 10" (10" (10" 10" (10 es 3 es3 (10-%) (10-%)
PZT-5 12.1 7.54 7.52 11.1 2.11 2.28 12.3 5.4 15.8 8.11 7.35
Polymer 0.386 0.257 0.257 0.386 0.064 0.064 — — — 0.07965 0.07965

YT
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Element mesh
For meshing, the area geometry is generated first and then sweep mesh is used to further
generate the volume. In this way, the meshing result on C+/C — is the same. In addition,
with the setting of the RVE edge line divisions, meshing results on A+/A— and B+/B—
are also the same. Ultimately, this provides explicit convenience to imposing periodic
boundary conditions. As illustrated, when dealing with the situation when volume frac-
tion is specified, say 0.666, the outline of the fiber circle is much closer to the RVE
edge; in this case, a lower density of element as shown in Figure 1.11a is not sufficient
for accurate analysis since the elements between the boundary of the RVE and the fiber
have been lessened and shown distortion. When the edge division is 40 indicated in
Figure 1.11b, the meshing quality is significantly improved.

As for periodic boundary condition, specific boundary conditions will be assigned
to the exact opposite positions, namely A+/A—, B+/B—, and C+/C—. For example, in
x-direction

ui(xA+,y,,zj)—ui(xA_,yk,zk):c (i=1,2,3) (1.74)

where subscripts j and k are the nodal number of any pair of nodes on opposite loca-
tions, A+ and A— area, respectively.

The boundary conditions are shown in Figure 1.12.

Since the meshing scheme has ensured that there exists a pair of corresponding
nodes at the opposite positions, the problem lies in developing a method to apply con-
straint equations on each pair of node for overcoming the problem of time-consuming
over the node pair selection by graphical users’ interface. An internal program has thus
been designed for accomplishing the task. The procedures for the implementation are
described as follows:

(a) Define the area A+, B+, and C+ as master areas, while A—, B—, and C— as slave areas.
Establish two arrays containing the node number (j, k) and coordinates (y; 4, z;,) of each
node (the x coordinate is not necessary, because the nodes are located on A+ and A— areas
where the x coordinate is a constant).

Figure 1.11 Different meshing density when volume fraction is 0.666. The RVE edge line is set
into (a) 20 and (b) 40 divisions.
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Figure 1.12 Application of periodic B+
boundary conditions from a p
coordinate’s view.

(b) Start from the first node in master array; get the node number j;

(¢) Use the coordinates (y;, z;) of the node j to find the node at the exact opposite location,
Yi=Yi z;=1z;; and select the node k from the slave array.

(d) Given the node number of the nodes on opposite location, constraint equations could be
established.

The same procedures are applied on B+/B— and C+/C— areas, while the coordinates
obtained and stored will be X/Z and X/Y, respectively.

When integrating the constraint equations in three directions, special care has been
taken to avoid over-constraint over the edges that connect areas A+/A —, B+/B—, and
C+/C—. Over-constraint may occur when the DoF of one node is specified more than
once. For example, when applying x — y in-plane shear load via constraint equations as
shown in Figure 1.13, based on the periodic boundary conditions for A+/A—, the DoF
relations between node 1 and 2 are u, =u; and v, =v;+c¢ while as to areas B+/B—,
there will be relations between nodes 2 and 3 that u, = u3+c and v, = v3; the same sit-
uation will also occur in node 3. In this case, when applying constraint equations over
B+/B—, the corner nodes of the RVE will be excluded to avoid over-constraint.

vy Vy=vyte
A A
Vo=Vg
U1 B+
1 >
2
A- A+
A A3
= » U3

4 B- 3

Figure 1.13 Over-constraint situations for a 2D model.
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Numerical results
After applying appropriate boundary conditions to the RVE, the element stiffness
matrix is integrated to form a global matrix, and the constitutive equations are solved
to obtain the strain and stress field by ANSYS. To further clarify, for the arbitrary term
in the periodic boundary conditions, when required, the imposed nodal displacement
difference c is prescribed to be 0.1 mm and the imposed electric potential V is con-
trolled to be 10 V. It is noted that when calculating the dielectric tensors, the relative
permittivity factor of the free-space is constrained to be zero, rather than the default
value, which is 8.85E—12 F/m. To maintain consistency, the units of the results listed
in Tables 1.3 and 1.4 are N/mz, C/mz, and F/m, for elastic, piezoelectric, and dielectric
tensors, respectively.

The effective coefficients for different fiber volume fraction are calculated using the
same algorithm with the variation to the fiber radius. The results are listed in Table 1.4.

1.5 Toughening mechanisms of composites

Composite toughening could be made in many ways, such as transformation tough-
ening, toughening by particle-induced shear bending, crack-deflection toughening,
and crack bridging toughening. This section, however, focuses on matrix toughened
by particulate materials. When a particulate second phase is introduced in a matrix,
there are several toughening mechanisms, including crack front pinning, particle
bridging, crack-path deflection, matrix cracking. Each of these mechanisms is briefly
reviewed below.

1.5.1 Crack front pinning

As indicated in Pearson and Yee (1993), in this mechanism, the particles (rigid ther-
moplastic particles in particular) could act as impenetrable objectives that cause the
crack to bow out, which consumes extra energy, if the difference in toughness between
the brittle matrix and the ductile particles is large enough. Indirect evidence for the
occurrence of this mechanism is the observation of “tails” near the particles on the
fracture surface when viewed using SEM. The toughening effect due to this mecha-
nism is evaluated by (Pearson and Yee, 1993; Lange, 1970)

Gre T
—=1+
Go dGy

(1.75)

where G, is the fracture toughness of the matrix modified by the particles, Gy is the
fracture toughness of the matrix unmodified by the particles, T is the line energy per
unit crack front, and d; is the center-to-center distance between particles:

_2dy(1-f)
==

with d, being the diameter of the particles and f the volume fraction of particles.

ds (1.76)



Table 1.4 Effective properties versus different volume fractions

Fiber volume fraction

0.111 0.222 0.333 0.444 0.555 0.666
c1y 4.459E+09 5.301E+09 6.572E+09 8.399E+09 1.108E+10 1.632E+10
c12 2.874E+09 3.222E+09 3.652E+09 4.135E+09 4.680E+09 5.883E+09
c13 2.920E+09 3.367E+09 3.958E+09 4.780E+09 6.071E+09 8.493E+09
C33 9.725E+09 1.584E+10 2.189E+10 2.851E+10 3.661E+10 4.327E+10
Cay 7.974E+08 9.925E+08 1.242E+09 1.600E+09 2.339E+09 3.298E+09
Co6 7.533E+08 8.781E+08 1.026E+09 1.230E+09 1.540E+09 2.163E+09
e —2.903E-02 —6.643E—02 —1.166E—01 —1.878E—-01 —2.986E—01 5.075E-01
€33 2.410E+00 4.801E+00 7.199E+00 9.643E+00 1.198E+01 1.418E+01
es 9.465E—02 2.120E-01 3.620E—-01 5.774E—-01 1.021E+00 1.597E+00
K11 7.965E—11 7.965E—11 7.965E—11 7.965E—11 7.965E—11 7.965E—11
K33 1.066E—09 1.920E—09 2.844E—09 3.789E—-09 4.703E-09 5.559E—-09
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1.5.2 Particle bridging or crack bridging

The mechanism of particle bridging is effective if the particles are perfectly bonded to
the matrix and if the advancing crack tip is drawn to particles so that bridges are left
behind. An explanation of toughening via crack bridging considers the energy con-
sumed when the particles are plastically deformed and then torn. To evaluate the
amount of toughness one can expect from the crack bridging, Ahmad et al. (1986)
proposed a model for rubber-modified matrix based on the idea that improvements
in toughness may be attributed solely to the stretching and tearing of rubber particles
in the crack wake. Thus increase in toughness can be rationalized by considering the
shielding effect, which is the reduction of the stress intensity factor K at the crack tip
(Pearson and Yee, 1993):

K.
Ko

JE'T,

R

(1.77)

where K. is the fracture toughness of the rubber-modified matrix, K is the fracture
toughness of the unmodified matrix, ¢ is a correction factor that accounts for crack
bowing, f is the volume fraction of rubber particles, E* is the stiffness of the particle,
and I'; is the tearing energy of the rubber particles. The model shows that improve-
ments in toughness should be greater when larger particles are used.

Besides, crack bridging may occur by frictional interlocking of opposing fracture
surfaces and by the formation of ligamentary bridges between them. Whiskers or
fibers can also act as crack bridging sites like coarse grains (Bengisu and Inal, 1994).

1.5.3 Crack path deflection

Theoretically, crack-deflection toughening occurs whenever interactions between the
crack front and a second-phase inclusion, such as particles, cause the crack to prop-
agate out of plane, reducing the stress intensity factor at the crack tip, compared to
self-similar planar crack growth. In other words, the energy required to propagate such
acrack increases. The toughening mechanism for different inclusions was analyzed by
Faber and Evans (1983) who proposed the following model:
1/2

&: <%(1+0.87f)> (1.78)

Ko \Ey
where E. is the Young’s modulus of the modified matrix, and E is the Young’s mod-
ulus of the unmodified matrix. As indicated in Bengisu and Inal (1994), two conditions
can lead to crack deflection: residual strain in the composite and weak matrix/second-
phase interfaces. Residual strain can be generated by elastic modulus and/or thermal

expansion mismatch between the matrix and second-phase anisotropy of thermal
expansion in a monolithic or composite material.
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1.5.4 Microcrack toughening

The idea behind the mechanism of microcrack toughening is that stable grain bound-
ary microcracks are nucleated by the high stresses in the vicinity of the macroscopic
crack tip. These microcracks then lower the stress experienced by the tip. This shield-
ing effect has been studied from two vantage points: one involving a smearing out of
the effects of the microcracks appropriate to a zone of profuse microcracking and the
other treating the interaction of the macrotip with discrete microcracks (Hutchinson,
1989). Generally, microcrack toughening involves two types of crack shielding phe-
nomena (Bengisu and Inal, 1994; Evans and Fu, 1985): one type is due to the reduced
elastic modulus of the material upon microcracking; another and more important type
is due to dilatation caused by microcracking. Hutchinson (1987) defined the elastic
modulus contribution as

5\ /G 3\ [1*G
(:-3) (&) (o3) (&)
K. _ 8/\G 4)\G (1.79)

K. 1—pu

where K. is the toughness in the absence of microcracking, k; and k, are constants

depending on the microcracking zone shape (Bengisu and Inal, 1994), G and G*

are shear moduli of the material before and after microcracking, respectively, and

w and p* represent Poisson’s ratios before and after microcracking, respectively.
The dilatational contribution is given by (Bengisu and Inal, 1994):

dK, = ks EOh'/? (1.80)

where k3 is a constant that depends on the microcrack zone shape and size, E is the
Young’s modulus of the material before microcracking, 6 is the dilatational strain
caused by microcracking, and 4 is the process zone width.
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2.1 Introduction

Silicon nitride (SizN,) is an attractive material for designers and manufacturers of var-
ious components. Silicon nitride-based ceramics are prime candidates for such diverse
high-temperature products like rotors and stator vanes for advanced gas turbines as
well as valves and cam roller followers for petrol and diesel engines. In addition, sil-
icon nitride is used for a variety of structural applications, such as cutting tools of non-
ferrous metal materials and ball bearings. All these applications take advantage of the
superior wear resistance, high hardness and strength, reasonable fracture toughness,
good corrosion resistance, and very good creep resistance of silicon nitride.

However, the applications of silicon nitride-based ceramics still require the
improvement of their mechanical properties and long-term reliability. This improve-
ment can be achieved through the control of factors, such as phase composition of the
starting powders, type and amount of sintering additives, and processing parameters.
Therefore, there is still a challenge for material researchers to improve the mechanical
properties of silicon nitride by changing some of these parameters or by developing
new kinds of composite materials.

In order to exploit all the outstanding properties of Si;Ny-based ceramics, the struc-
tural application of silicon nitride requires a fully dense material, as porosity deteri-
orates the properties of a sintered material. However, it is usually very difficult to
achieve a theoretical density of silicon nitride due to a highly covalent Si—N bond
and a very low coefficient of self-diffusion. The silicon nitride is thus usually densi-
fied with the sintering additives that help its densification via liquid phase sintering
mechanisms and form a residual grain boundary glassy phase in the sintered SizNy.
Therefore, the mechanical properties of SizNy-based ceramics strongly depend on
the oxide additives used for the densification. At the temperature of densification,
the sintering aids form a low-melting point eutectic liquid with the silica layer present
on the surface of starting SisN, powder particles. A resulting amorphous phase present
at the multi-grain junctions and the boundaries of Siz;N, grains determines the fracture
behavior of ceramics and high-temperature mechanical properties because the amor-
phous phase softens at elevated temperatures. Numerous studies have been done in
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order to find the best combination of sintering additives with respect to the mechanical
behavior of silicon nitride-based ceramics.

There are essentially two approaches to improving the mechanical properties of
Si3Ny. The mechanical properties of SizN4 can be improved using suitable sintering
additives and microstructure design, resulting in acicular grains that grow in situ when
sintering conditions and composition are appropriate (Becher et al., 2010; Belmonte
et al., 2009). In such a microstructure, the intergranular crack and crack deflection at
the boundaries of elongated SizN, grains followed by bridging mechanisms were
reported to increase the fracture toughness (“self-toughened” microstructure). During
recent years, it has been reported that the chemical composition of the intergranular
phases directly influences the interfacial strength and the ability of a crack to propa-
gate intergranularly (Satet and Hoffmann, 2000, 2005; Becher et al., 2008).

Rare-earth (RE) oxide sintering additives are considered ideal additives for SizNy
due to their high melting point and the fact that they control the o — 3 phase transfor-
mation rate, the grain growth anisotropy, and the aspect ratio (AR) of the -SizN4
grains (Satet and Hoffmann, 2000, 2005; Becher et al., 2008; Lojanova et al.,
2010; Tatarko et al., 2010a,b, 2013a,b; Hyuga et al., 2004). RE elements with a larger
ionic radius (i.e., with a smaller atomic number) result in delayed phase transforma-
tion and weaker interfacial bonding (Becher et al., 2010; Satet and Hoffmann, 2005;
Kitayama et al., 2006). The physical properties of the RE disilicate glasses, such as
glass transformation, softening temperatures, and thermal expansion coefficient vary
linearly with the ionic radius of the RE elements. This trend was attributed to the field
strength of the ion, which varies with the reciprocal of cationic radius (Cinibulk et al.,
1992a,b).

An overall chemical composition of the grain boundary phases rather than the sole
effect of RE oxides determines the properties of Si3N4 ceramics, leading to ambiguous
results reported in the literature. It was reported that the fracture toughness of silicon
nitrides sintered with RE,03;—MgO-SiO, additives and containing the amorphous
intergranular phase increased with the increasing ionic radius of RE**, while the bend-
ing strength decreased with the increasing radius of RE** (Satet and Hoffmann, 2005). It
was found that a weaker grain boundary interface connected with the addition of La>*
resulted in a higher toughness but a lower strength of the bulk Si;N, material. On the
other hand, when a crystalline secondary phase was present in the SizN, with bimodal
microstructures, no significant influence of RE oxides (La;03, Gd,O3, Lu,05) on the
fracture toughness of Si;N, was observed by Becher et al. (2008). On the contrary,
Lojanova et al. (2010) and Tatarko et al. (2010a,b) reported that the AR of B-SizNy
grains increased with a decreasing ionic radius of RE** in the Si3N,-based ceramics
with the grain boundary composition of RE,03-SiO, (RE=La, Nd, Sm, Y, Yb, and
Lu). The increased fracture toughness then resulted in the improved fracture tough-
ness and bending strength for the materials with a smaller ionic radius of RE**. Apart
from their ambiguous influence on the mechanical properties of SizN,4 at room tem-
perature, it was undoubtedly observed that the mechanical properties of SizN, at high
temperatures can be significantly improved when the RE oxides with a larger ionic
radius are replaced with the smaller ones (Tatarko et al., 2013a,b; Lojanova et al.,
2010; Choi et al., 1997, 1999; Cinibulk et al., 1992a,b; Hong et al., 2002). Despite
a discrepancy in the reported data on the effect of RE on the mechanical properties
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at room temperature, it is obvious that they play an important role in the microstruc-
tural evolution and mechanical properties of SizN,4. Their effect depends on the cation
size of RE elements (RE3+), e.g., La (the largest ionic radius) versus Lu (the smallest
ionic radius among the RE elements).

The intent of the second approach is to improve the properties by incorporating
second-phase ceramic reinforcing elements into the microstructure of silicon nitride,
thereby forming the SizN,-based composite materials. Among them, Si;Ny-SiC com-
posites are one of the most widely used and investigated. Si3N,—SiC nanocomposites
have been prepared by doping of Si;N4; powder with amorphous SiNC precursor
(gajgalfk et al., 2000) or using a carbothermal reaction (SiO,+C) (Hnatko et al.,
2004) in order to improve the mechanical properties of Si;N, ceramics. However,
the results of the influence of the SiC nanoparticles on the fracture toughness are
ambiguous. No additional toughening effect of the SiC addition on the fracture tough-
ness of Si;N4—SiC nanocomposite was observed by Herrmann et al. (1998). Moreover,
even a lower fracture toughness and a lower strength of the Si;N4,—SiC nanocomposite
compared to the SizN, monolith were observed by Kasiarova et al. (2006). Tian et al.
(1998) reported a 5 vol.% of SiC to be an optimum content of SiC nanoparticles in the
Si3N4—SiC composite. For this SiC loading, they found the highest flexural strength
and fracture toughness as well as the highest thermal shock resistance of the materials.

To summarise, it has been clearly demonstrated that both the incorporation of SiC
nanoinclusion to the Si3N, matrix and design of the grain boundary phase composition
can be effective tools to improve the mechanical properties of SizN, materials. More
recently, several studies have shown that both these approaches can be used together
and a beneficial mutual effect of the SiC nanoparticles and RE oxide additives with a
smaller ionic radius on the mechanical properties at room (Lojanova et al., 2010;
Tatarko et al., 2010a,b) as well as high temperatures (Lojanova et al., 2010;
Tatarko et al., 2013a,b) has been reported. In these works, it was discovered that
RE oxide additives strongly affect the formation and the distribution of the SiC nano-
particles in the microstructure of SizNy.

According to the literature, it is obvious that a type of the sintering additives sig-
nificantly influences the microstructure evolution and the final mechanical properties
of the SizN, ceramics and Si3N4—SiC composites. The literature survey indicates
that a role of the RE additives in the Si3;N, materials is mainly related to their influence
on the densification process and the properties of the residual secondary grain bound-
ary phases. Since a final microstructure significantly affects the final mechanical
properties, this chapter provides a brief overview of the microstructure development
of SizN, and the role of the RE elements in the processing and the microstructure
evolution of these materials. A relationship between the microstructure and the frac-
ture toughness of Si;Ny,-based materials is then clearly defined. The chapter also sum-
marises the effect of RE,O; additives on the fracture toughness of Siz;N, materials
via a microstructure design as well as the properties of the residual glassy phases
at the Si3N,4 grain boundaries. Moreover, their significant effect on the in sifu forma-
tion and the distribution of the SiC nanoparticles within the SizN4 matrix is also
reported. It is shown that different RE oxides result in a different location of the
SiC particles due to the different properties of the liquid phase during the sintering.
Such a different location of the SiC nanoparticles (inside the SizN,4 grains vs. at
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the grain boundaries of Si;N,) significantly affects the mechanical properties of the
Sis;Ny-based materials.

2.2 Preparing SisNs-based ceramics and the role
of RE oxide additives

2.2.1 Densification mechanism of SizN,

Si3Ny4 ceramic-based materials are usually made by sintering of powders and therefore
their mechanical properties strongly depend on the quality of the starting powders and
the processing parameters. Densification of SizNy is only possible when the following
parameters are applied: (1) ultrafine powders, (2) external pressure, (3) increase of the
sintering temperature (simultaneously an increase of nitrogen pressure is necessary),
(4) establishment of the equilibrium partial pressures of the various silicon compounds
by using Siz;N4 powder bed, and (5) addition of sintering additives to form a liquid
phase. The addition of sintering aids, which results in a formation of a suitable liquid,
is the most important step in the densification of SizN,4 (Ziegler et al., 1987).

Except hot isostatic pressing (HIP) and spark plasma sintering (SPS) methods, all
attempts to densify SizN, powder without additives have not been successful. Silicon
nitride is therefore very often densified with the sintering additives because of a highly
covalent Si—N bonding and a very low coefficient of self-diffusion. The sintering
additives react with the phases containing oxygen, such as SiO,, or oxynitride, which
is always present on the particle surfaces of commercially available SizN, powder.
This reaction takes place at high temperatures during the sintering and produces a lig-
uid phase, which allows mass transport through solution—reprecipitation process
(Petzow and Herrmann, 2002; Ziegler et al., 1987). Impurities in the starting powders
are often incorporated in this silicate melt. Most of the additives do not form a solid
solution with Si3Ny, and therefore they remain in the microstructure as the amorphous
or crystalline grain boundary phases after cooling from the sintering temperature.

The last stage of the liquid phase sintering process is a coalescence of the grains;
however, this process does not further contribute to the densification. In this stage, a
grain coarsening takes place, which is in many cases accompanied by an unfavorable
change in morphology from the idiomorphic rod-like to a more equiaxed grain struc-
ture due to the effort to minimize the surface energy (Ziegler et al., 1987).

Usually, densification starts at 1200—-1300 °C when the eutectic melt begins to
form. The sintering behavior is promoted with an increasing amount of additives;
however, gas bubbling can occur when the amount is above 15-20% because of
the increased formation of gaseous SiO. After cooling, the stable B-phase is embedded
in an amorphous phase, from which an oxynitride can precipitate during a devitrifi-
cation heat treatment. This heat treatment is performed just below the eutectic tem-
perature. A certain amount of the amorphous phase (in the form of thin grain
boundary films) always remains even after very long annealing times (Petzow and
Herrmann, 2002).



SizNy based ceramic composites toughened by RE oxide additives 39

It is well known that the densification process is enhanced by increasing both the
sintering temperature and time; however, they cause undesirable changes of the
microstructure above the optimum values. Similarly, increasing pressure during
the HP (hot pressing), HIP, or SPS processes results in the increased densification
rate, refinement, and, for HP, an anisotropic orientation of the microstructure as
well (Petzow and Herrmann, 2002).

It can be concluded that Si3Ny is a multiphased material consisting of mainly - and
a-phases of SizNy, secondary grain boundary phases (mainly oxynitrides), and an
amorphous film at the grain boundaries. All these phases have characteristic morphol-
ogies and can be arranged in all kinds of microstructures.

2.2.2 Microstructure evolution of SisN,

Microstructure of any material has a significant influence on the characteristic prop-
erties of the material. The factors, such as type, amount, arrangement, size, shape, and
orientation of the various phases contribute to the resultant microstructure of the
material.

Silicon nitride is mostly produced from o-SizN4 powder that is transformed to
B-solid solution during the sintering via the solution—reprecipitation process.
The microstructural evolution is controlled mainly by SizN, starting powder, addi-
tives, and sintering parameters.

From theoretical consideration, it is assumed that prism planes of the hexagonal-
shaped grains have a higher stability compared to basal planes (Figure 2.1). However,
the growth rate of basal planes (c-axis) is much higher than that of prism planes
(a-axis), resulting in needle-like grain morphology. This difference is related to the

Pyramidal planes  Figure 2.1 Theoretical shape of B-Si;Ny
(Satet and Hoffmann, 2000).
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SizN, crystal structure and is attributed to an energetically more favorable attachment
of a surface nucleus on a basal plane. The basal planes (001) are “atomically rough”
and the growth mechanism is diffusion controlled and much faster. The prism planes
(100) are “automatically flat” and the growth rate is determined by the formation of
surface nuclei (Petzow and Herrmann, 2002; Becher et al., 2006; Satet and Hoffmann,
2000). Attachment of Si (and N), which controls the growth rate, is determined by the
population of surface ledges/steps. The adsorption of the additives on the surface of
SizN, impedes the attachment of Si and N to the prismatic plane and therefore
decreases the grain growth along a-axis (Satet and Hoffmann, 2000).

As has been already mentioned, the sintering parameters have a significant influ-
ence on the microstructural evolution. A faster heating rate leads to a coarser micro-
structure due to the dissolution of fine B-SizN4 particles during the heating in the
oxynitride melt. On the other hand, it is important to point out that a slow heating rate
in the interval 1500—1700 °C also intensively increases the grain growth. After com-
plete phase transformation and partial devitrification, the grain growth starts through a
dissolution of smaller B-Si3N, grains.

In addition, in the case of compositions that form low eutectic temperature liquids,
the phase transformation initiates when densification is essentially completed. On the
other hand, when high-viscosity liquids are formed, densification and phase transfor-
mation can occur simultaneously (Becher et al., 2008).

Observations by HR-TEM (high-resolution transmission electron microscopy)
revealed that a residual glassy phase remains at the tip of each triple junction as
well as at two-grain junctions in the form of a stable amorphous film either between
two SizN, grains or between SizN, and a crystalline secondary phase. Its thickness
depends on the temperature, additive composition, and impurities of the starting
powder (Petzow and Herrmann, 2002). Moreover, using HR-TEM Liu and Nemat-
Nasser (1998) found that the crystalline boundary phase is often seen at two-grain
boundaries near the multi-grain pockets, whereas the boundary phase located at
the middle portion of a two-grain boundary is often, if not always, amorphous.
Their observation suggested that the crystallization of the boundary phase most prob-
ably initiates at the grain pockets where the majority of the sintering aids are accumu-
lated. They also showed that the thickness of the crystalline phases at the two-grain
boundaries is relatively stable, varying from 1.5 to 1.9 nm, whereas the thickness of
the amorphous phases at the two-grain boundaries varies over a wide range (from 0.7
to 3.0 nm).

Two factors are considered to be the reasons why complete crystallization of
boundary phase is hard to achieve (Liu and Nemat-Nasser, 1998). It was found that
nucleation of the boundary phase in silicon nitride is heterogeneous and takes place
in some discrete places at the interface between the boundary phase and the SizNy
grains. Once created, nuclei grow into the boundary phase by a displacement of
well-faceted crystallization fronts. For initiation of the crystallization, the nucleation
needs a local composition fluctuation with respect to the average composition, in order
to reach locally the composition of a crystalline phase, and probably a suitable orien-
tation with respect to the neighboring silicon nitride grains to promote an “epitaxial”
nucleation and growth. In addition, it was reported that complete crystallization of
small amounts of the glassy phase segregated at the grain boundaries is much more
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difficult than crystallization of a bulk material of the same composition (Liu and Nemat-
Nasser, 1998). This is a result of the fact that the glassy phase segregated at the grain
boundaries is constrained from flowing over distances larger than the grain size, because
the channels through which the liquid must move are quite small (only a few nanome-
ters). Therefore, the initial glassy phases are essentially confined within the rigid
ceramic grains. As a result, the glassy phase has to sustain hydrostatic stress since shear
stresses would relax by the fluid flow within the intergranular region. In general, volume
change during the phase transformation increases the strain energy, which would oppose
the transformation. Such an increase in the strain energy causes a barrier to the
crystallization.

2.2.3 RE elements and their role in SisN, ceramics

Silicon nitrides sintered with various RE oxides (RE,O3) as the additive, having a
bimodal character of microstructure, are commercially used because it was recognized
that in situ reinforced microstructures yield a higher fracture toughness; the more
refractory RE oxides yield better high-temperature mechanical properties.

RE elements are a set of 17 chemical elements in the periodic table, specifically the
15 lanthanoids (with atomic number from 57 (La) to 71 (Lu)) plus scandium (Sc) and
yttrium (Y). Sc and Y are considered to be RE elements since they tend to occur in the
same ore deposits as the lanthanoids and exhibit similar chemical properties. RE ele-
ments have a common ionic valence z of 3* and are known to be the most electropos-
itive elements, but Sm and Yb can also occur as Sm?* and Yb** (Lofaj et al., 2003).
Lanthanide elements exhibit decrease in their ionic radii with increasing atomic num-
ber, and this fact is known as “lanthanide contraction.” However, ionic radius at the
given valence state depends also upon the coordination number, whose typical value
for lanthanides in oxides with z=3" is 6 (Lofaj et al., 2003).

A cation of the RE oxides, RE3+, acts as a glass modifier in the SiOZF tetrahedron
because its size is larger than that of the Si ion (0.026 nm). The RE—O bond is the
weakest bond in the glass structure because the cationic radius of the RE additive is the
largest and the ionic charge (3%) is lower than that of silicon cation (4%). Glass prop-
erties, such as glass transition temperature, softening temperature, and Young’s mod-
ulus depend on the weakest bond strength. The bond strength is characterized as a
cation field strength (CFS) and is proportional to the ionic charge (Z) and the recip-
rocal of the ionic radius (r;) (Hong et al., 2002; Lofaj et al., 2003, 2004; Hampshire and
Pomeroy, 2004):

crs—Z (A7) @.1)

This relationship indicates that the CFS increases with a decreasing ionic radius of RE
element (with assumption that ionic charge is the same, 3"). For example, the values of
CFS for the largest cation of RE (La—1.05 A) and the smallest one (Lu—~0.848 A) are
2.72 and 4.17 A‘z, respectively (Becher and Ferber, 2004).
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Similarly, “field strength” can also be estimated using another equation (Choi et al.,
1997):

F, :Zae~2Zce (A—z) 2.2)

a

where F is the field strength, Z, is the charge of the anion, Z. is the charge of the
cation, e is the elementary electric charge, and g; is the distance between the centers
of two ions.

The influence of the various RE oxides on the properties of intergranular phase in
SizN, has been investigated by measuring the physical and mechanical properties of
bulk glasses containing different RE elements (Lofaj et al., 2003, 2004; Hampshire
and Pomeroy, 2004; Becher and Ferber, 2004). The softening as well as the glass tran-
sition temperature of intergranular phase in SizN,4 decreased with an increasing ionic
radius of RE**. The coefficient of thermal expansion (CTE) is also dependent on the
size of RE** and its value increases with an increasing ionic radius (Becher et al.,
2002; Sun et al., 1999) and with a decreasing nitrogen content (Becher et al., 2002;
Lofaj et al., 2004). It was also reported that a thickness of the intergranular glass films
decreases as RE ion radius decreases (from ~1.6 nm for La to ~1.0 nm for Yb) and the
film thickness is determined by the composition rather than by the volume fraction of
the glassy phase (Wang et al., 1996). This result implies that RE** cations are local-
ized at the glassy film, thereby changing intergranular forces to determine the film
thickness.

Moreover, smaller RE cations prefer to bond to O with the result that N atom is
concentrated in the intergranular films (IGFs) and smaller RE cations diffuse out to
the triple points. On the contrary, larger RE ions have a preference for bonding to
N, and thus remain concentrated in the intergranular glass film, resulting in their smal-
ler amounts in the triple points (Becher et al., 2010; Hampshire and Pomeroy, 2004).

Initial theoretical efforts to understand the differences in the behavior of RE ele-
ments addressed their preference for nitrogen versus oxygen against that of silicon
within a differential binding energy (DBE) model. The DBE model considers segre-
gation of a RE relative to a competing cation (Si) in a compositionally graded anion
environment (O and N). The DBE, Jg; rg, gives a measure of the relative strength of
segregation and is defined as a second difference of total energies (Shibata et al., 2004,
2005; Painter et al., 2008):

0si,Re = AEgi_0 — AEgi_N — (AERg_0 — AERg—n) (V) (2.3)

where AEyy is the binding energy of a cation I (Si or RE) in an anion environment J (the
oxygen-rich or nitrogen-rich host sites) in the ceramics.

Thus, the DBE gives a qualitative measure of the expected relative amount of a
selected rare earth at the grain surfaces. The increasing values of § >0 signify an
increasing preference to bond in O-rich regions (oxynitride glass), whereas the
increasing negative J indicates a higher preference to bond in N-rich interfacial region
(surfaces of B-SisNy), all relative to Si. Therefore, these atomic cluster results indicate
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a driving force for each RE to segregate to either N-rich (grain surfaces) or O-bearing
(the surrounding oxynitride phase) regions in the microstructure (Becher et al., 2010;
Shibata et al., 2005; Painter et al., 2008).

It was reported that Young’s modulus and microhardness of rare-earth containing
SiREAL glasses are primarily a function of the bond strength within the glass network
as well as the strength of cross-linking bonds. Both the Young’s modulus and the hard-
ness increase as nitrogen replaces oxygen in the glass network. Both properties are
also improved when the smaller REs are incorporated into the SizN, matrix, which
is consistent with a strengthening in the network bonds resulting from the increases
in the field strength of the RE—O bond (Becher et al., 2002). Moreover, the fracture
toughness of the glasses was also reported to increase with a decreasing ionic radius of
RE** (Lofaj et al., 2003). Similarly, viscosity of SIREAI glasses can be tailored by
controlling the glass composition. The viscosity of glasses shifts to higher tempera-
tures by increasing the N:O and RE:Al ratios in the glass compositions as well as
by incorporating progressively smaller RE elements (Becher and Ferber, 2004). Nitro-
gen forms strong bridging links between three silicon tetrahedron as opposed to only
two for oxygen, and appears to prefer bridging rather than nonbridging sites. Thus,
replacing oxygen with nitrogen will strengthen the network and increase the viscosity.
On the other hand, RE elements coordinate with a larger number of anions apparently
promoting the generation of nonbridging oxygen, particularly in the case of larger RE**.
This leads to a lower viscosity of the intergranular phase consisting of the RE elements
with the larger RE®* cations compared to the smaller ones. It was concluded that
nitrogen as a network former is more effective than the lanthanide modifiers (Lofaj
et al., 2003; Becher et al., 2002).

2.2.4 Effect of RE oxides on the microstructure
development of SisN,

As mentioned above, the grain growth occurs in the presence of a glassy phase derived
from the native surface oxide on the Si;N, powder and the additives used to enhance
the densification of Si3Ny. The sintering additives affect the glass viscosity by alter-
ing the glass composition. When growth of B-grains is controlled by a diffusion
through the glassy phase, changes in the glass composition modify the diffusion rates
of silicon and nitrogen and, thereby, a rate of the grain growth. Alteration in the RE
elements being used as a sintering additive has a significant effect on the growth rates
of B-Si3N, grains. It was reported that the growth-limiting step shifts from an interface
control to control by a diffusion within the glass phase as the size of RE cation
decreases (Becher et al., 1998).

A formation of the elongated hexagonal cross-sectioned grains with curved end
caps is typically observed in B-SisN4 and B-SiAION ceramics. The shape of the
end caps is believed to represent a diffusion-controlled c-axis growth process. Diffu-
sion coefficient is inversely proportional to the compositional dependent viscosity of
the intergranular amorphous phase. In the range of 800—1000 °C, the viscosity of bulk
Si—-RE—-Al and Si—-RE-Mg oxynitride glasses of fixed compositions increases with a
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decreasing size of RE cations. At the same time, nitrogen solubility in the bulk Si—-Me—
RE oxynitride glasses slightly increases with increasing RE ions, which leads to an
increase in the viscosity. In other words, a presence of nitrogen slightly compensates
for decrease in viscosity due to the larger RE ions in the glass network. However, it is
well known that the viscosities of glasses significantly decrease with an increasing
temperature (Becher et al., 2000).

The growth rate in the c-axis direction of the grains is not affected by the RE ele-
ments used as the additive. On the other hand, RE cation has a significant influence on
the a-axis growth rate of B-SisN, grains (Becher et al., 2006).

Several works reported that the RE oxide additives control the o — 3 phase trans-
formation rates of SisNy, the grain growth anisotropy, and the AR of B-SizN, (Satet
and Hoffmann, 2005; Kitayama et al., 2006; Park et al., 1997; Lojanova et al., 2010;
Tatarko et al., 2010). RE elements with a larger ionic radius (i.e. with a smaller atomic
number) delay the phase transformation and weaken the interfacial bonding
(Kitayama et al., 2006; Park et al., 1997).

The microstructures of the hot-pressed monolithic Si;N, ceramics sintered with the
different RE oxides (La;O3, Nd,O3, Yb,03, and Lu,0O3) are shown in Figure 2.2. It is
obvious that these materials possess a typical bimodal microstructure that consists of
the large elongated B-SizN, grains distributed in a fine B-SizN, matrix. It should be
pointed out that the presence of different RE elements in the Si3N,4 grain boundary
glassy phase led to the differences in a grain growth anisotropy (Figure 2.2). The mate-
rials with the smaller RE** cations (Yb and Lu) contained the elongated B-Si3Ny
grains with a larger diameter, embedded in a finer B-Si;N4 matrix. This constitutes
a typical bimodal distribution of the grains in the microstructure (Figure 2.2c and d).
On the other hand, the SisN, sintered with the larger RE** cations (mainly La, but
partially also Nd) did not exhibit this bimodal distribution so significantly (Figure
2.2a and b). It was reported that a higher number of the -SizN4 grains with a small
diameter (d<0.08 pm) was observed for the monolithic Si3N4 doped with Y, Yb,
and Lu, when compared to the SizN, doped with La, Nd, and Sm -cations
(Lojanova et al., 2010). Moreover, a small number of the robust SisN,4 grains with
a diameter of approximately 1 pm was also observed for the materials containing
Yb,0O5 and Lu,O5 as the additives. Although the apparent AR as a function of RE**
radius did not change significantly (Figure 2.3), the average value of AR increased
slightly when La®" cation was replaced by Lu** (Lojanova et al., 2010). This obser-
vation is in keeping with the fact that the larger RE ions delay the phase transformation
(Kitayama et al., 2006) and that the RE ions impact the temperature at which the phase
transformation initiates (Becher et al., 2010). It was reported by Becher et al. (2008)
that the early onset of the transformation gives B-grains more time for growth if Lu,O;
is used, less time for Gd,O3, and the least for La,0O5. They also observed that more of
the larger B-grains at early stages of the transformation were present when Lu,05 was
used, compared to La,03 additive.

The reason for different microstructural evolutions of Si3N, with various types of
the RE oxide additives can be related to the different viscosities of the liquid phases at
the sintering temperature. It was reported that the viscosity of the oxynitride glasses
increases with an increasing CFS, and thus a decreasing ionic radius of RE**



Figure 2.2 Microstructures of Si;N, monoliths sintered with SiO, and various RE,Oj3:
(a) Lay03, (b) Nd,03, (¢) Yb,03, and (d) Lu,0s.
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(Lofaj et al., 2004; Becher and Ferber, 2004; Hampshire and Pomeroy, 2004). The
volume fraction of B-SisNy grains with AR >4 (needle-like grains) as the function
of the grain diameter in the monolithic SizN, ceramics sintered with La (the largest
RE*") and Lu (the smallest RE**) is shown in Figure 2.4 (Tatarko et al., 2010a,b). This
graph reveals that the SizN, sintered with Lu exhibited a remarkably higher volume
fraction of the thin needle-like B-Si;N,4 grains (mean grain diameter <0.2 pm) and a
slightly higher volume fraction of the thick needle-like grains (mean grain diameter
>0.8 pum) than the Si;Ny with La. The increased number of small diameter grains was
observed for the material having a higher AR of B-SizN, (sintered with Lu,03) due to
a higher viscosity of the liquid phase at the sintering temperature. A higher viscosity
restrains dissolution of silicon nitride grains in the melt with a consequence of a lower
concentration of ions needed for the precipitation. Moreover, a high melt viscosity
hinders the material transport by means of diffusion through the liquid.

Such a different growth behaviour of the diameter of preexisting B-Si;N, grains
was attributed to the different propensity of RE elements to segregate on the
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crystallographic surfaces of silicon nitride grains. Shibata et al. (2004, 2005) reported
that La has an increasing preference for the adsorption on the prismatic grain surfaces
(preferred bonding to N), which impedes the attachment of Si to the growing interface,
thereby hindering the grain growth in this direction. Therefore, a larger diameter of the
needle-like B-SizNy grains for the Lu sample can be explained by a higher stability of
Lu in the glass (preferred bonding to O). Thus, the Lu atoms do not impede the attach-
ment of Si and N to the prismatic plane.

Kitayama et al. (2006) studied the influence of RE oxides on the phase transforma-
tion of SizNy4. They observed a larger activation energy for o—p transformation when a
larger ionic radius of RE was used and hence, the slower phase transformation pro-
ceeds at the same annealing temperature for different RE oxide additives. Becher
et al. (2006, 2010) found that RE additions have a strong effect on the temperatures
of the initiation and finishing of the phase transformation, both of which decrease with
a decreasing ionic radius of RE. At the same time, the anisotropy of the grains
decreased with a decreasing ionic radius of RE. If the transformation is initiated at
lower temperatures, the forming B-SizN, grains have a larger final diameter as they
have more time to grow.

However, there is a discrepancy between the studies on the influence of RE oxide
additives on the microstructural development of SisN4 ceramics reported in the liter-
ature. While the AR of B-Si3N, grains increased with a decreasing ionic radius of RE**
in the SizNy sintered with RE,Oj3 and SiO, in the works of Lojanova et al. (2010) and
Tatarko et al. (2010a,b), insignificant influence of the various RE oxide additives on
the microstructural evolution was observed by Hyuga et al. (2004) and Hong et al.
(2002). On the contrary, Satet and Hoffmann (2005) showed that the AR of SizN,4
grains and anisotropy of the grain growth increased with an increasing ionic radius
of RE in the Si;N, with RE,O5; and MgO. These discrepant results indicate that the
size of the cations of RE oxide additives may not be the only dominant parameter
in the microstructural evolution of SizN4. A different chemistry of the grain boundary
phases as well as different processing routes can be considered to be the main reasons
for this contradiction.

In order to understand the influence of RE elements on the growth of SizN, grains,
several works have been done with the aim of detecting an adsorption of the RE ions
on prism and/or basal planes of B-SizN, grains (Shibata et al., 2004, 2005; Ziegler
et al., 2004; Painter et al., 2008). A high-angle annular dark field (HAADF) scanning
transmission electron microscopy (STEM) for imaging and electron energy loss spec-
troscopy for chemical analyses were used for this investigation. The immediate inter-
face between the Siz;N, grains and the amorphous IGF was examined. However, an
agreement between the individual studies was again not obtained.

Shibata et al. (2004, 2005) and Painter et al. (2008) reported that La atoms were
observed more frequently at the grain surfaces and within the nanometer-thick amor-
phous films between the SisNy grains, when compared to Lu atoms. Since the chem-
ical composition of the grain boundaries plays an important role, it is important to note
that the investigated Si;N, materials were sintered with a mixture of RE,O3 and MgO.
The calculated values of DBE (ds; rg) Was reported to be 2.50 eV for Lu compared to
—0.98 eV for La. The positive value for Lu indicates a higher stability in the glass,
whereas a negative value for La corresponds to the increasing preferences for the
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adsorption at the nitride surface (see Section 2.2.3). Thus, while Lu can adsorb at the
preferred grain surface sites, it would be expected to desorb more easily into the glass
compared to La. The attachment of Si to the growing interface is predicated by a
desorption of those RE adsorbed on the prismatic plane, which should occur easier
for Lu than La.

It was therefore concluded that the transformation of SizN, occurs at the lowest tem-
perature when Lu is used, as it has the least surface adsorption. On the other hand, the
highest adsorption ability of La leads to a delay in the transformation to much higher
temperatures. The early onset of transformation provides more time for the growth of
B-Si3N, grains when Lu,Oj3 is used, less for Gd,O3, and the least for La,Os. It was
observed that more of the larger B-grains were present with Lu,Oj5 in the early stages
of the transformation. At the same time, the final AR of the B-grains increased with the
same dependence on the RE cations. Microstructures of the materials showed that the
reinforcing grains produced with Lu,O3 exhibited the largest diameters, while La,0;
produced long, thinner reinforcing grains (Painter et al., 2008). This is in keeping with
the work of Lojanova et al. (2010) and Tatarko et al. (2010a,b).

On the other hand, Ziegler et al. (2004) obtained direct atomic resolution images
that illustrate how a range of RE atoms bind to the interface between a grain and
the intergranular phase. Contrary to the previous results, La showed no specific or
periodic bonding at the interface (Figure 2.5). The La atoms were present in the
intergranular phase but were not arranged into any atomic columns. In contrast, the

Figure 2.5 STEM images of the Si;N, ceramics doped with La, Sm, Yb, and Lu showing the
attachment of RE elements at the SizN, interface. The matrix grain is oriented along the
[0001] zone.

Adapted from Ziegler et al. (2004).
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examination of other three compositions (Sm, Yb, and Lu) showed that these atoms
were arranged into the columns at the interface. Ziegler concluded that the segregation
tendency of RE ions at the interface increases with an increasing atomic number, i.e.,
with a decreasing ionic radius of RE**. The adsorption of RE ions results in a decreas-
ing interfacial energy of the prism plane of $-Si;N,4 and the equilibrium shape of the
B-SizNy grains would be more elongated toward the [001] direction. This contradicts
the fact that the morphology of the B-Si;Ny grains is more elongated in the La system
(less adsorption) than in the Yb or Lu system (more adsorption), as it was reported in
Satet and Hoffmann (2005), Shibata et al. (2005), and Painter et al. (2008). On the
other hand, the results are in good accordance with the work of Kitayama et al.
(2006). They reported that the adsorption of RE atoms at the prism and/or basal inter-
faces decreases the activation energy for nucleation, and hence, decreases the activa-
tion energy for the phase transformation. The activation energy was reported in their
work to decrease with a decreasing ionic radius of RE** due to a higher number of the
atoms attached to the interface.

Taking into account these different results reported on the effect of RE oxides on
the microstructure of SizN4, Becher et al. (2010) concluded that the role of RE,O5
additives during liquid phase densification of Si3N, may be changed by the addition
of other oxide additives. They reported that the effect of RE,O5 on the microstructure
evolution might be different in a system with low viscosity (using the addition of
MgO, Al,O3 in combination with RE;O3) compared to a system with high-viscosity
liquid phase (combination of RE,O5 with SiO,):

(1) System with low-viscosity liquid phases: The Mg (or Al)-bearing Si—RE oxynitride glasses
are low-viscosity systems, but the viscosity—temperature profiles are shifted to higher tem-
peratures when RE changes from La to Lu. These viscosity changes indicate the faster dif-
fusion with increasing size of RE ion; therefore, the onset of densification and the phase
transformation would be initiated at lower temperatures with La rather than with Lu, along
with the promotion of the grain growth. On the other hand, the transformation with
RE,O3+MgO additions, which is initiated after densification is completed, is initiated at
increasing temperatures as the RE shifts from Lu to La. The grain AR also increases in
the same trend, but the amount of larger diameter elongated [-grains increases when RE
shifts from La to Lu. In this case, the phase transformation and the elongated growth behav-
iour are controlled by the RE adsorption/desorption processes. When RE,0O; additives are
combined with Al,O3, densification is promoted; however, grain growth is inhibited in
comparison with that of RE;O3 +MgO. If only RE additives are used, the rate of the phase
transformation increases as the activation energy decreases with a decreasing size of RE (in
the range of 1700-1850 °C).

(2) System with high-viscosity liquid phases (RE;O3+ SiO): The increased viscosity clearly
impacts densification process because increase in processing temperature of some 125-
150 °C is required to achieve full density in 1 h over that with combination of RE,O3
and MgO. Moreover, the viscosity of Si-RE-Me oxynitride glasses increases with a
decreasing size of RE. The phase transformation initiates before samples reach full density;
in this case, the transformation is initiated and completed with La before than that with Lu.
It means that effect of La,O5 versus Lu,O; combined with SiO; is just the opposite of that
observed for combination of RE,O3 with MgO and for RE,Oj; as the only additive. Now, La
serves to enhance the microstructure evolution resulting in the formation of larger elon-
gated reinforcing grains at temperature up to 1800 °C in comparison with Lu.
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All these facts imply that the dominant mechanisms controlling the phase tran-
sformation with RE,O; alone or in combination with MgO or Al,O5 differ from
that when the RE,Oj3 is combined with SiO,. This actually explains the differences
between the microstructure evolution of SizN, reported by Satet and
Hoffmann, (2005) (where a low-viscosity liquid phase is considered as MgO
was used besides RE,0O3;) and that reported by Lojanova et al. (2010) and
Tatarko et al. (2010a,b) (with a high-viscosity liquid phase, as RE,O3 with original
SiO, were used as the only additives).

A dominating mechanism for the first case is difference in the affinity of each RE
atom to adsorb at the prism plane of 3-Si3N4 grains. Since the La atoms showed a
higher tendency to segregate at the surface of SisN, rather than Lu atoms, the attach-
ment of Si on the B-grains was hindered more significantly in the case of SisN,4 con-
taining La at the grain boundaries. Increased temperature is required to promote
desorption of the RE and allow the transformation to proceed. It is important to note
that the RE adsorption behavior remains basically the same, regardless of the addi-
tion of other additives. To answer the question of why Lu delays the transformation
compared to La when combined with silica, two factors are needed to be considered:
(1) transport through the liquid phase and (2) solubility of Si;N, in the liquid phase
(Becher et al., 2010). Transport of Si and N through the liquid can be determined by
the viscosity of the liquid phases. It is well known that viscosity of oxynitride glasses
increases with decreasing size of RE (Becher and Ferber, 2004). Although the tem-
perature shifts in the viscosity curves are relatively small (<100 °C) between La-
and Lu-containing glasses of the same composition, a significant slope of the vis-
cosity curves leads to a difference in the viscosity from two to four orders of mag-
nitude for La versus Lu at the same temperature. This fact results in a decrease in
diffusion rates with Lu in the glass compared to La. It is therefore necessary to raise
the temperature in order to initiate the phase transformation in the case of Lu,O3
with SiO, additive. With regard to the solubility of SizNy in the liquid phase, it
was reported that solubility of nitrogen in the Si-RE-Me glasses (where Me = Al
or Mg) consistently increases with an increasing size of RE. Therefore, a higher sol-
ubility of Si3Ny grains is expected in the surrounding La-bearing liquid phase than
that with Lu. This leads to a higher rate of the phase transformation for material sin-
tered with La (Becher et al., 2010).

2.2.5 Processing of SisN,~SiC composites

To improve the mechanical or functional properties of SizNy-based ceramic mate-
rials, various types of composite materials have been developed. Among them,
Si3N4—SiC composites are the most extensively investigated. Siz;N4 ceramics con-
taining two different fractions of SizN, grains (-Si3Ny whiskers or large B-SizNy
seeds) might also be considered as a special composite system, i.e., SizN4—SizNy
composites.

As a possible way to improve the mechanical properties of SizN4 ceramics, partic-
ularly the high-temperature ones, the Si3N,—SiC nanocomposites have been devel-
oped (Niihara, 1991; Hnatko et al., 2004; Kasiarova et al., 2009; Dusza et al.,
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2005; Lojanova et al., 2010; Tatarko et al., 2010a,b, 2013a,b; Herrmann et al., 1998;
Park et al., 1998a,b). These materials consist of a submicrometer-sized Siz;N, matrix
that contains a dispersion of nano-sized SiC particles of essentially globular shape.
The particles are located both at the grain boundaries of SizN, (with a size of approx-
imately 150-170 nm) and within the Si3N, grains (with a size of 30—40 nm)
(Kasiarova et al., 2006). SisN4—SiC nanocomposites exhibit excellent mechanical
properties at both ambient and elevated temperatures. It has been suggested that
the particles located at the grain boundaries are directly bonded with the adjacent
Si3Ny grains and develop a direct Si3N4—SiC interface without any interfacial amor-
phous phase (Niihara, 1991). Thus, the particles are thought to act as the effective
obstacles to grain boundary sliding and subcritical crack growth at high temperatures.
Therefore, these particles are responsible for the superior high-temperature properties.

Thermo-mechanical data show that the lower bound of the stability ranges of the
two solid phases SisNy and SiC (as a function of temperature, nitrogen pressure, and
SiO, activity) is defined by the decomposition of SizN,4 at a low nitrogen pressure,
according to the reaction (Herrmann et al., 1998):

Si3Ny(s) — 3Si(1) + 2N, (g) (2.4)

The upper bound of the stability range of composite is given by decomposition of SiC
at a high nitrogen pressure (Herrmann et al., 1998):

3SiC(s) + 2N, (g) — SisNy(s) +3C(s) 2.5)

A variety of processes have been reported to produce SizN4—SiC nanocomposites:

(1) HP or gas pressure sintering of a mechanical mixture of crystalline SizN, and SiC powders
(Tian et al., 1998; Koh et al., 2001).

(2) HP of a SiCN amorphous powder (gaj galik et al., 2000) which was prepared via a chemical
vapor deposition process.

(3) HP of Si3N, powder by in situ carbothermal reduction of SiO, (Hnatko et al., 2004).

The preparation of SizN,—SiC nanocomposites by in situ carbothermal reduction of
silica is a suitable and low-cost processing way, because the cheaper powders (with
a higher amount of oxygen) can be used as an initial mixture. The oxygen (in the form
of Si0,) is considered to be the impurity in other cases, but for this method, is used for
a reaction with carbon (in the form of soot) to produce the SiC nanoparticles during
sintering. Typical technological regime of such an approach to produce SizN,—SiC
nanocomposites is shown in Figure 2.6.

Reduction of SiO; to form SiC in the SiO,—RE,Oj5 system is possible when activity
of carbon is high:

Si0, (s, 1) +3C(s) — SiC(s) +2CO(g) (2.6)

Formation of CO (g) by this reaction within the bulk composite is problematic.
Evolved gas can be entrapped in the closed pores and hinder densification, and can
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Figure 2.6 Schematic sketch of the technological process of SizN4—SiC micro—nano
composites.

cause the formation of cracks when the pressure within the pores exceeds locally the
strength of the material (Hnatko et al., 2004).

Another source of SiC is the reaction of Si3N,4 with carbon, which at normal pres-
sure of nitrogen proceeds at temperatures exceeding 1440 °C:

o — SizNy(s) +3C(s) — 3B — SiC(s) +2N,(g) 2.7)

There are two possible ways by which the SiC nanoparticles influence the microstruc-
tural evolution of SizN, (Park et al., 1998a,b). The SiC may act as nucleation sites for
the B-Si3Ny grains and in this case, all the SiC particles would be enclosed in the
grains. It is expected that the average size of Siz;N,4 decreases with an increasing num-
ber of nucleation sites. Another possibility is that the SiC may act as a grain growth
inhibitor. The dissolution—reprecipitation process and the grain boundary migration of
SizN, are hindered by the presence of the inert SiC particles. However, this effect
depends on the relative size of the SiC particles. When the size of SiC is much smaller
than that of SizNy, the Si3Ny grain grows around the SiC easily, trapping the SiC inside
the Si3Ny grains. On the other hand, if the size of SiC is comparable to that of Si;Ny
grains, the inhibition effect is stronger, resulting in the reduction of the average grain
size and leaving the SiC at the grain boundaries.

It was reported that the best mechanical properties can be achieved when the
amount of SiC varies between 5 and 15 wt.% (Petzow and Herrmann, 2002;
Hnatko et al., 2004; Sasaki et al., 1992).

2.2.6 Effect of RE;O3 on the microstructure development
of Si3N~SiC composites

Microstructures of the SizN4/SiC composites sintered with different RE oxides
(Lay0O3, Nd,O3, Yb,03, and Lu,03) are shown in Figure 2.7. The microstructures
exhibit a typical bimodal character with the elongated -Si;N4 micrograins and ran-
domly distributed SiC nanoinclusions in the Si;N, matrix. The globular nano
(~30 nm) SiC inclusions are located intragranularly within the Si;N, grains while



Figure 2.7 Microstructures of Si;N,—SiC composites sintered with SiO, and various RE,Os:
(a) Lay03, (b) Nd,03, (¢) Yb,03, and (d) Lu,0s.
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the submicron-sized (~ 150 nm) SiC inclusions are located intergranularly between
the SizN, grains (Tatarko et al., 2010a,b).

Evolution of the microstructure of the Si;N,4/SiC composites (Figure 2.7) is com-
parable to the reference monolithic Siz;N, materials (compare with Figure 2.2,
Section 2.2.4); however, the microstructures of the composites are generally finer
(Lojanova et al., 2010; Tatarko et al., 2010a,b). This result is in keeping with the
assumption that SiC inclusions hinder the grain growth of silicon nitride by a
grain boundary pinning. Taking into account the fact that B-SizN,4 grain growth
is preferential in the c-direction (Kridmer et al., 1993, 1994), the presence of SiC
grains hinders the silicon nitride grain growth, particularly in this direction. There-
fore, this has an impact on the average values of the apparent AR of B-Si3N, that was
reported to be slightly lower for the Si;N4,—SiC composites sintered with RE,O;
(Figure 2.8), when compared to the SizN, monoliths with the same RE additives
(see Figure 2.3).

It was reported that there is a difference in the preferential location of SiC nano-
particles in the Si;N4 matrix when different RE additives are used (Lojanova et al.,
2010; Tatarko et al., 2010a,b). The Si3N4—SiC composite sintered with La,O3 exhib-
ited a preferential location of SiC particles inside the silicon nitride grains
(Figure 2.9a), while the SiC particles located at the grain boundaries were observed
more frequently in the Lu-doped composite (Figure 2.9c). On the other hand, the com-
posite sintered with Y,05 exhibited a mixture of both location, and no preferential
location was observed (Figure 2.9b). It can therefore be concluded that a liquid phase
with a lower viscosity (larger ion of RE**~La) tends to form intragranular SiC parti-
cles, whereas a higher viscosity of a liquid phase (smaller ion of RE**~Lu) promotes
the formation of the intergranular particles of SiC. The lower viscosity liquid phase
promotes the solution—reprecipitation process and the growth of B-SizN, grains and
also diminishes the interfacial energy, which is beneficial for the entrapping of the
smallest SiC inclusions inside the B-Si;Ny4 host grain.

Figure 2.8 Apparent aspect
ratio of B-Si3Ny grains in the
Si3N4—SiC composites with
various RE,O5 additives
(Lojanova et al., 2010).
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Figure 2.9 TEM micrographs of the Si3N,—SiC sintered with (a) La,O3, (b) Y,03, and
(c) Lu,03, showing the location of the SiC particles (Kasiarova et al., 2014).

The interface between the intragranularly located SiC nanoparticles and the SizN4
grains was observed to be either clear (Figure 2.10a) or with an additional glassy film.
On the other hand, an intergranular glassy phase was very often found between the
intergranularly located SiC and the SizN, grains (Figure 2.10b).
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Figure 2.10 Intragranularly located SiC grain, HREM, lattice fringe image (a); back scattered
HAADEF image of the intergranularly located SiC particles (b) (Kasiarova et al., 2014).

2.3 Toughening of Si;N,;-based ceramics

2.3.1 Fracture toughness of SizN, monoliths

Fracture toughness of Siz;N, varies in a wide range from 3 to 12 MPa m'?, which is
related to variations in the microstructure of the materials. Another reason is that dif-
ferent methods of determination of fracture toughness provide slightly different
values. Generally, the fracture toughness of silicon nitride depends on the microstruc-
tural parameters, chemistry of the grain boundary phases, and the amount of the sinter-
ing additives. The fracture toughness of SizN, increases with the increasing values of
the microstructural parameters, such as grain diameter and AR of B-Si3N, grains, or
volume fraction of the elongated B-Si;Ny grains. The chemical composition of the
grain boundary phase is also very important, as it determines the residual stresses at
the grain/secondary phase interface (due to the different thermal expansion coeffi-
cients compared to SizNy) as well as the interfacial debonding. A higher amount of
the sintering additives usually leads to the increased fracture toughness due to the
promoted grains evolution, resulting in the coarser microstructure of SizNy.

The presence of a microstructure similar to whisker-reinforced ceramic compos-
ites, containing the elongated B-SizN, grains as a reinforcing agent, is a necessary
but not sufficient condition to improve the fracture toughness of SizN4 ceramic mate-
rials. Crack bridging, crack deflection, and pull-out were determined as dominant
toughening mechanisms in composite-like microstructures. The materials with such
a microstructure are also well known as “self-reinforced” SizN,4 ceramics.

Silicon nitrides prepared with different sintering additives and processing routes
exhibiting self-reinforced microstructures can have very different fracture toughness.
One of the critical issues in the microstructural design of SizNy is to control the
debonding at the interface between the B-SizN, and the intergranular glassy phase,
in such a way, the elongated B-SisN4 grains can contribute to the toughening mech-
anisms, such as crack deflection and crack bridging. Several studies indicated that the
interfacial debonding in silicon nitrides could be influenced by the composition of the
sintering additives, which ultimately altered the composition of the intergranular
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amorphous phase. However, there are some experimental difficulties regarding a sys-
tematic investigation of the effect of the sintering additives on the fracture behavior of
silicon nitrides. The reason is that different additives generally induce different grain
growth rates during densification and result in the microstructures with different grain
morphologies and sizes (Becher et al., 1998). It should be noted that a weak interface
between the grains and the intergranular phases is generally required for the toughen-
ing mechanisms (Kleebe et al., 1999).

Kleebe et al. (1999) showed that chemistry of a secondary phase plays a key role in
the toughening behavior of Siz;N,4 ceramics, due to a threefold effect: (1) influence on
the SizN,4 grain morphology, (2) the effect on the secondary phase crystallization at
triple pockets, and (3) the influence on the development of residual stresses in addition
to the change of the atomic glass structure.

Similarly, Peterson and Tien (1995) reported that thermal expansion coefficient,
elastic properties, and fracture toughness of the grain boundary phase, along with
the bonding strength between the Si;N4 matrix and the grain boundary, are expected
to affect the crack propagation. When the thermal expansion coefficient of the grain
boundary phase is larger than that of the silicon nitride, both the tensile stresses in the
grain boundary and the compressive stresses in the silicon nitride grains increase as the
thermal expansion coefficient of the grain boundary phase increases. Tensile stresses
at the grain boundaries and compressive stresses in silicon nitride grains promote crack
deflection and the formation of bridging grains. The fracture of grains that become
bridges depends on the fracture of grains that intersect the crack at an angle favorable
for the crack deflection (Peterson and Tien, 1995). On the other hand, Sun et al. (1999)
showed that differences in the residual stresses have only a marginal effect on the first
crack deflection event. The CTE measured on nitrogen-saturated bulk glasses varied
from 6.44 x 10~° K~ in the Lu-based glass to 7.09 x 10~° K~ for the La-based glass.
Since the CTE of the Si-Mg—RE—-O-N glasses increased only insignificantly when La
was replaced for Lu, the increased radial residual stresses will not affect the toughening
mechanism significantly, but might contribute marginally to an increase in debonding
length (Satet and Hoffmann, 2005).

It was found that high fracture resistance (>10 MPa m ’*) combined with a steeply
rising R-curve and high fracture strength (>1 GPa) can be developed in the self-
reinforced silicon nitrides by carefully controlling the size and amount of well-
dispersed large elongated grains in a fine-grained matrix (Becher et al., 1998). On
the other hand, when a fine equiaxed microstructure was generated, the fracture tough-
ness was significantly lower (~3.5 MPa m'/?).

gaj galik et al. (1995) examined the influence of microstructural characteristics of
SizNy sintered with Y,03 and Al,O; additives on the fracture toughness values and
toughening mechanisms. The material with the highest volume fraction of the grains
with the AR >4 exhibited the highest fracture toughness of >8 MPam'2 On the
other hand, the materials without such grains possessed the lowest fracture toughness
of 6 MPa m'%. Moreover, a dominant toughening mechanism changed with respect to
the diameter of the elongated grains. Elastic bridging and pull-out were observed only
for thin, needle-like grains with diameters <1 pum, whereas frictional bridges were
independent of the thickness of the toughening ligament. The crack deflection was
mainly associated with thick needle-like grains (>1 pum).

1/2
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2.3.2 Fracture toughness of Si;N,~SiC composites

Influence of the presence of SiC particles on the fracture toughness is attributed to the
residual stresses that lead to a nanophase toughening effect (Kasiarova et al., 2006).
During the cooling of nanocomposites from sintering temperature, the differences in
the elastic moduli and the linear thermal expansion coefficients generally result in
residual stresses in the matrix as well as in the particles. A thermal expansion mis-
match in the Si3N,—SiC nanocomposite caused the formation of the tensile radial
stresses at the Si3N4/SiC grain boundaries. The radial residual stresses between the
SiC particles and the Si;N4 matrix have tensile character, but a tangential component
of the residual stress is compressive. In the case of the intergranularly located SiC,
these compressive stresses positively influence the SizN,/SiC grain boundary
strength. However, the presence of a glassy film at the grain boundaries caused the
internal stress relaxation, leading to lower residual stresses in the SizN4—SiC nano-
composite compared to Al,O3 with nano SiC composite (Kasiarova et al., 2006).
However, taking these facts into account, a significant discrepancy can be found in
the fracture toughness data reported in the literature for Si;N,—SiC nanocomposites.
It was reported that fracture toughness increased as the SiC content increased and
reached a maximum in the range of 5-25 vol.% SiC (Niihara, 1991; Sasaki et al.,
1992). However, Herrmann et al. (1998) found that the fracture toughness was not
affected by the increasing volume fraction of SiC nanoparticles. Moreover,
Kasiarova et al. (2006) and Poorteman et al. (2003) even observed a decrease in frac-
ture toughness of the SizN,—SiC nanocomposites compared to the monolithic SizNy
sintered with Y,0j3. They also found that the microstructural characteristics (grain
diameter and AR) had a significantly stronger effect on the fracture toughness than
a presence of the residual stresses. In the monolithic SizN4 with coarser grains and
higher AR, the pull-out and a crack deflection were observed as the toughening mech-
anisms, whereas they were not found in the finer microstructures of the nanocomposites.
Tian et al. (1998) observed that after the addition of 5 vol.% SiC, the fracture toughness
increased from 5.7 (monolithic Si;N,) to 7.7 MPa m'”2. However, the fracture toughness
decreased with a further increasing amount of SiC and reached 4.3 MPa m"/ at 25 vol.%.
A higher amount of SiC resulted in the finer microstructure and more equiaxed grains,
which led to a reduction in toughening mechanisms in the microstructure.

2.4 The influence of RE oxide additives on the toughening
of Siz;N,-based materials

2.4.1 Fracture toughness of the monolithic SizN,
ceramics sintered with RE;O3

Several works have focused on the study of the influence of RE elements on the frac-
ture toughness of Si;N, materials (Satet and Hoffmann, 2005; Hyuga et al., 2004;
Becher et al., 2010; Lojanova et al., 2010; Tatarko et al., 2010a,b). Generally, their
effect on the fracture toughness was recognized to be either direct, as the size of their
cations determines the interfacial bonding strength (between the Si;N, grains and the
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Figure 2.11 Fracture toughness of Si;N4 monoliths and SizN4—SiC composites sintered with
Si0O, and various RE,03, measured by chevron notch beam method.
Adapted from Lojanova et al. (2010).

grain boundary glassy phase) as well as the residual tensile stresses, or indirect, via
alteration of the microstructural parameters.

Microstructural parameters play an important role in the assessment of the fracture
toughness of Si3N4 ceramic materials. Lojanova et al. (2010) and Tatarko et al.
(2010a,b) reported that the fracture toughness of the monolithic SizN, almost linearly
increased with a decreasing ionic radius of RE** (Figure 2.11). This is in keeping with
the results of the AR of B-SizN, grains that also slightly increased with a decreasing
ionic radius of RE** (Figure 2.3). A higher fracture toughness of the samples with the
smaller RE elements (Lu, Yb, Y) resulted from the reinforcing effect of the micro-
structure. The material with Lu,O3 contained a large amount of the elongated grains
with a small grain diameter and it also contained a small amount of “robust” elongated
grains with a large diameter, around 1 pm (see Section 2.2.4). A higher volume frac-
tion of both the thin and the thick elongated B-Si3;Ny grains in the Si3Ny sintered with
Lu,0; resulted in a higher frequency of the pull-out events and the frictional bridges.
This results in a larger dissipation of the crack energy by the toughening mechanisms.
Figure 2.12 shows the increasing amount of the toughening mechanisms in the case of
sample doped by Lu (many crack deflections) compared to the material with La*,
where a straight path of the crack can be observed. gaj galik et al. (1995) reported that
the microstructures containing both the fine and the coarse elongated B-grains (with
AR >4) possessed the maximum fracture toughness, whereas the microstructures with
a moderate diameter of the elongated B-grains exhibited a lower facture toughness.
This can be attributed to the fact that pull-out and elastic bridging are the dominant
toughening mechanisms for the elongated grains with a small diameter. On the other
hand, crack deflection is a dominant mechanism for the coarser elongated grains
(Sajgalik et al., 1995).
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Figure 2.12 Crack propagation in the monolithic Siz;Ny4 sintered with SiO, and La,03
and Lu203.

Guo et al. (2003) investigated the influence of various amounts of Lu,05 sintering
additive (in the range from 1.68 to 12.51 wt.%) on the fracture toughness of Si3Njy.
They found that the fracture toughness increased steeply with the increasing amount
of Lu,O3 up to 6.52 wt.% and then increased slowly with the further increasing
amount of Lu,Oj;. The fracture toughness was in keeping with the microstructure
parameters, such as the grain diameter (compare the Figure 2.13a and b). It was con-
firmed that the K¢ values increased with the increasing amount of the Lu,0O5 sintering
additive due to the larger diameters of the B-Si;N, grains. The dependence of fracture
toughness of SizN4 on the grain diameter is shown in Figure 2.14. An approximately
linear relationship is seen between the fracture toughness and the grain diameter, lead-
ing to a higher fracture toughness when the grain diameter is larger. This suggests that
the fracture toughness of Si;N, is mainly dominated by the grain diameter; the elon-
gated grains are particularly effective for increasing fracture toughness. This is in a
good accordance with the results reported by Lojanova et al. (2010) and Tatarko
et al. (2010a,b).

On the other hand, the influence of the chemical composition of the grain bound-
ary phases on the fracture toughness of the Si;N, ceramics was also investigated by
the same authors (Guo et al., 2004). The Si;N4 containing Lu,Si,O;N, as the grain
boundary phase exhibited a higher fracture toughness compared to the SizN4 with
Lu,Si,05 at the grain boundaries. However, only an indirect effect of the chemical
composition of the grain boundary phase was reported, as the higher fracture tough-
ness of Si;N4~Lu,Si,O,N, (from 5.63 to 6.21 MPa m'/? compared to 4.81 MPa m'”?
for Si3N4—Lu,Si,07) was attributed to the larger grain size (0.48 pm vs. 0.27 pm),
the increased volume fraction of the needle-like grains and the enhanced interfacial
debonding.

An important role of the grain boundary chemistry was also reported by Lojanova
etal.(2010): they observed a deviation from the linear increase in the fracture toughness
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Figure 2.13 Influence of the amount of Lu,O3 additive on the (a) grain size and (b) fracture
toughness of the Si;N4 ceramics.
Adapted from Guo et al. (2003).
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of Si3N, with a decreasing ionic radius (from La to Lu) in the case of the Siz;Ny sintered
with Sm,Oj (see Figure 2.11). The lowest value of fracture toughness for this material
was reported to be 3.6+0.31 MPa m"2. They found that an apatite type of secondary
crystalline phase with the formula of Sm((SiO4)¢N, caused this deterioration in the
fracture toughness. Such an apatite phase usually possesses a CTE of 1 x 10 > K™
(Sun et al., 2008; Mitomo et al., 1982), which is much higher in comparison
with SisN, (3 x 107° K™") or RE,Si,07 (4 x 107° K™') (Lojanova et al., 2010). There-
fore, the presence of the apatite phase located at the multi-grain junctions with approx-
imately three times higher thermal expansion coefficient compared to the major silicon
nitride phase resulted in the formation of significant residual tensile stresses.
Such tensile stresses significantly deteriorated the fracture behavior of the SizNy
ceramics sintered with Sm,0O; when compared to the other Si3N,4 ceramics with the
RE;Si,0; type of the grain boundary phases. This result proves the conclusion of
many authors: in addition to the microstructural factors, the phase composition and
the chemistry of the secondary phases significantly affect the fracture behavior of
Si3Ny4 at room temperature.

In order to confirm a direct influence of the RE-containing grain boundary glassy
phase on the fracture behaviour of SizN,4, many studies have been conducted on the
bulk glass compositions simulating the grain boundary composition of the SizNy4
ceramics (Lofaj et al., 2004; Hampshire and Pomeroy, 2004; Becher and Ferber,
2004). These results confirmed that the fracture toughness of the glasses doped with
RE elements increased with the increasing CFS, which increases with a decreasing
radius of RE**. In other words, the size of the ionic radius of RE** has a significant
influence on the grain boundary glassy phase in the Si;N, ceramics due to its influence
on the bonding strength within the glass network.

As mentioned above, there is a discrepancy between the reported results on the
influence of RE oxide additives on the fracture toughness of SizN,. The additional
additives modifying the final compositions and properties of the grain boundary
phase are believed to be responsible for this contradiction. Contrary to the work
of Lojanova et al. (2010) and Tatarko et al. (2010a,b) (RE,O3+Si0,), different
RE oxide additives (La,O5, Gd,O3, Lu,0O3) added in combination with MgO did
not influence significantly the fracture toughness of Si;N, with bimodal microstruc-
tures and the crystalline secondary phases at the grain boundaries (Becher et al.,
2008). Moreover, Hyuga et al. (2004) showed that despite the similar microstruc-
tures, the fracture toughness of SisNy sintered with Lu,O5+SiO, (4.3 MPa m'?)
was significantly lower than that of Si;N, doped with Y,053+SiO, (6.0 MPam'?)
or Yb,O3+Si0O, (6.4 MPa m"/ 2). In the case of the Lu-containing Si3Ny, the interfacial
bonding is considered to be stronger than in the other two cases; therefore, the crack
deflection at the grain boundaries did not occur. A weaker interfacial bonding in the
case of Y-Si3N, and Yb-Si;Ny led to a crack deflection and the improved toughness
due to the crack bridging mechanism. Similarly, Satet and Hoffmann (2005) reported
that the fracture toughness of bulk silicon nitride sintered with RE,O;+MgO
increased with an increasing ionic radius of RE** from 5.5 MPa m'? (Lu-doped
SisN,) to 7.2 MPa m'”? (Sm-doped Si3;Ny) (Figure 2.15). However, it must be pointed
out that their investigated materials exhibited a fully amorphous grain boundary phase
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after the sintering. They also observed that debonding and pull-out events occurred
more frequently in the materials with a larger RE**. The explanation for this behavior
was given by the higher frequency of pull-out events and the frictional bridges as the
consequence of the lower interfacial strength when the size of the RE** cation present
in the grain boundary phase increased.

Such an observation is contrary to the results reported by Lojanova et al. (2010)
and Tatarko et al. (2010a,b), where the fracture toughness increased with a decreas-
ing ionic radius of RE** (Figure 2.11). There are two possible explanations for this
discrepancy. The first one is a microstructural aspect, while the second is related to
a compositional aspect. In Lojanova’s and Tatarko’s works, the microstructures
varied with the addition of different RE oxides, i.e., the AR of the B-SizNy grains
increased when La** was replaced with Lu®* addition (Figure 2.3). However, Satet
and Hoffmann (2005) made an effort to develop the materials with similar bimodal
microstructures for all Si;N, sintered with different RE elements. They changed the
sintering conditions accordingly (mainly the temperature) in order to obtain the
same/similar microstructural parameters (grain diameters, AR, and a number of
the elongated B-Si3N, grains) for all of the materials sintered with various RE oxide
additives. Nevertheless, their Lu oxide containing Si;N, material exhibited a
higher AR compared to the materials doped with the other RE oxides. However,
although the Si3N, sintered with Lu,O5 additive exhibited the highest AR, the frac-
ture toughness measured for this composition was the lowest among all investigated
materials. This indicates that the compositional aspect was in their case more
important than the microstructural one. It is important to note that in addition to
SiO, and RE,O;, MgO was used as a sintering additive in their work (Satet
and Hoffmann, 2005). As was already discussed above, the adsorption sites of
RE elements on the surface of Si;N,4 grains were studied, and it is believed that their
location is known (see Section 2.2.4). On the other hand, a location of Mg in the
nanometer-thick IGF (intergranular film) and/or grain—IGF interface has not yet been
investigated. An understanding of the nature of the bonding within the IGF and along
the interface between the SizN4 grain and the IGF in ceramics with different chemical
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Figure 2.16 Possible crack path in the Si;Ny-based materials doped by various RE,O3
additives; IGF - intergranular film (Lojanova et al., 2010).

compositions of the additives is required to provide an appropriate explanation for the
crack propagation. For example, Becher et al. (2005) observed that an increase of Y/Al
ratio in the self-reinforced silicon nitride sintered with Si—Al-Y oxynitride glass pro-
motes debonding within the IGF due to the weakening of the glassy phase. Figure 2.16
shows a schematic picture of hypothetically possible ways of a crack path: (a) a crack
propagates within the IGF and (b) a crack propagates through the interface between
Si3Ny grain and IGF (interfacial debonding). It can be deduced that in the first case (a),
when the crack path runs through the IGF, the fracture behavior of ceramics should be
determined by the properties of the residual glass. When the fracture toughness of the
Si3;N4 with various RE additives increases with a decreasing ionic radius of RE’*" in the
residual intergranular glassy phase (as reported by Lojanova et al. and Tatarko et al.),
a trend is consistent with a dependence of the fracture toughness of glasses doped by
the RE elements (Lofaj et al., 2003). Taking this similarity into account, it can be con-
cluded that the crack most likely propagated within the IGF in the SizN, materials
sintered with RE,O5 and SiO, sintering additives investigated by Lojanova et al.
(2010) and Tatarko et al. (2010a,b). Therefore, the fracture toughness of the bulk
SizN,4 materials is determined by the properties of the glassy phase and not by the
strength of the bond between the SisN4 grains and the IGF. A different crack path,
which depends strongly on the glassy phase composition, can be one of the reasons
for the dissimilarities in the fracture behavior of the SizN, materials with RE,O3
and MgO prepared by Satet and Hoffmann (2005). Knowledge of the chemical com-
position and the structure of the IGF is therefore crucial for this idea. A thorough
research of IGF with the thickness of less than 1 nm is necessary. This investigation
is rather problematic not only because of technical difficulties but also because of a
questionable reliability of the data obtained from a limited number of HR-TEM micro-
graphs. The first principle calculations coupled with HR-TEM analysis could shed
more light on this problem (Shibata et al., 2005).
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2.4.2 Fracture toughness of the SizN,-SiC
composites sintered with RE;O3

Generally, the fracture toughness of the Si;N4—SiC micro-/nanocomposites is slightly
lower compared to the reference monolithic Si3N, materials when both are sintered
with the same RE oxide additives (see Figure 2.11). One plausible explanation of this
observation is related to the finer microstructures of the Si;N4—SiC composites that
which exhibit a lower average AR of the elongated Si3N, grains (see the influence
of RE on the microstructural evolution in Section 2.2.6). It is well known that
in the finer microstructure of Si3Ny, there is a lower possibility for the toughening
mechanisms to take place in comparison with a coarser microstructure of SizNy
ceramics.

More importantly, a relationship between the fracture toughness of SizN,—SiC
composites and the size of the RE cations showed a different dependence compared
to that of the monolithic SizNy4 (Figure 2.11). The fracture toughness of the Si;N4—SiC
micro-/nanocomposites containing Lu3+, Yb3+, and Y>* linearly decreased from
5.0 MPa m"? for the SisN,~SiC with Lu,O5 to 4.2 MPa m'’? for the composite with
Y,05 additive. It is interesting to note that even the Si;N4—SiC composite with Sm,05
additive apparently followed this tendency. As was discussed above (see
Section 2.4.1), the Sm>*-containing material clearly showed a deviation from the lin-
ear trend observed for the monolithic SisN4 materials due to the different chemical
composition (apatite phase vs. RE;Si,0). The same apatite phase was detected for
the composite material; however, this did not lead to a deviation from the trend of
the fracture toughness of the composites, as it did for the monoliths. On the other hand,
the fracture toughness of the SisN4—SiC composites sintered with Nd,O3 and La,03
additives exhibited a different tendency. The values of fracture toughness were similar
and almost constant as that measured for the composite sintered with Y03 additive
(Lojanova et al., 2010).

These different trends observed when the RE additives are changed can be related
to the different location of the SiC nanoparticles in the individual material composi-
tions. It was already shown (see Section 2.2.6) that the distribution of the SiC nano-
particles in the RE oxide-doped micro-/nanocomposites changes with the changing of
the RE elements. It was concluded that a lower viscosity of the liquid phase (larger RE
elements) predominantly leads to the formation of intra-SiC inclusions (inside Si3Ny
grains) and a higher viscosity (smaller RE elements) leads to the formation of inter-
SiC (at the grain boundaries of Si3Ny), as it is documented on the TEM micrographs in
Figure 2.9. Therefore, a higher fraction of the intragranular SiC particles was observed
for La- and Nd-doped materials than for the Lu- and Yb-doped Si;N4—SiC materials. A
higher concentration of the SiC particles located inside the Si3N, grains restrains the
microstructural and/or compositional effect on the fracture toughness and conse-
quently stops a tendency of decreasing toughness for the La- and Nd oxide-doped
composites. It was reported that the SiC inclusions distributed in the SisN, matrix
have a positive effect on the fracture toughness because of the formation of significant
residual stresses in the silicon nitride matrix (Rouxel et al., 1993; Niihara, 1991).
These stresses are formed due to different thermal expansion coefficients of these
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two phases. Therefore, a lower fracture toughness of the composite materials with
La,05 and Nd,Oj; indicates that intra-SiC nanoinclusions with an oxygen-rich surface
layer helped the stresses around the SiC inclusions to be relaxed, and hence decreased
the positive influence of SiC nanoinclusions on the fracture toughness. This oxygen-
rich surface layer is formed by the carbothermal reduction of SiO, with carbon during
sintering process (Hnatko et al., 2004). Moreover, if the fracture toughness of the SizNy,
monoliths is compared to the fracture toughness of the Si;N,—SiC composites for the
individual RE,O3 additives, the lowest difference between these two values for one
additives was observed for the Lu,O3 (Figure 2.11). A higher frequency of the SiC nano-
particles at the grain boundaries of SizN, in the Lu oxide-doped composite has a positive
effect on the fracture toughness because of a higher incidence of the crack impediment
events. A crack can be deflected by the intergranular SiC inclusions.

2.5 Future trends

Nowadays, some grades of silicon nitride have already been proven to be a cost-
effective alternative to metal components in several commercial diesel engine appli-
cations (roller cam follower and fuel pump applications), when the life cycle cost of
the system is taken into account. However, the cost of the product is a major factor in
successful automotive applications even after a technical benefit has been demon-
strated. Silicon nitride component costs generally depend on the raw material costs,
material processing route, and product finishing costs.

This chapter has summarized that RE oxide additives are very useful for the pro-
cessing of SizN, materials and the mechanical properties can be improved if RE
oxides with a smaller cation size are used. However, one can see that the improvement
in fracture toughness is just moderate, reaching ~10% of improvement when La is
replaced by Lu for the monolithic SizN4 and ~15% for the SizN4,—SiC composites.
Similarly, RE oxides with a lower cation size have also been demonstrated to improve
other mechanical properties of Si;Ny at room temperature, such as hardness, strength,
and wear resistance, at the similar level (Tatarko et al., 2010a,b; Satet and Hoffmann,
2005; Lojanova et al., 2010). Despite this moderate improvement in the mechanical
properties at room temperature, RE oxides have been found to improve significantly
the mechanical properties at high temperatures by several orders of magnitude when
La is replaced by Lu (Tatarko et al., 2013a,b; Lojanova et al., 2010).

Since RE oxide powders are considered expensive, particularly those with a smal-
ler cation size (such as Lu,03), there is an increased attention towards replacing them
with other types of additives to densify Si;N, ceramics for applications performing at
room or moderate temperatures. On the other hand, RE oxides with a small ionic size
are considered as the ideal candidates (thereby irreplaceable) for densification of
Si3Ny ceramics for high-temperature applications, such as rotor and stator vanes
for advanced gas turbines, valves, and cam roller followers for petrol and diesel
engines. Therefore, the future trends and research on the use of RE elements in silicon
nitride based materials are being focused on the materials for high-temperature
applications.
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More importantly, the superior effect of RE elements with a small cation size is
even multifold when they are used in the SizN,—SiC composite system (Tatarko
et al., 2013a,b; Lojanova et al., 2010). A possibility of controlling the formation
and distribution of SiC nanoparticles by changing the RE elements has also been
reported in this chapter. Moreover, a technological process via in situ carbothermal
reduction of silica could represent a suitable and cost-effective method of pro-
cessing, as cheaper powders can be used as the initial mixture. The oxygen (in
the form of SiO,), which is considered to be an impurity for other technological
processes, is used for the reaction with carbon to produce SiC nanoparticles during
the sintering. The RE additives with a smaller cation size have been proven to pro-
mote the formation of SiC nanoparticles at the grain boundaries of Si;N,4, leading
to a significant improvement in the mechanical properties, particularly at high
temperatures.

Therefore, it is reasonable to expect that future research will be carried out with the
aim of amplifying the mutual effect of suitable RE additives and SiC nanoparticles in
order to develop the Si3;Ny-based materials for high-temperature applications, such as
rotor and stator vanes for advanced gas turbines, valves, and cam roller followers for
petrol and diesel engines.

2.6 Sources of further information

One of the most authoritative sources of information, which provides an overview on
silicon nitride ceramics, is a chapter on silicon nitride ceramics published in High Per-
formance Non-oxide Ceramics II by G. Petzow and M. Herrmann, ISBN-10:
3540431322, 2002, pp. 46-166.

Among all the references mentioned in this chapter, the following are the most
related to the study of the effect of RE oxide additives on the properties of microstruc-
ture and room temperature:

1. Lojanova, S., Tatarko, P., Chlup, Z., Hnatko, M., Dusza, J., Lendés, Z., Sajgalik, P., 2010.
Rare-earth element doped SizN4/SiC micro/nano-composites-RT and HT mechanical prop-
erties. J. Eur. Ceram. Soc. 30, 1931-1944.

2. Tatarko, P., Lojanova, S., Dusza, J., gajgalfk, P., 2010. Influence of various rare-earth oxide
additives on microstructure and mechanical properties of silicon nitride based nanocompo-
sites. Mater. Sci. Eng. A 527, 4771-4778.

3. Tatarko, P., Kasiarova, M., Dusza, J., Morgiel, J., Sajgalik, P., Hvizdog, P., 2010. Wear resis-
tance of hot-pressed Si;N4/SiC micro/nanocomposites sintered with rare-earth oxide addi-
tives. Wear 269, 867-874.

4. Becher, P.F., Shibata, N., Painter, G.S., Averill, F., van Benthem, K., Lin, H.-T., Waters, S.
B., 2010. Observations on the influence of secondary Me oxide additives (Me = Si, Al, Mg)
on the microstructural evolution and mechanical behavior of silicon nitride ceramics con-
taining RE,O3 (RE=La, Gd, Lu). J. Am. Ceram. Soc. 93, 570-580.

5. Satet, R.L., Hoffmann, M.J., 2005. Influence of the rare-earth element on the mechanical
properties of RE-Mg-bearing silicon nitride. J. Am. Ceram. Soc. 88, 2485-2490.
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With regard to the influence of RE elements on the high-temperature properties, the
following sources are recommended for detail study:

1. Lojanova, S., Tatarko, P., Chlup, Z., Hnatko, M., Dusza, J., Lencés, Z., §ajgah’k, P., 2010.
Rare-earth element doped Si3N,4/SiC micro/nano-composites-RT and HT mechanical prop-
erties. J. Eur. Ceram. Soc. 30, 1931-1944.

2. Tatarko, P., Kasiarova, M., Chlup, Z., Dusza, J., éajgah’k, P., Vavra, 1., 2013. Influence of
rare-earth oxide additives and SiC nanoparticles on the wear behavior of Si;Ny-based com-
posites at temperature up to 900 °C. Wear 300, 155-162.

3. Tatarko, P., KasSiarova, M., Dusza, J., §aj galik, P., 2013. Influence of rare-earth oxide additives
on the oxidation resistance of SizN4-SiC nanocomposites. J. Eur. Ceram. Soc. 33, 2259-2268.

4. Park, H., Kim, H.W., Kim, H.E., 1998. Oxidation and strength retention of monolithic
SizN, and nanocomposite Si3Ny-SiC with Yb,O; as a sintering aid. J. Am. Ceram. Soc.
81, 2130-2134.

5. Choi, HJ., Lee, J.G., Kim, Y.W., 1997. High temperature strength and oxidation behaviour
of hot-pressed silicon nitride-disilicate ceramics. J. Mater. Sci. 1997, 1937-1942.

6. §ajgalﬂ<, P., Hnatko, M., Lofaj, F., et al., 2000. SiC/Si3N4 nano/micro-composite—
processing, RT and HT mechanical properties. J. Eur. Ceram. Soc. 20, 453—462.

7. Dusza, J., Kovalcik, J., Hvizdos, P., éajgah’k, P., Hnatko, M., Reece, M.J., 2005. Enhanced
creep resistant silicon-nitride-based nanocomposite. J. Am. Ceram. Soc. 86, 1500-1503.

8. Kasiarova, M., Shollock, B., Boccaccini, A., Dusza, J., 2009. Microstructure and creep
behavior of a SizN4-SiC micronanocomposite. J. Am. Ceram. Soc. 92, 439-444.
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3.1 Introduction

This chapter mainly reviews the toughening mechanism of epoxy/graphene platelets
(GnPs) composites. Epoxy resins are one of the thermoset materials most commonly
used in industry due to their unique properties, including high chemical resistance to
severe corrosive conditions; good adhesion to a wide range of materials; good physical
properties, such as high strength, hardness, and abrasion resistance; and ease of pro-
cessing that needs no specific facilities or high temperatures (Zubeldia et al., 2004).
Nevertheless, most epoxy resins are inherently brittle, implying poor resistance to
crack initiation and growth (Kanga et al., 2001; Mark et al., 1995); this is caused
by their highly cross-linked structure with aromatic rings in the backbone, making
polymer chains difficult to slide past each other. Therefore, toughening epoxy is
one of the most important research topics over the past decades. Extensive studies
have thus been conducted on toughening epoxy by adding either micron-sized fillers
or nanoscale fillers.

The development of nanotechnology has led to reduction in the filler size of com-
posites from micron-scale to nanoscale. This reduction conceptually produces an
increase in the total particle surface area per unit volume and a reduction in the inter-
particle distance. Therefore, nanocomposites produce superior performance compared
to their peer micron-composites, creating bright prospects with regard to industrial
applications. Figure 3.1 shows the effect of filler size on the surface—surface interpar-
ticle distance and total particle surface area in a 5 vol% polymer composite. The
surface—surface interparticle distance in the composite increases linearly with the
filler size, while the interparticle total surface area demonstrates a significant reduc-
tion. Within nanoscale (from 1 to 100 nm as shown in a rectangle in Figure 3.1), the
total surface area of nanoparticles enhances more significantly than micron particles.
Therefore, nanoparticles are able to contribute more interface area with matrices to
restrain the matrix molecular deformation under loading.

Conventional toughening is achieved by the incorporation of elastomers into
epoxy, leading to loss of rigidity and decrease of thermal properties. In addition to
elastomers, rigid fillers including silica and clay have been employed for improving
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Figure 3.1 Effect of particle size on surface—surface interparticle distance and total particle
surface area in 1 mm? of a 5 vol% composite.

toughness without sacrificing rigidity (Ma et al., 2008; Zaman et al., 2011a,b). How-
ever, rigid additives cannot effectively stabilize and stop crack propagation (Buchman
et al., 2009).

Over the past two decades, carbon nanomaterials have been extensively studied,
including fullerenes, nanofibers, and nanotubes. Atomically thin graphene is
now hailed as the latest rising star in material science after its isolation by
Novoselov et al. (2004). Graphene has attracted enormous interest due to its excep-
tional properties—Young’s modulus 1 TPa, fracture strength 130 GPa, and enor-
mous electron mobility and thermal conductivity values (Balandin, 2011).
Therefore, graphene could potentially produce superior toughening effects and
other functional properties compared to previous studies (Rafiee et al., 2009;
Ramanathan et al., 2008).

3.2 Graphene and its derivatives

3.2.1 From graphene to graphene oxide

Pristine graphene is not very compatible with polymers due to its inert surface and lack
of edge defects (Banhart et al., 2011). Hence, graphene oxide (GnO) (Zhu et al., 2010)
has been widely studied by taking advantage of its rich functional groups that can be
used for surface modification to improve its compatibility with polymer matrix (Potts
et al., 2011). However, all these efforts start with highly oxidized graphite and short-
chain surfactants, and this implies the necessity for reduction, which is inappropriate
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for the mass production of functional graphene-based materials (Singh et al., 2011;
Zhu et al., 2010). In addition, even the reduced GnO is limited by low structural integ-
rity, implying unsatisfactory electrical and thermal conductivities (Zaman et al.,
2012b). As a result, GnPs (also called graphene nanoplatelets) consisting of a few
layers of graphene have been developed, which feature cost-effectiveness, high struc-
tural integrity, and modified surface for compounding with other materials (Zaman
et al., 2012a).

3.2.2 Characteristic of GnPs

A GnP refers to a nanosheet consisting of a few stacked layers of graphene, most
often below ~10 nm in thickness. GnPs, a very recently developed graphene deriv-
ative used mainly for polymer composites, are different to graphite nanosheets and
nanoplatelets; the latter are far thicker than 10 nm. The thickness determines
whether these platelets can take the maximum advantages of the unique structure
and striking functional and mechanical performance of graphene. It is of great
importance to keep the GnP as thin as possible, because (i) the total number of GnPs
and their total surface area in a given volume of a composite abruptly increase with
the reduction in thickness, and (ii) low thickness reduces the negative effect of the
poor through-plane functional and mechanical properties of graphene. Through the
use of a model, the total number and surface area of graphene sheets in a 10 pm®
composite at 1 vol% GnPs are illustrated in Figure 3.2a and b, respectively. Both
the number and total surface area are dramatically reduced when GnP thickness
increases from 1 to 10 nm; the reduction become far less obvious when the thickness
is greater than 10 nm. Therefore, we propose 10 nm as the upper limit of the
thickness.

We herein introduce two approaches to the fabrication of GnPs: (i) ultrasonication
method and (ii) the combination of thermal shock with ultrasonication. These methods
obviously play major roles in producing highly toughened composites with other
desirably functional properties.
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Figure 3.2 Number of graphene platelets (GnPs) and their total surface area in a given volume
of matrix.
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3.3 Fabrication, structure, properties, and toughening
mechanisms of epoxy composites containing
GnPs of ~10 nm in thickness

This section presents a study of epoxy/GnP nanocomposites with different interface
strength and thus different morphology and properties, in particular focusing on frac-
ture toughening mechanisms. The GnPs selected were fabricated by ultrasonicating a
graphite intercalation compound (GIC) without any thermal or chemical treatment.
Two types of epoxy-based nanocomposites were synthesized using unmodified GnPs
and modified GnPs (m-GnPs).

3.3.1 Fabrication of GnPs by sonication

Figure 3.3 shows a schematic of GnP fabrication by ultrasonicating GIC without any
other treatment. Specifically, 4 g of GIC was crushed in a mortar and pestle, and then
immersed in acetone using a 400-ml metal container. The container was then covered
and treated in an ultrasonication bath for 30 min to obtain a uniform suspension.
(During sonication, graphite was able to split into GnPs (Zaman et al., 2011a,b).)
With great care taken to leave the precipitate in the container, the suspension was
removed to a glass beaker following the sonication process. Afterward, the beaker
was covered and stored at room temperature for 2 h, during which the suspended GnPs
precipitated. The precipitate was collected and dried. These steps were repeated until
a required amount of GnPs was produced. When at least ten GnPs were randomly

GlC Sonication GnPs
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2 3 4 5 € 7 8 § 10 nm

(=2

(b) (c)

Figure 3.3 (a) Schematic of fabrication of GnPs by sonicating a graphite intercalation
compound and (b—c) characterization of graphene platelets using atomic force microscopy.
GnPs were dispersed in N-methyl-2-pyrrolidone (NMP).
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selected and measured for thickness by atomic force microscopy (AFM), an average
thickness 10.54+0.4 nm was obtained. Figure 3.3b and ¢ shows a representative
measurement.

3.3.2 Interface modification of GnPs
3.3.2.1 Fabrication of m-GnPs

GnPs were suspended in tetrahydrofuran (THF) by sonication. The suspension was
then transferred to a round-bottom flask equipped with a condenser. At a weight ratio
0.5 of 4,4’-methylene diphenyl diisocyanate (MDI) to graphite, MDI was dropped into
the suspension within 3 min during mixing, followed by mixing for 6 h at 70-80 °C by
a magnetic stirrer. The modified graphite is denoted as m-GnPs.

3.3.2.2 Fourier transform infrared spectroscopy (FT-IR) analysis

Figure 3.4 contains the FT-IR spectra of GIC, GnPs, and m-GnPs. A number of obvi-
ous absorption bands were found for GIC: (i) an absorption at 2327 cm ™' and a band
between 3304 and 3500 cm ™', corresponding to the presence of —OH group; (ii) two
absorption at 1043 and 1144 cm ™' relating to the presence of —S=0 group; (iii)
absorptions at 1655 and 873 cm™ ' caused by the stretching vibration of —C=0
and —C—O—, implying the existence of carboxyl group. Regarding GnPs, the inten-
sity of all absorption bands reduces dramatically, and this indicates the removal of
intercalates via purification. Two absorption bands at 2348 cm™' and at 3304
3500 cm ™' can be distinguished, implying the presence of —OH groups. After
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Figure 3.4 FT-IR spectra of GIC, GnPs, and m-GnPs.
Zaman et al. (2011b). Copyright © Elsevier Ltd. With permission.
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modification by MDI, the absorption intensity at 3304 and 3500 cm ™' was further
reduced and the absorption at 2348 cm ™' was shifted to low wave number—this means
that the —OH groups were involved in and consumed by the modification—
two new absorption peaks appear: one at 2272 cm ™' corresponding to the isocyanate —
N=C=0 stretching and another at 1530 cm ' relating to the vibration of CNH groups
(Kim et al., 2010; Kuan et al., 2005). In conclusion, MDI was grafted to GnPs through
the modification.

3.3.2.3 X-ray diffractometry

Figure 3.5 contains the X-ray diffractometry (XRD) patterns of GIC, GnPs, m-GnPs,
and their 1.99 vol% nanocomposite. GIC shows a twin-diffraction pattern, which
indicates that the layer spacing of graphite was increased by intercalates during
manufacturing by supplier. A sharp diffraction at 260 =26.38° was observed for GnPs,
corresponding to a d-spacing of 0.34 nm; this is caused by the removal of intercalates
during purification. Upon modification, the diffraction broadens. Since great care was
taken to ensure that the same amount was tested using an identical procedure for all the
samples, the broadening phenomenon suggests that the modification changes the layer
spacing. Actually, the —OH— groups of GnPs reacted with MDI during modification
as analyzed in FT-IR section, which reduced the regularity of the stacked layers, thus
broadening the diffraction of GnPs. When these two types of GnPs compound with
epoxy, the nanocomposites with m-GnPs show a more broadened peak with a small
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Figure 3.5 XRD patterns of GIC, GP, m-GP, and their nanocomposites.
Zaman et al. (2011b). Copyright © Elsevier Ltd. With permission.
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(|'|> Figure 3.6 Reactions between grafted
NH#w NH, + OCN NHwwNHCNH— MDI and (a) molecules of J230, and
(b) DGEBA.
H

(a) Zaman et al. (2011b). Copyright ©
/ Elsevier Ltd. With permission.
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shoulder as circled in Figure 3.5; this implies that the modification facilitates the inter-
action of matrix molecules into the layer spacing of GnPs. The intercalated matrix
molecules—epoxy resin and hardener J230—reacted with the grafted MDI in
Figure 3.6. Since these reactions are well known, no characterization is made herein.
These reactions certainly build up a strong interface, supposedly leading to improved
morphology and fracture toughness.

3.3.3 Fabrication of epoxy/GnP composites

A calculated amount (1-3 g) of GnPs (or m-GnPs) was added to 100 g THF in a metal
container. The container was then covered and put through a sonication process for
30 min below 30 °C. Diglycidyl ether of bisphenol A (DGEBA) was added and mixed
with a mechanical mixer at 100 °C for 60 min for two purposes: achieving a homoge-
neous dispersion of GnPs in epoxy matrix, and vaporizing THF. When hardener J230
was added, the temperature was controlled at 40-50 °C for 1 min to avoid premature
curing, followed by a vacuum oven-degassing process to remove bubbles. The final
mixture was poured into a rubber mold and heated by a programmed curing procedure.

3.3.4 Morphology of composites

The dispersion of GnPs in epoxy was investigated by TEM. Figure 3.7 contains a
series of micrographs of the 1.99 vol% epoxy/GnP nanocomposite. In Figure 3.7a,
a number of micron-sized clusters are observed. When magnified in Figure 3.7b, a
typical cluster was found consisting of GnPs with a few exfoliated graphene layers
as indicated by black arrows; this proved that graphite existed in the form of GnPs
in the nanocomposites fabricated. Figure 3.7c provides the following information:
coexistence of intercalation, as shown by white arrows; exfoliation, shown by black
arrows; and the wrinkling of graphene layers, as circled. The coexistence is confirmed
in Figure 3.7d, which also indicates a rolled structure of grapheme, as shown in a cir-
cle. The rolled structure may be caused by curing. The curing of epoxy is the formation
of a highly cross-linked network by the reaction of epoxy molecules with hardener
molecules, which is accompanied by a phase transition from liquid state to solid state.
The platelets are scrolled or folded during curing to reduce configurational entropy.
The thinner the platelets are, the more scrolls (resembling small-diameter single-
walled carbon nanotubes (Gass et al., 2008; Meyer et al., 2007)) they create on the
nanosheets’ edges. This can be seen clearly in Figure 3.7c.
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Figure 3.7 TEM micrographs of 1.99 vol% epoxy/GnP nanocomposite at different
magnification levels of (a) 1 um, (b) 100 nm, and (c, d) 20 nm.
Zaman et al. (2011b). Copyright © Elsevier Ltd. With permission.

Generally, a monolayer graphene has a tendency to scroll because it is thermody-
namically unstable in a nanosize. When phase transition occurs in curing, (i) GnPs
would form clusters, although they may disperse uniformly prior to curing; and/or
(ii) the density and size of clusters would increase if the platelets had dispersed as
clusters at the time of curing, because aggregation can reduce configurational entropy;
this phenomenon is somewhat similar to the phase separation in liquid-rubber-
toughened epoxy.

The morphology of the 1.99 vol% epoxy/m-GnP nanocomposite is shown in
Figure 3.8. In comparison with epoxy/GnP nanocomposite, clusters appear less in
quantity but larger in size, as demonstrated by a typical cluster in Figure 3.8a. When
they are observed at higher magnification in Figure 3.8b and c, rolling is found to be
predominant, as shown in the circles. Rolling is further confirmed in Figure 3.8d,
which indicates the dispersion of graphene layers.

Comparing Figures 3.7 and 3.8 leads to a conclusion that more mono- or multi-
graphene layers were found for epoxy/m-GnP nanocomposite, and that these platelets
just scrolled. This is explained in light of modification and phase separation. Upon
modification by MDI, platelets reacted with hardener J230 during curing; the reaction
separated the platelets into thinner ones, as indicated by the increased number of gra-
phene layers in Figure 3.8. Because these platelets have ultra-thin layered structures,
they are more readily scrolled to reduce configurational entropy during curing, leading
to more scrolls in Figure 3.8.
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Figure 3.8 TEM micrographs of 1.99 vol% epoxy/m-GnP nanocomposite at different
magnification levels of (a) 1 um, (b and ¢) 100 nm, and (d) 50 nm.
Zaman et al. (2011b). Copyright © Elsevier Ltd. With permission.

3.3.5 Toughening mechanisms

Of all types of fillers, silicate layers have shown the greatest reinforcing effect for
many polymers; the fillers’ high specific total surface area, functionality, and cost-
effective fabrication have attracted the most extensive research and development
(Ma et al., 2003, 2004, 2005; Podsiadlo et al., 2007). However, silicate layers cannot
toughen epoxy effectively; this is probably caused by its silicon-based composition
and low density of grafting sites on surface. By contrast, GnPs consist of carbon—
which is compatible with most polymers.

3.3.5.1 Fracture toughness and mechanical property

The plane-strain fracture toughness K. and critical strain energy release rate G of all
the composites are graphically shown in Figure 3.9. Epoxy/GnP nanocomposites show
a greater increase in both properties at low filler content only, while a steady increase
of toughness is observed for the epoxy/m-GnP before it dropped slightly at a high frac-
tion of 2.76 vol%. At 1.99 vol% m-GnPs, the G, of neat epoxy increases from 157.3
to 472.3 J/m2, by an increment of 200%; by contrast, the same fraction of GnPs
improves the G to 320.9 J/m?, by an increment of merely 104%.

It is worth noting that GnPs increase Young’s modulus and fracture toughness
at low content 0.49-1.23 vol% and then these properties dramatically reduce
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(Zaman et al., 2011a,b). This is explained in light of GnP modification. As shown in
Figure 3.6, m-GnPs were modified by MDI; after modification, the unreacted MDI
molecules were not removed for the simplicity of processing. These molecules
bridged with epoxy molecules, locking GnPs inside clusters; this increased the cluster
size while reducing the quantity of clusters, as supported by the comparison of
Figures 3.7 and 3.8. The modification results in the following: (i) bridging the platelets
with matrix molecules for high interface strength, (ii) promoting exfoliation, and (iii)
increasing the cluster size and reducing the quantity of clusters. Hence, there are not as
many clusters of m-GnPs as those of GnPs in the matrix. It means that GnPs create a
higher stiffening and toughening effect at low content 0—1.23 vol% due to their higher
cluster numbers than m-GnPs; at 1.99 vol%, the effect diminishes because their sur-
face was not modified and more clusters mean more regions of weak interface. By
contrast, 1.99 vol% m-GnPs provide a significant toughening effect due to their high
interface strength and optimum dispersion capability.

The toughness improvement of GnPs and m-GnPs surpasses previous efforts in
toughening epoxy using silicate layers (Dean et al., 2007; Frohlich et al., 2004;
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Wang et al., 2005). Although GnPs have layered structures that are similar to silicate
layers, they are highly effective in achieving prominent reinforcing or toughening
effects, because the platelets that consist of graphene of 0.34 nm in thickness and
~1 um in the lateral dimension are more compatible with hydrophobic polymer
matrix than silicate layers.

Figure 3.10 shows the Young’s modulus and tensile strength of neat epoxy and its
nanocomposites at 0.49-2.76 vol%. Epoxy/GnP nanocomposites show a more prom-
inent increase in modulus at 0.49-1.23 vol% but the stiffening effect nearly dimin-
ishes at 1.99 vol%, while the epoxy/m-GnP modulus steadily increases up to
1.99 vol% and drops at 2.76 vol%. The 1.99 vol% m-GnPs increase the modulus of
neat epoxy from 2.69 to 3.27 GPa, by an increment of 21.6%, while the same fraction
of GnPs increases the modulus to 2.89 GPa, by an increment of 7.4%. Although both
nanocomposites show a reduction of tensile strength, epoxy/m-GnP indicates less
reduction at 1.99 vol%. Overall, it can be concluded that interface strength of
epoxy/GnP and epoxy/m-GnP makes less impact on tensile properties than toughness
of the nanocomposites.
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3.3.5.2 Fractography analysis

The fracture surface of compact tension (CT) specimen provides critical information
in identifying fracture and toughening mechanisms for polymer nanocomposites.
Since neat epoxy shows a smooth, featureless fracture surface (Le et al., 2010), its
SEM micrographs are not shown in this study. Figure 3.11 contains the CT fracture sur-
face of the 1.99 vol% epoxy/GnP nanocomposite. A stress-whitened zone of ~5 mm in
height was observed in front of the crack tip in Figure 3.1 1a; a randomly selected region
is magnified in Figure 3.11b, which indicates a few clusters as shown by white arrows,
corresponding to the clusters observed in Figure 3.8a; fracture phenomena shown in
Figure 3.11c includes voids and layer breakage as indicated by circles; Figure 3.11d
demonstrates a few cracks.

In Figure 3.12a, the stress-whitened zone for epoxy/m-GnP nanocomposite is as
high as ~11 mm, over 50% increment of the zone for the epoxy/GnP; this may indi-
cate that the size-increased zone is able to consume more energy when a fracture
occurs, corresponding to a higher degree of fracture toughness in Figure 3.9. Two fea-
tures are shown in Figure 3.12b: a trench and clusters, as indicated by black arrows and
white arrows, respectively. Trenches are more popular for epoxy/m-GnP nanocompo-
site in Figure 3.12 than for the epoxy/GnP in Figure 3.11; the appearance of tranches
indicates a high degree of surface deformation, which consumes more fracture energy.
The clusters in Figure 3.12b appear larger than those of the epoxy/GnP in
Figure 3.11b, corresponding to TEM analysis (Figures 3.7 and 3.8). A typical region
of the clusters is magnified in Figure 3.12c, showing a number of white dots. Since

Figure 3.11 SEM micrograph of fracture surface of CT of the 1.99 vol% epoxy/GnP
nanocomposite with crack propagating from top to bottom (b, c, d are the magnified images of
the boxes of a). Note the white arrows in (b), indicating clusters.

Zaman et al. (2011b). Copyright © Elsevier Ltd. With permission.
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Figure 3.12 SEM micrograph of fracture surface of CT of the 1.99 vol% epoxy/m-GnP
nanocomposite with crack propagating from top to bottom.
Zaman et al. (2011b). Copyright © Elsevier Ltd. With permission.

these dots were not found in the clusters in Figure 3.11, the dots must be organic
molecules produced by the reaction of MDI with the hardener J230 during modifica-
tion. Epoxy/m-GnP nanocomposite in Figure 3.12d shows a higher quantity of fracture
phenomena—voids and layer breakage—than the epoxy/GnP in Figure 3.10c. A region
randomly selected in Figure 3.12d is magnified in Figure 3.12e where much more tiny
cracks are found; Figure 3.12f shows a clear image of the cracks which grow in the
direction of crack propagation. While it is clear that all the voids and layer breakage
occurred in GnPs, a new technique is needed to identify where microcracks start: matrix
or GnPs. Elemental analysis of SEM to determine the carbon—oxygen atom ratio is con-
ducted on neat graphite, neat epoxy, and the microcrack zone of epoxy/m-GnP fracture
surface. At least five different locations were measured for each sample. Table 3.1
shows the comparison of the ratios of these samples. Since the C—O atom ratio of
the microcrack zone is similar to that of neat graphite, these microcracks must initiate
from GnPs and then grow under loading.
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Table 3.1 Elemental analysis of neat graphite, neat epoxy, and
microcracks of the nanocomposite

Neat Neat Zone of microcrack of epoxy/m-GnP
Materials graphite €poxy nanocomposite, 1.99 vol %

The atomic ratio of 10.0£1.4 | 5.53£0.19 | 10.8£1.7
carbon to oxygen

A proposed toughening mechanism for epoxy/GnP nanocomposites is crack
deflection (Rafiee et al., 2009), which is the process by which an initial crack tilts
and twists when it encounters a rigid inclusion. This generates an increase in the total
fracture surface area and results in greater energy absorption as compared to the
unfilled polymer material. The tilting and twisting of the crack front as it is forced
to move out of the initial propagation plane also forces the crack to grow locally under
mixed-mode (tensile/in-plane shear and tensile/antiplane shear) conditions. Crack
propagation under mixed-mode conditions requires a higher driving force than in
mode I (tension), which also results in higher fracture toughness of the material. How-
ever, neither SEM micrographs of fractured CT nor in-depth fractography analysis has
shown to support this claim.

Based on observation and analysis in Figures 3.11 and 3.12, the toughening
mechanisms of these two types of epoxy/GnPs nanocomposites are proposed as
below: (1) when subjected to loading, a high level of stress concentration occurs at
the sharp crack tip, which induces local dilation, since J230-cured epoxy is relatively
ductile (see Figure 12 in Agarwal and Broutman, 1990). Stress concentrates around
each GnP due to the difference in modulus and Poisson ratio between epoxy and GnPs.
(2) With continued loading, fracture initiates (i) at the interface between GnPs and
matrix, which is difficult to observe using SEM; and (ii) on the plane of a GnP where
voids, layer breakage, and microcracks are formed as shown in Figures 3.10 and 3.11.
(3) Upon further loading, the voids, layer breakage, and microcracks develop, causing
catastrophic fracture. Since m-GnPs produced a stronger interface with matrix than
GnPs, m-GnPs were able to carry a higher level of loading upon fracture, as indicated
by the increased quantity of fracture features in Figure 3.12.

3.4 Fracture mechanisms of epoxy/GnPs
nanocomposites—fabricated by a thermal-sonication
approach

Studies on fabrication of expanded graphite and GnPs of over 10 nm in thickness have
been well documented in reviews (Li and Zhong, 2011; Sengupta et al., 2011) as well
as in Section 3.3. As discussed in Section 3.2.2, it is of great importance to keep the
GnP thickness below 10 nm (Figure 3.2). In this section, GIC will be expanded using a
common furnace, and the expanded product will be dispersed in a solvent by sonica-
tion to produce a new type of GnPs, each of which is thinner than 10 nm.
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3.4.1 Fabrication of GnPs and its epoxy nanocomposite

1 g of GIC was carefully transferred into a crucible that had been preheated in a fur-
nace at 700 °C. After 1 min of heat treatment, the crucible was moved out to sit on a
ceramic for 30 s. The expanded product was then transferred into a container. The
operator must wear a respirator, safety glasses, heat-resistant gloves, and closed shoes;
the furnace should be placed in a fume cupboard to prevent inhaling hazard. 1 g of
expanded product was dispersed in 100 g THF using a metal container. The container
was covered and treated in an ultrasonic bath (200 W and 42 kHz) for 2 h to obtain a
uniform suspension of GnPs; the temperature was controlled at ~10 °C by connecting
the bath to a freezer, since low-temperature ultrasonication produced a better nanofil-
ler dispersion than high temperature ultrasonication (Zaman et al., 2011a,b). As shown
in Figure 3.13, the fabrication of epoxy/GnP nanocomposites is similar to the previous
section. The hardeners used are J230 and 4,4’-diaminodiphenyl sulfone (DDS).

3.4.2 Analysis of GnPs
3.4.2.1 Atomic force microscopy

GnPs were first dispersed in THF at 1 wt% by ultrasonication, and then their suspension
was dropped on a silicon wafer and dried. By randomly selecting and measuring 10
GnPs by AFM, we obtained an average thickness of 3.574+0.50 nm. Figure 3.14a
and b shows a typical measurement. Since previous research has shown that corrugation
of graphene can increase its thickness to ~1 nm (Nemes-Incze et al., 2008), each of
these GnPs may comprise three to four layers of graphene when dispersed in THF.

700 °C thermal expansion Sonication of expanded
product in solvent
Graphite intercalation
compound (GIC) =
Degassing under high Sonication followed by
vacuum and curing high speed stirring

Adding
epoxy

Graphene

h h platelet (GnP)

Figure 3.13 Fabrication of epoxy/graphene platelet and its nanocomposites.
Zaman et al. (2012a). Copyright © The Royal Society of Chemistry. With permission.
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Figure 3.14 Characterization of graphene platelets using atomic force microscopy.
Zaman et al. (2012a). Copyright © The Royal Society of Chemistry. With permission.

When GnPs were dispersed in a solvent N-methyl-2-pyrrolidone (NMP), their
thickness was measured to be 2.51 £0.39 nm. It was observed that GnPs could
suspend longer in NMP than in THF, implying that NMP is a better solvent to produce
thinner GnPs although NMP is inconvenient for solution compounding due to its high-
boiling point. By increasing the number of graphene layers from one to three, stiffness
does not change and fracture strength reduces 23% from 130 to 101 GPa (Lee et al.,
2009). Given that the fracture strength of most polymers ranges from 1 to 80 MPa,
these GnPs are indeed sufficiently robust to toughen or reinforce polymers.

3.4.2.2 Raman spectrum

GIC and GnPs were examined as powders by Raman spectrometer regarding their
hybridized carbon structure. In Figure 3.15, both samples show absorption at D, G,
and 2D bands at around 1340, 1585, and 2690 cm_l, respectively. The D band inten-
sity corresponds to in-plane vibration of sp>-hybridized carbon atoms, while the G
band intensity refers to that of sp>-hybridized carbon atoms (Gu et al., 2009; Shen
et al., 2009). The Ip/Ig of GIC is merely 0.25, much lower than those of graphite oxide
originated from the oxidation method (Hsiao et al., 2010; Wang et al., 2009a,b; Wang
and Hu, 2011), implying that the starting GIC possesses far lower oxidation degree
and thus sound structural integrity for high functionality and mechanical performance.
Through thermal treatment using a common furnace, Ip/lg reduces to 0.06 and this
means an increase in quantity of sp>-hybridized carbon atoms through thermal treat-
ment using a common furnace. No virtual difference in the 2D band intensity between
GIC and GnPs is seen, because both testings were conducted on powder samples. The
high sp’~sp’-hybridized carbon atoms of GIC and the increased quantity of sp’-
hybridized carbon through thermal treatment are further confirmed by elemental anal-
ysis in Table 3.2, where the high C—O ratio observed for GIC is further enhanced
through thermal treatment.
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1585 Figure 3.15 Characterization
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Table 3.2 Elemental analysis of GIC and GnPs

Name C atomic ratio (%) O atomic ratio (%)
GIC 83.8 16.2
GnPs 90.3 9.73

3.4.3 X-ray diffraction patterns of composites

Figure 3.16 contains the XRD patterns of two sets of epoxy/GnP nanocomposites: one
was cured by polyoxypropylene (J230) and another by DDS. A wide diffraction from
11° to 28° observed for both sets are caused by the scattering of cured epoxy mole-
cules, and a sharp diffraction at 26.7° is associated with layered crystalline GnPs. This
diffraction angle corresponds to an interlayer spacing of dyp, =3.35 A, determined
from Bragg’s law (n.=2d sin 0, where /.= 1.5406 A). The appearance of this diffrac-
tion means that part or all of layered structure of GnPs are retained in the nanocom-
posites, which needs further investigation by TEM.

The diffraction intensity at 26.7° in both systems enhances with increase in GnPs
content, and this implies that more platelets are stacked at higher fractions. In spite of
the similarity between XRD patterns of these two groups of nanocomposites, analysis
using the area under the diffraction shows difference. In Table 3.2, the area values for
J230-cured system, nearly at all fractions, are larger than those for DDS-cured nano-
composites, indicating that GnPs disperse and exfoliate better in DDS-cured system.
In Table 3.3, DDS features benzene groups. Benzene group-based molecules are well
known for their affinity by n—n interaction with graphene (Rochefort and Wuest,



—— 1: 0.244 vol% epoxy/GnP cured by J230
=~ 2: 0.489 vol% epoxy/GnP cured by J230
— 3: 0.984 vol% epoxy/GnP cured by J230
— 4: 1.988 vol% epoxy/GnP cured by J230

3000

18.7

Relative intensity (cts)

(a) 26(°)

3000 + — 1: 0.244 vol% epoxy/GnP cured by DDS
== 2: 0.489 vol% epoxy/GnP cured by DDS
— 3:0.984 vol% epoxy/GnP cured by DDS
= 4:1.988 vol% epoxy/GnP cured by DDS

18.24 "

2000 + \26.70
. 4
1000 +
W 2

Relative intensity (cts)
w
I

(b) 26(°)

Figure 3.16 XRD plots of epoxy/GnP nanocomposites cured by (a) J230 and (b) DDS. All
graphs were vertically shifted for clarity.
Zaman et al. (2012a). Copyright © The Royal Society of Chemistry. With permission.

Table 3.3 Integration area under diffraction at 26°

Area under diffraction at 26°

Materials J230 cured system DDS-cured system
0.244 vol% 47.7 Nil

0.489 vol% 45.7 50.1

0.984 vol% 89.8 82.9

1.988 vol% 177.2 140.0
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2009; Suet al., 2011). When DDS was mixed with epoxy and GnPs, it was more read-
ily to intercalate into the layer spacing of GnPs than J230; during curing, the interca-
lated DDS molecules reacted with epoxy molecules promoting the separation of
platelets. Thus, DDS-cured nanocomposites show a higher degree of dispersion
and exfoliation.

3.4.4 Morphology of composites

Figure 3.17 presents TEM micrographs of the 0.984 vol% epoxy/GnP nanocomposites
cured by DDS. Two types of dispersion phase are observed in Figure 3.17a: uniformly
dispersed GnPs of lateral dimension smaller than 1 um and GnP clusters which are
over a few microns in lateral size. The light horizontal band across the image would
be a defect produced during microtoming. As marked by white arrows, cracks were
initiated by microtoming within each cluster, indicating that clusters would act as
defects posing a negative effect on the mechanical performance. When a part of a typ-
ical cluster was examined at a higher magnification in Figure 3.17b, it was found con-
sisting of thin layers of graphene, a void, and thick aggregates.

In Figure 3.17c, these thin layers of graphene show rolled and corrugated structure,
as pointed out by white arrows; these features would be produced by curing, as they
are similar to what have been observed in epoxy/GnPs nanocomposites fabricated by
ultrasonication and chemical modification (see Figure 3.8b in Section 3.3.5.2). When

Thin layer \
\"\ Thick aggregates

Figure 3.17 TEM micrograph of epoxy/GnP nanocomposites (0.984 vol%) cured by DDS.
Zaman et al. (2012a). Copyright © The Royal Society of Chemistry. With permission.
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the black arrow-pointed region was observed under diffraction mode, clear crystalline
diffraction was found. In comparison with the diffraction image of single layer gra-
phene (Park and Ruoff, 2009), this diffraction pattern implies that the total number of
graphene layers would be lower than 5; this number is in agreement with previous
AFM analysis in Figure 3.14a. It means that GnPs without interface modification
are able to disperse in polymer matrix separately, although they do form clusters.

3.4.5 Toughening mechanism
3.4.5.1 Fracture toughness and mechanical properties

Figure 3.18 illustrates fracture toughness K. and critical strain energy release rate G,
of neat epoxy and its nanocomposites. Both K. and G, increase steadily with increase
in GnP fractions, reaching a maximum at 0.984 vol%, and then start to decline. The jus-
tification for such increase could be described as: (i) GnPs acting as stress concentrators
to absorb fracture energy, (ii) GnPs acting as obstacles, preventing cracks from propa-
gating and thus consuming energy, and (iii) crack tip blunting due to debonding of
particle/matrix interface (Caprino et al., 1980; Liu et al., 2005).

With 0.984 vol% GnPs, G . increases from 178.1 to 462.9 J/m? for J230-cured Sys-
tem, 160% improvement, and from 67.4 to 453.6 J/m? for DDS-cured system, 573%
improvement. Although the absolute G . values nearly at all volume fractions are
higher for J230-cured nanocomposites, the G,. improvements in DDS-cured nano-
composites are much higher. Toughening is usually difficult for a more brittle resin.
Since DDS-cured epoxy is more brittle than J230-cured epoxy, toughening the former
is more challenging. For example, 8.3 vol% silica particles of ~25 nm in diameter
produced G, improvement of 110.3% for J230-cured epoxy and only 49.3% for
DDS-cured one (Ramanathan et al., 2008); and 2.7 vol% rubber particles of
~55 nm in diameter produced G,. improvement of 877.1% for J230-cured epoxy
and merely 378.1% for DDS-cured one (Le et al., 2010). However, these GnPs have
achieved 573% improvement in G . for DDS-cured system in comparison with 160%
for J230-cured system. This far higher improvement in DDS-cured system is
explained by the better dispersion and exfoliation of GnPs in epoxy when cured by
DDS. Due to its affinity via m—n interaction with graphene, DDS during fabrication
intercalates between GnPs more effectively than J230, promoting a higher degree
of dispersion and exfoliation of GnPs. This corresponds to XRD analysis.

Figure 3.19a and b shows mechanical performance of neat epoxy and its nanocom-
posites cured by J230 and DDS, respectively. DDS-cured system shows higher mod-
ulus than J230-cured system because DDS backbone contains benzene and sulphone
groups providing the network with more rigidity. The Young’s modulus of epoxy is
obviously improved with increasing GnPs fractions due to the exceptional stiffness of
1 TPa of graphene. At all fractions, J230-cured system demonstrates more modulus
increases than DDS-cured system, which is explained by the stiffening effect of gra-
phene being less pronounced in a stiff matrix.

By contrast, tensile strength reduces with an increase in GnP content, similar to
what has been observed in nanoclay-toughened epoxy (Zaman et al., 2011a,b). The
matrix stiffness plays a key role in the effect of layered additive on the tensile strength



Toughening mechanisms in epoxy/graphene platelets composites

93

Fracture toughness, K., (MPa/m®9)

—
Q0
~

Fracture toughness, K, (MPa/m®5)

(b)

Figure 3.18 Fracture toughness K. and energy release rate G. of epoxy and its

1.2

1.0

0.8

0.6

0.4

0.2

1.4

1.2

1.0

0.8

0.6

0.4

0.2

o =+

‘7* R?=0.58

¥

& D

0 i 2
GnP content (vol%)

nanocomposites cured by (a) J230 and (b) DDS.

Zaman et al. (2012a). Copyright © The Royal Society of Chemistry. With permission.

800

600

400

200

800

600

400

200

Critical strain energy release rate, G1¢ (J/m?)

Critical strain energy release rate, G1¢ (J/m?)

of nanocomposites: tensile strength is often improved by layered additive in an elas-
tomeric matrix (Ma et al., 2004, 2005), while it would be reduced in a stiff matrix such
as brittle epoxy resins. Hence, it is reasonable that DDS-cured system shows more
reduction in tensile strength than J230-cured system.

3.4.5.2 Fractography analysis by SEM

Figure 3.20a—f contains SEM micrographs of the fractured CT surface of the 0.984 vol%
epoxy/GnP nanocomposite cured by DDS. Since neat epoxy fracture surface is well
known for being relatively smooth and mirror-like (Le et al., 2010; Ma et al., 2011), it
was not included in this study. By contrast, the nanocomposite shows a typically rough



Figure 3.19 Young’s
modulus and tensile
strength of epoxy/graphene
platelets nanocomposites
cured by (a) J230 and (b)
DDS. The closer a
correlation coefficient R? is
to 1, the better the
regression line fits into

the data.

Zaman et al. (2012a).
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Figure 3.20 SEM fractographs of the 0.984 vol% epoxy/GnP nanocomposites cured by DDS.
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fracture surface (Figure 3.20a) which implies a large amount of energy was consumed
during crack propagation, resulting in high fracture toughness K. and energy release
rate Gy, (see Figure 3.18). Figure 3.20b shows a magnified region in the instantly
propagated crack zone made by a razor blade rather than loading. A few clusters were
observed as indicated by red arrows, consistent with what was seen in Figure 3.16a.
When a typical fracture zone is magnified in Figure 3.20c, it clearly shows GnPs
pulled-out as indicated by red arrows, explaining that interfacial debonding has
occurred between GnPs and matrix. The GnP breakages are also observed as indicated
by white arrows. Figure 3.20d shows a magnified representative region from the slow
fracture zone (also known as stress-whitening zone), where two features are observed:
voids and cluster indicated by white and red arrows, respectively. It is noted that most
crack propagation occurred near clusters, in alignment with TEM analysis. When the
image is magnified in Figure 3.20e, more layer breakages (as pointed out by a white
arrow) and GnP pull-outs (red arrows) can be found. This can be explained by a crack
undergoing a tilt and twisting under a mixed mode when encountering a rigid obstacle
of GnPs. Owing to no modification made on GnP surface, the crack could propagate
readily along the interface between matrix and GnPs, therefore leading to debonding.
A clear image of crack growth is seen in Figure 3.20f.

3.5 Toughening mechanism of epoxy composites
containing long-chain modified GnPs of ~3 nm in
thickness

In Section 3.4, a facile method of fabricating GnPs of ~2.5 nm in thickness was
presented. In this section, GnPs will be further covalently modified by a long-chain
surfactant; each surfactant molecule has only one end-amine group. The interface—
morphology—property relations and toughening mechanism of these novel materials
will be investigated.

3.5.1 Graphene modification by a long-chain surfactant

0.1 g of GnPs was dispersed in 20 g of NMP in a metal container at 0.5 wt% by
mechanically mixing for 10 min and ultrasonicating for 60 min. Since low-
temperature sonication expands GnPs more effectively (Zaman et al., 2011a,b), the
temperature was set under 20 °C for this study. 1.6 g of surfactant B200 and 1.38 g
of catalyst triisopropanolamine were added to the suspension, followed by mixing
for 5 min by a mechanical mixer and ultrasonicating for 2 h. The mixture was then
transferred into a round-bottom flask equipped with a condenser and magnetically stir-
red for 4 h at 150 °C. The mixture was finally washed and filtered thrice using acetone
to remove NMP and excessive surfactant and catalyst. The B200-modified GnPs are
abbreviated as m-GnPs. Figure 3.21 shows the reaction mechanism.

The modification markedly improved the suspension of GnPs in solvent, since m-
GnPs were able to suspend in THF at 0.1 wt% for 7 days while GnPs only remained
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0 OH

Surfactant —NH, + C—C—GnPs —» Surfactant—NH—CH,—CH—GnPs

Figure 3.21 Mechanism of surface modification of graphene platelets (GnPs).

suspended for a few hours. When m-GnPs were dispersed in NMP, no precipitation
was observed for at least 5 months of storage. This stable colloidal suspension of
m-GnPs will provide a platform for a wide range of research and development of
graphene-related products.

3.5.2 Analysis of long-chain m-GnPs

Transmission electron microscopy and electron diffraction (ED) (Figure 3.22) were
used to characterize the m-GnPs. In comparison with those diffraction patterns of pre-
vious single graphene (Li et al., 2008; Meyer et al., 2007), the pattern suggests a well-
crystallized, two to three layered graphene structure, in agreement with the thickness
of unmodified GnPs.

Through covalent functionalization, the C:O ratio reduces to 90:10 (Figure 3.23a)
due to the high C:O ratio 2.9 of the grafted modifier. Figure 3.15b shows Raman spec-
tra of thoroughly washed samples of GnPs and chemically modified graphene platelets
(m-GnPs). All samples show absorption at 1340 and 1585 cm ™! corresponding to D
band and G band, respectively. However, the broadness and intensity of these absorp-
tion patterns were different. The ratio increases markedly from 0.07 to 0.13 through
the chemical modification, indicating the existence of B200 molecules on graphene
surface produced by the grafting, corresponding to the XPS and FT-IR analysis
(Figure 3.24).

Figure 3.22 TEM micrograph of a typical modified graphene platelet.
Zaman et al. (2012a). Copyright © The Royal Society of Chemistry. With permission.
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Figure 3.23 XPS and Raman spectra of unmodified and modified graphene platelets.
Zaman et al. (2012a). Copyright © The Royal Society of Chemistry. With permission.
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Figure 3.24 FT-IR of GIC, GnPs, and m-GnPs.
Zaman et al. (2012b). Copyright © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. With

permission.

Figure 3.24 contains FT-IR spectra of the washed GIC, GnPs, and chemically mod-
ified m-GnPs. GIC shows absorptions at 3400, 1650, and 1235 cm ™', corresponding
to —OH groups, —COOH groups and epoxide groups, respectively. Through the ther-
mal treatment, the absorption bands of oxygenated functionalities, in particular at
3400 cm ™' for —OH groups, are considerably reduced and the absorptions for ether
or epoxide groups at 1235 and 870 cm ' are noticeably increased. This result reveals
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that certain oxygen-containing groups of GnPs were removed during the rapid heating.
After covalent modification by surfactant B-200, new absorptions are found at 3677
and 1065 cm ™', corresponding to N—H and C—N groups, respectively. Absorption
bands at 2980 and 2902 cm ™' correspond to the stretching vibration of the CH, groups
of B200. This indicates that B-200 was indeed grafted onto graphene layers.

3.5.3 Toughening mechanism of epoxy/m-GnP composites

It is a daunting challenge to prevent graphene from stacking in polymer matrixes,
which in our perspective can be addressed only by interface modification. Interface
modification promotes the exfoliation and dispersion of GnPs in the matrix leading
to the improvement of the GnPs’ compatibility with the matrix, so the role of interface
is crucial for toughening mechanism of polymer/graphene composites.

3.5.3.1

Figure 3.25 shows fracture toughness K. and critical strain energy release rate G of
neat epoxy and its epoxy/m-GnP nanocomposites. Both fracture toughness and energy
release rate improve steadily with increase in GnP content. By introducing merely
0.489 vol% GnPs, K;. in Figure 3.25a increases from 0.657+0.034 to
1.47240.023 MPa/m?, 124% improvement, while G, increases from 140.7+7.9 Jm?
for neat epoxy to 557.3+2.7 J/m?, 297% improvement (Figure 3.25b). The unmodi-
fied nanocomposites discussed in Section 3.4 demonstrate relatively low degree of
toughness in comparison with modified nanocomposites. This means that m-GnPs
may exfoliate better and disperse more uniformly in matrix than the unmodified plate-
lets. The long-chain surfactants used for GnP modification are based on propylene
oxide compatible with epoxy resin and its hardener. Thus the compatibility between
m-GnPs and epoxy was improved, preventing GnPs stacking and aggregating.

Fracture toughness and mechanical properties
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Figure 3.25 Fracture toughness and energy release rate of epoxy/m-GnP nanocomposites.
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Table 3.4 Mechanical properties of neat epoxy and its
nanocomposites cured by J230

Materials Young’s modulus (GPa) Tensile strength (MPa)
Neat epoxy 2.6924+0.129 63.98+2.14
0.122 vol% epoxy/GnPs 2.99240.234 61.51+1.49
0.244 vol% epoxy/GnPs 3.158 £0.089 51.44+£0.12
0.489 vol% epoxy/GnPs 3.4124+0.173 49.21+2.94

Table 3.4 shows the mechanical properties of neat epoxy and its nanocomposites.
The improvement of mechanical properties surpasses the unmodified system in
Section 3.4 as well as previous reported efforts in improving Young’s modulus
(Li et al., 2007; Yasmin and Daniel, 2004; Zhao et al., 2007).

3.5.3.2 Effect of GnP dispersion on toughening mechanism
for nanocomposites

Figure 3.26 shows the TEM micrographs of 0.244 vol% long-chain modified nano-
composite. Figure 3.26a demonstrates very different features than unmodified nano-
composites shown in Figure 3.17. No obvious GnP aggregates and overlapping
platelets are observed, implying that the interface modification markedly improved
the dispersion of GnPs in the matrix. A higher degree of dispersion and exfoliation
of GnPs through interface modification may build up a relatively balanced filler—filler
network to promote both stress transferring and energy absorption under loading, lead-
ing to the highly improved performance shown in Figure 3.25 and Table 3.4.

30 nm

(a) 4 o —

Figure 3.26 (a, b) TEM micrographs of long-chain modified graphene/epoxy nanocomposites
(0.244 vol%).

Zaman et al. (2012b). Copyright © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
With permission.
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3.6 Fabrication, structure, property, and toughening
mechanism of epoxy composites containing GnPs,
which are reactively modified

An interface for a composite can be described as the boundary between the matrix and
the dispersion phase, and theoretically it is the link that bonds the constituting entities.
The interface has a central part in the overall mechanical and functional performance
of polymer nanocomposites and as a result a great deal of effort is being placed on the
interface bonding. Upon interface modification, GnPs should show a more uniform
dispersion and a higher degree of stress transfer across interface, leading to greater
increments in fracture toughness and mechanical properties. In this section, we will
design and fabricate a covalently bonded interface for epoxy/graphene nanocompo-
sites, investigate their fracture and toughening mechanism, and identify the struc-
ture—property relations of these nanocomposites.

3.6.1 Modification of GnPs by molecules with two
end-amine groups

In this section, DDS and Jeffamine D 2000 (J2000) were chosen to react with the epox-
ied groups of GnPs (Ma et al., 2013). Each molecule of either DDS or J2000 contains
two end-amine groups: one grafting with GnPs and another with the matrix in an ideal
situation.

0.1 g GnPs were suspended in 20-60 g NMP through 30-min sonication, followed
by addition of 1.6 g DDS or J2000 and 1.38 g catalyst TIPA (see Section 3.5). The
mixture was sonicated again for 1 h under 20 °C to promote the intercalation of sur-
factants and catalyst molecules into the spacing between adjacent GnPs. It was then
transferred into a round-bottom flask equipped with a condenser and a magnetic stir-
rer, followed by mixing and heating at 150 °C for 8 h with an oil bath, to produce
surfactant-functionalized GnPs (DDS-m-GnPs or J2000-m-GnPs). The mixture was
then washed by acetone at least thrice to remove excessive surfactant and any remain-
ing catalyst.

Further modification of J2000 or DDS m-GnPs was carried out by suspending them
in NMP (~0.1 wt%) using a metal container followed by sonication for 30 min below
20 °C. After adding 1.6 g DGEBA, the mixture was subjected to mechanical stirring and
sonication for 30 min. The mixture then was transferred into a round-bottom flask with a
condenser and kept reacting at 150 °C overnight with an oil bath. Finally, the products
were washed again using acetone to remove excessive DGEBA. This furnishes the two-
step process for modifying GnPs; the resultant product was denoted as m-GnPs.

3.6.1.1 FT-IR analysis

Figure 3.27 contains FT-IR spectra of unmodified GnPs and DDS modified GnPs
(DDS-m-GnPs) and further modified platelets (m-GnPs). Upon modification by
DDS, two medium-intensity absorptions at 1606 and 1670 cm ™' are due to complex
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: ' : : : ) Figure 3.27 FT-IR spectra of GnPs,
(@) GnPs DDS-m-GnPs, and m-GnPs.
Ma et al. (2013). Copyright © The
Royal Society of Chemistry. With
permission.
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molecular motions of the entire rings of DDS; 1 weak absorption at 2913 cm ™' cor-

responds to C—H stretching; and a broad and intense absorption at 3300 cm ™'
would be caused by the end-amine groups of DDS (Ma et al., 2013). These provide
a solid evidence for the grafting between the GnPs’ epoxide groups and the DDS’s
end-amine groups.

After a thorough washing process, DDS-m-GnPs were mixed and reacted with a
superfluous amount of DGEBA (monomer of epoxy), which was thoroughly
washed again to remove nonreacted DGEBA molecules; In this process, the end-
amine groups of DDS-m-GnPs would react with the epoxide groups of DGEBA,
to produce m-GnPs. Figure 3.27c contains spectra of m-GnPs. The following
absorption evolution is observed for m-GnPs: (i) two absorptions at 2920 and
2848 cm ! correspond to C—H and CH,—O bonds, (ii) one at 1660 cm! disap-
peared, implying the reaction of the grafted end-amine groups with DGEBA, and
(iii) one at 1509 cm ™' may be caused by C—H; asymmetric stretching or C—H,
stretching (Pretsch et al., 2009). All these point toward the reaction of DGEBA with
DDS-m-GnPs. This two-step modification can create a covalently bonded interface
for epoxy/GnP composites, as schematically shown in Figure 3.28. The FT-IR
graph of the GnPs modified by J2000 is similar to this DDS system, and thus
omitted.
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Figure 3.28 Atomic structures of covalently bonded interface between GnPs and matrix.
Ma et al. (2013). Copyright © The Royal Society of Chemistry. With permission.

3.6.1.2 Raman spectrum

Raman spectrometer is employed to measure the structural integrity of GnPs—a high
structural integrity of graphene always leads to an excellent toughening effect and
mechanical performance. We chose J2000 as a reprehensive in this section. Both GnPs
and J2000-m-GnPs show two absorptions at around 1350 and 1575cm™' in
Figure 3.29, where D band refers to the absorption at 1350 cm ™', and its intensity
indicates the quantity of disordered structure such as voids caused by oxidation
and reduction; the G band intensity at 1575 cm ™' corresponds to ordered structure
of sp>-hybridized carbon. Hence, the Ip/I ratio indicates a disorder degree. Both ther-
mally and chemically reduced GnO produced an /p/I ratio of ~1.0; by contrast, our
GnPs demonstrate a significantly lower Ip/lg ratio of 0.07 in Figure 3.29, aligning
with Section 3.5. The ratio decreases to 0.03 after the modification, because GnPs
were heated in NMP at 150 °C for 8 h and this reduced GnPs. The comparison dem-
onstrates the much higher structural integrity of m-GnPs. In previous graphene stud-
ies, dozens of sonication hours produced a lot of defects in the product, leading to a
reduction in the lateral size of GnPs and an increase in the I/l ratio. In comparison,
the sonication time in this study is no longer than 2 h in total; thus, its effect on the
lateral dimension is trivial. It is worth to note that GnPs show D and G bands at 1359.2
and 1584.3 cm ™!, while these two bands shift to 1351.3 and 1581.7 cm ™! for m-GnPs,
respectively. These red shifts must be caused by the surface modification of GnPs. No
obvious change is seen on the 2D absorption.

The two-step surface modification grafted organic molecules on GnPs, lead to an
increase in the GnP thickness and their structural integrity. This may also produce
some difference in the GnP layer spacing, which needs investigation by XRD.
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Figure 3.29 Raman spectra of graphene platelets (GnPs) and m-GnPs.
Ma et al. (2013). Copyright © The Royal Society of Chemistry. With permission.

3.6.1.3 TGA analysis

The fraction of organic molecules grafted (2-step surface modification by J2000 and
epoxy) with GnPs was identified by TGA analysis. Both GnPs and m-GnPs show an
obvious mass loss at 100 to 200 °C, attributed to the deintercalation of H,O. While
GnPs demonstrate a little further loss until 600 °C, an obvious loss is observed for
m-GnPs, which must be caused by the grafted DDS and DGEBA. From room temper-
ature to 600 °C, the loss values of GnPs and m-GnPs are 2.69 and 7.53 wt%, respec-
tively. The difference in these two values yields 4.84 wt%—the least weight fraction
of the grafted molecules (Figure 3.30).

3.6.2 Structure and properties of composites
3.6.2.1 X-ray diffraction spectra

Compounding polymers with additives to produce composites is one of the major
ways of utilizing polymer in industries (Jun et al., 2000; Kang et al., 2013; Li
et al., 2006, 2012, 2013; Yu et al., 2008; Zhu et al., 2013). Figure 3.31 shows
XRD patterns of neat epoxy and its composites with modified and unmodified
GnPs. A wide diffraction from 11° to 28° is observed in all curves, which repre-
sents the scattering of cured epoxy molecules. The composites containing 0.5—
1 vol% m-GnPs show diffractions at 26.5° in Figure 3.31a, corresponding to an
interlayer distance of 3.35 A associated with the graphitic plane, since the layered
structure in each GnP would retain throughout the functionalization and
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compounding processes. The significant diffraction of epoxy molecules may
cover some of the m-GnP diffraction pattern at 26.5° in the 0.25 vol% composite.
By contrast, all the unmodified composites demonstrate higher diffraction inten-
sity at 26.5° in Figure 3.31b than the epoxy/m-GnP composites, implying a higher
degree of dispersion and exfoliation of GnPs through interface modification.
Therefore, the surface modification of GnPs by long-chain molecules builds up
a covalently bonded interface with the matrix, promoting the dispersion and
delamination of GnPs.
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3.6.2.2 Transmission electron microscopy

As discussed in previous section, the exfoliation and dispersion of GnPs are two crit-
ical factors determining the mechanical and functional performance of their polymer
composites. Since the morphology of an unmodified epoxy/GnP composite has been
reported in Section 3.4 and previous research (Zaman et al., 2012a), it is not mentioned
here. In general, the unmodified GnPs appear as obviously aggregated or clustered
structures with over a few microns in size in the matrix. Figure 3.32 presents TEM
micrographs of the 0.25 vol% epoxy/m-GnP composite. The dispersion of m-GnPs
in the matrix appears to be relatively uniform as indicated in Figure 3.32a, where
inconspicuous light bands from right top to left bottom are the defects produced by
microtoming. We randomly selected two platelets, as indicated by red rectangles in
Figure 3.32a, and observed these at higher magnifications in Figure 3.32b and c,
respectively. The platelet in Figure 3.32b appears to contain at least two graphene

100 nm

(b)

(d)

Figure 3.32 TEM micrographs of the 0.25 vol% epoxy/m-GnP composite.
Meng et al. (2014). Copyright © IOP Publishing. With permission.
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sheets, as indicated at the edge area of flake (see the enlarged region at the right top
corner of Figure 3.32b). Many platelets in Figure 3.32a appear semitransparent,
implying a low thickness. When a randomly selected platelet is magnified in
Figure 3.32c, its lower part appears lighter than the upper area. It is known that the
numbers of graphene layers can be roughly estimated by the distinguishable edges
of exfoliated graphene in TEM images (Khan et al., 2010). But in this study, we
adopted ED to identify the exact number of graphene layers in a platelet. First, the
lower area as indicated by the blue rectangle in Figure 3.32c was examined. Its ED
pattern shows a typical sixfold symmetry expected for graphene in Figure 3.32d,
and its diffraction illustrates a stronger inner intensity than outer (/o_;10y//(1-210) 1S
greater than 1), confirming this area contains graphene (Hernandez et al., 2008;
Vallés et al., 2008). The middle area of the platelet was then examined; its ED pattern
(Figure 3.32e¢) illustrates a well-crystallized structure containing two layers of gra-
phene. These measurements are in agreement with the AFM results discussed in pre-
vious section.

3.6.3 Toughening mechanism of nanocomposites

Fracture toughness represents the resistance of a material to the propagation of a suf-
ficiently sharp crack. Since obvious toughness improvements were reported in previ-
ous nanofiller-toughened epoxy, we herein investigate the effect of interface on
toughness and other mechanical properties.

3.6.3.1 Fracture toughness and mechanical properties

Figure 3.33a and b shows fracture toughness K. and critical strain energy release rate
G of neat epoxy and its composites. Both fracture toughness and energy release rate
steadily increase with GnP content until reaching peak values at 0.25-0.50 vol% and
then start to decline gradually, likely due to the filler—filler network reaching a satu-
ration point where GnPs may start to stack themselves or form agglomeration. The
toughening effect at low graphene fraction can be generally explained as: (i) under
loading, rigid GnPs promoting stress concentrations in epoxy matrix and effectively
absorbing fracture energy by debonding with the matrix or fracturing themselves, (ii)
GnPs acting as obstacles, preventing crack growth and propagation to release energy
under critical loading and post-critical loading conditions, and (iii) the fracture of
GnPs absorbing fracture energy.

By introducing merely 0.25 vol% GnPs, K. in Figure 3.33a increases from
0.77+0.07 to 1.824+0.19 MPa/m? for the unmodified system, while in the modified
system it increases to 2.22 £0.12 MPa/m>. G 1c increases from 0.204 +0.03 kJ/m? for
neat epoxy to 1.01-+£0.24 kJ/m? for the 0.25vol% unmodified composites. In
Figure 3.33b, m-GnPs at 0.25 vol% increases G to 1.422+0.24 kJ/m>. The highest
toughness reported by using GnPs is only 0.557 +0.02 kJ/m? at 0.489 vol% (Zaman
et al., 2012b). More details for the toughening mechanisms were discussed in the
Section 3.7 of Meng et al., (2014).

Young’s moduli and tensile strengths of neat epoxy and its composites are demon-
strated in Figure 3.34. It is noticeable that the modulus increases with rigid-additive
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Figure 3.34 Mechanical properties of epoxy/m-GnP and unmodified GnP composites.
Meng et al. (2014). Copyright © IOP Publishing. With permission.

fraction (Figure 3.34a) in both modified and unmodified systems, but it is far more
substantial in the interface-modified system. At 1 vol% m-GnPs, Young’s modulus
of epoxy increases from 2620 4= 100 to 3246 £91 MPa, a 23.9% improvement, which
is 8.6% higher than its peer unmodified composite. This may be caused by (i)
improved dispersion of m-GnPs in epoxy matrix, producing more total specific sur-
face area in a unit volume, which can prevent stress concentrations and facilitate stress
transfer across interface under loading; and (ii) the strong interface formed by cova-
lent bonding transfers stress more efficiently between matrix and GnPs rather than
interface debonding for an unmodified composite. These obvious modulus improve-
ments align with our previous study on the interface modification of nanolayer-based
composites (Ma et al., 2013; Zaman et al., 2011a,b).

Figure 3.34b shows that tensile strength slightly reduces with increase in GnPs con-
tent in both systems. The matrix stiffness plays a crucial role in determining the effect
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of layered additives on the tensile strength of composites (Dai et al., 2009): tensile
strength is often improved by introducing nano-layer additives in a relative ductile
matrix (Araby et al., 2013a,b), but it is usually reduced in a rigid matrix such as brittle
epoxy resin (Maet al., 2002, 2013; Zaman et al., 2012a). On account of interface mod-
ification, tensile strength demonstrates a smaller reduction in comparison with the
unmodified system. At 0.25 vol% GnPs, the modified system shows 14.5% reduction
in tensile strength compared to 18.2% for the unmodified one. This obvious difference
in the stiffness and strength between these two systems confirms that the formation of
interfacial bonding may enhance the mechanical properties of polymer matrix.

3.7 Conclusions and challenges

3.7.1 Further applications

As a cost-effective derivative (1020 US$/kg) of graphene, GnPs feature high struc-
tural integrity while their surface can be covalently modified. These platelets may
have a wide range of applications not only in composites and energy storage, but
in sensors, catalysis, drug/gene delivery, biological sensing and imaging, antibacterial
materials, and biocompatible scaffold for cell culture.

3.7.2 Future challenges for GnPs

A number of key challenges confronting GnPs are as follows.

(1) More surface functional groups are desired for GnPs. After surface functionalization by a
long-chain surfactant J2000 (M, =2000), the grafting ratio is only at about 5-6 wt%, and
this ratio needs further improvement to promote the suspension of GnPs in solvent and their
complete exfoliation and uniform dispersion in polymer matrixes. A higher grafting ratio
also means that when used as an electrode, GnPs have more surface area to facilitate ionic
and electric transportation. More surface functional groups should be produced with no sac-
rifice of high structural integrity.

(2) GnPs need to be thinner. As discussed in Figure 3.1, the specific surface area of platelets in a
given fraction and volume of a composite reduces significantly with an increase in thick-
ness for platelets thinner than 10 nm. The low thickness also obviously alleviates the neg-
ative effect of poor through-plane conductivities of graphene.
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4.1 Introduction

Nanotechnology has recently emerged as a promising tool to optimize properties of
materials by designing their structure at the nanoscale, assisting in the achievement
of desirable mechanical properties (Ajayan et al., 2003; Thostenson et al., 2005;
Sumfleth et al., 2010).

Nanocomposites offer exceptional improvements at very low filler concentrations,
providing high-level performances across various engineering applications. In partic-
ular, nanomodification of polymers with nanosized fillers allow an increase, among
other things, in the stiffness, strength, wear resistance, and fracture toughness of the
unmodified polymers.

Because the weak out-of-plane interlaminar properties of composite laminates are
definitely those with the greatest potential and need to be improved, matrix toughness
improvement itself is the most interesting and promising result, the interlaminar frac-
ture behavior of traditional composites being a weak-matrix dominated property.

The full exploitation of the potential benefits of nanomodification requires appro-
priate models able to soundly predict the macroscale mechanical properties, from
material structure to nanodesign the best material solution for a specific application.
These formulations should be able to account for the large amount of energy dissi-
pated by the different damaging mechanisms taking place at the nanoscale, which
is the main source for the high fracture toughness improvements exhibited by nano-
filled polymers. However, modeling the effects of nanoscale damaging mechanisms
on macroscale properties is far from easy, essentially because at that scale, classical
micromechanics is no longer valid. Instead, the adoption of a multiscale strategy is
necessary in order to describe the nanocomposite material behavior, physically and
mathematically, in each individual scale of interest.

As a basic step toward this challenging goal, it is essential to identify the dominant
nanoscale damaging mechanisms in nanoparticle-reinforced polymers. A significant
contribution to this end is the work by Hsieh et al. (2010a,b), who studied the fracture
toughness improvements resulting from nanomodification of epoxy resins with silica
nanoparticles. On the basis of accurate experimental observations, they identified two
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dominant mechanisms responsible for toughening improvements, namely localized
shear banding of the polymer and particle debonding followed by subsequent plastic
void growth.

Starting from these bases, in the recent literature, several authors have dealt with
the analysis of toughening mechanisms in polymer/particle nanocomposites. An ini-
tial study on the energy dissipation due to the interfacial debonding of nanoparticles
was done by Chen et al. (2007). By means of an energy analysis of the process, these
authors derived a simple size-dependent formulation for the debonding stress, which
was later used to compute the energy dissipation due to this mechanism. The size dis-
tribution of particles was thought of as obeying a logarithmic normal distribution, and
the Weibull distribution function was used to describe the probability of debonding at
the interface. The analysis carried out by Chen et al. (2007) was later extended by
Zappalorto et al. (2011), who developed a closed form expression for the critical
debonding stress, accounting for the existence of an interphase zone embedding the
nanoparticle. Salviato et al. further analyzed this topic, also including the effects of
surface elasticity (Salviato et al., 2013a).

In the above-mentioned works, the interphase zone between the polymer and the
nanofiller is characterized by chemical and physical properties different from those of
the matrix, due to the inter- and supramolecular interactions taking place at the
nanoscale.

Other theoretical analyses on nanocomposite damaging were presented by
Lauke (2008), who considered voiding and subsequent yielding of the polymer
in addition to particle debonding. Later, Williams (2010) reanalyzed in detail
the toughening of particle-filled polymers, assuming that plastic void growth
around debonded or cavitated particles is the dominant mechanism for energy dis-
sipation. Williams (2010) further noted that, even if the debonding process is gen-
erally considered to absorb little energy, it is essential to reduce the constraint at
the crack tip and, in turn, allow the epoxy polymer to deform plastically via a
void-growth mechanism.

A multiscale and multimechanism model to assess the fracture toughness enhance-
ment in nanoparticle-reinforced polymers were recently developed by the present
authors (Quaresimin et al., 2014). The model accounts for the main damaging mech-
anisms, i.e., nanoparticle debonding, plastic yielding of nanovoids, and plastic shear
banding of the polymer. Furthermore, the proposed analytical framework considers
the influence of an interphase around nanoparticles, a particular feature of
nanocomposites.

The investigations in Hsieh et al. (2010a,b), Lauke (2008), Williams (2010), and
Quaresimin et al. (2014) support the idea that the most effective approach to predict
the nanocomposite toughness is a “multimechanism” modeling strategy, in which the
contribution of each mechanism is appropriately determined and weighted according
to the specific case (accounting for the type, morphology, and the functionalization of
the nanofiller).

The present chapter aims to review the contributions reported in the literature deal-
ing with the damage mechanisms of nanoparticle-reinforced polymers, with the
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further aim of including new insights and discussing predictive models incorporating
these mechanisms.

4.2 Discussion on the effect of the “scale”: micro
mechanisms and nano mechanisms

The issue of damaging and energy absorption in nanocomposites is very complicated,
especially in the perspective of obtaining a clear understanding of the active tough-
ening mechanisms.

In the previous literature, several energy absorption mechanisms have been
detected from experimental observations, when possible.

The scenario being very widespread, it is the authors’ opinion that a first differen-
tiation should be made based on the scale at which damaging occurs, the latter being
strictly correlated to the morphology of the material, which, in turn, is affected by sev-
eral parameters linked to the manufacturing process, and, in particular to the nanofiller
size, dispersion, and distribution. Indeed, the same reinforcing material might act, by a
mechanical and physical point of view, in a different way depending on the actual
filler size (such as the nanoparticle radius) and the level of dispersion within the poly-
mer matrix.

When the filler size belongs to the nanometer scale, toughening mechanisms like
crack deflection or crack pinning are likely to occur only in the presence of
micrometer-sized filler aggregates, since a single nanosized reinforcement cannot
mechanically act to pin or deflect the crack front. Ceteris paribus, a completely dif-
ferent scenario is present when nanofillers are uniformly dispersed within the matrix.
The last mentioned morphology allows, indeed, to maximize the “nano-effect,” i.e.,
the enormous interfacial area per unit volume (SSA) (Fiedler et al., 2006; Wichmann
et al., 2006a), and promotes the formation of an interphase “layer” with properties
different from those of the constituents. Such an interphase is ascribable to the chem-
ical interactions between the polymer chains and the nanofiller surface features (such
as functionalizers) and might substantially contribute to the energy absorption and
polymer toughening.

According to these simple concepts, it is clear that the “key brick” of the whole
problem addressed in this chapter is not merely limited to a simple “mechanical size
effect.” Indeed as the filler size reduces, the contribution to energy dissipation due
to “nano-phenomena” is considerably emphasized. A proof of this effect is given in
Figure 4.1, where with reference to rigid nanoparticle-filled polymers, the normal-
ized strain energy absorbed within the matrix, u,,, the interphase, u,, and the total
energy absorbed, u, are plotted versus the nanoparticle radius (Salviato
et al., 2013b).

Itis evident that in the range of radiuses characterizing nanoparticles, the fraction of
energy dissipated within the interphase, u,, is very high; conversely, the contribution of
the interphase becomes lower than 10% for nanoparticle diameters larger than 120 nm.
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Figure 4.1 Normalized microscale energy dissipated by shear banding within the matrix, u,y,,
and the interphase, u,, as a function of the nanoparticle radius.

The natural conclusion of this initial discussion is that a first distinction between
damaging mechanisms should be based on the filler morphology and, in turn, on the
actual scale at which the mechanisms take place. For this reason, in the following sec-
tions a clear distinction is made between “micro” mechanisms (in the presence of
agglomerates, or larger particles) and “nano” mechanisms, in the presence of well-
dispersed and distributed nanofillers.

4.3 “Micro” mechanisms: crack deflection, crack pinning,
and matrix deformation

4.3.1 Crack deflection

The mechanical interaction between the advancing crack front and one or more hard
inclusions, such as microsized filler clusters, might give rise to a perturbation of the
crack path, with the final result of a non planar crack propagation. In its most general
meaning, this toughening mechanism is known in the literature as crack deflection,
which might appear essentially in two forms:

— Crack tilting, often referred to as in-plane crack deflection, and giving rise to an in-plane
mixed-mode crack tip stress state (opening and sliding);.

—  Crack twisting, often referred to as out-of-plane crack deflection, and giving rise to an out-
of-plane mixed-mode crack tip stress state (opening and tearing);.

A schematic of these mechanisms is presented in Figure 4.2. As is well known, a
mixed-mode crack propagation requires a higher energy, and this provokes, as a
consequence, an enhancement of the polymer fracture toughness. The energy
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Figure 4.2 Schematic of crack deflection.

dissipation caused by this mechanism is often evident from the increase of the
total fracture surface and of the fracture surface roughness (Arakawa and
Takahashi, 1991).

As mentioned, crack deflection is due to a mechanical interaction between the het-
erogeneity and the propagating flaw, so that an effective deflection is possible only
whenever the filler size is, at least, comparable to the crack tip opening
displacement (CTOD).

The occurrence of this mechanisms in nanoparticle-modified epoxy resins was
highlighted by Wetzel et al. (2006), who analyzed the fracture surfaces through
AFM scans and noted an explicit correlation between Gy, and the average roughness,
thought of as due to crack deflection.

Notwithstanding this, the same authors, comparing experimental results to predic-
tions based on the model by Faber and Evans (1983a,b), stated that crack deflection
was not the main damaging mechanism for such a case. The same conclusion was
drawn by Zhao et al. (2008), while Johnsen et al. (2007) even excluded a direct cor-
relation between Gp. and the surface roughness.

4.3.2 Crack pinning

The existence of the crack-pinning mechanism in microsized hard particle-
reinforced polymers was discussed for the first time in a very illuminating work
by Lange (1970). The basic idea introduced by Lange is that an advancing crack
front does not possess enough energy to penetrate or cut hard and well-bonded par-
ticles; however, instead, when encountering rigid inclusions, the flaw tends to pin
and to bow out between the particles, resulting in many secondary crack paths
(Lange, 1970; see the schematic in Figure 4.3a). After passing a particle, secondary
cracks tend to unify forming fracture steps, appearing as a tail. Experimental evi-
dence of this mechanism in nanocomposites was provided by Wetztel et al.
(2006) in the fracture surfaces from specimens made of epoxy modified through
TiO, particles (with diameters in the range of 200-500 nm), where they noted the
appearance of the characteristic features of crack pinning (Figure 4.3b). The same
authors also analyzed aluminium oxide/epoxy nanocomposites with particles size of
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Particles

Secondary
cracks

Figure 4.3 (a) Schematic of crack pinning in a particulate reinforced polymer. (b) Crack
pinning and crack front bowing in EP/TiO, (300 nm) nanocomposites (Wetzel et al., 2006).

about 13 nm; however, in this case, the bowing of the crack front was excluded,
probably due to the reduced filler size.

Some year later, Jajam and Tippur (2012) pointed out that the crack front bowing
and pinning on the fracture surfaces of nanoparticle-filled epoxy specimens were
much less prominent than those exhibited by microfiller-modified epoxy specimens.

Supporting the ideas exposed in Section 4.2, many authors agree that, within
reason, nanometric sized particles are inadequate to pin the crack front, so that the
pinning mechanism is unlike to take place in nanoparticle-filled polymers with
well-dispersed nanoparticles (Wetzel et al., 2006; Johnsen et al., 2007; Jajam and
Tippur, 2012; Zhang et al., 2006; Liang and Pearson, 2009).

4.3.3 Other microsized mechanisms

The fracture behavior of epoxy nanocomposites with reduced interparticle distance
was discussed by Zhang et al. (2006), who noted that the presence of material regions
where several individual nanoparticles were very close, resulting in noncured weak
sites triggering the formation of “dimples.” They further noted rough, river-like lines
on crack initiation and propagation regions thought of as associated with crack
tip blunting. The emergence of this damaging mechanism was confirmed by CTOD
measurements, especially at high alumina contents.

4.4 "Nano"” mechanisms: debonding, plastic void
growth, and shear banding

Focusing the attention on nanoscale toughening mechanisms arising in nanoparticle-
filled polymers, the contribution of particle debonding is acknowledged to be essen-
tial. Indeed, even if its contribution to energy absorption can be regarded as negligible,
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Figure 4.4 (a) Debonding/formation of a cavity in EP/Al,O5 (2 vol.%) (Wetzel et al., 2006). (b)
Shear bands around microsized particles (Pearson and Yee, 1993; Akbari and Bagheri, 2007).

it might work as a trigger for other, more substantial, mechanisms such as plastic
yielding or expansion of voids (caused by debonded particles) (Hsieh et al., 2010a,
b; Williams, 2010; Quaresimin et al., 2014; Zappalorto et al., 2012a). The high hydro-
static stress concentration around a nanoparticle located within the crack process zone
might induce the detachment of the particle from the polymer matrix. One of the clear-
est images of this phenomenon can be found in Wetzel et al. (2006) (Figure 4.4a).
Other evidence supporting the appearance of this mechanism can be found in
Hsieh et al. (2010a,b). In the latter works, the fracture behavior of silica
nanoparticle-filled epoxies was analyzed and several high-resolution scanning elec-
tron microscopy (FEG-SEM) analyses were taken from the fracture surfaces of broken
specimens. These analyses made evident the presence of a large bulk of voids around
nanoparticles, which indicates the occurrence of nanoparticle detachment followed by
the plastic yielding and growth of voids. Because the fracture process was character-
ized by a statistical nature, not all of the nanoparticles within the process zone were
seen to undergo debonding; this was also due to the fact that the plastic yielding of
voids, around already detached particles, relieves the triaxial stress in the adjacent
regions, thus making debonding of further particles more difficult.

This behavior is further documented in many other papers on this topic published in
the recent literature (see, among others, Johnsen et al., 2007; Liang and Pearson, 2009;
Dittanet and Pearson, 2012; Zamanian et al., 2013).

In addition to nanoparticle debonding and void yielding, Hsieh et al. (2010a,b)
noted the appearance of localized shear bands in the polymer matrix, attributed to
the stress concentrations around the periphery of the silica nanoparticles.

The mechanism of “microshear banding” was initially proposed as an evident
toughening mechanisms for rubber-modified epoxies (see Figure 4.4b) and later rec-
ognized to be of primary concern also in microsized silica-filled epoxy resins (Pearson
and Yee, 1993; Akbari and Bagheri, 2007).
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Figure 4.5 Fracture surface of epoxy/Al,O3 (2 vol.%) taken in the “plastic zone” close to
the initial crack. Features (cautiously) indicate: A—an apparent agglomerate, B—plastic
deformation, C—formation of cavities/debonding, D—shear banding, and E—crack
bridging (Wetzel et al., 2006).

However, different from microsized particles, the emergence of shear banding
around nanoparticles at the nanoscale is more difficult to be identified (see
Figure 4.5). More commonly, it is inferred on the basis of indirect observations
such as transmission optical micrographs taken between crossed polarizers, where
the birefringence of the plastically deformed regions close to the crack tip can be
observed (Hsieh et al., 2010a,b; Jajam and Tippur, 2012; Liang and Pearson, 2009;
Dittanet and Pearson, 2012; Rosso et al., 2006).

4.5 Modeling the toughening improvements
in nanoparticle-filled polymers

4.5.1 Preliminary remarks

The successful application of nanocomposites requires the availability of predictive
models able to include their hierarchical structure.

To this end, a different way of thinking is necessary with respect to that adopted for
conventional composites, where micromechanics is used to address problems con-
cerning two different characteristic lengths (microscale and macroscale) both
described, within reason, by continuum mechanics.

This task is made even more difficult by the reduced filler size that is, on one hand,
the source of the extraordinary properties of nanocomposites, but is, on the other hand,
responsible for their very complex behavior in terms of damaging and the main cause of
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tangling phenomena such as agglomeration, limiting their performances (Fiedler et al.,
2006; Wichmann et al., 2006a,b). A proper nanofiller distribution and dispersion is,
indeed, essential to obtain high SSA, which would be compromised by the emergence
of clusters that are potentially accountable for brittle response (Becker et al., 2003). Fur-
thermore, a large particle density reduces the load transfer from the matrix to the nano-
fillers by strain shielding (Chen et al., 2008), affecting the overall mechanical response.

Another issue to be carefully accounted for is the interfacial region surrounding
the nanofiller, a zone of altered chemistry, chain mobility, degree of cure, and crys-
tallinity, whose properties are not just a synergistic combination of those of each
bulk constituent (Zax et al., 2000; VanderHart et al., 2001; Ng et al., 2001;
Odegard et al., 2005; Yu et al., 2009). The emergence of large regions of nonbulk poly-
mer might lower the energy barrier for some toughening mechanisms (Zappalorto et al.,
2012a). Within this scenario, the analytical description of the interface and the assess-
ment of the overall properties accounting for the interphase region is of utmost
importance.

To capture the influence of the interphase on the overall behavior of nanocompo-
sites, an insightful study at the molecular level must be carried out (Odegard et al.,
2005; Yu et al., 2009; Toth et al., 2004, 2006; Qian et al., 2003; Lordi and Yao,
2000; Liao and Li, 2001; Wong et al., 2003; Fermeglia et al., 2003; Gou et al.,
2004, 2005).

All these above-mentioned inherent difficulties may explain the fact that in the recent
literature, considerable efforts have been devoted to model the elastic properties of
nanocomposites while comparatively less work has been done regarding the modeling
of toughening mechanisms, despite their importance in view of developing ternary
namomodified laminates. Moreover, while a model for elastic property prediction
can be directly validated by means of macroscopic experimental data when dealing with
energy absorption mechanisms, the processes at the nanoscale are not only difficult to
identify, but also require observation and validation at the same length scale.

To correctly face the modeling of nanocomposite mechanical properties, it is
essential to first acknowledge that in the most general case, three main stages should
be addressed and tackled with the aid of dedicated models, with the aim of ranging
from the nanoscale to the macroscale. In particular:

— Molecular models. The chemical-physical interactions arising at the nanoscale can be
accounted for by means of discrete methodologies, predicting the time evolution of a system
of interacting items (e.g., atoms, molecules, granules, etc.). The most common of these
methodologies is molecular dynamics (MD) (see, among the others, Odegard et al.,
2005; Yu et al., 2009).

—  Nanostructural models. In addition to chemical interactions, mechanical interactions must obvi-
ously be accounted for regarding the filler size and morphology. This can be achieved by nanos-
tructural models, usually developed within a Cauchy, or more sophisticated (Cosserat),
continuum mechanics-based frame, to effectively describe the stress transfer with the matrix.

—  Micromechanical models. Eventually, nanoscale-related properties must be scaled up to the
macroscale. This problem can be tackled by means of conventional micromechanics, often
exploiting the concept of representative volume element (RVE), with a number of DOFs
much smaller than that required by MD.
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Once having identified the main stages, the related basic models can be assembled to
build a multiscale modeling strategy; its nature and efficacy will depend on how many
and which of the above-mentioned models are used, thus inherently defining the scale
from which the problem is addressed (micro, nano, and molecular).

Accordingly, the possible multiscale modeling strategies can be divided into three
main groups: “micromechanical modeling strategies,” “nanostructural modeling
strategies,” and “molecular modeling strategies”

—  Micromechanical modeling strategies are the simplest, but unfortunately, least effective
way to address the problem. Since they make use of only micromechanical models, the
nanoscale structure as well as the nanofiller and matrix molecular interactions are neglected.
Accordingly they fail in capturing the “nano-effect.” For these reasons, micromechanical
strategies proved to be incapable of predicting the reported high increments in dissipated
energy at low nanofiller volume fractions (Wetzel et al., 2006; Zhao et al., 2008).

—  Nanostructural modeling strategies use both micromechanical models and nanostructural
models, and in this way, account for the effects of the inherent nanostructure on the overall
macroscopic properties but not for the chemical-physical interactions. An inherent advan-
tage of nanostructural modeling strategies, when compared to micromechanical ones, is that
they offer a more insightful analysis of the nanofiller-matrix mechanical interactions with-
out compromising simplicity.

—  Molecular modeling strategies combine all three above-mentioned models. The scope of the
analysis is taken to the actual nanoscale level to account for intermolecular and supramolec-
ular interactions by means of discrete methodologies. Obviously, this complicates the scaling-
up process from nano- to macrolength scales and requires an effective multiscale approach.

The concept of assembling basic models to build a multiscale modeling strategy is
referred to as the “three-stage strategy” (TSS) in the literature (Quaresimin et al.,
2012). A schematic representation of this concept is shown in Figure 4.6.

Figure 4.6 The concept of
the “three-stage strategy”
(TSS): building of modeling
strategies from basic models
(Quaresimin et al., 2012).

Molecular
strategy

Micromechanical
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Micromechanical
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4.5.2 Multiscale modeling of the toughness improvements
in nanoparticle-filled polymers

4.5.2.1 Basic concepts

In agreement with the concepts introduced in Section 4.5.1, it is evident that three
stages should be addressed in nanocomposite modeling; each stage refers to a specific
length scale and is characterized by mechanical quantities that are, by a conceptual
point of view, very different.

In the following, the macroscale system is meant as an amount of material over
which all the mechanical quantities are averaged values representative of the overall
material behavior (Bishop and Hill, 1951). This requires the assumption that the mate-
rial is homogeneously and continuously distributed over its volume “so that the smal-
lest element cut from the body possesses the same specific physical properties as the
body” (Timoshenko and Goodier, 1970). In addition, if the nanofiller is randomly ori-
ented and uniformly distributed, the material can also be treated as isotropic.

The microscale system is instead thought of as sufficiently small to be regarded,
mathematically, as an infinitesimal volume of the macroscale, one, where all the mechan-
ical properties are supposed to be pointwise values (Bishop and Hill, 1951). However, at
the same time, it has to be large enough to be statistically representative of the properties
of the material system, according to the classical definition of RVE, this being valid as far
as the nanofiller is uniformly distributed and dispersed over the volume.

Eventually, the nanoscale system is simply a single unit cell of those compounding
the microscale system and accounts for the material morphology.

Given the definition of the involved scales, it is also necessary to formulate the
relevant relationships between stresses and strains in the different systems. In a
general boundary value problem of statics, the macroscale stresses or strains, ¢ or
¢, are often regarded as functions of material coordinates o, &= {f (X, X2, X3),
f2(X1,X2,X3)}. Within this definition, functions f; can be regarded as an average

value over an RVE {o,¢} ={7,¢} = {&J adv, %J édV}, where 6 and ¢ are the
1% v

microscale stress and strain distributions and V is the volume of the RVE (Bishop
and Hill, 1951; Hutchinson, 1964; Gurson, 1977).

However, things are made easier by the Mori-Tanaka theorem, which allows an
approximation of the stress or the strain acting on the boundary of a single nano-
inhomogeneity (nanoscale), thus disregarding the actual microscale fields. This can
be achieved by invoking the global concentration tensors of Eshelby dilute solution
and the mean value for the stress/strain fields over the RVE, which, in turn, equates
the macroscale one.

4.5.2.2 A multiscale strategy to the modeling of the toughness
improvements in nanoparticle-filled polymers

As exhaustively argued in the previous sections, the modeling of nanocomposites
requires that interfacial effects are included (Ajayan et al., 2003; Wichmann et al.,
2006a; Tian and Rajapakse, 2007). Accordingly, particular attention must be paid
to the interphase zone surrounding the nanoparticle, which is usually characterized
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by the chemical and physical properties different from those of the constituents.
Unfortunately, the data available so far in the literature about the interphase zone
are not enough to precisely formulate the law of variation of its properties across
the thickness as well as its size (Sevostianov and Kachanov, 2007), so that a
through-the-thickness average of the needed properties is often used (Zappalorto
et al., 2011; Odegard et al., 2005; Yu et al., 2009). According to these preliminary
remarks, the system under investigation at the nanoscale, shown in Figure 4.7, can
be thought of as constituted by:

— a spherical nanoparticle of radius rg, which creates a nanovoid of the same diameter;
— a shell-shaped interphase of external radius a and uniform properties; and
— aloaded matrix of radius b, b being much greater than a and ry.

The properties required by the analysis can be computed by means of numerical simula-
tions carried out within the frame of MD as done, for example, by Odergard et al. (2005)
and Yuetal. (2009). Alternatively, for a specific system, they could be fitted a posteriori
on the basis of some experimental results, as better explained in the following.

A cracked nanocomposite is considered, instead, at the macroscale (see again
Figure 4.7), where the crack stress fields give rise to a process zone containing all
the sites of nanoscale damage.

As discussed before, the two dominant mechanisms responsible for toughening
improvements for polymers reinforced by rigid nanoparticles (such as silica or alu-
mina nanoparticles) are the localized shear banding of the polymer and particle
debonding followed by subsequent plastic yielding of nanovoids (Hsieh et al.,
2010a,b; Quaresimin et al., 2014; Salviato et al., 2013b; Zappalorto et al., 2012a).

Accordingly, the nanocomposite toughness can be written as

Gie =G+ Y _AG; (4.1)

where G, is the toughness of the unloaded matrix and AG; is the toughness improve-
ment due to the ith damaging mechanism. Denoting with U, the energy produced at the

Macroscale system

Microscale system

Macroscopic
crack

Matrix

o

Nanoparticle

Process zone ~ Interphase

Figure 4.7 Description of the multiscale system under analysis.

anoscale system
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nanoscale by a particular mechanism, the corresponding microscale strain energy den-
sity is:

3f pO

u; = U,' X
4nry

(4.2)

where f,o is the volume fraction of nanoparticles. Finally, the fracture toughness
enhancement due to the single damage mechanism, to be inserted in Eq. (4.1), can
be determined as (Quaresimin et al., 2014; Salviato et al., 2013b; Zappalorto et al.,
2012a; Freund and Hutchinson, 1985; Huang and Kinloch, 1992):

Pi
AG; =2 x J udp (4.3)
0

where p; denotes the extension of the damaged zone ahead of the crack tip.

The following sections present closed form expressions useful in evaluating the frac-
ture toughness improvements, AG,, due to the above-mentioned mechanisms. Finally, a
unified expression for the overall nanocomposite fracture toughness is presented.

4.5.2.3 Particle debonding

The high level of the crack-induced hydrostatic stress promotes debonding of nano-
particles, resulting in the following dissipated microscale strain energy:

ugy =324 4.4)
1o

where f is the nanofiller volume fraction and ygy is the interfacial fracture energy.
The associated macroscale increment in terms of strain energy release rate is:

AGdb :fp() X lpdb X GIC (45)

where Gy, is the fracture toughness of the nanocomposite and )4, is a term accounting
for energy dissipation (Zappalorto et al., 2012a):

2 1+ E
de—— yﬂx_‘)“xzioz (4.6)
ro 1=ve 62(Ch)

In Eq. (4.6), E, and v, are the elastic properties of the nanocomposite, g, is the critical
debonding stress (Zappalorto et al., 2011):

/4 En [y7(4+ -1)

G 2 Ydb é (I()/d) (47)
ro 1"'Vm 4+6+4 —1)()0/(1)

and Cy, is the reciprocal of the hydrostatic part of the global stress concentration tensor

(Zappalorto et al., 2011)
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Ch

K (E+4) (3Ky/Gm+4y) (46— 12K,/Gr) (1—7) (r0>3 “s)

T K, (6+47) 3Kn/Gm+4) * (6+47) (3Kn/Gm+4) \a

where E,;, and v,,, the elastic modulus and Poisson’s ratio of the matrix, K,,, K,, and K,
the bulk moduli of the matrix, the interphase and the nanoparticle, G,, and G, are the
shear elastic moduli of the matrix and the interphase, y =G,/Gy, and € =3K,/Gy,.

4.5.2.4 Plastic yielding of nanovoids

Debonding of nanoparticles creates a number of nanovoids of the same diameter of the
initial nanoparticles. Whenever the stress field around a nanovoid is high enough, it
might cause local yielding of the nanovoids. The associated fracture toughness
enhancement can be estimated as (Zappalorto et al., 2012a):

AGpy =fpo X lpp X Gie 4.9)

where Gy, is the fracture toughness of the nanocomposite and i/, is a term accounting
for energy dissipation:

4 Ey (14v0)(14vm) Oym 3*(1*5% (scm)
V,= (L+vo)(1+v “L(ﬁ) Y)e ! (4.10a)

T 9nCy E 1—v, oo \J0

for an elastic perfectly plastic behavior of the matrix and the interphase:

i
Ocr

2 1+voEocwm><(a>3 3Ch6Ym7(1inm)

X — ] x
9nCy 1 —v,Gny Ocr ) 0va (st>1/na <a)3/na 1
N, — —1| +npy
OYm \ €Ya ro

(4.10b)

V=

for a hardening behavior of the matrix and the interphase, where oy, and oy, the yield
stress of the matrix and the interphase, n,, and n,, are the hardening exponents of the
matrix and the interphase, respectively.

4.5.2.5 Localized shear banding

In a damaged region close to the crack tip (shear- banding region, or SBR) the stress
concentrations around nanoparticles might promote local shear yielding, with the for-
mation of plastic shear bands. The overall fracture toughness enhancement related to
this mechanism can be determined as (Salviato et al., 2013b):

AGsp =/p0 X ¥sp X Gre (4.11)

where g accounts for the energy dissipation at the nanoscale:
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Isp E,

Ysp = 3 7 X
4na§ca(1 —,u/\/§) 1—v2

4.12)

In Eq. (4.12), uis a dimensionless pressure coefficient, oy, is the interphase yielding
stress under compression, whereas function I" quantifies the energy produced at the
nanoscale, and Isg accounts for the stress concentration around nanoparticles
(Salviato et al., 2013b):

I L 173 _2 TyaYfa (1= TyaYta 2 l 5_4
_Tym'))fm 6f 63 N 21Q 3 + 5
00 TymVfm TymYfm

=2
a 4 —6
+m(4S—32a Z+128a M)” (4.13a)
1 ,
Isp =7 (PHiy + kpHyHon + ji HY ) (4.13b)

a=2. 0=V@—1; M=a—0Q; S=105a—880; Z=9a—70 (4.13¢)
o

In Eq. (4.13a), tyy, and 1y, are the shear yielding stress of the matrix and of the inter-
phase, whereas yg;,, and )y, are the shear fracture strains.

In Eq. (4.13b), the parameters p, k, and j are functions of the Poisson’s ratio, H, =1/
Cy, and H,y, are the deviatoric component of the global stress concentration tensor. It
can be evaluated numerically or analytically (Salviato et al., 2013b; Zappalorto
et al., 2012b).

4.5.2.6 Estimation of interphase size and properties

As evident, the use of the solutions proposed in the previous sections requires the
properties and size of the interphase to be determined.

The elastic properties and the thickness of the interphase can be computed by means of
numerical simulations carried out within the frame of MD, as carried out for example, by
Odergard et al. (2005) and Yu et al. (2009), which provide, as outputs, the radial exten-
sion of the interphase as well as the elastic properties averaged through the thickness.

Alternatively, for a specific system, they could be determined a posteriori by fitting
the experimental values for the elastic properties of the nanocomposite by a multi-
phase, micromechanical model. As far as the previous approach is concerned, a
two-step analytical model based on the Hashin—Shtrikman solution (Hashin and
Shtrikman, 1963) developed by the authors (Pontefisso et al., 2013) can be used. In
Pontefisso et al. (2013) the three-phase nanocomposite material showed in
Figure 4.7 is considered, and each particle and the surrounding interphase are changed
for an “equivalent homogeneous particle (EHP)” of total radius a =r(+¢ with bulk and
shear elastic moduli, K’ and G’, given by:
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& (5
’_ a Ka
K' =K, 1+1 m T 14w (K, 4.14)
-0 e )
& (-
;. a G,
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where (ro/a)’ is the volume fraction of the nanoparticle within the EHP. As a second
step, the elastic properties of the nanocomposite, K, and G, can be assessed as:

’;
a\ (K
f"O(r_) (K _1)
Ko=Kpnd 1+ 0 m (4.16)

a\’ 1+v, (K
- [l (3 ]m(a‘l)

3 /
w(z) (&)
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. a — 10y

b [1 Joo <ro> ] 15(1 — V) (Gm 1>
where fpo(a/ro)3 is the volume fraction of the EHPs (Pontefisso et al., 2013). Finally,
the modulus of elasticity in tension of the nanocomposite is E, = 9K,G,/ (3K, + G,).
Using Eqgs. (4.14)—(4.17) in combination with the experimental data for the elastic
modulus allows the best fitting for the elastic properties and size of the interphase zone
(Quaresimin et al., 2014).

It is finally worth mentioning that, as highlighted by Eqgs. (4.10) and (4.13), the
estimated value of the overall fracture toughness of the nanocomposite depends also
on the strength and yield properties of the interphase. However, precise information on
these interphase properties are unavailable thus far and, for the sake of simplicity, can
be considered as identical to those of the matrix.

Go=Gpi 1+

4.5.2.7 Overall fracture toughness of the nanocomposites

As far as the fracture toughness improvements due to each relevant damaging mech-
anism, AG;, are known, the overall nanocomposite fracture toughness can be esti-
mated substituting Egs. (4.5), (4.9), and (4.11) into Eq. (4.1):

Gm
1 —fvo (lﬁdb +Y, + ‘ﬁss)

G = (4.18)
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As a final note, it is necessary to point out that as a basic assumption of the proposed
model, the nanofiller is supposed to be uniformly dispersed and distributed, neglecting
the high tendency to agglomerate exhibited by nanoparticles beyond a certain value of
the weight fraction. It is clear that this approximation limits the application of the
model to low nanofiller contents.

In Quaresimin et al. (2014), Eq. (4.18) has been validated versus several experi-
mental results, taken from the literature, showing a very satisfactory agreement for
low nanofiller contents. Two examples are shown in Figures 4.8 and 4.9. It is evident
that, while increasing the filler content, Eq. (4.18) results in an overestimation of the
fracture toughness of the nanocomposite, according to the explanations given before.

300 Figure 4.8 Comparison
[ DGEBA _ between Eq. (4.18) (solid line)
[ SiO, nanoparticles (Nanopox F 400) and the experimental data from
[ rp=10
|0 o DGEBA/Nanopox system
200 C]) reported in Hsieh et al.
& L
£ (2010b).
2
&
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Figure 4.9 Comparison between Eq. (4.18) (solid line) and the experimental data from
DGEBA/Aerosil 200 system (Zamanian et al., 2013).
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4.6 Conclusions

This chapter has reviewed the main contributions reported in the literature dealing
with the damage mechanisms of nanoparticle-reinforced polymers. The energy
absorption mechanisms detected from experimental observations have been classified
and described. Insights in predictive models incorporating these mechanisms have
been given, along with examples of applications.
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5.1 Introduction

In past decades, fiber-reinforced composites have been widely used in practical engi-
neering due to the superiority of their electro-thermo-mechanical properties over the
single matrix (Agarwal et al., 2006; Peters, 1998). Particularly, composite materials
reinforced by fibers such as carbon nanotubes (CNT) are often defined as materials of
the future (Shonaike and Advani, 2003; Tang and Sheng, 2003; Legrand and
Sénémand, 2003). In this application, the aspect ratio of fibers is often very large.
CNT with a typical diameter of 1 nm and length of 1 cm would have an aspect ratio
of 107:1. For reference, a tube of 1 in. in diameter would need to be 160 mile long to
have the same aspect ratio.

CNTs are the stiffest and strongest of the existing fibers. They have a measured
Young’s modulus equal to 1400 GPa, compared to steel, which is only about
200 GPa. The projected tensile strength of a single CNT is greater than 100 GPa, with
the stranded strength being many times higher. Again, for comparison, steel is usually
about 1-2 GPa. Additionally, a single-wall-nanotube can be bent completely in half;
when released, it will return to its original state with no dislocations or other defects.
By orienting the CNT in a nanocomposite properly, the material can be made into a
thermal conductor or insulator. Scientists discovered that if all the nanotubes are lined
up parallel to each other and a heat flux is applied parallel to the direction of the nano-
tubes, the material is an excellent thermal conductor. However, for the same material,
if the heat is applied perpendicular to the direction of the nanotubes, then the material
reflects the heat and is an insulator.

Understanding the physical behavior of these fiber-reinforced composites is
essential for structural design. The aim of this chapter is to show the method of con-
tinuous source functions (MCSF) developed by the first author (Kompis et al., 2007,
2008) for composite materials reinforced by finite fibers. We will present the math-
ematical basis of the MCSF, some results, and a discussion of the toughening mech-
anism conductivity of composite materials reinforced by straight fibers of finite
length.
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5.2 Computational models for materials reinforced by
parallel fibers of finite length

We assume all matrix materials and fibers are homogeneous and isotropic, the
dimensions of the matrix are infinite (i.e., we will deal with the infinite matrix
of material with homogeneous material properties), and models are restricted to
linear behavior. Primary variables can be scalar, such as the temperature field in
heat conduction; or vector, such as the displacement field in deformation of elastic
bodies by forces. All fields are split into two parts: the homogeneous part corre-
sponding to the homogeneous problem of the matrix without fibers, and the local
(complementary) part simulating the influence of interactions of fibers with the
matrix. We will particularly investigate the local fields in the matrix of the compos-
ite material.

The MCSF is a meshless method that satisfies the inter-domain compatibility in
discrete collocation points (Figure 5.1) on the fiber—matrix interface.

Due to large aspect ratio of fibers, the toughening in elasticity and increase of con-
ductivity in heat conduction of the composite material are realized particularly by a
corresponding effect in the fiber axis direction. Because of this, the inter-domain com-
patibility between the fiber and matrix can be simplified and to assume that the tem-
perature, displacement, strain, stress, etc., constant in all points of the cross-section are
equal to each other. This property of the model is equivalent to the assumption of zero
bending stiffness of fiber, which is important to the reduction of the computational
model and to the correct simulation of composite materials reinforced by fibers with
large aspect ratio as the nanotubes and similar fibers.

The interaction of fibers with matrix is simulated in the MCSF by source
functions, which are 1D-continuously distributed along the fiber axis. The source
functions are a fundamental solution of the corresponding problem (heat sources in
heat conduction and forces in elasticity) and their derivatives. The forces
are directed in the fiber axis direction. These source functions, however, are not
able to simulate correctly the interaction of fibers with the matrix. In addition to
the derivatives of the source functions, heat dipoles, force dipoles, and force
couples are included along the fiber axes in order to correctly simulate the large
axial stiffness of fibers to negligible bending stiffness and also the interaction
among fibers.

Figure 5.1 Distribution of source functions and collocation points.
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Temperature field induced by a unit heat source acting in the arbitrary point of infi-
nite domain is the fundamental solution for heat problems and is given by:

T—— (.1)

r is the distance of the field point ¢ and source point s, where the heat source is acting
at, i.e.,

r=/riri, ri=x(t) —xi(s) 5-2)

with the summation convention over repeated indices.
Temperature field induced by a unit heat dipole in x; direction is
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Similarly, the displacement field in an elastic continuum caused by a unit force (upper
index F denotes force) acting in the direction of the axis x,, is given by the Kelvin
s