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Preface

This book Recent Advances in Layered Materials and Structures provides a domain
for professionals, academicians, researchers, and practitioners working in the fields
of materials engineering, layered structures, reliability engineering, materials
development and characterization to present their research findings, propose new
methodologies, disseminate the latest findings, and learn from each other’s research
directions. It focuses on applied research in the areas of layered materials and
structures with a bearing on inter- and intra-disciplinary research. This book con-
tains full-length research manuscripts, insightful research, and practice notes, as
well as case studies.

This book provides a forum for structural engineering educators, materials
researchers, and practitioners to advance the practice and understanding of applied
and theoretical aspects of structural engineering, materials engineering, and related
areas. This book contains empirical and theoretical research on the development,
improvement, implementation, and evaluation of layered engineering structures and
materials. In addition, this book includes those research studies that show a sig-
nificant contribution to the area by way of intra- and inter-disciplinary approaches
in layered structural engineering as well as layered materials engineering.

This book provides a forum for a broad blend of scientific and technical papers
to reflect the evolving needs of the structural engineering and materials commu-
nities dealing with layered materials and structures. Contributions deal with
applications of structural engineering and mechanics principles in all areas of
technology and aspire to a broad and integrated coverage of the effects of dynamic
loadings and of the modeling techniques whereby the structural response to these
loadings may be evaluated.

This book provides topical information on innovative, structural, and functional
materials and composites with applications in various engineering fields covering
the structure, properties, manufacturing process, and applications of these materials.
This multidisciplinary approach is intended to professionals, students, and all those
interested in the latest developments in the materials engineering field.
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Chapter 1 titled “Natural and Synthetic Layered Fillers as Advanced Matter
for Improvement of Composites Performance” discusses the main lamellar fillers
applied in preparing nanocomposites; their surface modification and the implication
on the properties of the nanocomposites are reported.

Chapter 2 titled “High-Temperature Tribology of Surface Coatings” dis-
cusses several coating deposition techniques particularly in reference to their
high-temperature applicability and the different wear mechanisms observed. An
effort has been made in this chapter to review the different surface coating tech-
niques along with their research progress.

Chapter 3 titled “Aramid Polycarbonate Resin Film Engineered Composite
for Ballistic Protection: Engineered Layered Materials” considers resin-fiber-
infusion technique (RFI)-assisted fiber-reinforced-layered polycarbonate composite,
which has been further assessed for its perforation and penetration attributes against
mild steel core projectile. Polycarbonate composite has been examined for its
thermal stability by thermo-mechanical techniques including dynamic mechanical
analysis, modulated differential scanning calorimetry, thermo-gravimetric,
three-point bend test, and Izod notch impact testing.

Chapter 4 titled “Fiber-Reinforced Composites for Restituting Automobile
Leaf Spring Suspension System” reviews state of the art of composite and
sandwiched-type leaf springs, natural fiber composites, additionally the life cycle
assessment and finally concludes with the future scope of leaf springs for auto-
motive applications. Synthetic fiber composites such as glass fiber-reinforced
composites and carbon fiber-reinforced composites have been extensively explored
for the leaf spring systems.

Chapter 5 titled “Fabrication of Aluminium Metal Matrix Nanocomposites:
An Overview” discusses aluminum alloy-based composites for obtaining novel,
tailor-made property combinations required in high-performance applications.
Several solid-state and liquid-state routes are developed for manufacturing these
composites which are overviewed highlighting associated prominent features and
challenges. Powder metallurgy and liquid metallurgy are mostly used methods for
developing aluminum nanocomposites, while their modified versions and hybrid
combinations have been used in recent times. Ultrasonic stir casting is found to
solve the issue of aluminum–ceramic non-wettability and particle agglomeration to
great success.

Chapter 6 titled “Aluminium Hybrid Composites Reinforced with SiC and
Fly Ash Particles—Recent Developments” provides an overview focusing on
silicon carbide (ceramic)- and fly ash (industrial waste)-reinforced AMCs and
HAMCs (hybrid). SiC as reinforcement imparts superior mechanical and tribo-
logical behavior in aluminum alloy. Fly ash addition into Al-matrix also has
potential in lowering the production cost and density while improving strength. The
influence of processing parameters, mixing percentage of reinforcements, operating
conditions, and responsible tribological factors are thoroughly discussed. Finally,
conclusion has been drawn to recognize the expandable area of research on AMCs
or HAMCs reinforced with SiC and fly ash.
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Chapter 7 titled “Tribological and Corrosion Behavior of Al-TiB2 Metal
Matrix Composites—An Overview” deals with Al-TiB2 metal matrix composites
(MMCs). From solid to liquid processing, there are several methods through which
reinforcing phases have been incorporated into the metallic phase. A discussion
regarding tribological and corrosion behavior of Al-TiB2 composites based on the
existing literature has been introduced in this chapter.

Chapter 8 titled “Mg-WC Nanocomposites—Recent Advances and
Perspectives” summarizes various aspects like fabrication route, microstructural
characteristics, mechanical properties, and tribological properties of Mg
nanocomposites. The effect of WC particles on microhardness, Rockwell hardness,
ultimate tensile strength, and yield strength is also discussed in detail. Finally, wear
mechanisms related to different experimental conditions are also mentioned.

Chapter 9 titled “Understanding Fabrication and Properties of Magnesium
Matrix Nanocomposites” presents a state-of-the-art review of available literatures
to discuss the role of various factors on mechanical properties, tribological prop-
erties, and corrosion behavior of magnesium-based nanocomposites. In this chapter,
liquid metallurgy-based primary processing methods and secondary methods are
discussed in detail. Strengthening mechanisms between particle and matrix metal
are also presented. The effect of particles on mechanical, tribological, and corrosion
behavior is discussed.

Chapter 10 titled “Dynamics of Axially Functionally Graded Timoshenko
Beams on Linear Elastic Foundation” studies dynamic behavior of axially
functionally graded (AFG) non-uniform Timoshenko beam on linear elastic foun-
dation. Geometric nonlinearity is induced in the system through Von Karman’s
nonlinear strain–displacement relations. The material model is chosen in such a way
that exhibits continuous gradation of material properties along the length of the
beam. The free vibration study is carried out on statically deflected configuration to
determine the backbone curves of the system. Forced vibration problem is solved
by assuming dynamic equilibrium under maximum amplitude of excitation.
Frequency and amplitude of the harmonic excitation are the parameters that control
system response.

Chapter 11 titled “Dynamic Sensitivity Analysis of Random Impact
Behaviour of Hybrid Cylindrical Shells” investigates the moment-independent
sensitivity analysis for hybrid sandwich structures (having cylindrical shell geom-
etry) subjected to low-velocity impact. The probabilistic study is performed for the
transient impact response of the structure which in turn is utilized to assess the
sensitiveness of the parameters. In order to achieve the computational efficiency,
polynomial chaos expansion meta-model is used in conjunction with Monte Carlo
simulation approach. The results illustrate the parameters which significantly affect
the transient impact response of the structure.

Chapter 12 titled “Statistical Energy Analysis Parameters Investigation of
Composite Specimens Employing Theoretical and Experimental Approach”
considers the loss in transmission of sound and vibration through the complex
structural-acoustic systems. Statistical energy analysis (SEA) method was proved to
be an effective tool for predicting the response of such complex systems at the early
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design stage of the product. In the case of composite plates, the effects of different
fiber orientations on the SEA parameters have been studied.

In Chap. 13 titled “Surrogate Model Validation and Verification for Random
Failure Analyses of Composites,” multivariate adaptive regression splines
(MARS) is explored as a surrogate model in conjunction with Monte Carlo sim-
ulation (MCS) to analyze the random first-ply failure loads of graphite–
epoxy-laminated composite plates. The five failure criteria, namely maximum
strain theory, maximum stress theory, Tsai–Hill theory, Tsai–Wu theory, and
Hoffman theory, are considered. A concise investigation is carried out to examine
the capability of MARS model for efficiently predicting the first-ply failure loads.
Comparative results are presented using scatter plots and probability density
function plots to access the prediction capability with respect to direct MCS.

Chapter 14 titled “Iosipescu Shear Test of Glass Fibre/epoxy Composite with
Different Delamination Geometries: A Shear Behaviour Study” investigates
shear behavior of delaminated as well as non-delaminated GFRP specimen both
experimentally and numerically. Iosipescu shear test has been performed on GFRP
specimen for understanding the role of delaminations and its geometry on the shear
behavior of the specimen.

Chapter 15 titled “Parametric Study of Dispersed Laminated Composite
Plates” simulates laminated composite plates with one core layer and two surface
layers in a comprehensive parametric study. The main objective is to investigate the
variation of the buckling load with respect to changes in the stacking sequence. The
stacking sequences are ranked according to their corresponding buckling loads, and
the best-performing ones are subjected to a closer analysis. The visualization of the
results showed that for any given stack of fiber orientation angles, the stacking
sequence of the ply thicknesses can have a significant impact on the structural
performance.

Chapter 16 titled “Modeling Fracture in Straight Fiber and Tow-Steered
Fiber Laminated Composites—A Phase Field Approach” deals with the fracture
characteristics of laminated composites using the framework of the phase-field
method. The influence of the fiber orientation, tow angle, inter-fiber spacing on the
peak load carrying capacity, and the crack morphology are systematically studied.

Chapter 17 titled “An Iso-Geometric Analysis of Tow-Steered Composite
Laminates: Free Vibration, Mechanical Buckling and Linear Flutter Analysis”
employs an iso-geometric analysis framework to study vibration, buckling, and
linear flutter analysis of tow-steered composite laminates. It systematically con-
siders the effect of plate thickness, spatial variation of the fiber, and the boundary
conditions.

The editor would like to thank all the authors for contributing their valuable
research work as chapters for this book. The authors submitted the chapters and
responded for the revisions on time which could make it possible to publish this
book on time. The editor is thankful to all the reviewers who painstakingly
reviewed all the submissions and the revisions, wherever needed. Finally, the editor
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is thankful to Springer, for allowing publication of this book, and also to the
publishing editor and other team members at Springer for their motivation,
encouragement, advice, and support provided during organization of this edited
volume that led to the publication of this book.

Kolkata, India
August 2020

Sarmila Sahoo
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Chapter 1
Natural and Synthetic Layered Fillers
as Advanced Matter for Improvement
of Composites Performance

Daniela de França da Silva Freitas and Luis Claudio Mendes

1 Introduction

Reinforcing polymers using inorganic or organic fillers is an usual practice obtain
polymeric materials called composites. For decades, the investigations on polymeric
composites have been limited tomicroscale with respect to the filler dimension. From
the second half of the 1980s, the polymeric nanocomposites emerged as a material
in which one of the filler dimensions is at the nanometer scale. Nanoparticles reveal
great interest due to larger superficial area/volume unit ratio allowing an increase of
the interactions in molecular level between polymer and filler particle. Because of
this, a material with higher properties than pristine polymers and any conventional
microcomposites can be achieved [35].

Polymeric nanocomposites are an important category of materials that has been
showing outstanding properties that is not expected when fillers are used in macro.
Intensive research in this area have been done and attracted the researches and
industry interest regarding to their promising potential for many applications and to
solve nowadays problems. Polymer nanocomposites comprises of a polymer matrix
with nanoparticles well dispersed in a way to enhance adhesion between phases. The
decrease in size from microscale to nanoscale can promote to a higher surface area
to volume that makes big changes in chemistry and physics of the materials making
the properties tunable.

Lamellar fillers are materials of great study to obtain nanocomposites, and for a
long time, clays and organoclays were the best choice. However, the great difficulty
of incorporation in nonpolar polymers generates an incompatibility of the charge
with the polymeric matrix and thus making it difficult to obtain nanocomposites.
This leads to the use of compatibilizers as a way to overcome this problem. Also,
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2 D. de F. da S. Freitas and L. C. Mendes

Fig. 1 Trends in nanofillers and application areas for nanocomposites

with time, it achieved nanofillers that was able to improve polymer properties better
than the traditional clays.

Usually, with inorganic nature, lamellar fillers are recognized due to their
anisotropic properties and hydrophilicity. For improvement of their compatibility
with polymer matrix, they require prior chemical modification into the lamellae,
technique known as intercalation. It is very common the intercalation of organic
molecules into lamellar galleries. Several reaction pathways lead to modified fillers
with new chemical and physicochemical characteristics. Thus, inorganic–organic
hybrid structures improve their dispersibility and compatibility with the polymeric
matrix enhancing the nanocomposite properties and performance [10, 18, 28].

Demand for improvements is always emerging from different areas, as shown in
Fig. 1. According to MarketsandMarkets study, the projection is to double the actual
nanocomposites market worldwide up to 2024. This is due to the high demand in
specific areas like packaging, aerospace, automotive, and electronics industry [51].

This chapter addresses the importance of some natural and synthetic layered
fillers—graphene, double lamellar hydroxides, phyllosilicates and tetravalent metal
phosphates—with or without chemical modification and their influence on the
improvement of composite performance.
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2 Nanofillers

An overview concerns the application of graphene, double-layered hydroxides,
phyllosilicates, and tetravalent metal phosphates, and as nanofillers for polymeric
composites is presented.

2.1 Graphene

Graphite is a lamellar anisotropic material. Each lamella has a carbon atom bonded
to three other atoms by covalent bond forming a continuous series of hexagons, as
shown in Fig. 2. The unpaired electron interacts to another one located at the adjacent
plane through van der Waals interactions, thus allowing its electrical conductivity.
Although it has micrometer dimension, its lamel1.la spacing is around 0.335 nm. It
canbeused as natural, intercalated, or expandedmaterial.Chemicalmodificationmay
be accomplished in order to increase the interlamellar space. After releasing the inter-
calating compounds, the exfoliated graphite presents itself as randomly separated
sheets called graphene [57].

For intercalating graphite structure, pre-expansion of the filler galleries with
molecules and/or ions allows the increase of interlamellar spacing without exchange
reactions between host graphite and guest intercalating agent. The intercalation
induces high degree of ordering along the direction perpendicular to the planes,
forming a superstructure consisting of single graphite lamellae superimposed with
intercalated ones [39, 42]. Thermal expansion of the intercalated graphite was

Fig. 2 Graphene structure in top view, where the red square mark the structure unit cell. The
numbers are the lattice constant (a) and the bond length (b) in Angstron [31] (https://creativecomm
ons.org/licenses/by/4.0)

https://creativecommons.org/licenses/by/4.0
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performed changing its micrometer size to nanometer one. Expansion from 0.34 to
0.54 nm was reached after graphite intercalation with potassium molecules [69, 75].

A widely used carbon derivative is graphene oxide (GO), used in oxidized form as
a precursor for carbon-based materials due to its powerful dispersibility and process-
ability. The Hummers method is the most used method of synthesis based on mineral
graphite flakes that suffer thermal oxidation to accomplish lamellae exfoliation. The
resultingmaterial possess highdensity of groupments like epoxy andhydroxyl groups
situated in carbon sheet and carboxyl groups disposed around the edges. This groups
are heterogeneous distributed in nanoscale, and after chemical reduction to graphene,
they are completely dissipated [30].

Graphite can be used as a nanometer material for nanocomposite use, with similar
clays properties characteristics but with electron conduction quality. A graphite is
not capable of ion exchange, but when oxidized is able to add parts of organic atoms
in interlamellar space. Due to its electron conduction property, it can be utilized as
a nanofiller to obtain a conductive nanocomposite [67].

The most common way to modify the graphite structure is through the mixing
solution of nitric acid and sulfuric acid. It is believed that the first acid act as oxidizing
agent while sulfuric acid as intercalating one. The acid solution leads to a mixing
of non-oxidized (aromatic) graphite randomly distributed and six aliphatic rings
attached with hydroxyl—located at above and below of each lamella—and carboxyl
groups—as edges. After that, calcination at high temperature and different times
conducted to an expanded structure. The original XRD diffraction peak disappears,
and a new one emerges with higher interlamellar spacing. Awork performed byChen
et al. and Pan et al. investigated the transformation of natural graphite into expanded
graphite by acid treatment. The authors used the traditional acid treatment, and the
mixture was heated in muffle at different times Chen and colleagues obtained a basal
spacing of oxidized graphite of the order of 0.34 nm [13, 56]. TheResearchGroups of
Burakowski [9], Uhl [67], Schniepp [63], and McAllister [47] reported having been
successful in the process of graphite expansion by the total disappearance of the
diffraction peaks (XRD) after fast heat of the material. Full oxidation was detected
observing the extinction of the peak equivalent to 0.34 nm graphite interlamellar
spacement and the emergence of a peak at 0.65–0.75 nm equivalent that varied with
the water content of the material.

Several authors have reported blending expanded graphite with polymers to
obtain nanocomposites. Satisfactory results are mentioned using a small fraction
of expanded graphite for polymers such as PMMA, Nylon 6, PS, and PS-PMMA,
but the presence of aggregates usually occurs due to impropermonomers or polymers
intercalation within galleries formed by graphite sheets [13].

The use of biosensors with high sensitiveness and selectivity in a low range of
detection (picomolar or nanomolar biomolecules concentrations) are significant to
the healthcare industry and medicine to evaluate physiological and metabolic param-
eters. The discovery of graphene accelerated the researches on producing carbon
electrodes because it is cheaper and brings unique properties, like high mobility,
specific superficial area, enhanced electrical conductivity, optical transparency, and
flexibility. Chemical functionalization is favored by oxygenated groupments present
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in the filler that turns GO sheets highly hydrophilic, and various types of inorganic
nanoparticles can be combined, like semiconducting nanoparticles, metal oxides,
biomolecules, polymers, and others [34].

Similar to many others fillers, the use of graphene to increase properties of
polymer is accomplishedwith the equal spread of filler in thematrix. Poorly dispersed
graphene can act as stress propagator, which decline properties, e.g.mechanical prop-
erties. Functionalization is usually performed because of strong van derWaals disper-
sion force that promotes attraction between graphene sheets, inducing reaggregation
[70].

Yasmin and colleagues studied obtaining epoxy resin nanocomposites and
expanded graphite. X-ray showed the characteristic graphite peak at 26.38°. The
authors observed a higher elastic modulus and a lower tensile strength comparing
to pure epoxy resin [75]. In a study by Kim and co-authors, natural and oxidized
graphite were mixed with polyurethane in the molten state. For the pure graphite
nanocomposite, it was observed the presence of a tactoid-like structure, indicating
agglomeration of the lamellae, besides the presence of the characteristic peak in
the graphite X-ray diffractogram. For the oxidized graphite composite, the scanning
electronmicroscopy showed an adequate nanofiller dispersion in the polymermatrix,
and XRD showed the absence of diffraction peaks above 3.5°, indicating an exfo-
liated structure. Regarding the properties, both the electrical conductivity and the
elastic modulus increased, using 1.6% by volume of oxidized graphite [33].

Graphene nanosheets are extraordinarily effective when functionalized in order
to promote enhancement in properties like fracture toughness, stiffness, strength,
and fatigue resistance using considerably low filler quantities compared to the usual
nanotubes and clays fillers. This behavior is due to their better geometry, superficial
area, and ability to form enhanced adhesion between filler and polymer chain. Rafiee
et al. disclose about a good decrease in crack growth rate for epoxy nanocomposite
compared to the pure polymer inmany stress intensity factor amplitudes. The authors
used partially oxygenated graphene sheets obtained by rapid thermal expansion, and
they verified that at 0.125 %wt of filler, the Young’s modulus of the nanocomposite
is up to 50% greater than pure epoxy [59].

Formanyyears, carbonnanotubeswereput in the front line of polymeric nanocom-
posite studies. The emerging interest in graphene was inspired by the chance to
improve some properties in comparisonwith the nanotubes, like the use inmembrane
technology. Polymer/graphene nanocomposite performance are dependent on the
nanofiller and overall nanocomposite structure and the interactions present in the
polymer/graphene system. Filler and polymer interaction using graphene imply in
electrostatic forces, hydrophilic interaction, hydrogen or covalent bonding, etc. The
π-π interaction between the delocalized electrons of aromatic polymers andgraphene
also is fundamental to evaluate the properties of the obtained nanocomposites [32].

Chang studied poly(vinyl alcohol) (PVA) nanocomposites using graphene sheets
organomodified with hexadecylamine (HDA-GSs) as shown in Fig. 3. The authors
obtained films using PVA solutions and the filler addedwas in the range of 0–10wt%.
A well-dispersed filler was obtained for the hybrid containing 5 wt% of nanofiller;
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Fig. 3 GO and HDA-GS chemical structures [12]. https://creativecommons.org/licenses/by/4.0/

however, it was observed the presence of aggregates using content of 10 wt% of
nanofiller [12].

Yanget al. obtainedpoly(vinyl alcohol) nanocompositesfilmsusinggraphenewith
reducted graphite oxide. They used two methods, the first one using hydrazine after
the mixture of GO and PVA solution and a second one oxidizing first the GO prior
to add in the PVA solution. It was observed that the first film was smooth, uniform,
and flexible, but the second one showed black graphene aggregations, suggesting
that the graphene was not well dispersed in the matrix; however, it was discussed
the obtaining of graphene aligned and dispersed in poly(vinyl alcohol) (PVA) with
notable molecular level interlinkages. This behavior was attributed to a higher glass
transition temperature and lower crystallization degree. The graphene range was of
0.5% up to 3.5 wt%. It was observed that the PVA films containing graphene were
more ductile and stronger with a significantly lower the crystallinity with nanofiller
addition. It was also observed an increase in mechanical properties compared with
pure PVA [73].

2.2 Layered Double Hydroxides

Layered double hydroxides (LDH) or anionic clays refer to natural or synthetic
mineral containing anionic species into interlamellar region. The layered double
hydroxides are constituted by octahedral units having cations coordinated to the
hydroxyl groups and linked together through the edges. The lamellae are connected to
each other by van der Waals forces and hydrogen bonds. At hydroxide layer, isomor-
phic trivalent cations replace divalent ones leading to residual charge compensated by
the intercalation of hydrated anions. The lamellae are held attached by electrostatic
forces from positive charges in the lamellae and the interlamellar anions. Addition-
ally, water molecules are on the edge of the hydroxide layers, and/or hydrogen bond
interlamellar anions may occur aiding the structural cohesion [5, 17, 37, 72].

Mineral anionic clays are relatively rare and are associated with metamorphic
formations. Their synthesis can be performed at low-cost routes from metal salts
dilute solutions with easy isolation and high purity. The major synthesis route

https://creativecommons.org/licenses/by/4.0/
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involves nucleation and growth of metallic hydroxide layers by the mix of saline
solution with two metal ions in the proximity of aimed anions. Essentially, the prop-
erties depend on the mixing procedure and reaction time. Effectively, once the anions
cannot withdrawmetal ions from the layer, the nature of these anions is free to choice
[5, 16, 17].

Replacement of interlamellar inorganic anions by organophilic anions—salts of
anionic fatty acids or surfactants—in non-aqueous solvents has been studied by
several research groups in view of the delamination of HDL with a decrease in
intermolecular interactions and modification of anionic clay surface properties [38].
Figure 4 displays themost usual pathway to obtain a polymer intercalated in inorganic
lamellae, suggested by Leroux [37].

Anionic clays are not easily intercalated to neutral species. The difficulty is due
to a stronger interaction between the layers and the interlamellar ion in the anionic
clays. Insertion is possible as long as an initial exchange is made with a bulky anion
or with molecules containing clusters that allow anionic exchange or association.
This action increases lamellar spacing, and the entry of neutral species is facilitated
[68, 16].

The intercalation of zinc dodecyl sulfate on LDH was accomplished by Adachi-
Pagano and collaborators using zinc dodecyl sulfate in butanol under reflux. With
chemical formula [Zn2 Al (OH)6] [C12H25SO4 · nH2O] after intercalation, the layers
were dispersed and oriented after solvent evaporation or lyophilization [1].

Fig. 4 Pathway for nanocomposite preparation by (1) direct polymer–polymer exchange or (2)
prior intercalation of the lamellae before polymer insertion. Reprinted (adapted) with permission
from [37]. Copyright © 2001 American Chemical Society
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LDHwith a mixture of hydrated magnesium and aluminum salts plus acid glycine
was synthesized by Hibino and Jones. LDH possesses intercalated glycinate anion
being exfoliated by using of formamide at room temperature [29].

Adding double lamellar hydroxides to polymers such as PVC, polypropylene, and
ABS can bring benefits—increased flame resistance, thermal stability, and ultraviolet
radiation [16]. Polymer/HDL composites can be used in areas, as electrocatalysis,
used as protonic conductors, electrodes, batteries, photosensitivematerials, catalysts,
and others [37].

Chen et al. developed nanocomposites of LLDPE and ZnAl layered double
hydroxides by refluxing xylene solution, as shown in Fig. 5. It was observed a slower
degradation rate before 400 °C with the nanofiller use. Also, it was observed an
improvement in thermal properties of exfoliated nanocomposites, attributed by the
authors to a nanofiller dispersion in molecular scale in the LLDPE matrix [14].

Qiu and colleagues investigated polystyrene and HDL nanocomposites synthe-
sized with zinc and aluminum salts. They observed that lamellae with 1 nm were
scattered unevenly in the polymer matrix. Increased basal spacing was detected—
2.54 to 3.7 nm, indicating an interspersed structure. Improvement in thermal stability
was also observed [58].

Polystyrene (PS) andmodified Co-Al layered double hydroxide (LDH) nanocom-
posites by solvent blending technique was investigated by Suresh et al. The authors
observed an indicative of an exfoliated composite by XRD technique, while microg-
raphy images suggested that some intercalated structures are present in the PS

Fig. 5 Sandwiched structure formed by intercalation of LLDPE and ZnAl hydroxide layer from
LDH. Reprinted (adapted) with permission from [14]. Copyright© (2004) American Chemical
Society
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nanocomposites using a higher filler content. The thermal stability of the composites
was increased in comparison with pure PS, and it was observed a higher thermal
degradation (Td) temperature in the nanocomposites using with 7 wt% of layered
hydroxide, with an increase up to 28.5 °C [65].

A work from Gao and co-authors studied the effect of layered double hydrox-
ides modified with terephthalate (TA-LDHs) to enhance barrier properties of
poly(ethylene terephthalate) for packaging industry, particularly liquid foods. The
authors affirmed that the composites using 1 or 2 wt% nanofiller presented a behavior
of a partially exfoliated nanocomposites, while with higher content of TA-LDHs
(5%wt), it was observed an intercalated structure. Regarding the mechanical prop-
erties, it was observed that the composites with 2 wt% of nanofiller promoted an
improve up to 29.4% in the tensile strength, and the Young’s modulus was improved
up by 38.9% compared with pristine PET. The oxygen permeation of the composites
obtained using 2 wt% of nanofiller by the way was reduced by 46.2% [22].

Layered double hydroxides modified with stearic acid was studied by Mhlabeni
and co-authors usingmatrix of poly(lactic acid) (PLA)/poly[(butylene succinate)-co-
adipate] (PBSA) to obtain nanocomposites in the molten state. The authors observed
an enhancement of properties like mechanical, thermal, and O2 permeability using
low content of nanofiller (0.5 wt%), regarding a better interaction of PLA/PBSA
matrix and nanoparticles [50].

Samitha et al. studied the nanofabrics of poly(vinylidene fluoride) (PVDF) and
Ca–Al layered double hydroxide (LDH) by electrospinning. It was observed by the
authors that the interaction between polymer and LDH promoted by electrospinning
technique helps theβphase nucleation up to 82.79%,which seems to be a adequate for
application piezoelectric generators. The material showed high dielectric constant
and low dielectric loss, and it was attributed to a interfacial polarization at low-
frequency using LDH as nanofiller [61].

2.3 Phyllosilicates

Phyllosilicates are hydrated aluminum, iron, and magnesium silicate microparticles
characterized by a layered structure separated by compensating cations. Extremely
stable compounds, they are formed by TO4-type tetrahedral structural units, where T
is a tetravalent or trivalent cation (usually silicon, aluminum, or iron), and also have
water molecules adsorbed on the structure. The layer consists of hexagons containing
six connected tetrahedra, and at the vertices, there are free valence oxygen atoms
orientated in the same direction. It is classified as phyllosilicate when the tetrahedral
arrangement is in lamellar form [20, 43].

Belonging to the class of smectites, montmorillonite (MMT) is the most studied
phyllosilicates for nanocomposite. Its spatial arrangement consists of two tetrahedral
silicates (SiO) lamellae and one central octahedral alumina lamella. Among the
lamellar space, adsorbed water molecules and exchangeable cations such as Ca++,
Mg++, and/or Na+ coexist. When Na+ is the predominant cation, the smectites is
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Fig. 6 Modification scheme of clays using organic onium ions [52]

called bentonite or sodiummontmorillonite. Since the spaces among lamellae are not
electrically neutral, the excess of charge is neutralized by individual cations, hydrated
cations, and hydroxide group keeping the silicate layers apart. If the basal spacing
is electrically neutral, the interlamellar region is empty, and the adjacent lamellae
are maintained through weak van der Waals interactions. Covalent or ionic bonds
characterize the intralamellar structure, whereas van der Waals bonds or hydrogen
bonds occur between interlamellar surfaces [4, 20].

The interlamellar spacing can be functionalized through the exchange of compen-
sation cations, allowing the intercalation of different cations or chemical groups.
The chemical modification creates a hybrid material with different characteristics of
the pristine one. The intercalation process consists of the entry of guest molecules
leading lamellae separation and accommodation as shown in Fig. 6. Several chemical
or physics routes such as adsorption, cations binding, ion exchange, graphitization,
acid reaction, and pillarization can be followed in order to modify phyllosilicates [6,
7, 54].

Mostly, the chemical modification and expansion of the phyllosilicates seek to
exchange clay compensation cations for organic cations, transforming the surface of
hydrophilic (organophobic) into organophilic (hydrophobic), improving the chemical
contact of phyllosilicate and polymer backbone. In addition, the basal spacing can
be increased according to the length of intercalant molecules and the spatial disposal
in the interlamellar region [41, 55]. Figure 7 shows some possible configurations to
insertion of organomodifiers in clay layers suggested by Olad [52].

The phyllosilicate interlamellar spacing enlarges as the amount of intercalating
until the saturation limit reaches the maximum cation exchange capacity (CEC). The
intercalating species can assume variable molecular arrangements inside the lamellar
spacing according to their chemical nature and chain length [25, 54].

If amine is the intercalatingmolecule, it was proposed that the adsorption of amine
on the external filler area happen at the beginning. Following, the hydroxyl groups
inside the interlamellar region are disturbed leading to the elastic deformation of
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Fig. 7 Some configurations for clay intercalation of organic modifiers [52]

the lamellae. The migration of guest molecules into filler galleries is allowed. They
acquired different conformations due to surface geometry and chain wrapping. It
was also reported that according to the guest chain length, the intercalation angle
of the molecules tends to increase owing to the enhancement of the van der Waals
interactions between filler and intercalating [36].

Considered an environmentally correct process and quite feasible for industry,
the intercalation process of phyllosilicates through solid-state reactions is based on
the ion–dipole interaction. Interlamellar cations attached to the organic molecules
displace adsorbedwatermolecules linked to the filler galleries provided ion exchange
and increase of basal spacing [54].

Long-chain amine intercalating montmorillonite at variable reactant ratios,
temperature, and reaction time was studied by Bujdák and Slosiariková. Experi-
ments were developed varying the amine (mmol) / clay (g) ratio from 1 to 4, 24 h of
reaction and temperature up to 150 °C. They observed that the intercalation occurred
by water desorption and partial protonation of amine groups from octadecylamine
and as higher the temperature higher was the interlamellar spacing obtained, reaching
3.85 nm of interlamellar spacing with the highest temperature and amine/clay ratio
[8].

Intercalation of montmorillonite with decylamine, hexadecylamine, and octade-
cylamine was accomplished byGanguly et al., where the interlamellar spacing dupli-
cated its value. The amines were previously protonated using hydrochloric acid, and
it was dripped in the clay dispersion. It was proposed that monolayer, lateral bilayer,
and pseudo trilayer amine molecules arrangements are reached when montmoril-
lonite was intercalated with octadecylammonium bromide, at different amine:clay
ratios. The results showed that interlamellar spacing changed from 1.25 to 2.3 nm
using hexadecylamine or octadecylamine as intercalants [21].
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Vermiculite, mica-like mineral, essentially formed by hydrated aluminum and
magnesium silicates, was intercalated with long-chain amine by melting process by
Weiss et al. The authors used different clay/amine molar ratios (2: 1, 1: 1, 1: 2 and
1: 6) under different reaction times (1–30 h) at 80 °C. It was pointed out that the
interlamellar spacing increased until four times and long reaction times was required
(1.44 nm to up to 5.84 nm). By monitoring the effects of synthesis parameters—
solvent medium, amine:filler ratio and acid: amine ratio—it was pointed out that
1 and 3 mmol/g amine: filler ratio showed the best results. Around 40% of organic
matterwas inserted, and the lamellar spacing increased twice. It was proposed that the
cation exchange reactionwould have been initiated by aminemolecules adsorption on
the external filler surface, inducing to a rearrangement of the intralamellar hydroxyls
and causing a bending elastic deformation of the lamellae, followed by their opening
to the entrance of the guest molecules. During intercalation—migration into the
interlamellar space—intercalating molecules may adopt different conformations due
to surface geometry and chain wrapping. Some results showed that in addition with
the increasing of chain length, the intercalation angle of the molecules tends to
increase due to a higher van derWaals-type interactions between filler and intercalant
species [36, 71].

The applied process techniques possess a special behavior in properties as they are
fundamental to control clay dispersion in polymer matrix. However, it is important to
choose processes that are industry viable, environmentally friendly, and that possess
low costs [2].

The nanoclays inclusion in polymer matrix improve physicochemical properties
with benefits formany uses, as gas absorbermaterials, energy, tribological properties,
and automotive industries. Silane as coupling agent was used with bentonite clays
by Ge et al. to enhance tribological properties of nitrile butadiene rubber (NBR). The
adhesion and the hysteresis force were enhanced, and the friction coefficient was
significantly reduced [24].

Membrane composite was developed by Fang et al. with montmorillonite and
poly(vinylidene fluoride)(PVDF) to develop Li-ion batteries. This nanomaterial
improved battery capacity and showed a better cycle performance than the used
nowadays [19].

Liu et al. obtained ammonia adsorbers from nanocomposites of poly(acrylic acid)
(PAA) with bentonite and palygorskite. As these nanofillers possess unique struc-
tures, then the ammonia adsorption behavior was different. The adsorption of NH3

could be observed with differences in coloration, which allows to predict the residual
ability to adsorb. The materials showed to be efficient and a low-cost technique to
treat polluted atmosphere [26].

PAA/halloysite nanoclay composites was developed by Smith et al. in a way to
obtain a material eco-friendly, fire-retardant coating. The clay acted as a barrier in
the composites to avoid any possible transfer during flammability tests. Also, it was
observed that the material became self-extinguishing and with ability to decrease
the heat release rate and the total smoke release, which is promising for foams with
higher fire-preventing behavior [26].
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Raji et al. prepared nanocomposites of polypropylene and montmorillonite,
halloysite, and sepiolite by melt intercalation, where the nanoclays were modified by
graftingwith silanes. The nanoclayswere effectivelly intercalated as themodification
was observed by an increase of their d-spacing. Themodification process was helpful
to promote a better compatibility between polymer chains and clay platelets, and it
observed the mechanical properties of the composites’ pre- and post-modification.
The chemical modification promoted covalent interaction of nanoclay hydroxyls and
PP chains. For non-modified clays, it was observed an increase in Young’s modulus
for PP nanocomposites from 1034 MPa to 2657.9, 2716.8, and 2956.5 MPa at 5
wt% for montmorillonite, halloysite, and sepiolite. On the other hand, for modified
nanoclays, these values were even higher in comparison with the non-treated clays
nanocomposites, using the same conditions and contents [60].

Ollier et al. studied the effect of clays on poly(3-hydroxybutyrate) (PHB). The
authors promoted chemical modification of bentonite with silanes and ion exchange
reactions. It was observed that the modified clays led to a increase in thermal degra-
dation with a indicative of deterioration of the polymer chains of PHB, a fact that is
not observed for pristine and simple modified clays [53].

An intercalating substance with neutral nature can penetrate the interlamellar
spacing of the clay if the energy from adsorption step is enough to overwhelm the
interaction among the sheets. The hydrogen interaction of oxygen atoms of the sili-
cate and the amine (NH) or hydroxyl (OH) functional group from organomolecule is
significant when associated with the tetrahedral structure. The presence of inter-
lamellar water molecules considerably reduces the cohesive force between the
lamellae and consequently facilitates the penetration of the intercalant molecule.
Thus, the organic molecule competes with the water molecule for occupying the
coordinating site with the exchangeable cation [5].

Xing et al. studied the modification of montmorillonite (MMT) with 1,3-
dihexadecyl-3H-benzimidazolium bromide (Bz) to obtain polyphenylene sulfide
(PPS)/MMT nanocomposites in the melt state. The authors observed that the mate-
rials obtained are characterized by a mix of intercalated and exfoliated behavior
with the presence of some tactoids still present. The composites were submitted to
acid environment and heat to measure the oxidation resistance of the polymers in
the presence of nanofillers. The mechanical properties of the nanocomposites were
enhanced, a fact attributed to a better distribution of the nanosheets Fig. 8 [74].

Santos evaluated the use diverse organomodified clays on the properties of
poly(butylene adipate-co-terephthalate) (PBAT) composites. With contents varying
from 2.5 to 7.5% and three commercial organoclays, the nanocomposites were
prepared by melted blending and injection molded. It was observed by the authors
a higher basal spacement by XRD, which is suggestive for intercalation in all the
composites investigated and confirmed by TEM analysis. Also, it was observed a
little improvement in thermal properties and increase in stiffness, but it was not
observed modification in material T g [62].

Organomontmorillonites (OMt and HOMt) with di-(hydrogenated tallow)
dimethyl ammonium chloride (HTA), di(alkyl ester) dimethyl ammonium chloride
(EA), trihexyl tetradecyl phosphonium chloride (TDP), and ethoxylated tallow amine
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Fig. 8 Tensile strength of PPS and composites after oxidation treatment [74]

(ETA) as modifiers were studied by Alves et al. in poly(lactic acid) (PLA) nanocom-
posites. The authors confirmed dependence of themodification in the chemical struc-
ture and in the properties of the composites, where HOMt nanoparticles with EA and
ETA showed a higher affinity with polymer chains and possess a better nanoclay
distribution in the matrix. It was also noted that the presence of modified MMT
promoted a reduction in T g of the polymer and increased its crystallinity [3].

Zidan studied the use of organoclay in poly(methyl methacrylate) (PMMA) with
2-methacryloyloxyethyloctadecyldimethylammonium bromide (MEODAB) being
used as organomodifier of the clay. It was observed fromWAXD and TEM a possible
mix of structures from intercalation and exfoliation of clays in the nanocomposites.
The improvement in the thermal stability of PMMA/organoclay nanocomposites was
not significant by the authors because of the intercalated structure formed [76].

2.4 Tetravalent Metal Phosphates

Transition metal phosphates have been known for over 100 years. In contrast to
phyllosilicates, lamellar inorganic phosphates are synthesized andpossess the general
formula M(RPO3)2, where M is a tetravalent metal and R is a hydrogen atom (H), a
hydroxyl group (OH), or an organic radical [15] [66].

Zr(HPO4) 2 · H2O (α-ZrP) and Zr(HPO4) 2 · 2H2O (γ-ZrP) with the inter-
lamellar spacing of 0.76 and 1.2 nm, respectively, are quite studied. Scanning elec-
tronmicroscopy (SEM) reveals structure like hexagonal diskswith a diameter around
600 nm. The pioneer and the most studied is α-bis-monohydrogen zirconium phos-
phate,α-Zr(HPO4)0.2 ·H2O, also called ofα-ZrP. It has received a lot of attention due
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to the useful features like ionic exchanger, catalysis, intercalation, high aspect ratio,
and so on. It is synthesized by the reaction between zirconium oxychloride (ZrOCl2 ·
8H2O) and phosphoric acid. Its properties change according to the P:Zr ratio, reaction
temperature, and reflux time. Gamma-type lamellar zirconium phosphate has higher
acidity than its corresponding alpha one. It is because of two hydroxyl groupments
linked to the same phosphorus atom. As consequence, it possesses interlamellar
spacing to accommodate two water molecules per mol of the compound favoring ion
exchange process [5, 27].

Alpha-ZrP has high cation exchange capacity (6.64mmol/g) allowing direct inter-
calation mostly with base substances such as alcohols and alkylamines. It does not
possess a planar structure. The P–OH group is a kind of Brønsted acid, and it is
not symmetrically distributed along with the filler lower and upper lamellae. This
geometry induces the intercalation of tilted molecules at an appropriate angle settled
as zigzag into the filler galleries. The intercalating molecules change the packing
angle continuously and also the chain arrangement. This could explain the gradual
increase of interlamellar spacing as the amount of intercalating is enhanced [64].

Some results obtained by Marti and Colon on ZrP intercalation are shown. Tris
(2,2′-bipyridine) ruthenium (II) intercalating ZrP increased the interlamellar spacing
from0.76 to 1.52 nm. Through solution ormicrowave tool, 4-methylmercapto aniline
promoted intercalation of cationic species. The authors commented on the unfinished
intercalation process since several peaks onX-ray diffractogramswere noticed. Ethy-
lamine and propylamine (twice) and octadecylamine (seven times higher) increased
ZrP interlamellar spacing, but only 60% of cation exchange capacity was reached
[46].

Composites of LLDPE and -ZrP (neat and organically modified) were prepared
byMendes et al. The characterization by TG andDSC analyses showed an increasing
of extrapolated initial degradation temperature T onset, decreasing of crystallinity
degree (Xc), and the melting temperature (Tm), which evidenced that the poly-
olefin and octadecylamine interacted into the filler galleries in the LLDPE/ZrPOct
composite. The appearance in the LLDPE/ZrPOct material of new XRD peaks at
low angles strongly indicated formation of nanocomposite. The intercalation process
of long-chain amine and the entry of the polymer chains into the filler spacement
of the LLDPE/ZrPOct composite were detected by wide-angle X-ray diffraction
(WAXD) and hydrogen low field nuclear magnetic resonance (1HLFNMR) making
suppose that a nanoscale material was reached. These convergent findings evidenced
that nanocomposite with a mix of intercalated and/or exfoliated structure has been
achieved for LLDPE/ZrPOct [48].

In further publication, Mendes et al. obtained zirconium phosphate modified
with octadecylamine using three amine:ZrP molar ratios (0.5:1,1:1, and 2:1). It was
observed that the lamellae/intercalant interactions and the disposal inside basal space-
ment were evaluated. The intercalation ratio was responsible for the octadecylamine
insertion in the ZrP platelets, more evidenced in higher ratios, and observed by XRD.
FTIR showed modification of PO3

− bands and thermocalorimetry indicated fusion
and release of amine in different steps, which was an evidence that the Brønsted
acid–base reaction between P–OH and amine groups occurred [49].
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Alpha-ZrPwith octadecyalmine was obtained by Lino et al. to achieve composites
of polyethylene. The findings from thermal, crystallographic, and mechanical eval-
uations led to conclude that a microcomposite was achieved. The long-chain amine
acted as organicmodifier of the phosphatewhich promoted the increase of basal inter-
lamellar space to allow HDPE chain to enter inside nanofiller galleries, to enhance
HDPE properties. The intercalation promoted a decrease of the (001) diffraction peak
value, elastic modulus, crystallinity degree, and an increase of thermal stability. The
authors proposed that the system obtained present a structure partially intercalated
and/or exfoliated [40].

Mariano et al. studied how the screw rotation affects the organomodified nanozir-
conium phosphate dispersion in polypropylenematrix. The authors observed a syner-
gistic behavior of the screw speed with the nanofiller on components dispersion and
thermal characteristics. The increase of the rotation led to a higher filler distribution
in the PP, as observed by scanning electronmicrography (SEM) andWAXDanalyses.
Also, the reduction of the nanocomposite crystallinity degree and increase of thermal
stability were detected through calorimetry and thermogravimetry. Due to the over-
lapping of PP and nano-ZrPOct filler absorption bands, it was not observed relevant
displacements in the infrared spectra. The convergent evidences led the authors to
infer that possible a mix of intercalated and exfoliated structure was obtained in
PP/ZrPOct composite [44].

The insertion of intercalant for drug delivery is also a possibility for the use of
zirconium phosphate materials. The insertion of zinc gluconate (ZnG) molecule as
an intercalant into (α-ZrP) as a shelter was performed by Carvalho and co-authors.
The authors evaluated the interrelationship and the intercalation ability of the ZnG
into the phosphate basal spacing, where it was observed some indications that the
drug molecule was able to be inserted into phosphate lamellar spacing. By ther-
mogravimetry, it was deduced that among the phosphate lamellae some gluconate
molecules are free, and some are linked.WAXD patterns, as shown in Fig. 9, infrared

Fig. 9 WAXD patterns of zirconium phosphate (ZrP), zinc gluconate (ZnG), and ZrP-ZnG [11]
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spectroscopy, and relaxometry by nuclear magnetic resonance displayed that ZnG
intercalation occurred and that there is interaction between phosphate and gluconate.
Evenwith hydroxyl groupments anchored in phosphate, it possesses extremallyweak
basic force, which reduces the chance of reaction with phosphate acid groups in the
phosphate interlamellar space. The results supported that in the intercalation of ZnG
into ZrP filler predominated physical interaction [11].

From in situ caprolactam (CL) polymerization, Garcia et al. investigated the pure
and organomodified zirconium phosphate in PA-6 hygroscopicity. Powerful interac-
tion between polyamide and organophosphate was evidenced by infrared and rheo-
logical analysis. The polymer crystallinity was decreased in the nanocomposites, and
a lower hygroscopicity (almost 40% smaller than pristine PA-6) was assigned to poor
affinity of ZrP/water and water-repellent octadecylamine intercalated molecules in
the composite, as shown in Fig. 10 [23].

Mariano and co-authors investigated the insertion of ether-amine oligomer in
zirconium phosphate basal space. FTIR indicated a powerful interaction between
phosphate and amine groupments. Thermogravimetry (TGA) displayed that amine
was incorporated by ZrP, where the expand of basal space was quadruplicated indi-
cating success in the modification. SEM/EDX analysis Fig. 11 showed that the ether-
amine was intercalated in phosphate lamellae, and it is an indicative that acid P–OH

Fig. 10 Representation of the supposed exchange betweenPA-6 and [PO3
− +NH3 –(CH2)17 –CH3]

in PA-6/ZrPOct nanocomposite [23]
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Fig. 11 SEM/EDX analyses of ZrP (a, b and c) and E-A/ZrP (d, e and f) [45]

groupment reacted with basic amine groupment, and formed an ionic bond PO−+

3HN–[–(CH2–CH2–O) m–(CH2–C–H(CH3)–O)n–]. The authors concluded that a
partially intercalated nanofiller were achieved [45].

3 Final Considerations

The search sources to accomplish this chapter revealed the interest of the scientific
and technological sectors on modification of lamellar fillers. There is similarity in
the intercalation treatments of clay minerals and tetravalent metal phosphates once
they are cation exchange materials.

The versatility of graphene/polyolefin nanocomposites suggests a great potential
for application in the automotive, aerospace, electronics, and packaging industry. In
relation to graphite, a non-polar polycarbon, there is a need for the lamellar func-
tionalization through acid etching and subsequent heat treatment to expand the load
galleries. Some barriers still avoid the full use of this nanofiller like the difficult
dispersion and handling of the sheets.

In the case of double lamellar hydroxides, the treatment is similar to that applied
to clay minerals and phosphates, but it should be noted that these are anion exchange
materials.

The lamellar filler modification steps have proved to be extremely important for
obtaining polymeric materials with different properties and thus with different appli-
cations, increasing the possibility of use in the market. Regarding the properties of
polymers, most studies emphasize the importance of full exfoliation of the nanofiller
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in order to obtain better properties compared to original polymer. Both clay minerals
and zirconiumphosphate show an enhance in the thermal characteristics of nanocom-
posites, while graphite considerably increases the elastic modulus, thermal, and elec-
trical conductivity of the material. Few studies highlight the property improvements
using double lamellar hydroxides, possibly due to their difficult polymer intercalation
and exfoliation.
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Chapter 2
High Temperature Tribology of Surface
Coatings

Arkadeb Mukhopadhyay , Tapan Kumar Barman, and Prasanta Sahoo

1 Introduction

Coating is deposited onto a substrate to modify it surface properties. The coating
deposited is generally protective in nature and improves surface finish, wear resis-
tance, scratch resistance, corrosion resistance, hardness, etc. Thus, a thin layer of
a coating effectively improves surface properties without the need to alter the bulk
properties of a material. Surface coatings may be soft or hard with anti-friction and
anti-wear characteristics, respectively [50]. Nevertheless, the coatings may also be
typically classified according to their deposition techniques [47]. The classification
of coatings based according to their deposition techniques is presented in Fig. 1.

Hard surface coatings are used for improving wear resistance of the substrates and
enhancing tribological behavior of mating parts in cylinder liners, piston rings, etc.
Hard ceramic coatings are used in bearings and seals operating in extreme conditions,
slurry pump seals, valves, knife sharpeners, gas turbine blades, etc. [50]. In various
industries, severalmating components are exposed to high temperature sliding condi-
tions and environments. Generally, the interfaces of various moving assemblies in
automotive, power generation, aerospace as well as metal working process involve
high temperature mating components. High temperature exposure leads to morpho-
logical as well as microstructural changes due to enhancement of reactions and
various other interactions of parameters. The mechanical properties of the materials
are also affected due to oxidation and diffusion phenomenon. Thus, the synergistic
effect of these entire phenomena affects the friction and wear behavior of materials
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Fig. 1 General classification of coatings [47]. Reprinted fromEncyclopedia of Tribology, In:Wang
Q.J., Chung YW. (eds), Caroline Richard, Tribological coatings for high temperature applications,
2013, with permission from Springer

at high temperature. Recent developments have seen mono- or multi-layered coat-
ings with several functionalities that prevent components from degradation due to
friction, wear, or corrosion. Tribo-corrosion, i.e., the synergy of tribology as well
as corrosion phenomenon also magnifies degradation of mating components. In
such cases, modern coatings have been successfully utilized. For high temperature
applications, where conventional lubricants fail, suitable surface modification and
surface coatings find usage [47]. It is desirable that these coatings should have high
thermal stability and capability of providing self-lubrication. Super hard materials
and nano-composites referred to as diamond or diamond-like-carbon coatings are
finding increasing usage [47]. The thermal stability as well as tribological character-
istics may be improved by deposition of multi-layered coatings thus combining indi-
vidual properties of various coatings. Deposition of poly-alloyed coatings also serves
the purpose of achieving a wide range of enhanced characteristics and mechanical
properties for use in the high temperature domain. Electrodeposition and electroless
nickel coatings also provide superior wear resistance at elevated temperatures [38].

Surface coatings are gaining significant importance in the high temperature
domain. Some typical examples of the high temperature industrial applications
includemetal processing, automotive, and aerospace industries.Hot drawing is exten-
sively used in the automotive industry for manufacturing parts like bumpers, door
beams, hood reinforcements, etc. Friction and wear of tool occur during dry contact
of the tools with sheet. The hot drawing process may be optimized by the use of high
temperature coatings which will in turn reduce manufacturing costs [47]. Further,
thermal barrier coatings are effective in reducing losses arising due to oxidation
and wear of vanes of gas turbine or aero-engines and highly loaded turbine blades
[47]. Researchers have also shown that thermal sprayed coatings may be success-
fully used in aerospace, mining, and automotive industries [41, 55]. Plasma-sprayed
PS series coatings developed at National Aeronautics and Space Administration
(NASA) were also seen to be efficient over a broad operating temperature range and
it was concluded that PS400 series coatings were suitable for aerospace applications
[48]. Recent studies have also shown that electroless deposited alloy coatings have
enhanced tribological characteristics at high temperatures of 500 °C [36].

Therefore, with rising industrial demands and harsh environments, there is a need
to study different coating methods which have been explored by researchers for the
high temperature domain. The present chapter aims to provide a concise discussion
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on high temperature-based coating design and deposition techniques. Recent devel-
opments and future trends are also discussed with an aim to enhance the surface
engineering techniques for high temperature-based tribological applications.

2 Surface Coating Deposition Techniques

Surface engineering has gained immense importance since components are subjected
to various surface attacks in the form of friction, wear, and corrosion. Automotive,
aviation, power, chemical, etc., industries depend heavily on surface engineering
and coatings. To meet demanding needs and cater into leading-edge technology, it
is necessary to optimize both volumes of components as well as surface properties.
There are several methods of coating deposition. The properties of the coatings
depend on the process chosen. Further, the parameters of coating deposition in a
certain process also control the friction, wear, and corrosion resistance of the coatings
[7]. A coating process is also selected based on environmental condition, loading,
operating temperature, cost effectiveness, etc. Right choice of coating material and
process parameterswould allowcomponentsworking in severe environments to excel
in high temperature conditions. Some techniques which are used for deposition of
coatings related to high temperature applications are discussed subsequently.

2.1 Vapor Deposition Techniques

Vapor deposition technique refers to the deposition of a material which is in vapor
state and condensed onto a substrate. In this method, ions, atoms, or molecules in
gaseous phase are utilized to deposit coatings having excellent tribological character-
istics. The process is versatile and produces coatings with high purity and adhesion to
the substrate. They also replicate the surface of the substrate and there is no require-
ment of post finishing operations. Since vapor deposition takes place in a vacuum
chamber, the cost of the system is comparatively higher. Vapor deposition may be
broadly classified as:

• Physical vapor deposition (PVD)
• Chemical vapor deposition (CVD).

2.1.1 Physical Vapor Deposition (PVD)

In PVD, the starting material is in the form of a solid. As energy is introduced,
the solid is transformed to gaseous or plasma phase [30]. High vacuum is used to
condense the vapor (10–8 to 10–1 torr) on the substrate [50]. The steps involved
in PVD include (a) generation of gaseous phase, (b) transport of particles, and (c)
condensation and growth of layer [30]. The different ways by which coatings are
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Fig. 2 Schematic diagram of PVD processes: a evaporation, b ion-plating and c sputtering

deposited by PVD for high temperature applications are mainly through arc PVD,
sputtering, and ion-plating. The PVD process is shown schematically in Fig. 2. The
different PVD processes are discussed in brief as follows:

ArcPVD: By this process, the solidmetallic coatingmaterial is evaporated by running
an arc having diameter of a fewmicrons. Due to the high current, high energy plasma
is formed and thematerial that is evaporated is almost totally ionized.A reactive gas is
passed through the chamber wherein themetal ions combinewith it and get deposited
on the substrate or component. Thus, a thin and highly adherent coating is formed.

Sputtering: Sputtering is a widely used vapor deposition technique. The solid coating
material is dislodged into the vapor phase due to bombardment of energetic parti-
cles and positive ions of heavy inert gas (argon ions). A negative voltage is applied
to the target. Due to the applied negative voltage, the positive Ar ions are acceler-
ated towards the target. The atoms or ions required for deposition are ejected by
momentum transfer. The particles that are evaporated are finally introduced into a
chamber with a gas containing the non-metallic component of the hard coating. Sput-
tering being a high energy process, any material may be deposited since the coating
material is passed into the vapor phase by mechanical process.

Ion-plating: When the starting material is ionized in plasma, high energy ionized
particles are yielded for coating deposition. This is known as ion-plating. To increase
the adhesion of coating to the substrate, partial ionization of the vapor is carried
out. Either the material to be deposited is passed through a gaseous glow discharge
(plasma) or an external ionization gun is utilized as the bombardment source. Adhe-
sion of ion beam-type coatings is found to be excellent even at low substrate
temperature.

2.1.2 Chemical Vapor Deposition (CVD)

In CVD technique, the components in gaseous phase react close to or on the substrate
to be coated [30]. A volatile component of the coating is reacted with gases or vapor
or decomposed thermally on to the hot substrate [50].Chemical reaction is initiated
at 150–2200 °C. The pressure is kept at 0.5–760 torr. The substrate is heated by
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laser or a heater. Coatings with excellent quality and adhesion are produced by low
pressure CVD with high deposition rate [50]. Since deposition at high temperature
is involved in CVD, it limits the deposition on substrates with low melting point.

2.2 Electrodeposition

This is an electrochemical deposition process wherein a current is passed externally.
This allows influence over direction in which the reaction proceeds and metal depo-
sition [30]. current is passed through a solution called the electrolyte. Generally, DC
current source is applied and at times, pulsed technique is employed. The pulsed
process enables deposition of graded and multi-layer coatings. The dissolution of
metal ion to be deposited takes place either by dissolution of anode or the elec-
trolyte [30]. The material to be coated is cathode. Thus, reduction of metal ions
takes place at the cathode. One of the pre-requisites is that the substrate must be
electrically conductive. A variety of metals can be deposited by electrodeposition.
The electrodeposition setup is presented schematically in Fig. 3.

Fig. 3 Electrodeposition setup
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2.3 Electroless Deposition

Electroless process is a chemical process and is also known as autocatalytic process. It
takes place by autocatalytic chemical reduction. There is no aid of electricity to trigger
reactions. The coating bath consists of a reducing agent. This reducing agent provides
electrons to reducemetallic ions on to the substratewhichmust be catalytically active.
Since it is not necessary that the substrate be electrically conducting, this process is
flexible and a broad type of substrates can be plated easily. Even though electroless
deposition is receiving widespread attention now, the reduction of nickel from its
aqueous solution from a hypophosphite based bath was made by Wurtz [51]. Wurtz
idea was not developed for a whole century until Brenner and Riddell [3] conducted
the first laboratory experiment and were given the credit for introducing electroless
nickel coating to the world. Basically, electroless nickel coatings may be classified
as Ni–P- or Ni–B-based alloy and composite coatings. After receiving significant
attention, it has grown into a wide family of functional coatings serving several
industrial needs. The main application of electroless nickel is based on its corrosion
resistance and anti-wear characteristics. The main disadvantage of this process is
its finite bath life. The electroless nickel deposition process has been schematically
depicted in Fig. 4.

Fig. 4 Electroless nickel deposition setup
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2.4 Hard Facing

Hard facing may be done by thermal spraying, welding, or cladding [50]. Thick
and hard coatings are produced by hard facing. The coating is melted in a heating
zone and sprayed on to a cooled substrate material. Thermal energy for melting the
material is obtained by a flame, electric plasma, detonation of gases by a spark plug,
etc. [50]. When coating material is supplied in the form of a powder, wire or rod
and heat are produced by a gas, flame, or electric arc, and the process is known as
welding deposition. In cladding, a metallic foil or sheet is metallurgically bonded to
a metallic substrate. There are several methods by which a metal or alloy may be clad
such as deformation cladding, braze cladding, diffusion bonding, weld cladding, and
laser cladding. Plastic deformation applied through pressure/impact along with heat
results in a truemetallurgical bond and the process is known as deformation cladding.
Diffusion bonding relies on the principle of coalescence of contacting surfaces by
the application of pressure and heat for short time. When surfaces are sandwiched
by a brazing material in the form of a paste, foil or powder, it is known as braze
cladding. The stack is heated by a heat source to form metallurgical bond [50]. In
weld and laser cladding, the metal is clad by melting it and fusing it to the substrate.

3 High Temperature Tribology of Coatings Deposited
by Different Techniques

3.1 PVD/ Arc-PVD Coatings

Tribologically protective coatings were deposited onto tools and components by
deposition of ions, atoms, or molecules in gaseous phase by PVD process [30].
Several research works regarding PVD for high temperature applications have been
carried out. Nohava et al. [40] demonstrated the tribological behavior of Al–Cr-based
wear-resistant coatings that are suitable for the high temperature domain (oxynitride
and oxide coatings). An industrial rotating arc-cathode PVD process was used for
coating deposition. High wear resistance was observed for AlCrN coatings up to
600 °C. But the coatings failed at 800 °C. Severe wear was exhibited by all nitride
and oxynitride coatings at 800 °C. But α-(Al,Cr)2O3 coating exhibited outstanding
wear resistance at 800 °C. This was attributed to its stable alpha-alumina structure.
This hindered oxidation of the coating at high temperature and consequently a severe
wear. It was concluded that not only the ability of the coating to prevent oxidation
of the substrate but also its excellent abrasion resistance led to high wear resistance
at 800 °C. (Ti0.7Al0.3) N coatings deposited by PVD process were also considered to
be wear resistant at high temperatures [49]. Hence, these coatings were deposited on
AISI H13 steel which is generally used as dies in hot extrusion. The wear resistance
of the coatings was investigated at room temperature as well as at 600 °C. As-
received and gas-nitrided coatings were considered. Different substrates, coatings,
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Table 1 Nomenclatures of
heat-treated AISI H13 steel
substrates and coatings
considered by
Rodríguez-Baracaldo et al.
[49]

Nomenclature Cooling Other treatments Coating

HA Air – –

HAN Nitriding –

HAB – TiAlN

HANB Nitriding TiAlN

HO Oil quenched – –

HON Nitriding –

HOB – TiAlN

HONB Nitriding TiAlN

Reprinted from Wear, 262, Rodríguez-Baracaldo et al., High
temperature wear resistance of (TiAl)N PVD coating on untreated
and gas nitrided AISI H13 steel with different heat treatments,
380–389, 2007, with permission from Elsevier

and their nomenclature are shown in Table 1 while their COF and wear volume are
presented in Table 2. The gas nitride coatings exhibited satisfactory wear resistance
compared to bare steel or the as-deposited coatings. High load carrying capacity
and H/E ratio were the reason behind excellent wear resistance which allowed the
presence of higher elastic strain. Further oxidation of the coating was prevented by
dense oxide formation in the wear track. Though it was reported by Nohava et al.
[40] that (Al,Cr)2O3 coatings were more wear resistant than TiAlN coating variants.

The high temperature tribological behavior of Ti6Al4Vwas improved by nitriding
and subsequent application of TiAlN coatings prepared by cathode arc-evaporation
technique [39]. The test temperature was changed from 25 to 600 °C. Wear rate was
observed to be lowest at 500 °C. The higherwear resistancewas attributed to the tribo-
chemical films of Al2O3 and TiO2. Similar results were also observed for Ti55Al45N
and Ti35Al65N nitride coatings prepared by cathode arc-evaporation technique [16].

Table 2 COF and wear
volumes of AISI H13 steel
(coated and non-coated) at
room and high temperatures
investigated by
Rodríguez-Baracaldo et al.
[49]

Temperature (°C) Sample COF Wear volume (mm3)

600 HA 0.55 0.083

600 HAN 0.6 0.015

600 HAB 0.65 0.054

600 HANB 0.95 –

600 HO 0.52 0.143

600 HON 0.60 0.017

600 HOB 0.67 0.030

600 HONB 0.93 –

Reprinted from Wear, 262, Rodríguez-Baracaldo et al., High
temperature wear resistance of (TiAl)N PVD coating on untreated
and gas-nitrided AISI H13 steel with different heat treatments,
380–389, 2007, with permission from Elsevier
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The wear resistance was significantly improved at 600 °C with an increase in Al. Zr–
Si–N coatings was deposited by cathodic arc technique on WC–Co substrates [60].
The Si content was varied from 0.2 to 6.3 at.%. Consequently, there was a change
in microstructure from columnar to nanocomposite. It was suggested that columnar-
structured coatings and higher Si yields superior macro-scale wear resistance at room
and elevated temperature (500 °C). Hot forging tools were seen to be efficiently
protected by nitriding and PVD coating [13]. Hybrid layers of Cr/CrN/AlTiCrN
coating, Cr/CrN coating, and CrN/AlCrN/AlCrTiSiN coating were applied on hot
forging tool steel. Cr/CrN coatings were effective in protecting the tool steel from
wear. This was attributed to its high adhesion and resistance to abrasion. Further,
Cr/CrN/AlTiCrN coating was also effective in improving the lifetime of tool steel
due to its high resistance to abrasion. It also formed a thermal barrier. This resulted
in a limited heat transfer. The PVD process also includes sputtering and ion-plating
and has been discussed subsequently.

3.1.1 Sputtered Coatings

TiN and CrN coatings were deposited by low voltage arc deposition technique.
Further, TiCN was also deposited by magnetron sputtering. Their high temperature
tribo-performance was examined [44]. Significant oxidation of the coatings was
observed at temperatures above 300 °C when sliding against Si3N4 balls. Austenitic
steel substrate coated with TiCN by unbalancedmagnetron sputtering was also tested
at different temperatures while sliding against 100Cr6 balls [45]. Plastic deformation
was dominant for TiCN coatings below 200 °C while within 300–500 °C, the major
wear mechanisms observed were fracture, delamination and oxidative. TiN coatings
deposited by high impulse magnetron sputtering were seen to exhibit high wear
resistance at 300 °C [24]. But above 450 °C, oxidation of the coatingwas unavoidable.
Further at 600 °C, the coatings were oxidized and cracked easily. The COF decreased
as test temperature increased as shown in Fig. 5. WSx co-deposited along with TiN

Fig. 5 COF of high impulse
magnetron sputtered TiN
coatings at room and high
temperature [24]. Reprinted
from Coatings, 9, Kuo et al.,
High temperature wear
behavior of titanium nitride
coating deposited using high
power impulse magnetron
sputtering, 555, 2019
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coatings by reactivemagnetron sputteringwas investigatedbySerra et al. [52].Coated
specimens containing 4 at. % WSx were not effective at 343 K and its properties
deteriorated. But on increasing theWSx content to 19 at. %, a low COF and optimum
wear rate of 0.86 × 10−17 m2/N was observed without any cracking.

Adaptive and friction reducing coatings were produced by unbalanced magnetron
sputtering that consisted of niobium nitride with silver nano-inclusions [57]. Tribo-
logical tests at 25–1000 °C was carried out while sliding against Si3N4 counterface.
Above 700 °C, the coefficient of friction (COF) was within 0.15–0.30. At lower
temperatures, COF was low due to the migration of silver to the surface. On the
other hand, at high temperature, lubricious glazes were formed and responsible for
the reduction of COF. The coatings were further doped with MoS2. A low tempera-
ture lubricant like MoS2 was added to investigate its effect on tribological behavior
at high temperature. There was no appreciable change in COF at room temperature
on addition of MoS2. The COF at high temperatures was appreciably lower due
to synergy of lubricating effects of molybdates and silver niobates. Silver tantalate
coatings produced by unbalanced magnetron sputtering were investigated at ~750 °C
[56]. They exhibited COF in the range 0.06–0.15. Reconstruction of self-lubricating
AgTaO3 into amechanicallymixed layer (MML) comprising Ta2O5, AgTaO3 andAg
nano-particles were attributed to this low COF. Furthermore, magnetron-sputtered
VN/Ag coatings were found to be adaptive and self-lubricating at high tempera-
tures [2]. The COF of the coatings was found to be in the range of 0.15–0.20 at
700–1000 °C. Analysis of wear tracks using EDX and XRD revealed silver vana-
date, silver, and vanadium oxide formation. Due to the layered atomic structure of
Ag3VO4 such low COF was observed.

For high temperature friction and wear resistance, magnetron-sputtered multi-
layered CrAlN/VN coatings were deposited and investigated by Wang et al. [59].
Preferable anti-wear characteristics were observed at 700 °C. This was attributed to
interfacial strengthening and the formation of lubricated vanadium oxide layers on
theworn surface. The anti-wear property of themulti-layered coatings at high temper-
ature was due to contribution of the respective elements and structural strengthening.
Sputtered CrVxN coatings with varying V content were studied by Rapoport et al.
[46]. Their friction behavior at high temperature was also investigated. The stick–
slip phenomenon was also observed. Experiments were performed from 25 to 700 °C
under low sliding velocities. Experimental results revealed that with an increase in
V up to 27–35 at.% resulted in an increase in hardness, fracture toughness, and
a decrease in grain size. Consequently, the tribological behavior improved. Strong
stick–slip was observed at room temperature due to mechanical interlocking as a
result of adhesion. Lower wear and stick slip at high temperature was associated
with formation of low shearing tribofilmofV2O5.DCmagnetron-sputteredMoS2 and
MoSe2 coatings were prepared [20]. Their tribological characteristics weremeasured
at high temperature and in air with varying humidity levels. The high temperature
tests were carried out on a ball-on-disc high tribometer. Results revealed that air
humidity did not influence the COF of MoSe2 [20].
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3.1.2 Ion-Plated Coatings

High temperature tribological behavior and adhesion strength of ion-plated TiN
coating with Ni–W interlayer was deposited [14]. The substrate considered was a
hot work die steel. Crsytallization was observed during TiN deposition. The precip-
itation hardening of Ni–W interlayer was also reported. Considering the thermal
aspects of the deposition, an interface diffusion layer was also formed. Precipita-
tion hardening of the Ni–W interlayer resulted in an effective support of the TiN
coating due to an increased toughness as well. The adhesion of TiN coating with
Ni–W interlayer improved consequently. In comparison with single TiN coating,
the duplex coating had a significantly higher wear resistance at 500–700 °C. The
predominantwearmechanismat elevated temperaturewas abrasive and adhesive.The
tribo-perfromance of AlTiN coating deposited by cathodic arc ion-plating was inves-
tigated at 700–900 °C [8]. Oxides of Al2O3 and TiO2 were formed which provided
a lubricating effect at high temperature. The average COF of the AlTiN coating
was 0.77, 0.65, and 0.57 at 700 °C, 800 °C, and 900 °C, respectively. Oxidative,
abrasive, fatigue, and adhesive wear were the predominant mechanism. Cathodic
arc ion-plating was used to deposit VN and VCN coatings [32]. Lower COF and
wear was exhibited by VCN coating compared to VN coating at different operating
temperatures. Formation of a self-lubricating oxide of V2O5 and carbon phase indi-
cated that the coating may be used for potential applications and tribo-components
working under high temperature. Cathodic arc ion-plating was used to deposit CrN
coatings on YT14 cemented carbide cutting tools [15]. At 3 N load, the high temper-
ature friction and wear characteristics were excellent but at 7 N, the coatings failed.
Abrasive, oxidative, adhesive, and plastic deformation was the dominant wear mech-
anisms. At 300, 400, and 500 °C, the COF of CrN coatings was 0.50, 0.62, and 0.43,
respectively [53]. Abrasive wear was dominant at 300 and 400 °C. At 500 °C, slight
oxidation along with abrasive wear was dominant.

3.2 CVD Coatings

CVD coatings have been investigated as potential candidates for high temperature
extrusion process. H11 tool steel was surface engineered for aluminum extrusion
dies. The tribological configuration involved sliding of 6082Al disc against die
block at high temperatures [43]. Comparison of base steel and nitrided steel was
carried out. Furthermore, deposition of commercially available duplex CVD and
PVD coatings were considered. The ability of surface finish in influencing the tribo-
performance was also investigated and no significant effect was concluded. Heavy
damage was observed for the steel and nitride samples. Surface examination post
wear tests revealed delamination pits and large craters in the sub-surface region. In
the compound layer of coating, the hard duplex PVD coating was seen to be delam-
inated only in the outermost region. Compared with PVD, the bi-layered TiC-TiN
CVD coating with lower load bearing capacity showed lesser damage. The influence
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of temperature on the wear performance of CVD coating deposited on CoCrFeMnNi
high entropy alloy (HEA) bonded Ti(C,N)-based cermets was studied by Chai et al.
[4]. Five layers of CVD coating in the sequence TiN, MT-TiCN, transition layer
(TiCO), α-Al2O3, and TiN were deposited. The substrate was HEA-bonded cermet.
Wear testwas carried out at 700 °C.Excellentwear resistancewas observed compared
to Ni-bonded cermet and this was attributed to small grain size, good adhesion, and
hardness. Adhesive, abrasive, and oxidative wear was seen to be predominant.

3.3 Electrodeposited Coatings

Hot dip aluminized Zn–Ni coatings were electrodeposited on manganese boron flat
steel. The hot forming application was simulated [19]. The tribo-performance of the
coatingswas investigated in the formof hot strip drawing and hot forming.Al-Si coat-
ings were also considered. Higher COF was observed for Al-Si coatings compared
to Zn-Ni coatings. This was attributed to the formation of a zinc oxide layer. The
ZnO was also responsible for the enhancement of wear of work piece. Tribological
characteristics of pure Ni coating and with micro/nanoSiC were observed at room
as well as high temperature (300 °C) by Lekka et al. [26] under high load condi-
tions. At room temperature, the wear resistance of pure Ni as well as with micro-SiC
was almost similar. Inclusion of nanoSiC led to a 70% decrease in wear rate. All
the coatings presented a higher wear rate at 300 °C due to lowering of mechanical
strength and an increase in ductility of the matrix. But compared to pure Ni, the
wear rate decreased by 63 and 88% on inclusion of micro-SiC and nano-SiC, respec-
tively. The increased wear resistance of Ni-nano-SiC coatings was attributed to the
uniform distribution of SiC throughout the deposit which inhibited plastic deforma-
tion. The wear mechanism at high temperature was observed to be tribo-oxidative
and presence of micro-particles favored the mechanical adhesion of nickel oxide.
Compared to DC current, pulsed current (PC) has the capability to produce lamellar
structure and increase deposition of micro-SiC [25]. A clear grain refinement was
observed when Ni-nano-SiC coatings were electrodeposited using PC. Compared to
DC, the hardness of composite coatings improved when PC was applied. The wear
mechanism at 300 °C was predominantly tribo-oxidation along with abrasion for the
composite coatings.

Ni–SiC, Ni–SiC–MoS2, and Ni–SiC–Gr composite coatings were fabricated by
electrodeposition. This was done by a suspension of reinforcement particles well
dispersed in a Ni sulfamate plating bath [9]. The COF of Ni–SiC coating was stable
at room temperature. An increase in operating temperature resulted in a decrease
in COF. At 100, 200, and 300 °C, the increase in COF was 17%, 80%, and 67%,
respectively, compared to room temperature (25 °C). Wear surface examinations
revealed spalling as the prevalent wear mechanism at various temperatures. At low
temperature, the COF was smoother due to lower delamination. But the ductility of
Ni matrix increased with an increase in temperature resulting in more plastic defor-
mation. Addition of solid lubricating particles such as graphite or MoS2 increased
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Fig. 6 COF of
electrodeposited Ni with
inclusion of SiC, MoS2, and
Gr at different temperatures
[9]. Reprinted from Surface
and Coatings Technology,
254, Fazel et al., Effect of
solid lubricant particles on
room and elevated
temperature tribological
properties of Ni–SiC
composite coating, 252–259,
2014, with permission from
Elsevier

the stability of COF at high temperature. A consequent reduction of 10–15% in COF
was seen. Strong adhesive wear was reduced on addition of graphite providing effec-
tive lubrication at high temperature. The reduction in COF was more than 30% for
graphite containing coating at high temperatures as indicated in Fig. 6.

3.4 Electroless Deposited Coatings

Electroless deposited coatings have high hardness and enhanced tribological char-
acteristics. They have proven self-lubricating nature and anti-wear behavior at room
temperature [33, 37]. Recently, their ability to provide effective wear resistance at
room and high temperatures has been explored. At 550 °C, electroless Ni–P coating
with 10 wt.% P in as-deposited condition was observed to exhibit the best wear resis-
tance [31]. The wear rate and COF dropped due the oxide glaze formation. As-plated
Ni–P coatings show better wear resistance at operating temperatures near the phase
transformation temperature [21]. Heat treatment was received by the coatings during
the sliding wear at elevated temperatures. As a result, microstructural changes were
induced and optimum grain size was achieved which prevented propagation of dislo-
cation [21, 31]. The tough Ni matrix provides support to the oxide glazes and the
tribological characteristics are enhanced. On the other hand, an aging effect takes
place for the already heat-treated coating leading to deterioration in wear resistance
and COF.

The high temperature tribology of Ni–P coatings with varying phosphorus content
was investigated by Ghaderi et al. [12]. Wear behavior at high temperature for elec-
troless nickel coating with 3.5, 5, 9, and 12 wt% phosphorous was studied. The
range of changes in phosphorous content for Ni–P coating in between 3.5 and 12
wt% led to a change in hardness in the range of 555 and 710 HV. Wear resistance
at high temperature for electroless coating was the highest and the lowest for Ni-3
wt% P and Ni-12 wt% P, respectively. Results show that in case of low phosphorous
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electroless coating, an oxide film was formed, and this film led to the lubrication
and a decrease in friction between the two surfaces subjected to wear while the worn
surface of electroless high phosphorous nickel coating lacked an oxide film. The
wear mechanism for these coatings was of adhesive type. When wear test ran over
750 m, electroless Ni–12 wt% P coating experienced adhesive and abrasive wear,
hence they created more severe mass loss. Coating hardness after wear test at 250 °C
for electroless Ni-9 wt% P increased by 10 Vickers. This happened because of grain
growth and crystallization of nickel remaining from the amorphous phase. In case
of low phosphorous coating, there was no hardness change.

High temperature tribology of electroless Ni–P–W coatings was investigated
by Kundu et al. [22]. The influence of load, speed, and temperature on the tribo-
performance as-plated and heat treated coatings was studied. Ni–P–W coatings
exhibited a stable friction and wear behavior at 100–500 °C. The wear resistance
of as-deposited coatings was particularly enhanced at 300–500 °C due to exposure
at high temperature. An increase in microhardness of the as-deposited coatings post
wear test substantiated the fact that the toughness of the coatings improved due to the
heat treatment it received during sliding wear at elevated temperature. The predomi-
nant wearmechanismwas adhesive as well as abrasive. The tribological performance
of Ni–P-B coatings was governed by formation of MML, oxidative layer, and phase
transformations [23]. Recent studies have revealed excellent tribology of electroless
Ni–B deposits sliding against hardened steel at elevated temperature [42]. This is
because of the high melting point of the hard boride phases. At high temperature of
500 °C, the worn surface of Ni–B coating was characterized by glazed oxide layer,
depletion of boron, and oxidation [36]. At 300 °C (temperature near phase trans-
formation), the wear rate observed for Ni–B coatings was lower than that at 500 °C
(Fig. 7). Also as the temperature was increased to 500 °C, the COF decreased (Fig. 8)
due to formation of low shear strength oxide layers. But the wear rate increased at
500 °C due to oxidation and depletion of B. It was further observed that high temper-
ature stability of Ni–B coatings could be improved by deposition of ternary Ni–B–W
and Ni–B–Mo coatings [34]. XRD of worn specimens at 500 °C revealed crystal-
lization of the as-plated binary and ternary alloys. Inclusion of W improved the wear
resistance whereas Mo improved the COF [34]. The tribological behavior of Ni–
P–BN (h) coating deposited by electroless method was studied at 25–400 °C [27].
The COF and wear resistance both deteriorated with an increase in temperature. At
100 °C, failure of coatings took place by adhesive and fatigue mode. While at high
temperatures, there was pronounced increase in adhesion due to softening of the
coating and gross plastic deformation.

Franco et al. [11] observed an improvement in high temperature performance
of Ni–P coatings at 200 °C on reinforcing SiC particles and heat treatment. XRD
of worn track revealed phase evolution and slight crystallization at 200 °C. The
worn surface of coatings without reinforcement indicated adhesive wear with micro-
cracks. Sub-surface cracks were formed at high temperature due to the cyclic nature
of loading during sliding wear. In Ni–P–SiC coatings, fine abrasive grooves and
polishing were noticed. The reinforcement hindered micro-crack formation and a
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Fig. 7 Wear rate of electroless deposited Ni–B coatings [36]. Reprinted from Tribology Trans-
actions, 61, Mukhopadhyay et al., Effect of operating temperature on tribological behavior of
as-plated Ni–B coating deposited by electroless method, 41–52, 2018, with permission from Taylor
and Francis

Fig. 8 Friction coefficient of electroless deposited Ni–B coatings [36]. Reprinted from Tribology
Transactions, 61, Mukhopadhyay et al., Effect of operating temperature on tribological behavior of
as-plated Ni–B coating deposited by electroless method, 41–52, 2018, with permission from Taylor
and Francis
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consequent reduction in wear rate took place. On inclusion of MoS2 to form Ni–
P–MoS2 coating, the tribological behavior at high temperature improved due to
formation of NiO andMoO3 which have lubricating effects [28]. The COF decreased
as the test temperature increased from 400 to 500 °C. But at 600 °C, the tribological
characteristics deteriorated due to coating softening. Self-lubricating behavior at
high temperature was also observed for Ni–P coatings with Ag and Ag + Al2O3

[1]. Silver particles decreased the fluctuations of friction coefficient and the coatings
demonstrated a ‘chameleon’ behavior at elevated temperature.

3.5 Plasma-Sprayed and Plasma-Transferred Arc Coatings

A self-lubricating composite coating designated as PS304 was deposited on steam
turbine governor valve lift rods. The high temperature wear and galling performance
at 540 °C were investigated [58]. The chrome-oxide coating designated as PS304
was plasma sprayed. Silver and BaF2/CaF2 particles were co-deposited to function
as solid lubricants. After 8500 h of operation, the surface of the rod was inspected.
It was seen that the surface was well protected. The effective protection from wear
and galling was due to formation of lubricious glaze. This protective layer consisted
of barium/calcium fluorides, silver, and chrome-oxide.

Plasma spray technique was used to deposit nano-structured and ultra-fine WC–
Co coatings [5]. The high temperature tribological behavior and failure mechanism
were investigated. At high temperature, the nano-structured coatings had better wear
resistance than ultra-fine coatings. In ultra-fine coatings, brittle fracture and adhesive
wear were seen to dominate followed by abrasive wear. In nano-structured coatings,
toughness fracture and abrasive wear were seen to dominate followed by adhesive
wear.The wear rate and COF of TiC/Ti3AlC2–Co cermet coatings (deposited by
atmospheric plasma spraying) at 600 °C were studied by [6]. Coated specimens
with 30 wt. % Ti3AlC2 exhibited smallest COF and wear rate. Compared to TiC-Co
cermet, the wear rate was 1.26 times lower. Whereas compared to TiC–Ni cermet,
the wear rate of the coating was 10 times lower.

Plasma-transferred arc welding was used to deposit Colmonoy 5 powder on 316L
stainless steel substrate [18]. The hardness of the coatings was 2.5 times higher than
the substrate. As test temperature increased, wear loss and COF decreased. The wear
trackwas characterized by severe abrasion and ploughing at room temperature during
the initial sliding distance. Thewearmechanismwas shifted to delamination andmild
abrasion as the sliding distance increased. For a shorter sliding distance at 573 K,
the wear mechanism was mild ploughing. An increase in sliding distance shifted
it to tribo-oxidation. Adhesive wear was observed at 823 K during initial sliding
distance. Tribo-oxidation occurred at greater sliding distance. Plasma-transferred
arc method was used to deposit hardfaced nickel based coatings [10]. The substrate
material was gray cast iron. Even though hardness of gray cast iron was lower than
the Ni coatings, both showed a similar wear rate due to formation of tribo-layer of
C. Material softening occurred as a result of oxidation at 550 °C. Hence wear rate
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increased abruptly for both the coatings and gray cast iron. The Ni based coatings
were effectively protected by Ni–O. At 700 °C, the wear resistance of coatings
improved. But the wear of gray cast iron was intensified. High amounts of oxide wear
debris agglomerated to form an oxide layer which improved the wear resistance of
the coatings.

3.6 Laser Clad Coatings

Laser cladding technique was used to deposit Ni60 and Ni60-hBN composite coat-
ings on Ti6Al4V [29]. The coatings with 10% hBN exhibited excellent wear resis-
tance at 300 and 600 °C. Wear performance of laser clad FeNiCoAlCu HEA coating
was investigated at room temperature, 200, 400, 600, and 800 °C [17]. Oxide film
formation resulted in excellent wear resistance of the coatings at high temperature.
Abrasive and oxidative wear were dominant for the coatings at high temperature.
CoCrNiSiBFe HEA powder was laser clad on low carbon steel and the wear behavior
at high temperature was investigated [54]. At 500 °C, abrasive wear was observed
for amorphous layer while whereas adhesive for the crystallized layer. This led to a
decrease of 10% in mass loss of the amorphous layer.

4 Tribo-mechanisms Observed at Elevated Temperatures

4.1 Abrasive Wear

Abrasive wear may be characterized by the formation of parallel grooves along the
direction of sliding. When the counterface material mates with the coated surface,
due high hardness of the counterface, the asperities of the coatings may be sheared
leading to the formation of wear debris. This may be useful or harmful to the elevated
temperature tribological performance depending on the shape and size of the debris.
The wear debris if small and spherical may cause a rolling effect thereby reducing
friction and wear or it may cut through the coating creating grooves along the sliding
direction and displacing material to the side of the wear track. A typical abrasive
worn surface at 300 °C is illustrated in Fig. 9.

4.2 Adhesive Wear

Adhesive wear mechanism is observed when formation of bond between the two
mating surfaces takes place due to high normal loads or high temperature. Bonding
takes place due to adhesion and the contacts get sheared during sliding leading to the
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Fig. 9 Abrasive wear
mechanism at elevated
temperature observed for
Ni–B coatings [35].
Reprinted from Surface
Review and Letters, 24,
Mukhopadhyay et al.,
Effects of heat treatment on
tribological behavior of
electroless Ni–B coating at
elevated temperatures,
1850014, 2017, with
permission from World
Scientific Publishing
Company

Fig. 10 Adhesive wear
mechanism at elevated
temperature for Ni–B
coating [35]. Reprinted from
Surface Review and Letters,
24, Mukhopadhyay et al.,
Effects of heat treatment on
tribological behavior of
electroless Ni–B coating at
elevated temperatures,
1850014, 2017, with
permission from World
Scientific Publishing
Company

detachment of material fragments. Such surfaces are generally characterized by the
formation of ‘pits’ and ‘prows’ instead of parallel grooves or plastic deformation.
A surface with the formation of pit due to adhesion at high temperature (100 °C) is
shown in Fig. 10.

4.3 Fatigue Wear

At elevated temperatures, formation of cracks may take place during sliding wear
tests due to the repeated loading and unloading conditions prevailing. This leads
to the formation of crack. As due to the harsh conditions, accumulation of strain
becomes enough causing opening of the crack and its propagation. Due to repeated
cycles, surface or subsurface cracks are induced after a critical number of cycles,
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Fig. 11 Fatigue-fractured
surface of Ni–B coating at
elevated temperature [35].
Reprinted from Surface
Review and Letters, 24,
Mukhopadhyay et al.,
Effects of heat treatment on
tribological behavior of
electroless Ni–B coating at
elevated temperatures,
1850014, 2017, with
permission from World
Scientific Publishing
Company

resulting in formation of large pits and detachment of materials. Wear caused due to
fatigue wear is less crucial, but what is more important is the useful life in terms of
number of cycles of operations before fatigue occurs. Material removal caused by
fatigue wear and formation and propagation of cracks causing detachment of surface
coatings at 500 °C is illustrated in Fig. 11. Micro-cracks are clearly visible in the
SEM micrograph of wear track of electroless nickel coating (Fig. 11) during sliding
wear tests at 500 °C.

4.4 Mechanically Mixed Layers (MML) Formation

MML formation is another important observation during wear tests at demanding
condition. The tribology of a surface coating or a metallic material at demanding
conditions is largely affected by this phenomenon. Wear debris is formed during
the wear process due to adhesion, abrasion, fatigue, and a synergy of all these
processes. This entrapped wear debris is flattened at different portions of the material
as wear progresses. Moreover, some amount of the counterface material is also seen
as transfer layers. This along with oxygen may form protective MML. These flat-
tened areas act as load bearing sites and also leads to a smoothening effect causing
a decrease in the specific wear rate or COF. MML formation and flattened areas as
patches are depicted in Fig. 12.

4.5 Tribo-oxide Scales Formation

Formation of oxide layers which are protective in nature has been reported in several
studies. This phenomenon is observed both under ambient aswell as high temperature
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Fig. 12 Formation of
mechanically mixed layers
for Ni–B coating at elevated
temperature [35]. Reprinted
from Surface Review and
Letters, 24, Mukhopadhyay
et al., Effects of heat
treatment on tribological
behavior of electroless Ni–B
coating at elevated
temperatures, 1850014,
2017, with permission from
World Scientific Publishing
Company

condition.A stable thick oxide layer formation results in improved tribo-performance
of themetallicmaterials or coatings under demanding conditions as it tends to protect
the layer below it. Though, periodic formation and removal of oxide layers may lead
to unstable COF during the wear process and with high fluctuations in the same.
When tribo-oxide patches are formed, reduction in specific wear rate is observed.
The shear stresses caused during the sliding wear creates resistance to motion and
act either within the tribo-patches or at the boundary between the patches and sub-
surface material. Formation of blackish oxide layer at 500ºC sliding wear test for
electroless nickel coating is illustrated in Fig. 13.

Fig. 13 Formation of
tribo-oxide scales for Ni–B
coatings at 500 °C [35].
Reprinted from Surface
Review and Letters, 24,
Mukhopadhyay et al.,
Effects of heat treatment on
tribological behavior of
electroless Ni–B coating at
elevated temperatures,
1850014, 2017, with
permission from World
Scientific Publishing
Company
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5 Conclusions and Future Research Directions

From the foregoing discussion, it can be seen that the investigation of tribological
behavior of severalmaterials aswell as protective surface coating at high temperatures
is gaining significant importance.With the rising demands of industries and aerospace
applications, it is, therefore, necessary to obtain tailor made surface properties for
components subjected to high temperatures. Among several methods discussed in
this study, PVD-CVD coatings were seen to be largely explored for applications at
high temperature. Even nickel coatings deposited by electroless method can be used
as potential high temperature materials. This is because nickel has a high melting
point. Furthermore, it is oxidation resistant up to 500 °C. TheNi–B variants also have
high thermal stability. The use of reinforcements inmetallicmaterials helps in disper-
sion strengthening of the matrix. A consequent improvement in wear and friction
performance could be achieved. Various tribo-mechanisms are observed at elevated
temperatures. These include adhesion, abrasion, fretting, fatigue, galling, MML, and
oxide scales. A combination of the aforesaidwearmechanismsmay be also observed.
The synergistic effects of temperature as well as the wear mechanisms that occur
determine the tribological behavior at demanding conditions. Therefore, the study
of high temperature tribological behavior is necessary. Tailor-made coatings with
nano-particles need to be explored further for providing effective protection at high
temperatures. Nano-particle inclusion with self-lubricating ability and adaptability
is the future of surface engineering for high temperature applications.
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Chapter 3
Aramid Polycarbonate Resin Film
Engineered Composite for Ballistic
Protection: Engineered Layered
Materials

Ramdayal Yadav, Minoo Naebe, Xungai Wang,
and Balasubramanian Kandasubramanian

1 Introduction

The modern battlefield involves threats not only from the enemy combatants but
also includes continuous friction and low-velocity impact hazards from the civilian
populace, and it is intensified as conflict matures [14]. Carr et al. have reported
that such a dynamic state of circumstances in the battlefield renders major causal-
ities due to the generation of lethal fragments compare to those caused by a bullet
[14]. The importance of protection was realized through the outnumbered causal-
ities during World War I and various other conflicts around the world [77]. In the
recent years, the new avenue of materials has been extensively exploited based on
natural armor design strategies imitating the interdigitating hierarchal structures of
natural species like mollusk shells, lotus leaves, spider silk, etc. These structures
are exploited due to their multifunctional ability and high mechanical properties
compared to their constituent material composition, lightweight, and multi-hit capa-
bilities. [4, 23]. Though, a number of such natural structures have been studied exten-
sively but imitating those hierarchies in synthetic materials at a various length scale
are yet to achieve. However, among various reported studies on natural architecture,
layer by layer assembly of nacreous structure has been widely explored due to their
high mechanical properties like high strength as well as high toughness in addition
to their multi-hit capabilities. Mollusk shells are regarded as layered structure with
calcite (rhombohedral) or aragonite (orthorhombic) (95–99%) and organic materials
(0.1–5%) like proteins and polysaccharides [34].
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Thoughvariousmaterials and combinationof the processwere exploited to biolog-
ically mimicking the hierarchical architecture of nacre and its emulation in commer-
cially available systems have been least reported. In recent years, fiber-reinforced
composites have been extensively exploited for the development of efficient ballistic
material due to their high strength, stiffness, and specific strength [3]. The ballistic
response of fiber-reinforced composite utilizes thermoset and thermoplastic as a
polymer matrix. Though thermoset has demonstrated superior tensile, shear, and
compressive strength but low-temperature storage, hot/wet stability, and long curing
process curtails its exploitation as fiber-reinforced polymer matrix [9, 15–17]. In
the recent years, thermoplastic are preferred widely as matrix over thermoset due
to their ability to recycle, relatively easy processing into different shapes and sizes
as well as long shelf life [45, 69]. Apart from thermoplastic, a number of fibers
have been employed for the development of ballistic composite including E-Glass,
S-Glass, aramid (Kevlar®-29,49, 129), Nylon 66, poly (p-phenylene benzobisoxa-
zole) (Zylon®), etc. [19, 36, 76]. Among all the class of lightweight fibrousmaterials,
aramid fiber has been gleaned as a prominent example of laboratory experimentation
to commercialization. Aramid fiber is a long polymer chain of poly-paraphenylene
teraphthalamide that exhibits extraordinary mechanical properties like high strength
to weight ratio, high modulus, and toughness with excellent dimensional stability
[31, 47, 67].

In the current study, we have demonstrated the utilization of resin transfer
molding technique (resin-fiber-infused technique) for fabricating high-performance
reinforced polycarbonate composite to mimic the natural nacreous design strategies.
Though, various combinations of thermoplastic and high-performance fiber have
been exploited [3, 8, 25, 26, 28, 68], but the elucidation of polycarbonate for ordi-
nance velocity range has been least reported in the context of layered natural armor
exoskeleton. In addition to ballistic efficacy, we have also discerned the thermal
attribute of developed composite and demonstrated that fiber reinforcement had
eclipsed the thermal characteristics of polycarbonate in addition to its mechanical
property (impact characteristic). The thermal stability of the composite was also
evaluated on the basis of the linear approximation of Arrhenius equation at the onset
temperature of degradation and in the region of degradation.

2 Materials and Experimental Details

Polycarbonate (PC) (MFI= 10.5 g/10min, viscosity 22 cp, LEXANgrade 143R)was
purchased from SABIC Innovative Plastics India Pvt Ltd, India. Aramid fiber was
obtained from the Naval Materials Research Laboratory (NMRL), DRDO, Amber-
nath, India. The composite was fabricated via a resin-fiber-infusion technique, as
illustrated in Fig. 1 [59]. The fabrication method includes transferring the desired
dimension of polycarbonate at aramid fabric (placed over metallic mold plate),
ensuring proper interaction between fabric and polycarbonate film. This process
was further repeated until the required dimension and thickness is not achieved. The
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Fig. 1 Processing technique for fiber-reinforced layered polycarbonate composite (FRL PC
composite)

layered stacks were placed inside the vacuum bag, as illustrated in Fig. 1, followed
by the increasing temperature at 2°C/min till 285°C (melting temperature of poly-
carbonate). The layered stacks of polycarbonate and aramid have been allowed to be
held until the complete infusion is not achieved (the time was optimized for 20 min).
The curing process was performed in the oven followed cooling to room temperature
before demolding [7]. The standard operating procedure utilized in the current study
has been provided in Table 1. The impact property of developed composites was
conducted as per ASTM standard D256, while thermomechanical properties were
evaluated by dynamic mechanical analysis (TA Q800-USA) under the condition 2

Table 1 Standard operating
procedure for developing
polycarbonate layered
composite

Conditions Operations

Reinforcement Aramid fiber (223GSM)

Matrix Polycarbonate (250GSM)

Required dimension 150 mm × 150mm

Targeted fiber volume fraction 57%

Weight of uncured composite 218.72 g

Curing condition Ramp from ambient to 285 °C
at the rate of 5 °C/min

Dwell time 20 min at 285 °C
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Fig. 2 Ballistic test setup

°C/min heating rate from room temperature to 200 °C. Thermal properties of devel-
oped layered composites have been evaluated by differential scanning calorimetry in
addition to temperaturemodulated conditions (TAQ200-USA). Thermal gravimetric
analysis was also conducted to understand the degradation phenomenon (TA Q50-
USA. Field emission scanning electron (FESEM)microscopewas utilized to conduct
the fracture surface analysis for the samples (FESEM, Carl-Zeiss, Germany).

2.1 Ballistic Experiment

Ballistic efficacy of layered polycarbonate/aramid composite was assessed by
inhouse small arm ballistic facility of Defence Metallurgical Research Laboratory,
DRDO, Kanchanbagh Hyderabad, India as elucidated in Fig. 2. 7.62 × 39 mm mild
steel core projectile was fired at the distance of 10 m from the muzzle end of the gun
[60].

3 Results and Discussion

The development of nacreous structure in nature is a slow process and involves
the absorption of minerals and organic matter for intermittent deposition in brick
and mortar architecture [18, 49]. The imitation of such slow growth process with
analogous environmental stimulus in laboratory is not apparent, but the extensive
effort has been employed to mimic natural exoskeleton in artificial materials [65, 66,
71–74, 81]. Self-assembly and sequential deposition are widely exploited method-
ology for developing a natural armor system in artificial materials in terms of nano
and micro-dimensionality. Yao et al. have reported the vacuum filtration or water
evaporation technique to mimic the nacreous structure in chitosan and montmo-
rillonite bionanocomposite film [79]. They have demonstrated that the incorpo-
ration of nacreous architecture in hybrid building block has rendered augmented
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Young’s modulus and ultimate tensile strength in addition to enhanced fire retar-
dancy. In another study, Cheng et al. have demonstrated the cross-linking of two-
dimensional graphene oxide sheets with π-conjugated long-chain polymers made
of 10,12-pentacosadiyn-1-ol (PCDO) monomers via a conjugated cross-linking
method. Graphene oxide sheets in this study have been considered as a brick, while
PCDO is gleaned from being a mortar phase in artificial nacre [20]. The developed
composite avails comparable organic content to the natural nacre in the composite
in addition to the distinct organic and inorganic phase with excellent tensile and
toughness.

It has been observed that most of the work mainly focuses on an emulation of
analogous mollusk architecture at nano or micro-dimension, but we have demon-
strated that even macroscopic mimicking of such structure possesses the ability to
demonstrate enhancedmechanical property [75]. In this abstraction, we have demon-
strated the hypothesis of mollusk layered assembly architecture where polycarbonate
has been considered as a soft organic phase, while aramid fiber is contemplated as
a hard rick structure. The macroscopic exoskeleton of developed composite layered
fiber-reinforced composite has been elucidated in Fig. 3 a–d. Figure 3b delineates the
intact layered architecture analogous to the nacreous structure reported by Yao et al.
and Cheng et al. in the previously elaborated study, while Fig. 3c renders intermittent
alternative assembly of polycarbonate and aramid fiber. The thermal and mechanical

Fig. 3 Layered assembly of polycarbonate and aramid fiber a top view of the composite, b cross-
sectional view, c cross-sectional view at highermagnification, and d cross-section viewof reinforced
fiber
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property of the developed composite has been elaborated in a later section in addition
to the ballistic efficacy against high-speed muzzle velocity.

Polycarbonate has been considered as a prominent commercially available amor-
phous polymer due to its high toughness and impact resistance [28, 39] and exhibits
nearly all mechanical attributes of the glassy polymer at the different combination of
time and temperature [80]. The characteristics of polycarbonate have been explored
by number ofmethodology including dynamicmechanical analysis [74, 80], positron
lifetime spectroscopy [44], dielectric [53] and nuclear magnetic spectroscopy [54].
Among various reported techniques, dynamicmechanical analysis has been observed
to be the prominent technique which possesses the ability to resolve elastic and
viscous component of polymer [64]. Dynamic mechanical analysis of polycarbonate
was studied by Illers et al. at 1 Hz frequency from torsional pendulum reported three
relaxation peaks at +155, +80 and −97 °C, subsequently corroborated as α, β, and
γ , respectively [40, 80].

Among these three relaxations, α transition is enumerated to the glass transition
temperature, while β transition is related to the small localized chain motion or
processing condition [29, 37]. γ transition in polycarbonate is a debatable point and
extensively deliberated by Yee et al. [80]. In the current study, we are mainly concen-
trated on structural and impact application of the developed composite; therefore,
the relaxation related to the glass transition is primarily focused. Figure 4a–c and
d–f elucidated the dynamic mechanical analysis of pristine polycarbonate and FRL
PC composite, evaluated by tensile and 3-point bend test, respectively. As delineated
in Fig. 4b–c and e–f, the storage (elastic component) and loss modulus (viscous
component) were observed to be augmented in FRL PC composite. In our previous
study, we have demonstrated that the peak of Tan δ (ratio of loss modulus to storage
modulus) can be associated with the α transition or glass transition temperature [77].
The corresponding peak can be rationalized to the segmental chain mobility and
increased degree of freedom due to the conformational arrangement of the polymer
chain. It is essential tomention here that the enhanced glass transition temperature for
fiber-reinforced composite (Table 2) in both the testing mode cannot be substantiated
to just polycarbonate of the composite. Although the shift in glass to rubbery tran-
sition temperature for composite emerged, due to the restricted segmental motion
polycarbonate in aramid fiber as per the concept of glass transition temperature
as isoviscous state [51]. We postulated that the diminishing peak height of Tan δ

can be contemplated to the improved working temperature since high Tan δ values
demonstrate non-reversible structural deformation in the polymeric system [64].

The dynamic mechanical response from polymeric materials involves physical
change as a function of temperature, while the thermal or heat effect can be exem-
plified via differential scanning calorimetry (DSC) and temperature modulated DSC
[63]. DSC is one of the most accepted methodologies to measure the heat flow in the
polymer system as the function of temperature and subsequently identifies its glass
transition temperature. Höhne et al. have elucidated that during the glass transition
temperature, the intrinsic attributes of polymer and measurement variables turned
into a time-dependent phenomenon, and system passes through the non-equilibrium
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Fig. 4 Dynamic mechanical analysis for pristine polycarbonate and fiber-reinforced composite
a–c tensile mode of DMA, d–f 3-point bend mode

state where classical thermodynamics is not applicable [33]. Therefore, the second-
order transition (glass transition) requires heat to pass through that non-equilibrium
relaxation stage and subsequently renders step in DSC spectra (circled region in
Fig. 5a). Although the evaluation of Tg from the step transition is subjective [63],
but in the current study, the onset temperature of the relaxation has been considered
as glass transition temperature (Table 3). Since DSC evaluates the combined effect
of heat capacity and enthalpic relaxation, therefore, its inadequacy to resolve step
transition in some systems curtails its effective utilization, as illustrated in Fig. 5a
(for fiber-reinforced PC composite). In this context, temperature modulated DSC
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Fig. 5 aDifferential scanning calorimetry for PC and FRLPC composite, b temperaturemodulated
DSC of polycarbonate, c temperature modulated DSC of FRL PC composite, d heat capacity for
PC and FRL PC composite, and e derivative heat capacity for FRL PC composite

can provide significant insight by the virtue of its efficacy to measure reversible
(heat flow-change of heat capacity with temperature) [58] and non-reversible heat
flow (non-reversible heat flow-change of heat capacity with time) [58] separately
as discerned in Fig. 5b, c. In addition to rev and non-rev heat flow component,
Fig. 5d exhibits the heat capacity difference between the pristine polycarbonate and
fiber-reinforced PC composite which can be effectively explained on the basis of
fundamental hypothesis related to the heat capacity. The heat capacity of a poly-
meric system mainly deliberated in two components, i.e., lattice vibration (skeleton
vibration: low frequency acoustic vibration) and vibration from internal motion (high
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frequency vibration compare to lattice vibration) [30]. The contribution of internal
motion to the heat capacity is considerably higher compared to the lattice vibration at
theworking temperature of the polymer (>100K) [30]. Such atomicmotion inmacro-
molecules involves bond stretching, bond bending, torsional oscillation, flipping of
structural unit from one equilibrium to another equilibrium, and cooperative motion
[10]. Therefore, any hinderance to themotion of atom or group of atoms largely influ-
ences the characteristics of heat capacity. In this context, it can be enumerated that
the significant reduction in heat capacity of fiber-reinforced PC composite emerged
due to the restricted intermolecular and intramolecular motion of PC in the entire
temperature range. Hourston et al. have demonstrated that the temperature derivative
of heat capacity can be effectively utilized to illustrate various transitions observed
in the temperature modulated DSC [38]. Figure 5e delineates the derivative heat
capacity of the fiber-reinforced PC composite, where the first peak of the spectra
can be corroborated to the α relaxation of the polymer while the secondary peak
corresponds to the melting of the PC matrix.

Thermogravimetric analysis has been considered as another efficient technique
other than DSC and temperature modulated DSC to evaluate the thermal stability of
the polymeric system and its composite. Thermogravimetric analysis of the pristine
polycarbonate and fiber-reinforced PC composite has been delineated in Fig. 6a, b,
where Fig. 6a elucidated the loss weight fractionwith the function of temperature and
Fig. 6b demonstrates the rate of loss of weight fraction (a derivative of mass loss).
The degradationmechanism of polycarbonate and aramid fibers has been extensively
reported elsewhere [1, 12, 13, 24, 43, 46, 50, 55–57], and therefore the current study

Table 2 Structural stability in terms of temperature (obtained from DMA)

Pristine
polycarbonate
(tensile mode)

FRL PC
composite
(Tensile Mode)

Pristine
polycarbonate
(3-point mode)

FRL PC
composite
(3-point mode)

Storage modulus
(°C) onset

145.66 153.35 139.51 149.13

Loss modulus
(°C) peak
position

151.69 161.21 145.76 156.07

Tanδ (°C)peak
position

157.74 169.32 147.41 159.22

Table 3 Thermal attributes of polycarbonate and its FRL composites

Onset temperature of
degradation (°C)

Ea (kJ/mol.) T50 Ea (kJ/mol.)

Pristine polycarbonate 475.56 123.79 515.46 121.38

Aramid fiber 504.51 25.60 533.29 147.40

FRL PC composite 429.27 63.42 551.68 41.57
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mainly focused on the evaluation of thermal stability expressed in terms of temper-
ature where 50% (T50)of the mass has been lost compared to its final value in inert
environment [32]. Fiber-reinforced PC composite has demonstrated the augmenta-
tion in thermal stability (T50 = 551.68) as elucidated in Table 3. It is evident from
Fig. 6b, FRL PC composite exhibits the characteristics of thermal spectra of neither
polycarbonate nor aramid fiber. Such stimulating attributes can be predominantly
explained by more detailed elemental analysis for detailed contemplation on degra-
dation mechanism, but the activation energy can provide insight into the thermal
stability in addition to T50. Apparent activation energy from thermogravimetry data
can be obtained from linear extrapolation of Arrhenius equation (Eq. 1) assuming
degradation process as first-order kinetic with its applicability to the small extent of
degradation [22, 78]. The slop of the linear approximation plot of Arrhenius equa-
tion discern the apparent activation energy, as demonstrated in Fig. 6c–d and further
tabulated in Table 3. It is evident from the table that the available activation energy
for FRL PC composite is between the activation energy of pristine polycarbonate and
aramid fiber before the onset of the degradation process. Essentially, the decomposi-
tion process, by definition, refers to the breaking of materials by physical or chemical
means and providing initial alteration in structural characteristics for total degrada-
tion to be ensued [42]. The initiation or completion of the decomposition process
requires some form of energy, and therefore, if available energy at an instance is
comparatively smaller, then the system is gleaned from being thermally stable. In
this context, we envisioned that the developed FRL PC composite thermally more
stable beyond the onset of degradation phenomenon (475–550 °C) (Fig. 6d) compare
to both aramid and pristine PC, but its thermal stability is not comparable to aramid
during the onset of decomposition (Fig. 6c).

ln

[
ln wo

w

t

]
=

(
− Ea

R

)
1

T
+ ln ko (1)

where wo = initial weight w = weight at the time t (min) Ea = apparent activation
energy R = ideal gas constant (8.314 J/K. mol.) T = absolute temperature ko =
Arrhenius constant.

In order to further evaluate the mechanical characteristics of polycarbonate, we
have exploited the utilization of the notch impact testing technique followed by
high-velocity muzzle impact. It is widely acknowledged that polycarbonate is notch
sensitive, and sharpening the notch dimension can transform its ductile fracture
attribute to the brittle fracture characteristic [21]. It is obvious from Fig. 7 that
polycarbonate in the current study exhibits sufficiently high impact energy, but the
fiber reinforcement in PC augmented the impact energy bymany folds, and complete
fracture along the width was not observed even with the application of 22 J load
pendulum. The fracture surface of FRL PC composite has been demonstrated in
Fig. 3c, d, which clearly elucidate that fracture phenomenon is significantly eclipsed
by fiber splitting and fibril fracture without discerning the failure phenomenon of PC
particulate.
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Fig. 6 a Thermogravimetric analysis for PC, aramid, and FRL PC composite, b derivative weight
fraction of PC, aramid, and FRL PC composite, c Arrhenius approximation before the onset of
degradation, and d Arrhenius approximation beyond the onset of degradation

Fig. 7 Elucidation of impact
energy for PC and FRL PC
composite
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Polycarbonate was first instituted for the development of lightweight and trans-
parent protection equipment like safety goggles, industrial machine guards, aircraft
windscreen, and police riot shields [52]. Wright et al. have evaluated the perfora-
tion and penetration phenomenon in polycarbonate and demonstrated that five main
attributes can be realized against the subordinance velocity impact depending on
thickness of the sheet or plate, i.e., elastic dishing, deep penetration, cone cracking,
and plugging [72, 73]. Edward et al. have further reported that though a wide range
of ballistic phenomena was exploited by Wright et al., but the ductile to brittle tran-
sition was not effectively discussed [27]. They have performed an experiment on
polycarbonate by throwing the materials utilized in riots, i.e., brick (11.7± 2.5 m/s),
golf ball (24.2 ± 5.3 m/s), and ball bearing (23.2–96.2 m/s). The obtained results
were concluded as (i) the velocity achieved by the rioter was found to be lower which
do not possess the ability to produce any macroscopic damage to polycarbonate, (ii)
at the velocity greater than 50 m/s, the damage become the function of mass and
shape of the impacting the projectile. Therefore, the terminal ballistic phenomenon
in polycarbonate can be corroborated to the number factor that includes shape of
the projectile, thickness of the target, and type of the projectile and velocity of the
projectile. Polycarbonate is mainly exploited as ballistic materials in the combination
of glass (connected with polyvinyl butyral), which shattered when fired the bullet
and retard the projectile enough so that PC prevents the penetration of the projectile
[6, 35, 41, 70].

The stimulating characteristics of impact result enticed further to evaluate the
developed composite against the high-velocity muzzle impact. As elucidated earlier
that high impact velocity on developed composite was performed by 7.62 × 39 mm
steel core projectile with the velocity of 747± 15 m/s at the distance of 10 m. Before
performing the ballistic impact on the FRL PC composite, an x-ray tomographic scan
was carried out to contemplate available defects, as exemplified in Fig. 8a and scan-
ning video provided in supporting information (videoV-1) [59]. As ascertained in the
figure and video imaging of the composite sample, common laminated composite
defects like voids, interlayer, or intralayer delamination and cracks are not visu-
ally available [2]. In this context, we have postulated that the developed FRL PC
composite is dimensionally and structurally integrated and intact, which was also
observed in dynamic mechanical analysis in tension and 3-point bend mode. Later,
the analogous tomographic scan was performed after the ballistic impact (Fig. 8b
and supporting information video V-2) and the ballistic efficacy was evaluated, based
on absorbed energy (calculated as per Eq. 2) [48, 60]. The absorbed energy by the
FRL PC composite was observed to be 240.22 J (calculated from Eq. 2) for the
velocity range provided in Fig. 8b. The failure phenomenon of polycarbonate [5,
62, 72, 73], and aramid fibers have been extensively reported separately [11, 76]
failure phenomenon in the current study requires further deliberation because we
did not observe any characteristic fracture features like delamination, interfacial
debonding, intra and interlaminar fiber shear or high-temperature localized melting
under computed tomographs.
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Fig. 8 a Computed tomographic image of FRL PC composite before ballistic impact and
b computed tomographic image after ballistic impact

Eabs = 1

2
mp(V

2
i − V 2

r ) (2)

where Eabs = energy absorbed by the composite (J);mp = mass of the projectile
(kg);Vi = impacted velocity (m/s); Vr = residual velocity (m/s).

The response of the ballistic materials under low-velocity impact is primarily
limited to the elastic range of the materials without any practical damage. Whereas
the ordnance velocity (500 to 2000 m/s) impart gross deformation, localized melting
and even complete disintegration of impacted materials as observed in the current
study [62]. The comprehensive account for temperature variation becomes essential
in dynamic conditions (strain rate more than 10−2 s) for the distinctive property eval-
uation of the impacted materials. In the current study, it is believed that the failure
phenomenon in developed composite was inducedwhen the structure approached the
critical state, and its load capacity diminished. In this view, the dynamic strength of
materials is subjugated by the strength at high temperature andpressure in the shocked
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state [61]. In the current study, the developed composite demonstrated augmented
structural and thermal stability at high temperature, observed from dynamic mechan-
ical analysis and DSC studies. It is envisioned that such high-temperature stability
of layered composite essentially contributed to its ballistic performance. Primarily,
the ballistic performance of polyaramid fibers depends on the effective distribution
of impact energy via a number of factors including yarn pull out, inter and intra-yarn
friction, etc. Such phenomenological attributes of polyaramid fiberwere not observed
under the ballistic impact, therefore, it is believed that thermal characteristics of the
composite turned into compelling aspects of the developed composite.

4 Conclusions

The current study explicates the method and its validation in terms of biomimicking
the mollusk structure in engineering thermoplastic and high-performance aramid
fiber to elucidate the effect of layered architecture on its thermomechanical property.
The initial section of the study mainly focused on the thermal property of poly-
carbonate and its composite under various techniques including DSC, temperature
modulated DSC, DMA, and thermogravimetric analysis. The dynamic mechanical
analysis and DSC spectra have illustrated significant improvement in thermome-
chanical property of the FRL PC composite due to the restricted motion of localized
atom or group of atoms in addition to the impeded cooperative segmental motion.
The insight into the thermal stability was further evaluated by Arrhenius approx-
imation for thermogravimetric analysis, which rendered that the available energy
before the onset point is significantly low to trigger the decomposition phenomenon
as observed in polycarbonate. The second section of the study involves the mechan-
ical validation of developed composite, which consists of low energy impact (Izod
notch test) and high-speed projectile impact. The fracture surface of the developed
composite demonstrated the predominance of fiber splitting and fibril fracture as
a failure mechanism instead of visible failure characteristics of polycarbonate. It
is essential to note that though the current study does not elucidate the detailed
ballistic failure phenomenon, we envisioned that the utilized process for mimicking
nacreous architecture and stimulated thermomechanical property of the composite to
possess the ability to be exploited as high impactmaterial with some further structural
deliberation.
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Chapter 4
Fiber-Reinforced Composites
for Restituting Automobile Leaf Spring
Suspension System

M. V. Sarath, Swaroop S. Gharde, Odelu Ojjela,
and Balasubramanian Kandasubramanian

1 Introduction

Vibrations can be seen in our day-to-day life in various forms including those we
listen to, the highly erratic tremors causing natural calamities, the reciprocation of
energy in the atomic levels [160] and also the kind we experience while traveling in a
vehicle but which are controlled to the extent of not causing inconvenience [22]. The
shock absorbers are seen even in bicycles [166] to alleviate the uneasiness caused due
to the bumps confronted while riding it. The physiological and hazardous effects on
human beings caused by vibrations in the low-frequency range include mechanical
damage to the heart and lungs, brain injuries, tearing of abdominal and chest cavity
membranes [21]. These are based on the tests conducted on animal and human
subjects [109] as per ISO 2631, where an experimental investigation was done using
simulated laboratory environments, which satisfies the conditions similar to that of
while traveling in a vehicle. The sources for the vehicle vibrations can be listed
as road roughness, engine unbalances, sudden brakes [30], speed fluctuations and
the kind referred to as road excited body noise. The sounds which are produced by
the passage of wheels over the road surface due to the mechanical transmission of
waves through structural components could also lead to noise pollution. Therefore,
it is of great priority to damp these vibrations by providing a smooth suspension
[136], along with proofing the noises to harness the perturbations caused to the
environment. The necessity of providing ride comfort is also paramount when it
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comes to the case of farm animals being transported in heavy trucks [134], as they
are kept immobilized and are more susceptible to injuries and health hazards. Hence,
an efficient suspension system is ineluctable for any automobile for the sleek and
comfortable ride concomitantly protecting the vehicle from high impact forces.

Leaf spring is purported to absorb the shocks and judder of the automobile, playing
a puissant role in the suspension system by undergoing deflections in order to achieve
road flexibility for the automobile and ride comfort to the occupants. Leaves, gener-
ally made of spring steel 56SiCr7 [43], are stacked vertically and tightened by means
of central bolts with suitable geometry to form the leaf spring suspension system
whose early stages of usage were contemplated as laminated springs in carriages in
the eighteenth century; hence, the name carriage spring was in wide usage formerly
(“Carriage Springs,” [25]). Since the embarkment of commutation in animal-driven
vehicles [117], the suspension system has been employed, which could be related
to the primitive form of a leaf spring. In the first decades of the twentieth century,
the four-wheeled motor vehicles could be apprised of being equipped with elliptic
leaf springs (“With the Automotive Inventors,” [181]) for the purpose of passenger
comfort and the vehicle safety. The location of spring is fixed to have a configu-
ration that segregates the body, avoiding direct contact with the wheel axle, which
permits the motion of the axle independent of the body [114]. This, in turn, prevents
high impact loads being transferred from axle to chassis and causing disturbance
to the passengers. Suspension system balances the center of gravity of automobile
combined with occupants as it raises when the vehicle passes over a speed breaker
or irregular track. Figure 2 illustrates the location of suspension springs in a light
motor vehicle so as to perform its functions and support the unsprung weight. The
secondary objective of leaf spring is to maintain stability [151] of the vehicle by
undergoing deflections to a certain limit and also, to bear the shock and dynamic
loads it is subjected to, while the ride goes through uneven terrains. Presently, leaf
springs are manufactured solely for heavy transport vehicles and railway carriages
due to the fact that they distribute the load uniformly in contrast to the coil springs,
which are widely used in light motor vehicles (Fig. 1).

Coil springs transfer the load to a single point, which is not desirable in case
of heavy vehicles that carry large loads (~1–10 tons). The automotive industry’s
mission is to design components with advanced materials as metal leaf springs are
not preferred nowadays in light commercial vehicles as they add more weight to the
automobile and are sentient to corrosion [175], considerably reducing the service
life. Spring steels are popularly employed for manufacturing of leaf springs, due
to their high tensile strength [164] imparting those products, the ability to regain
original shape when subjected to deformation together with providing good fatigue
[88] properties [155]. Spring steels are characterized by a high elastic limit and
the capacity to withstand high stresses under repeated loadings; however, they are
limited by their inability to resist corrosion. Therefore, the usage of steels in the
manufacturing of leaf springs is not being encouraged by the automotive industry as
they clearly indicate a proclivity to achieve the weight minimization and efficiency
maximization criteria together with preventing corrosion [94]. Figure 3 depicts the
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Fig. 1 Characteristics of a leaf spring suspension system

Fig. 2 Position of the suspension system

coil spring attached to the rear axle of an automobile suspension system.spring steels
as they are subjected to repetitive

Springs in the shock absorption system act as a medium which stores elastic
strain energy as it is subjected to dynamic loads and instantly damps out the energy
gradually, which renders the comfort to the occupants [99]. Figure 4 outlines the
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Fig. 3 Rear-axle view of a coil spring suspension system

Fig. 4 Shock absorption of suspension due to uneven terrain

functioning of the suspension system when the vehicle encounters a sudden bump in
the road where the spring absorbs the shock load. The road irregularities play a major
role in exciting the wheel motion to generate vibrations, and they are being trans-
ferred from tyres to the suspension system where damping occurs due to stiffness
of both tyres and leaf springs [66]. Stiffness or spring rate is another property of a
leaf spring which is of prime importance with regard to the material and functioning,
rendering the ability to handle the judder and sudden shock loads. Moreover, elas-
ticity is the material property by which the spring material undergoes deformation
by the dynamic loads and returns to the initial state by releasing the stored energy.
The conversion of the kinetic energy of the wheel motion to potential energy which
is stowed in the spring is an inevitable energy transformation which is responsible
for the smooth functioning of an effective suspension system. With this respect, the
composite materials [157] have high elastic strain energy storage ability together
with resistance to corrosion and also minimum weight comparing with pure metallic
springs. Being the backbone of a suspension system, leaf springs have to tackle vibra-
tion, and they are subjected to repeated stress, which causes fatigue failure (“Fatigue
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Phenomena inMetals,” [41]).Material selection of any component is primarily based
on its performance and failure characteristics, as of here, a spring element fails due
to repeated loading and without revealing any clear indication of the weakness. From
the mid-nineteenth century, the use of carriage springs and its gradual improvement
(Patent No. 139,325, [167]) could be seen, which clearly indicates the history of
leaf springs in the vehicle suspension system. By taking a glimpse at the present
scenario, it is learned that composites [50–53, 56, 58, 67, 70, 77, 87, 169, 183, 184]
havemarked signature in the field of automotive component production [44], with the
sole impression of enhancing the material properties, conjointly to reduce the weight
of the system and accomplish longer service life. Glass fiber-reinforced composites
[85] are colossally exercised in automotive [14] and structural applications [189]with
regard to their supercilious strength to weight ratio [71], untainted corrosion resis-
tance and lower stress values compared to steels. Carbon fiber composites and boron
fiber composites also proffer predominant strength characteristics juxtaposed to that
of glass fiber composites, along with same method of fabrication and processing;
hence, they suffice to be vital candidates asmodernmaterial [18]. Composites consti-
tuting carbon fibers and boron fibers have superior mechanical properties essentially
Young’s modulus which is greater than that for glass fiber composites primarily
with S-glass and E-glass fibers [15]. Researches highlighted the specific strength for
metalmatrix composites employing boron fibers and are electable to design structural
members such as trusses and columns. [148]. Metal matrix composites articulated
with aluminum and boron carbide [187] have also been employed as a substitute
for spring steels like EN45A, as the composite leaves are having evenly matched
strength (ultimate tensile strength ~600–700 MPa) and low density ~2.6–2.8 g/cc
[104]. Recent advancements in field of polymer matrix composites (PMC) [90] in
structural, automotive, [141] space [33] applications [143] elicit the striking aspects
of the desired properties achievedby their versatile nature andflexibility in fabrication
[24, 44]. Composites [98] have made a benchmark in all research fields due to their
elite properties and ability to impart advanced characteristics to the products imple-
menting them [120]. Even from the most facile components to the superlative [128]
kind adapted in applications [113] which demand top priority [149] to quality and
unrivaled performance [122] in the system availing their functions [119], composite
materials have duly undergone extravagant changes finally acquiring a diverse range
of versatility. The automotive industrial [23] research [54] is the penchant to opti-
mize the use of resources and to implement advanced materials [36] as to overcome
the drawbacks of conventional metallic parts. The increasing demand of low weight
components and effective utilization of resources have led to the exploration of
natural fiber engineered composites [19] for automotive applications [5, 76, 93]. The
widely used natural fibers [45] include flax [20], hemp [13], sisal [179], kenaf and
jute [103], most of them being commercially accessible for more than a century
[108] and are having the dexterity [17] and potential to gradually supersede the
glass fiber-reinforced composites in the industry due to the features such as ease
of processing, reduced cost of production, recyclability, stability, eco-friendliness
[129, 173]. In order to effectively reduce the energy consumption [37], tooling and
machining cost [16] by moving away from the traditional way of manufacturing and
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materials, industry paves the way for novel incipience in the production sector. This
review encompasses state of the art on leaf springs, from the outlook of materials
which have been instrumented throughout the history of its life, commencing from
the conventional steel leaf springs, metal matrix composite, synthetic composite,
and the least explored natural fiber-reinforced composite leaf springs. As there is no
elaborate literature available on leaf springs, notably disserting onmultifarious kinds
of materials that have been explored to date, this paper is an endeavor to explore the
materials tailored with the peculiar features that would enhance the functioning of
the leaf spring suspension system.

2 Materials

2.1 Spring Steel

Steel and alloy of carbon and Iron [27] have been an essential element in the
manufacturing industry due to its multifarious properties and qualities, which are
exploited since the beginning of its implementation in commercial applications [38,
65]. Particularly, spring steels [112] are extensively employed in the production of
valve springs, coil springs and leaf springs due to their high tensile strength (~1200–
1800MPa), fatigue life, good hardenability, ductility and toughness exhibited in their
operating temperatures with regard to the application. In automotive applications,
the parts which employ spring steels are generally operated in a temperature range
of ~−40 to 50 °C in particularly suspension system where they are being exposed
to ambient conditions [138]. Ductility is the remarkable property by which steels
are able to deform under tensile loads without sudden fracture, enabling to mend
them into desired shapes and dimensions [186]. After the elastic limit, steel starts
yielding and undergoes plastic deformation, whereas brittle material is subjected to
sudden fracture. However, for steels, failure [147] is initiated by necking, which is the
phenomenon that occurs at the onset of fracture, which could be promulgated as the
reduction in diameter at the cross section along with the elongation, thus maintaining
the volume to be constant. Even though aluminum has almost equal stiffness and
better corrosion resistance, low values for modulus of elasticity and rigidity modulus
compared to steel, high cost and low strength are its limiting factors. Unlike brittle
materials which fail without any warning, steel does not yield to sudden fractures and
in the applications where it is labored at normal atmospheric temperatures. Structural
steel has also been employed for the production of leaf springs due to the strength
characteristics and having wide industrial popularity in the manufacturing sector.
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2.2 Stiffness

Stiffness is a significant property ascribable to the efficient performance of the auto-
motive suspension system employing them, which by definition, could simply mean
the resistance offered against deformation by the spring. Mathematically, spring rate
or spring constant K is the force per unit deflection measured in Newtons per length
unit (mm). From a simple perspective, all the objects possess some stiffness up to
a limit restricted by their material properties, and substances which are pliant are
observed to be less stiff.

Spring rate, K = F

x
(1)

where F is the applied load, x denotes the extension. Spring constant is a dominant
attribute of the spring, which is coalesced to the proficient action of the suspension
system rendering ride comfort to the occupants. Controlling the spring rate is, there-
fore, of topmost priority when it comes to the design of the suspension system.While
selecting material for the leaf spring, ductile spring steels are employed as they are
well characterized by the ability to deform under the dynamic loads and to withstand
the load, which also includes the unsprung load of the vehicle.

2.3 Strain Energy Storage

The ability to absorb energy is highly sought-after property when it comes to appli-
cations involving springs, which are meant to undergo elastic deformations to store
this potential energy and to release it appropriately. It is inevitable for an elastic
material to store the energy, which is then utilized for regaining its original state on
the removal of load. Mathematically, it is formulated as an expression involving the
material property, which is the elastic modulus and stress [156].

Strain energy,U = σ 2/
2E (2)

When a load is applied on elastic material, it undergoes deformation and stores
the work done on the element by the load as potential energy or strain energy of
deformation. For specific strain energy, the material with low density and low elastic
modulus has a higher capacity to store; however, steels are having medium density
and high elastic modulus [137]. With this respects, materials characterizing low
weight density, low elastic modulus and high specific strength will supersede the
spring steel in the performance as well as a quality criterion. Material subjected to
applied load undergoes linear variation up to elastic limit till where the stored energy
is elastic. The element can recover the original state for any deformation within this
elastic limit, after which it sustains as plastic.
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Where S is the stress at proportional limit and E, the modulus of elasticity. Stress
is generated in the material as it is subjected to loading the molecules are forced to
shift from their equilibrium state, and when the applied load is removed, the body
utilizes stored energy during deformation to retain its equilibrium position. Thus,
materials which are elastic in nature could be employed for applications involving
shock absorption which utilizes the energy storage ability as in suspension system,
kinetic energy is transformed to potential energy when the vehicle encounters with
a judder.

2.4 Fatigue Life

Fatigue is referred to repeated cycles of loading in applications where the material
employed could fail due to the factors like areas where stress get concentrated,
corrosion of material, microstructural properties [73], residual stresses [191] and
temperature. Figure 5 states different factors mustering fatigue failure. The machine
elements, such as a leaf spring, could suddenly breakdown with providing some
significant symptoms of weakness, like an initiation of cracks due to metallurgical
factors [26], or other visible marks on the body. Therefore, it is of cardinal magnitude
to scrutinize the fatigue properties ofmaterial exercised in these kinds of applications,
and suitable material has to be chosen as the failure is under the fluctuating stress

Fig. 5 Schematic of parameters affecting fatigue failure
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amplitudes. Methods of enhancing the fatigue life [62] include shot peening, which
is generally employed for spring steels as they are subjected to repetitive shock loads
[47]. When a spherical object called the shot strikes on the specimen surface and
compressive stresses are rendered on the surface, which prevents the procreation
of cracks and thereby improves the material life. The time period in a number of
cycles for which the object persists to perform its function under the repeated loads
before failure is called as the fatigue life and the machine part is said to have infinite
life as long as it is subjected to loading under its endurance limit. It is expressed in
the mathematical form given by the S–N diagram or Wohler curve which is plotted
between the logarithm of stress amplitude (Sa) and the logarithm of the number of
cycles (N) and this curve is implemented to determine the fatigue limit of a material
[180]. Based on number of cycles, the fatigue life is categorized into regimes of
finite life and infinite life (N > 106–7) where they are further classified into low cycle
fatigue [57] (1 < N < 103) and high cycle fatigue [100] (N ≥ 103) regions; also, the
endurance limit of the material is defined at 108 cycles. The governing equations for
fatigue life cycle are Manson–Coffin equation [4] and Basquin relation [3] which are
expressed as given below

Nσ p
a = C (3)

where N corresponds to number of cycles, σ a denotes stress amplitude p and C are
empirical constants [91].

(�εp)/2 = ε′
f(2N )c (4)

where (�εp)/2 denotes the plastic strain amplitude, ε′
f designates the fatigue ductility

coefficient, 2N gives number of strain reversals and c indicates fatigue ductility expo-
nent [11]. The surface roughness [115] can significantly affect the fatigue property
[6] of a specimen as more polished the surface using several treatments like shot
peening crack growth or initiation can be prevented; on the other hand, machining
can induce tensile residual stresses [131]; therefore, relieving these stresses is vital.
Figure 6 elucidates the shot surface of a specimen where compressive stresses are
induced, causing the suppression of crack growths and thereby improving the fatigue
life of the element. This is an additional cost and labor for enhancing fatigue prop-
erty of spring steel and is avoided when a material having good fatigue strength is
utilized for the manufacture of leaf spring. Composites [34] like glass/epoxy have
better fatigue resistance [10] compared to steels and are fabricated in a much simpler
way eliminating all surface treatments for improving properties [69]. For the better-
ment of fatigue life, compressive stresses are to be generated on the surface of the
machine part, and from the design point of view, stress concentrations are avoided,
and if present, strain hardening operations like cold working are employed during
manufacturing stage as it can aid to hinder the crack initiation. Internal defects such
as shrinkages, blowholes and cavities formed due to the inefficient processes under-
taken in the production period also result in the component being subjected to fatigue
failure [150].
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Fig. 6 The shot peened surface of a specimen

2.5 Case Studies

Rahman and Kowser [130] designed and demonstrated the working of a stainless
steel leaf spring, performed the nonlinear analysis by implementing cantilever beam
model and conducted a numerical simulation in C using Runge–Kutta technique.
The results obtained in the experimental analysis were compared with the numerical
method. Fatigue failure is one of the most prominent issues in steel leaf springs,
which are due to the repetitive loadings and crack initiation due to corroded points
[171] (Table 1). Aggarwal [2] experimentally studied the fatigue strength of EN45A
leaf springs, compared the results with that predicted by the mathematical model
based on stress approach, with emphasis given on fatigue life estimation coined a
term called full-scale correlation factor(FSCF) for prediction of fatigue life which
varied linearly with the stress. The bending stress (σb) of leaf spring was evaluated
using the mathematical expression,

σb = 6PL

nbt2
(5)

where p is the load acting, L is half of the spring span, n indicates the number of
leaves, b denotes the width of each spring and t corresponds to the thickness of an
individual leaf. Kumar and Aggarwal [88, 89] demonstrated the refinement attained
in properties by changing the design from flat-leaf springs to parabolic, where they
achieved a deduction in von Mises stress from 1096 to 1083.2 MPa, weight reduced
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Table 1 Studies on steel leaf spring

Authors Materials Property Results References

Aggarval et al. EN45A
Spring steel

Fretting fatigue 3,64,000 fatigue
cycles

Aggarwal [2]

Kumar et al. EN45A Von Mises stress,
weight, fatigue life

Weight reduced
from 9.507 to
8.62 kg, fatigue
life increased from
77410 to 81150
cycles

Kumar and
Aggarwal [89]

Fragoudakis et al. 56SiCr7 Fatigue life Shot peening
enhanced the
fatigue life from 4
× 104 to 1.5 ×
105 cycles

Fragoudakis
et al. [43]

Vukelic et al. 61SiCr7 Hardness, tensile
strength

Vickers test gave
590 HV
Tensile strength
obtained was
1888 MPa

Vukelic and
Brcic [171]

Clarke et al. Spring steel Failure analysis Corrosion due to
chemical
contamination

Clarke and
Borowski [29]

Aher et al. SAE 5160H Von Mises stress,
fundamental
frequency, fatigue
life

592.43 MPa
10.68 Hz
1.47 × 107 fatigue
life cycles

Aher and
Sonawane [3]

Akiniwa et al. EN 10270 Fatigue strength
for torsional and
axial loading

Fatigue strength
between 468 MPa
and 520 MPa for
torsional loading
and 650 MPa for
axial loading in
the giga cycle
regime

Akiniwa et al.
[4]

Kong et al. Parabolic leaf
spring

Effect of roll,
brake, roll stiffness

Vertical stiffness
of 295 N/mm, the
stress of
1450 MPa

Kong et al.
[81]

Sert et al. Fishhook test, tilt
table test

Static stability
factor 1.058,
rollover
probability of
40.32%, front leaf
stiffness of
23 kg/mm

Sert and
Boyraz [151]

(continued)
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Table 1 (continued)

Authors Materials Property Results References

Badkar et al. 60Cr4V2 Improving payload
capacity,
suspension design

Stiffness −
3646 N/mm at a
load of 95.65 kN

Prahalad and
Badkar [124]

from 9.507 to 8.62 kg along with an increase in fatigue life from 77410 to 81150
cycles. Fragoudakis et al. [43] delved into the microstructure of 56SiCr7 steel leaf
springs at the different stages of manufacturing and also tested the fatigue life of
specimen, which gave results as an average of ~(1× 105 − 2× 105) cycles with shot
peening and amaximum value of 4× 104 cycles for the specimen which was not shot
peened. In shot peening, the specimen is subjected to bombardment with a spherical
object called shot, which on impact causes an indention on the surface [1]. Figure 7
portrays a pictorial representation of shot peening consisting of a nozzle from which
spherical shots are pumped and allowed to strike on the surface of the machine
element, which leaves the indentations, inducing compressive stress on the surface.
Cases involved the breakdown of the spring element with corrosion delineated as the
main factor which bossed the failure due to the inept painting coated over it. Vukelic
and Brcic [171] exercised visual inspection of coil spring of material 61SiCr7 and
checked the damage occurred to the protective layer of paint due to direct contact
between the adjacent layers, and by availing the scanning electronmicroscope (SEM)
probed the surface to determine the crack initiation point, obtained the value of the
ultimate tensile strength (UTS) of the specimen to be 1888MPa found using hardness
measurement method. According to Boyer and Gall, the relation between tensile
strength (UTS) and hardness value is given by Eq. [6]

Fig. 7 Schematic of shot peening of a machine element
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UTS = 3.2 ∗ HV (6)

where HV is the Vickers hardness number of the specimen.
Clarke and Borowski [29] examined the rear leaf spring of a sports utility vehicle

on account of its failure, analyzed stress, and observed rust and chemical contam-
ination in the specimen, which could be pointed out as the cause of the fracture.
Evidently, this indicates the susceptibility of steel leaf springs to corrosion even
though the element having coated with a protective layer of paint, a tiny space or
opening could become the active site, so the atmospheric oxygen starts to attack and
initiates degrading the material. Aher and Sonawane [3] applied finite element model
and arrived at the fatigue life measurement of a leaf spring (material SAE 5160H
which is a low carbon steel) employed in light commercial vehicles, conducted static
analysis and obtained von Mises stress values 592.43 MPa at a load of 6 KN, found
the fundamental frequency of leaf spring to be 10.68 Hz along with a fatigue life
of 1.47 × 107 cycles. In an isolated case suspension system components in partic-
ularly leaf springs, failed within a brief time period of its implementation as in
public vehicle transports, which exercise them widely. An investigation conducted
by Herrera et al. [63] on the failure of leaf springs in Venezuelan buses, included
fatigue tests (SAE J1528), Rockwell and Brinell hardness measurements of failed
specimens (ASTME18 andASTM110) accentuated on themechanical fatiguewhich
was fecundated due to the deficiencies in the design and manufacturing processes
adapted, also emphasized that tensile stress was highest at the central hole region.
The metallurgical studies revealed the role played by improper design and ineffi-
ciently employed manufacturing processes, which gradually engendered the preco-
cious failure of springs. Das et al. [32] studied the failure analysis of a passenger
vehicle spring (SAE 9260 steel) and pointed the prime cause to be of ineffectual
shot peening after the microstructure analysis and residual stress measurement was
performed, as deducted due to the short lifespan and premature failure of the compo-
nent. Atig et al. [7] administered an analytical model on asymmetric leaf spring with
parabolic cross section to determine the bending stress distribution by surmising it
to be a simply supported beam, also generated fatigue life diagram. Akiniwa et al.
[4] experimented on fatigue properties of spring steel (EN 10270) employing ultra-
sonic machine setup for testing fatigue under axial and torsional loadings under giga
cycle regime, thereby obtained comparable fatigue strengths of 468 and 520 MPa,
respectively, in both the above conditions. Wang et al. [174, 175] applied automatic
geometric data acquisition (AGDA) on a parabolic leaf spring and conducted stress
analysis utilizing absolute nodal coordinate formulation (ANCF) to learn the inter-
leaf contact stress also pointed out that parabolic design is better than uniform thick-
ness due to diminished weight and less interleaf friction. Kong et al. [81] analyzed
parabolic leaf spring purported in buses, studied the effect of the roll, brake, and
related the roll stiffness of spring to the vehicle roll stability, found the vertical stiff-
ness to have avalueof 295N/mmfor roll stress of 1450MPa.Changes in springdesign
were attributed to refurbishment in the load-carrying ability of the vehicle, also by
enhancing the vertical stiffness directly improves the roll and the wind-up stiffnesses
of the suspension system. Furuya et al. [46] demonstrated fatigue tests on billets of
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spring steel (class of 1800MPa) in both rolling and transverse directions and had the
fatigue strength controlled by inclusions which were found to be twice in the rolling
direction; they also identified fish-eyed fracture in the specimen which had occurred
due to the improper inclusions. Sert and Boyraz [151] conducted parametric sensi-
tivity analysis on minibus suspension system along with fish hook test and virtual
tilt table test in a simulated platform, studied the vehicle roll behavior and calculated
the value of static stability factor (SSF) as 1.058 together with rollover probability of
40.32% for spring stiffness of 23 kg/mm in the front leaf. Static stability factor gives
the quantum of the vehicle’s ability to contravene the possibility of getting capsized,
which should have higher values implying low risk to the occupants. The parameter
SSF is defined as the ratio of track width of the vehicle to twice the distance of the
center of gravity from the ground [68]. Krason and Wysocki [84] investigated the
contact friction between layers of multi-leaf spring of steel (Grade 60S2A) and a
mathematical model was developed for the friction; also, the numerical analysis was
conducted along with the characteristics of thermal stresses, and the temperature
distribution was explicated. Malikoutsakis et al. [97] construed on the optimization
of composite parabolic leaf springs employed in front axle suspension of a truck
(payload of 8 tons), gauged the durability of the spring using finite element analysis
and also scrutinized the performance of the spring element in terms of ride comfort;
steering action of the vehicle has been improved by altering the design aspects of eyes
of the master leaf. Roy and Saha [137] employed variational method and exercised
nonlinear analysis of a parabolic leaf spring where it was modeled as a cantilever
beam, adapted Galerkin’s method to find a solution of displacement model. Karditsas
et al. [74] worked on analyzing the front axle mono-leaf suspension spring (51CrV4)
of a heavy truck illustrated the influence of eye lever in the steering performance and
also studied that the spring rate plays a significant role in the magnitude of stress
developed. Prahalad and Badkar [124] embroidered the payload capacity of a 4 ×
4 heavy-duty truck (BEML TATRA tonnage 40) by comprehending alterations in
the suspension design, advocated with a 60Cr4V2 leaf spring system also reported a
spring rate of 3646 N/mm at a rated load of 95.65 kN. Figure 8 images the driving
force of industrial research in the field of fiber-reinforced composites by the limiting
factors of traditional materials.

2.6 Limiting Factors of Steel

From the above case studies on conventional steel leaf springs, evidently, researchers
have focused on weight reduction, which has been emerged as a prominent issue and
eventually led to the evolution of fiber-reinforced composite leaf spring. Automotive
industries strive to optimize the design for achieving minimum weight for the auto-
mobile and increasing energy efficiency. Low fatigue life, low strain energy storage,
large weight of steel leaf springs and additional cost of manufacturing incurred,
including tooling and other heat treatments, urge the manufactures to pioneer novel
composite materials.
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Fig. 8 From steel to synthetic composite leaf springs

Most of the studies have been concentrated on the fatigue properties of steel
springs, which was revamped by exercising methods like shot peening, where the
synthetic fiber-reinforced composites do not require such operations. Some studies
circumscribed on the susceptibility of steel leaf springs to corrosive failure and the
degradation of the protective coating of paint due to the interleaf contact friction and
wear, which could be eliminated by using composite instituted leaf springs. There-
fore, overcoming the drawbacks of multi-leaf steel springs is plausible by imple-
menting suspension systems with single leaves of carbon or glass fiber-reinforced
composites (Table 2).

3 Synthetic Composite Leaf Springs

Composite fibers have revolutionized the automobile, aerospace [78, 105], manu-
facturing [44] and construction industries [153] by accruing the enhancement of
material properties [60] along with achieving desired functions for which they are
being employed [177]. As the industrial research is looking forward to realizing
sustainability in the modern materials and production, composites since their entry
[178] manifested elite nature and flexibility with this regard [42]. Composites [116]
are cogitated as the best alternative in lieu of conventional materials when it comes to
rigorous design factors like boosted specific strength, rigidity, anti-corrosion prop-
erty and also to harvest versatile functions for advanced automotive applications
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Table 2 Microstructural and theoretical studies on steel springs

Authors Material Experiments Results References

Fuentes et al. SAE J1528 ASTM E18 and
ASTM

Mechanical fatigue
initiated by tensile
stress at the central
hole

Herrera et al. [63]

Das et al. SAE 9260 Microstructure
analysis, fatigue
strength

Ineffectual shot
peening reduced
fatigue life

Das et al. [32]

Krason et al. 60S2A Contact friction,
thermal stresses,
numerical analysis

Temperature
distribution

Krason and Wysocki
[84]

Karditsas et al. 51CrV4 Steering
performance, eye
design, stiffness,
stress

Spring rate
influenced the
magnitude of
stresses

Karditsas et al. [74]

[101, 133]. The behavioral features of composites when being subjected to various
environments directed bymanifold parameters including high temperature, humidity
and pressure, etc. are exceptionally competent [9, 59] in comparison with their tradi-
tional counterparts [185]. Carbon fibers are attributed to having superior strength
qualities, remarkable impact behavior [55] and strikingly low weight compared to
steels which are being reinstated on account of the fact that the aforementioned
composites are being highly coveted by the [168] fabrication industries [72]. After
the embarkment of its journey in commercial applications since the early 1960s,
composites have phenomenally influenced all possible fields together with paved the
way for upgradations in the manufacturing technology [24, 79]. Specific modulus is
the most highlighted property [92] of composites, which has been most sought after
regarding research interests. Figure 9 drafts the multiple peripherals of composites
which renders them superior preference over conventional materials. Most impor-
tantly, these elite composites such as carbonfibers have ventured onto amajor produc-
tion role in the industries through prepreg machines [95] which are available as fully
automated making it swift, employing automated tape laying (ATL) and automatic
fiber placement (AFP) [152] suited for large-scale manufacturing including struc-
tural applications, thus allaying the cost [82, 158]. Figure 10 illustrates the stepwise
procedure employed for the fabrication of a fiber-reinforced composite leaf spring.
The various steps in manufacturing a fiber engineered product adapting prepreg
include preforming, pressing and final processing. Glass fiber-reinforced compos-
ites are popular when it comes to automotive applications [102] as the former also
belong to the same class of carbon fiber instituted composites due to the fact that they
have properties and processing methods [170] equivalent to carbon fiber composites
provided the only disparity lies in the material cost; however, the mechanical prop-
erties are surprisingly comparable. [48] emphasized on augmenting the mechanical
strength of carbon fibers by adapting methods of influencing interfacial properties
such as chemical implantations making use of polyamido amine (PAMAM) using
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Fig. 9 Characteristics of composites

Fig. 10 Fabrication of fiber engineered composite spring using prepreg process
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epoxy resin to wrap the surface of carbon fiber. These composites are suited for
advanced high-end applications as desirable performance is promised by their versa-
tile nature to adapt changes in their constituent elements, fabricated by the austere
hand lay-up method [39]. Heightening of surface energy of the carbon fibers is influ-
enced by altering the interfacial bonding by embedding dendrimers into the interface,
togetherwith reaching desired variations in the interlaminar shear strengthwhichwas
raised from 62.46 to 86.23 MPa and fiber tensile strength enabling the element to
withstand external loads [190].

3.1 Mechanical Behavior of Fiber Composites

A composite in the constituent level will consist of a fiber and matrix material,
so failure can occur either for the matrix or for the fibers. Figure 11 depicts the
propagation of a crack in a fiber-reinforced composite structure. Debonding can
occur in a composite structure over the course of time due to manifold parameters
governing the interfacial strength betwixt the matrix along with the constituent fibers
as it greatly influences the failure of an element [188]. Figure 12 shows the inside view
of a composite involving fiber andmatrix. For a composite structure, the deformation
happens in different stages where at the onset, both the matrix and fibers undergo
linear elastic deformation. Gradually as the load increases, matrix initiates plastic
deformation; however, fibers have more strength; hence, they continue to deform
elastically. When the load transcends the tensile strength of fibers in the final stages,
the fiber will also plastically deform with the matrix, and then the fiber undergoes
breakage leading to composite failure. The failure of a matrix can occur when the
applied load generates stress crossing its ultimate value, and Figure 13 sketches the
crack causing matrix failure. The loosening of the bond between matrix and fiber
is another major mode causing the component to fail under operation [126]. The
fibers show more strength compared to the matrix when loading is increased, as

Fig. 11 Crack propagation leading to debonding
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Fig. 12 A view of a
composite at the inner level

Fig. 13 Cross-sectional view showing crack propagation causing matrix failure

stated in Fig. 14 and they sustain the load even after the matrix fails for a duration,
which depends on the tensile strength of fiber. When the fibers are exhibiting brittle
characteristics, then the failure of the component will be expedited under tensile
loading, as illustrated in Fig. 15 the failure of the composite structure may also be
initiated by the crack growth through the matrix (Table 3).
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Fig. 14 Failure of composites initiated by matrix rupture and interface failure

Fig. 15 Failure of brittle fiber in a composite material

3.2 Case Studies on Fiber-Reinforced Composite Leaf
Springs

Sancaktar [140] designed a composite leaf spring of material E-glass roving with
property values tensile modulus 8.14 × 104 MPa, fiber strength 3.45 × 103 MPa
and implemented it on a light vehicle run on solar power with the design parameters
such as spring rate (70 N/mm), mass of spring system (1.361 kg), with the prime
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Table 3 Studies on fiber-reinforced composite leaf springs

Authors Materials Property Results References

Sancaktar
et al.

E-glass/epoxy Fiber strength,
tensile
modulus,
spring rate

3.45 × 103 MPa, 8.14 ×
104 MPa, spring rate
70 N/mm

Sancaktar
[140]

Mahdi et al. Elliptic spring Design
parameters

Ellipticity ratio 2 gave the
highest spring rate

Mahdi [96]

Shokrieh et al. Fiberglass/epoxy
replaced steel leaf
spring

Stress, natural
frequency,
weight

80% weight reduction Shokrieh and
Rezaei [156]

Shi et al. Parabolic leaf
spring

Stiffness
sensitivity,
layer
thickness

Spring rate—118 N/mm Shi et al.
[154]

Jancirani et al. Fiber-reinforced
leaf springs of
E-glass/epoxy
Carbon/epoxy
Graphite/epoxy
EN45

Weight, stress,
deflection,
natural
frequency

Von Mises 1083.2 MPa
for EN45, EN45 spring
deflection—107.5 mm at
503.3 MPa
FRP spring
deflection—105 mm at
473 MPa and natural
frequency of FRP
spring—102.14 and
93.56 Hz for steel spring

Jancirani and
Assarudeen
[71]

Mithari et al. E-glass/epoxy
mono-composite
leaf spring

Weight 84.4% weight reduction Mithari et al.
[106]

Subramanian
et al.

Glass
fiber-reinforced
polypropylene

Stiffness, fiber
length,
strength

Joint strength increased
with the fiber length

Subramanian
and
Senthilvelan
[163]

Muhammed
et al.

Hybrid-reinforced
composite leaf
spring

Stress
analysis,
bending
stiffness,
elastic
modulus

Longitudinal modulus of
elasticity varied inversely
with bending stiffness

Muhammed
and Ismaeel
[111]

Qian et al. Fabrication of
composite leaf
spring

Stacking
sequence,
spring rate

Stiffness—120.34 N/mm
falls to 117.50 N/mm
after failure

Qian et al.
[127]

Hou et al. Glass
fiber-reinforced
polyester

Maximum
load, fatigue
strength

Static load of 150 kN,
1,000,000 fatigue life
cycles

Hou et al. [64]

Krall et al. CFRP leaf spring Fundamental
frequency

First mode frequency of
24.3 Hz for steel and
61.2 Hz for CFRP

Krall and
Zemann [83]

(continued)
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Table 3 (continued)

Authors Materials Property Results References

Karlus et al. E-glass epoxy leaf
spring and steel
(55Si2Mn90)

Deflection,
stress, weight

Reduced weight from
4.613 to 0.905 kg, stress
lowered from 450.73 to
316.71 MPa and
deflection decreased from
65.118 to 14.262 mm

Karlus et al.
[75]

Devarakonda
et al.

E-glass/epoxy leaf
spring compared
with steel

Ant colony
optimization
for leaf spring
design and
genetic
algorithm

Reducing weight from
8.54 to 1.7543 kg and
stress values lowered
from 718.87 to
543.02 MPa

Sameer
Kumar et al.
[31]

Venkatesan
et al.

E-glass/epoxy
composite
Leaf spring
compared with
steel

Weight
reduction,
stiffness,
load-carrying
capacity,
natural
frequency

76.4% lowered weight,
stress decreased by
67.35% and stiffness
raised by 64.95%

Kueh and
Faris [86]

Pozhilarasu
et al.

Glass
fiber-reinforced
composite

Weight,
deflection,
bending stress

71.4% weight reduction,
for a static load of 4 kN,
deflection of steel spring
was 198 mm and
E-glass/epoxy spring
deformed by 180 mm and
bending stress was 949.63
and 911.79 MPa,
respectively

Pozhilarasu
and Pillai
[123]

Saini et al. E-glass/epoxy
Graphite/epoxy
Carbon/epoxy

Weight, stress,
deflection

Weight diminution of
81.72% for
E-glass/epoxy, 90.51%
for graphite epoxy and
91.91% for carbon/epoxy
and stress results gave
von Mises stresses as
453.92 MPa for steel,
163.22 MPa
E-glass/epoxy,
653.68 MPa—graphite
epoxy,
300.3 MPa—carbon
epoxy

Saini et al.
[139]

Thippesh
et al.

Glass
fiber-reinforced
leaf spring

Weight,
bending stress

80% weight reduction, for
a static load of 7.7 kN the
bending stress of steel
leaf—512 MPa, and
bending stress of
composite
spring—417 MPa

Thippesh
[165]

(continued)
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Table 3 (continued)

Authors Materials Property Results References

Wadile et al. E-glass/epoxy
composite

Experimental
analysis,
stress,
deflection

For a static load of 4 kN,
the deflection was found
to be 43 mm and stress of
480.7 MPa

Wadile and
Mahajan
[172]

objective of overall weight reduction was achieved. Most of the emerging design
variations have highlighted the sole purpose of reaching the criterion of minimum
weight, high specific strength and load-carrying ability along with sustainability
[146]. Researchers have also focused on the geometric factors in the composition of
a composite leaf spring that directly affected the stiffness, failure load and thus the
performance of the suspension system. Apart from constant thickness leaf springs,
novel designs have intercalated varying thicknesses such as parabolic and elliptic leaf
springs. Mahdi [96] emphasized on the ascendancy of ellipticity ratio on the working
of elliptical leaf spring, scrutinized the effect of ellipticity ratio (a/b), i.e., the ratio
of major diameter of the ellipse to its minor diameter on spring rate and maximum
failure load and the highest stiffness value was achieved at ellipticity ratio of 2. Shi
et al. [154] explicated a theoretical model for stiffness ascertainment of a composite
leaf spring on the basis of mechanics of composite materials and illustrated the prime
factors which are the thickness of leaf spring, number of long layers, angle of layer
or ply orientation and layer width where the sensitivity of spring stiffness was highly
instigated by the layer thickness. They compared the value of spring rate obtained by
numerical simulation (119.0374 N/mm) and finite element analysis (119.8 N/mm)
with the value obtained on experimental testing (118 N/mm) and also claimed to
have an error between the results ~0.8–1.6%. Thippesh [165] exercised the swap-
ping of standard steel leaf spring with glass fiber-reinforced leaf spring and zoomed
in the comparison of properties where deflection, weight and strength were focused.
The deflection for any load was lower for composite leaf spring when differentiated
with steel leaf spring and they also highlighted a remarkable weight decrement of
80% along with the maximum bending stress of 512 MPa for steel and 417 MPa
for composite leaf springs at a static load of 7700 N were reported. Jancirani and
Assarudeen [71] reviewed and investigated the performance of fiber-reinforced leaf
spring juxtaposed with that of typical leaf spring (EN45), remarked on the chip-
ping of the material from the spring when subjected to poor road conditions which
palpably does not depend on the spring design aspects. They conducted finite element
analysis and found the von Mises stress on EN45 leaf spring to be 1083.2 MPa in
contrast to composite leaf spring which had 503.3 MPa, also reported weight reduc-
tion of 84.4% for E-glass mono-leaf spring, 85% for E-glass/epoxy leaf spring, 91%
for graphite/epoxy leaf spring and 90% for carbon/epoxy leaf spring over steel leaf
spring. Mithari et al. [106] reported the comparison of mono-composite leaf spring
with steel leaf spring where they achieved 84.40% weight reduction and presented
natural frequency test results in which composite leaf spring had higher values. The
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Fig. 16 Schematic of hand lay-up method of processing composites

influential effect of fiber length on theworking of a composite leaf spring (glass fiber-
reinforced polypropylene) was construed by Subramanian and Senthilvelan [163]
and found that the joint strength varied directly proportional to the fiber length, also
pointed out that large fiber length is suited for high fatigue loading than short fiber
layered leaf spring. One of the most general methods of fabrication and processing
for continuous fiber composite parts is the hand lay-up which is illustrated in Fig. 16.
Muhammed et al. [111] fabricated a hybrid fiber-reinforced composite leaf spring
using hand lay-up method [40] and also expounded on the fiberglass spray lay-up
method, made mathematical model of the spring and performed stress analysis based
onmechanics of composites, also explored the inversely varying relationship between
longitudinal modulus of elasticity and bending stiffness of the element. Rajesh et al.
[132] demonstrated on substituting conventional steel leaf spring with laminates
of bidirectional glass fiber engineered composites together with carbon fiber sand-
wiched composites and also illustrated the weight reduction obtained along with
the lowest flexural deformation of 2.84 mm at a load of 100 N when the laminates
were reconciled such that top stratum was of glass fiber and the bottom layer made
of carbon fiber. Qian et al. [127] examined the fatigue reliability of parabolic leaf
spring of stiffness 120.34 N/mm, which was fabricated using ply scheme where the
order of stacking was optimized by employing genetic algorithm, exercised fatigue
bench tests to identify the weak location and onset of fracture, also studied the
delamination failure of leaves. Krall and Zemann [83] performed impact tests and
shaker tests on carbon fiber-reinforced leaf springs using spring steel (51CrV4) as a
reference, studied the natural frequencies of the composite spring. Karlus et al. [75]
reported on the comparison of composite leaf spring (E-glass/epoxy) with steel leaf
spring (55Si2Mn90/EN45) conducted static stress analysis elucidated on the drastic
changes achieved as in reducing weight from 4.613 to 0.905 kg, decrement in stress
from450.73 to 316.71MPaand a considerable reduction inmaximumdeflection from
65.118 to 14.262 mm. Shokrieh and Rezaei [156] exercised finite element method
to study the stress on rear suspension leaf springs also reported the fiberglass/epoxy
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leaf spring to have lower stress, elevated natural frequency along with a depletion
in weight of 80% collated to the former steel leaf spring. Sameer Kumar et al. [31]
implemented ant colony optimization (ACO) theory in optimizing the design of the
suspension system where the steel leaves were replaced by mono-composite leaf
reduced the unsprung weight of the automobile by considering minimization func-
tion to be the leaf spring weight. The parameters influencing the spring weight were
identified as material density, thickness, width and length of the spring, and mathe-
matically, the product of these gave the weight which was optimized using ACO and
made a comparison of the results with that obtained by genetic algorithm.Venkatesan
et al. [86] employed the measurements of traditional steel spring purported in a light
automobile to assemble and reinstitute it with a glass fiber sandwiched leaf spring and
analogized the deflection, performed finite element analysis, and weight reduction of
85%, stress to be truncated 67.35%, stiffness to be 64.95% raised, and elevated natural
frequency was reported. Pozhilarasu and Pillai [123] manifested hand lay-up method
to construct glass fiber-reinforced composite leaf spring where a weight shrinkage
of 71.4% was reported and conducted deformation tests evaluated with comparison
to that of a steel leaf spring where for a static load of 250 N, epoxy glass-reinforced
spring underwent a deflection of 173 mm and steel spring deformed by 185.50 mm;
also, the bending stress recorded was 593.75 and 620 MPa for glass fiber and steel
leaves, respectively. Hou et al. [64] improvised on designing the eye of a glass fiber-
reinforced polyester leaf spring, studied the interlaminar shear stress concentrations,
delamination failure in the leaves, and improved fatigue strength with the application
of open-eye design. Saini et al. [139] performed stress analysis on various composite
springs collated with steel spring, obtained von Mises stresses as 453.92 MPa for
steel, 163.22 MPa for E-glass/epoxy, 653.68 MPa for Graphite/epoxy, 300.3 MPa
for carbon/epoxy leaf spring and also reported weight abatement of 81.22% for E-
glass/epoxy, 91.95% for graphite/epoxy and 90.51% for carbon/epoxy leaf springs.
Wadile and Mahajan [172] conducted experimental stress analysis on E-glass/epoxy
sandwiched leaf spring and reported the maximum stress to be 480.7MPa. They also
exercised a strain gauge measurement method to enumerate the deformation of leaf
spring, which was found to be 43 mm at a load of 4 kN.

3.3 Limiting Factors of Synthetic Fibers

The above studies clearly indicate the diminution of leaf spring suspension system
achieved and the low value of stresses, superior corrosion resistance, and higher stiff-
ness values in comparison to spring steel by incorporating synthetic fiber composites
as the material of the spring. Fatigue properties of composites have also shown to be
dominating over the fatigue life of steel. Fiber-reinforced composites are having the
characteristics, superseding the properties of spring steel, which are being employed
for leaf spring suspensions in heavy vehicles. Even though the low weight and corro-
sion resistance of the synthetic composites exhibits enormous potential for replacing
the steel leaf spring, their biodegradability and recycling is an issue.With this regard,
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novel advancements instituting natural fibers are relevant for structural applications
owing to their characteristics and eco-friendliness.

Synthetic fiber composites are expensive due to their processing methods and not
being available in abundant volumes in contrast to natural fibers, and their raw form is
also costly to procure along with high fabrication costs. Conventional materials have
gone far from being the subject of study for present-day researches, which led to the
boosting of new incipience in the composite mechanics, and components were made
fromcarbonfibers and glass fiberswith competent features conjointlywith a high cost
of processing and material cost. Therefore, the industrial motive of accomplishing
low-cost criterion, eco-friendly material characteristics and paramount performance
is to be perfectly balanced for the successful exertion of fiber engineered composites.

4 Natural Fiber Substituted Composites

Natural fibers are found in nature in plenitude and are capable of being employed in
multifarious applications such as in automotive Sanoj and Kandasubramanian [142,
144] and aerospace industries as they have remarkable properties and eco-friendliness
[76]. They are widely used and have a long history of being commercially available
in textile markets. They can be articulated into woven or non-woven composite struc-
tures. Even the luxury brand automakers have exhibited a keen interest in exploring
the various natural fiber composites for structural applications. Figure 17 sketches
the woven fiber composite structures and Figure 18 elucidates the non-woven type of
fiber composite structure, respectively [121]. The most popular natural fibers include
sisal, hemp, kenaf, jute, etc. which also have the characteristics to match the strength
of conventional metals and are favorable to employ in usage as their biodegradability
and recyclability are highly appreciated. Themechanical properties are tailored using
various surface treatments to change the fiber matrix orientations, properties of both

Fig. 17 Schematic of woven
fibers
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Fig. 18 FE-SEM micrograph of non-woven fibers

fiber and the matrix and interaction of the constituents. The bonding at the inter-
facial level should be very effective in transferring the stress so as to have high
strength composites. Methods which improve the surface area of fiber by changing
long bundles into groups of small bundles can efficiently aggrandize the mechanical
characteristics and rendition of the natural fiber instituted composite. Sustainability
is of great significance when the research of advanced materials is heading forward,
along with unleveled performance in high-end applications. Natural fiber composites
are potent candidates in substituting glass fiber composites due to lightweight [145],
eco-friendliness, even mechanical properties, lower density and recyclability.

4.1 Case Studies

The fibers transfer stress adequately only when the surface area available is high,
and on the increase of applied load for a high volume fraction, the effective area
is will be reduced which in turn induce brittleness in the fibers and decreasing the
tensile strength [162]. Factors affecting the tensile strength of natural fiber sand-
wiched composites include the orientation of fibers, the coupling betwixt matrix and
fiber, fabrication process, fiber volume fraction, porosity and loading characteris-
tics. During the manufacturing, stage priority should be given to impregnate all the
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regions efficaciously in order to avoid the generation of porosity in the long fibers
and which could lead to the rise of stress concentrations.

4.2 Jute-Reinforced Composite Leaf Spring

Jute has been commercially available for centuries for its textile properties and has
become a potential candidate for being employed as a substitute for synthetic fibers.
Recent demand for fibers found in nature is due to the fact that usage of synthetic
fibers is substantiated only for high-end applications like aerospace structures where
the quality supersedes cost criterion [107]. Babu and Kumar [8] amalgamated jute
fibers along with synthetic fiber composite leaf having glass fiber layers fabricated
a mono-leaf fiber-reinforced composite spring. The effectiveness of the spring was
then differentiated with that of the steel spring (55Si7), and the stress analysis results
reported lower stress values for the hybrid composite leave springs. They claimed to
have found the elastic strain energy storage ability of jute-reinforced composite leaf
is patronizing to that of the steel spring.

4.3 Banana Fiber-Reinforced Composite Leaf Spring

Banana fibers are often left as domestic waste or categorized for feeding cattle until
recent studies on the strength properties of its fibers were focused by the researchers.
Natural fibers such as banana fibers are so environment-friendly and eliminate the
degradability issues and abundantly available as mostly they are thrown away and
left to decay. Exploiting similar fibers for implementing novel material designs for
the advancements of design and manufacturing for engineering applications is still
on the verge of the onset of the long run. Assarudeen [61] employed the hand lay-up
technique for fabricating the hybrid leaves for the springwithE-glass andbananafiber
and compared the properties with steel leaf spring (65Si7) [49, 61, 125, 135, 159].

Table 4 contemplates that the mechanical strength of composite incorporated with
natural fibers being comparable to both steel and E-glass/epoxy leaf spring with even
lower density. The strain energy storage ability based on equation no. [2] is higher

Table 4 Properties of the hybrid composite leaf spring in comparison with steel leaf spring

Material Elastic modulus (MPa) Density (Kg/m3)

Steel (65Si7) 2.1 × 105 7860

Banana/E-glass/epoxy 1.7 × 105 1420

E-glass/epoxy 1.9 × 105 2600

Jute/E-glass/epoxy 1.7 × 105 1460

Flax fiber 0.7 × 105 1400
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as both the jute and banana fiber-reinforced composites have low density and low
elastic modulus. Sanoj and Balasubramanian [141] conducted structural analysis on
the jute fibril-reinforced composite spring and glass fiber engineered leaf spring,
also administered tensile tests (ASTM D638) and flexural strength tests (ASTM
D790), reported 28% rise in tensile modulus, 23% enhancement in flexural modulus
and Charpy impact test (D6110) results in 48% melioration in the impact strength
of hybrid leaf spring. George and Sarathdas [49] fabricated a hybrid composite leaf
spring by embeddingflaxfiberswithE-glass/epoxy, also endeavored tomake a hybrid
spring specimen of E-glass/banana/epoxy material and compared the properties with
(65Si7) steel spring. They employed hand lay-up method to make specimens of E-
glass and banana fibers and flax fiber with epoxy resin, performed the tensile testing
(ASTMD638) and flexural bending tests (ASTMD790) and also found the ultimate
tensile strength (UTS) of E-glass/banana/epoxy as 162.97 MPa with extension of
3.93 mm at an extreme load of 9.7 kN and the UTS of E-glass/flax/epoxy to be
182.89MPawith an elongation of 3.76mm atmaximum load of 10.96 kN. The above
studies lucidly propound the potential features of natural fibers eliciting interest for
exercising in advanced composites to reinstate both the conventional materials and
gradually the synthetic fibers soon. However, the properties of natural fibers are least
explored for the leaf spring applications and are still at the initial stage of being
the subject of discussion by the industrial research. The lean literature survey of
natural fiber-reinforced springs is attributed to the absence of a focused research on
the properties of natural fibers pertained to the applications of the vehicle suspension
system.

5 Life Cycle Assessment (LCA)

The processes involved in the manufacture of leaf springs have ecological impacts
on nature, and it can also be analyzed based on aftereffects of the products formed,
the used-up substances during the production which remains unsuited for recycling.
In particular, if we are talking of steel leaf springs, the initial setup starts at manu-
facturing together with other multifarious operations and treatments done to steel.
Therefore, when it comes to the analysis of the life cycle of a productmade from steel,
the influential effects during its fabrication on the environment could be observed in
several steps. Iron and steel industries [110, 182] are one of the cardinal partakers
to contribute in the notable increase in atmospheric carbon dioxide (CO2) levels, a
potent greenhouse gas which directly aids in global warming which tends to raise
the ambient temperature [176]. The fact that spring steels are widely employed for
leaf springs for heavy transport vehicles could elucidate the depth to which leaf
spring industries act as benefactor of raising the undesirable emissions of CO2 [80],
oxides of sulfur, oxides of nitrogen, etc. due to their steel consumption. If the role
of steel in present infrastructure industry is considered the other products manufac-
turers requiring steel as the basic raw material which demands for the production
of steel, cyclopean volumes of gases and by-products are released into atmosphere
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in which harmful oxides, acid rain causing compounds and other pollutants are
present in the particulate matter form [28] together with aiding air pollution [35].
Themeasures taken by ruling bodies are checking the compliance of any organization
which employs the manufacturing processes releasing undesirable products, with the
ISO 14000, which clauses the industrial standards helping in reducing the environ-
mental impacts. Primarily controlling the content of these pollutants is inevitable
as they greatly affect the ambient air quality which in turn has the prospective to
sway the health of human beings [161] and the animal life as well as plant life
[118] in the vicinity of these industries. Natural resources when are badly affected;
evidently, it urges a proper monitoring of the quality of waste management and
whole lot of cooperation from the industries to accomplish the rigorous actions of
recyclable processing of by-products, reducing the huge amount of scrap which are
being expelled in a way destroying the fertile nature of soil, affecting water resources
and the ecosystems to which they end upwith. Proper cutting of workpiece by strictly
following the specific dimensions could help in eliminating the wastage of rawmate-
rial. Steel industries extensively make use of pit furnaces for heating and melting
purpose that requires a voluminous amount of coal to fire it up, which adds to the
consumption of a valuable non-renewable resource. Transportation of this fuel is
another major issue that requires the consumption of diesel fuel, and also the exhaust
emissions from heavy vehicles do have environmental impacts. Nevertheless, the
efficient use of coal or implementing other methods for melting and heat treatments
is quintessential for reducing the hazardous effects on nature induced by the particu-
lates, volatile inorganic compounds (VOC), etc. released by the chimney emissions
[12]. Reusability of the leaf springs is to be considered as havingmajor consequences
in reducing scrap, wastage of resources and could agitate the prolonged service life
of the product in the market in contrast to dumping the used springs into the soil or
sea or public places and letting it undergo corrosion. On the grounds of the life cycle
study of a leaf spring, manufacturing stages are thoroughly analyzed and does have
highlighted effects on the ecological balance along with the welfare of human beings
and animal life. The oil, one of the major substances which are utilized in the produc-
tion process of steel leaf springs during the heat treatment stages like the quenching
process, is disposed of in an unsafe manner after it becomes used. Recycling of used
oil is a hurdle for the steel industries, and its safe disposal is highly crucial tomaintain
the ecological balance of resources which otherwise are left harmed.

6 Conclusion

The automobile industry will perpetually keep on evolving day by day with advance-
ments in materials, novel design concepts and methods of improving efficiency with
resource optimization. When the industrial motive does not remain constricted to
launch models to attract customers with their catchy styles, advertising skills, and
marketing strategies, boosting productive research in advanced materials scope of
instituting natural fiber-reinforced composites in component design is on board.
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Leaf springs are currently being manufactured in full-fledged mode exclusively for
heavy transport vehicles, namely buses, trucks and railway locomotives and are given
only scant amount of research interest with respect to light motor vehicles. Recent
advancements in the field of composites have incorporated the use of new mate-
rials like glass fiber, and carbon fiber instituted composites for the spring material to
replace the spring steel due to weight and susceptibility to corrosion. The extensive
usage of conventional steel spring is continued to be seen in heavy vehicles where the
research is not being much encouraged in improving the design parameters involving
advanced materials. Gaining higher energy efficiency is not appreciated as the top
priority by the heavy vehicle manufacturers as their motive is limited to provide the
means for transporting cargo. The small and medium vehicle industries are zealously
exhibiting great interest in the advancements and research in modern materials to be
advocated in the manufacture of automotive modules. With the advent of materials
incorporating natural fiber-reinforced composites, the dependence on synthetic fibers
can be considerably reduced, thereby exploiting the natural fibers by virtue of their
properties for the automotive germaneness. Recycling of synthetic fibers is a major
hurdle regarding its cost, wherein the biodegradability of natural fibers supersedes
the carbon fibers and glass fibers together with competent structural properties. The
automotive industry constantly strives to optimize the available resources and look
forward to achieving higher energy efficiency, therefore, encourages the endeavor of
improving the scientific research of modern materials. With this respect, the imple-
mentation of lightweight and strong structures made of fiber-reinforced composites
for industrial applications enhances the mission of achieving higher efficiency. In
automotive components like the suspension system, the use of natural fibers is to be
encouraged, and the research is still at the stage of its inception, and a more elaborate
study is required in the future for employing jute, hemp, kenaf for advanced structural
applications. Experimental concepts of incorporating glass fibers and carbon fibers
sandwiched with potentially strong natural fibers are still to be explored on a large
scale for structural and automotive components.
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Chapter 5
Fabrication of Aluminium Metal Matrix
Nanocomposites: An Overview

Deepak M. Shinde and Prasanta Sahoo

1 Introduction

Improved fuel economy, reduced vehicle emission, increased safety, attractive styling
options and better features of comfort and luxury to passengers at competitive cost
are the challenges being faced by automotive and aerospace industries these days.
This has prompted continuous research on developing light-weight materials with
desired and tailoredproperties.Aluminiumand its alloys havebecomeobvious choice
due to low cost availability, low density, better strength, corrosion resistance, near-
infinite recyclability and casting ease. Aluminium composites in particular have
attracted researchers due to properties like high strength and stiffness, increased
resistance towear and corrosion and improved high-temperature performance [6, 74].
Successful automotive applications of Al include transmission components, brake
elements, structural parts like chassis, suspension, body parts including bumpers,
doors and interiors [36, 79]. Improvement in properties of aluminium is affected
by reinforcing with ceramic phase to produce so-called aluminium metal matrix
composites (AMMCs). It is because aluminium and ceramics have vastly different
properties making it possible to obtain desired property combinations. Large number
of MMCs are now commercially being produced and used with major contribution
of particulate-reinforced Al composites on mass basis [111]. Different micro/nano-
scale particles such as TiB2, SiC, TaC, TiC, SiO2, TiO2, Si3N4, TiN, Al2O3 and B4C
are used to produce metal matrix composites via different solid- and liquid-state
fabrication routes.

Aluminium-based microcomposites have been successfully utilized in different
sectors like ground transportation, aerospace, electronics, recreational goods indus-
tries for structural and wear resistance applications. It is also clearly demonstrated
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in several studies in recent past that nanoparticle reinforced composites outperform
microcomposites in many respects. For instance, the compressive strength perfor-
mance of A356 alloy composites reinforced with 20 µm and 50 nm size Al2O3

particles was compared [82] and reported 610 MPa strength for 3 wt% alumina
nanocomposite as compared to 453 MPa measured for 10 wt% alumina microcom-
posite. But the critical issue in producing MMNCs is the uniform dispersion of
nanoparticles in metal matrix because due to large surface area they tend to form
clusters under the influence of Van der Waals force of attraction. During conven-
tional liquid processing, limited wettability of ceramic particles and particle getting
pushed by the solidification front leads to their agglomeration near grain boundaries
and also formation of pores/voids which seriously affect properties diminishing the
beneficial effects of nanoparticles.

Fabrication of nanocomposite is relatively complex on account of very fine size
particles which are difficult to handle and introduce uniformly into the matrix.
Researchers are continuously trying to promote suitablemethods for low-cost defect-
free production of nanocomposites with possible industrial scalability. But still most
of these efforts are of laboratory scale. It is essential to promote commercial ultiliza-
tion of MMNCs which in turn may help in their developmental efforts. Most of the
existing methods of fabricating MMNCs are similar to MMCs but being modified to
tackle added challenges posed by nanoparticles. This paper takes an overview of the
fabrication methods proposed and published in the literature regarding aluminium
nanocomposites while highlighting their prominent features and challenges which
may stand useful for students and researchers working in the area of nanocomposite
fabrication.

2 Fabrication Methods

Differentmethods employed for fabricating aluminiummetalmatrix nanocomposites
can be divided into three major groups, viz. solid-state processing, semisolid-state
processing and liquid-state processing. Some attempts have been made to combine
above principal methods for availing their benefits in the improvement of proper-
ties and so can be termed as hybrid methods. Some novel routes for nanocomposite
fabrication have also been reported in recent times. Solid- and liquid-state processes
are either ex situ or in situ type depending upon whether the reinforcement parti-
cles are generated during the fabrication process or are available for incorporation
beforehand. Ex situ is when the hard/soft reinforcement particles in solid form are
added externally to the solid or liquid metal matrix. In situ involves production of
reinforcement particles inside the metal matrix during ongoing fabrication process
as a result of reaction between the phase elements involved.
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2.1 Solid-State Processing

Solid-state processing techniques of nanoparticle reinforced composites are typically
based on the conventional powdermetallurgy route and its modified versions in terms
of powder size modification, compaction techniques, sintering methodologies and
secondary process utilized for microstructure refinement. Material processing takes
place below solidus temperature, and hence, it reduces undesirable reactions between
the matrix and reinforcements which remain in solid state throughout the process.

2.1.1 Powder Metallurgy (PM)

In conventional powder metallurgy method, fine metallic powder and reinforcement
particles in required relative amount along with additive lubricants are mixed in
mechanical mixture. The mixed powder is then compacted using uniaxial/isostatic
cold or hot compaction. Compaction pressure is typically maintained between 400
and 900 MPa considering reinforcement size and area of compact while holding
period is varied from few to several minutes. For hot compaction, processing temper-
ature in the range of 500–600 °C and pressure of 250–300 MPa is employed.
Green compacts are then sintered usually in inert atmosphere for obtaining dense
microstructure. Compact is heated to temperature near to the melting point of
matrix material, for instance 550–650 °C for aluminium-based composites. Dense
compacted specimensmay be further subjected to secondary processes such as extru-
sion, rolling, heat treatment for microstructure refinement and uniform distribution
of reinforcement particles. Powder metallurgy has benefits which include capability
of producing near net shaped parts, possibility of incorporation of large volume rein-
forcement content and ability to manufacture parts in large batches, especially for
the automotive sector. PM may also be applied to the matrix/reinforcement system
which cannot be realized by liquid processing route. However, it suffers from the
limitation on the size of part, industrial scalability, flexibility in tailoring properties,
complexity as well as relative cost of manufacturing and high porosity which neces-
sitates secondary processing such as extrusion, rolling and forging. Basic structural
arrangement of the process is shown in Fig. 1.

Classical powder metallurgy route was employed [89] to produce Al-MWCNT
nanocomposites. Authors used varying CNT contents (0.25–2 wt%) for mixing with
pure Al powder of APS 22 µm after giving ultrasonic bath to reinforcements in
ethanol for 15–90 min. Mixing of Al and CNT was done in Turbula for 60–600 min
followed by uniaxial pressing up to 300 MPa. Green compacts were subjected to
sintering at 500–640 °C for 30–90 min. Nanocomposites on examination displayed
well dispersed and embeddedCNTs for incorporation up to 0.75wt%butwith further
addition of CNTs (1 and 2 wt%), large clusters developed. However, for 0.75 wt%
CNT, measured values of tensile strength 196 MPa and hardness 50 Hv were 200
and 50% higher than those for unreinforced aluminium.
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Fig. 1 Powder metallurgy (PM) process

Al-Si3N4 nanocomposite was synthesized [64] by powder metallurgy (PM) tech-
nique. They mixed 15 nm size Si3N4 particles with atomized aluminium powder
of 20 µm size, hot pressed the mixture in vacuum at 600 °C and then extruded
the compact at 420 °C with 20:1 extrusion ratio. They observed UTS, YS and %
elongation values of 1 vol.% Si3N4 nanocomposite to be 180 MPa, 143.7 MPa and
17.4 in comparison to 176.1, 94.3 and 14.5 of Al-15vol.%SiC (3.5 µm) microcom-
posite, respectively, and the strength values to be much higher than respective values
of pure aluminium (102.6, 67.8). They associated this significant rise in strength of
nanocomposite to the reduced size of reinforcement and Orowan bowing mechanism
of interaction between particles and dislocations.

On the similar line, Al/10 vol.% SiC (13 µm) microcomposite and Al-alumina
(1–7 wt%, 50 nm) nanocomposites were fabricated [45]. After powder mixing,
cold isostatic pressing (CIP) and extrusion produced 15 mm diameter bars. Finally,
annealing heat treatment was done for all bars at 350 °C for 2 h. It was found that 31.8
HRF hardness of pure Al increased to 68.4 HRF for 7 vol.% alumina nanocomposite
and was 48.6 HRF for 10 vol.% SiC microcomposite. Effect of grain refinement
due to nanoparticles was witnessed as Al grain size of 4.6 µm was reduced with
increasing content of nanoparticles and reached 1.2µm for 4 vol.%. But with further
addition of nanoparticles, the benefit of grain refinement diminished due to agglom-
eration of particles. Improvement in TS and UTS is also observed with respect to
microcomposite and pure aluminium but at the cost of reduction in % elongation.

Aluminium nanocomposites containing SiC and Al2O3 particles of 200 nm and
60 nm size and up to 5 vol.% each were produced [59]. Particles were mechanically
mixed with aluminium powder (99.7% pure, 10–100 µm) along with 0.5–1.5 wt%
paraffin wax in blender, and the homogeneous mixture was then cold compacted
by 500 MPa pressure followed by sintering the compact under argon atmosphere at
600 °C for 100 min. Composite billets were later extruded at 500 °C temperature
with extrusion ratio of 2:1. Microhardness values of MMNCs were much higher
than aluminium and increased with increasing reinforcement vol.% content and
particle size. Al/SiC MMNC exhibited higher hardness and corrosion resistance
than Al/Al2O3 MMNC and pure aluminium. Effective production of bulk MMNCs
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by PM process however displayed particle agglomerations near grain boundaries
with size varying between 1 and 5 µm for Al/Al2O3 and 0.5 and 10 µm for Al/SiC
MMNCs, respectively.

2.1.2 Mechanical Alloying (MA)

The issue of formation of particle clusters in traditional powder metallurgy can be
effectively diminished by employing mechanical alloying technique for enhancing
particle dispersion. MA involves high energy ball milling employed for repetitive
coldwelding, plastic deformation induced fracture and rewelding of powder particles
(Fig. 2). Mechanical attrition in presence of nanoparticles accelerates fracture and
welding process and on reaching equilibrium, produces equiaxed fine particles [43,
46] with random orientation which are then compacted and sintered to produce bulk
parts. Mechanical alloying is unique in terms of forming nanometre size mixtures of
immiscible elements, generation of uniformly dispersed intermetallic phases, solid
solutions and alloys. Suryanarayana [93] described in detail the results of three
mechanically alloyed systems, viz. Al–Al2O3, TiAl–Ti5Si3 and MoSi2–Si3N4, and
demonstrated that MA is ideal for dispersing large volume fraction reinforcements
of nanometre range in variety of metallic matrices. This promising technique of
nanocomposite fabrication involving mechanochemical milling of various combina-
tions of oxides, metals and especially carbides get influenced by processing param-
eters like miller type, ball–powder ratio, speed, time, process control agent (PCA)
and milling environment.

Mechanical alloying method was used [75] to study the effect of different fraction
(20, 30, 50 vol.%) alumina content as well as particle size variation 50 nm, 150 nm
and 5 µm on the dispersion of particles in the aluminium (44 µm APS) powder

Fig. 2 Schematic diagram of mechanical alloying process
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matrix. Al/alumina mixture was milled in SPEX 800 mixer with 0.5–1 wt% stearic
acid as PCA under argon atmosphere and 10:1 steel ball–powder ratio. Powder was
taken out at 5, 10, 15 and 20 h for characterization study and observed mechanical
attrition induced continuous refinement of mixture with milling time. They success-
fully demonstrated that uniform distribution of particles with content fraction as high
as 50 vol.% and size as low as 50 nm can be effectively achieved on milling for 20 h
without phase transformation in metastable alumina.

In a research work [19], Al6061 powder with 10 and 20 vol.% ZrO2 particles of
APS15 nmweremixed and subjected to high energy planetary ballmilling at 200 rpm
for 40 h in argon-filled container. Mixture was then uniaxially compacted at 600MPa
pressure and 380 °C temperature in 10−1 bar vacuum condition. Microstructural
characterization revealed the formation of nanocrystalline aluminium solid solu-
tion (50 nm grain size) with homogeneously dispersed ZrO2 particulates. After
hot vacuum compaction, grain size became 80 nm due to recrystallization with
finer dispersions. Compression strength of 20 vol.% nanocomposite increased to
1000 MPa. Microhardness (applied load, 1 N) of 10 and 20 vol.% nanocompos-
ites obtained at the end of 40 h milling were measured as 280 HV and 369 HV,
respectively.

Similar investigations with high energy milling and consolidation methods like
cold or hot isostatic compaction, uniaxial pressing or hydraulic pressure to obtain bulk
composites with different material systems such as Al-SiC [20, 95, 100], Al-Al2O3

[2, 40, 41, 47, 71], Al-TiC [10, 39–41], Al-BN [29] are reported in the literature.
Most of these involved sintering of green compacts in the temperature range of 400–
600 °C for durations up to 3 h. Some other works have reported extrusion process
been employed after compaction or sintering for obtaining finer and homogeneous
microstructure of nanocomposite systems, viz. Al-AIN [99], Al-Al2O3 [3, 50], Al-
SiC [21, 27, 51], Al-Al3Mg2 [76] and Al-TiB2 [1]. They carried out extrusion at
temperature around 500 °C with extrusion ratio up to 20:1. All these investigators
have similar findings and common consensus as regards improvement in mechanical
properties, hardness rise and refinement of structure with increase in reinforcement
volume fraction and milling time.

2.1.3 Cryomilling

In conventional milling of powder mixture, frictional temperatures induce severe
recovery and recrystallization of microstructures. Low-temperature processing
suppresses such effect in cryomilling which is usually carried out in cryogenic
medium like liquid nitrogen. So cryomilling is beneficial in obtaining refined
nanocrystalline grain structure more rapidly [101] besides avoiding undesirable
chemical reactions between reinforcements and matrix material.

Al-B4C nanocomposite [107] was produced using cryomilling method. Al5083
alloy powder of APS 40 µm and boron carbide powder of 1–7 µm were mixed
together with 0.2–1 wt% stearic acid. Milling of mixture was carried out for 8 h in
attritor mill at 180 rpm while maintaining 32:1 ratio of ball to powder. Complete
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immersion of powder mixture and milling balls was ensured inside the milling
tank filled with liquid nitrogen. The tank was maintained at minus 180 °C temper-
ature using K type thermocouple controlled nitrogen flow. On characterization,
authors found uniformly dispersed B4C particles in Al matrix with slight reduc-
tion in size and no particle agglomeration. Clean particle–matrix interface with no
voids or cracks around is seen and more importantly no detrimental phases such as
Al3B48C2, AlB24C4 and Al4C3 were observed in the composite due to cryomilling
which otherwise appear in high-temperature processing.

2.1.4 Microwave Sintering (MWS)

Microwave sintering process is advantageous for time and energy saving. It is consid-
ered as unique techniquewhich involves instantaneous conversion of electromagnetic
energy into thermal energy for efficient volumetric heating of powder compact. It
avoids variation of microstructure along thickness of specimen as observed in any
differential heating. Microwaves penetrate deep into powder compact, and the gener-
ated heat radiates outwards. MWS is found better for fabricating nanocomposites
with enhanced properties due to merits like high heating rate, short processing time
and homogeneous microstructure [78].

Very recently [63] Al-Al3N4 nanocomposite is fabricated by employing
microwave sintering route. They took aluminium powder of APS 10µm and blended
with (0, 1, 2, 3 wt% fraction) Al3N4 particles of 15–30 nm size in planetary ball mill
for 2 h at 200 rpm. The mixed powder was then compacted uniaxially at 50 MPa
with 1 min holding time. Compacted specimens were later placed and subjected to
heating at 10 °C/min for 30 min in microwave furnace at 550 °C. Authors reported
uniformly dispersed silicon nitride particles and increase in UTS, YS, compressive
strength and hardness of the microwave sintered specimens.

2.1.5 Spark Plasma Sintering (SPS)

Novel technique called spark plasma sintering is also knownasfield-assisted sintering
(FAS) and plasma-assisted sintering (PAS). It is used for consolidating powders to
relatively high density with fine crystalline structure by generating plasma spark
between gaps of compacted powders via electric DC pulse discharge. The process is
popular for low processing temperature, self-purification of particle surface and short
sintering time compared to conventional PM.Moreover, it overcomes the drawbacks
of traditional powdermetallurgymethod such as coarsemicrostructure, lowadhesion,
reduced strength and hardness at high temperatures [17]. Effective consolidation of
nanostructuredAl alloy composites by SPS is done by optimizing process parameters
like temperature, applied pressure, heating/cooling rate and cyclic pulse duration.

In a recent researchwork, [15]Al-SiO2 nanocompositeswere densified containing
0, 3 and 6 wt% SiO2 (50 nm) powder using spark plasma sintering technique. Under
50 MPa pressure, they raised temperature of the compact to 550 °C with heating rate
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of 100 °C/min followedbyholding period of 5min and then cooling rate of 30 °C/min.
Authors reported improvement in hardness and 25% rise in the tensile strength of
Al-3%SiO2 composite. But 6 wt% composite exhibited reduction in strength due to
agglomeration of particles and intergranular mode of fracture. Several attempts to
fabricate nanostructured aluminium composites [12, 52, 69, 80] have been reported
in the last decade proving SPS to be effective method of powder compaction.

2.1.6 Friction Stir Processing (FSP)

Friction stir processing, a relatively new process under developmental stage and
derived from friction stir welding, is employed, especially for fabricating surface
nanocomposites. An exhaustive review paper on FSP has been published by Arora
et al. [9]. At first, a groove of desired size is made in the composite and it is then
filled by required amount of reinforcement particles.Ablunt pin less non-consumable
rotating tool is plunged into workpiece to close the groove encapsulating reinforce-
ments inside. Later on, a rotating tool with pin is pushed inside the surface andmoved
along the groove to spread particles by strong stirring action. The pin can be moved
several times along the groove for improving the particle distribution. Successful
fabrication of surface composite by FSP depends on processing parameters like tool
size, speed and number of passes. Uniform dispersion of particles and surface finish
obtained are the main challenges of FSP process. Basic layout of FSP is shown in
Fig. 3.

Sharifitabar et al. [87] for instance filled 50 nm size Al2O3 particles into groove
(1 mm× 2 mm) made in 4 mm thick Al5052-H32 rolled plate and employed FSP to
obtain surface nanocomposite. They applied different ratios of tool rotation to tool
travel speeds from 8 to 100 rev/mm and tilt angle of pin from 2.5° to 5° to see their
effect in producing defect-free stir zones.Hardened steel pin of diameter 5mm, length
3.7 mm and shoulder size Ø13.6 mmwas employed for stirring groove line area after
initially closing the groove by pin-less tool. On finding optimum parametric condi-
tions, they investigated the influence of number of passes on mechanical properties
and specimen microstructure with or without Al2O3 powder. They suggested use of

Fig. 3 Friction stir processing method
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higher tilt angle of pin and high ratio of tool rotational to travel speed for obtaining
defect-free surface composite. Also found that increasing number of passes resulted
in improvedmechanical properties like tensile and yield strength due to reduced grain
size and better dispersed particles. Observations for aluminium nanocomposites like
increased hardness, better particle dispersion with number of passes and improved
mechanical properties due to refined grains caused by heavy plastic deformation and
dynamic recrystallization employing optimized FSP process are reported by several
researchers [38, 49, 58, 65, 85].

2.1.7 Accumulative Roll Bonding (ARB)

In this process, metallic sheets after wire brush cleaning to remove oxides and
contaminants are stacked over each other with uniformly spread reinforcement parti-
cles in between. The stacked sheets are then rolled together to reduce the stacked
thickness by up to 50% in single rolling cycle (Fig. 4). The roll bonded sheets are
then cut into two pieces and stacked again for rolling in order to reduce the thickness
by half. This process is continued several times and examined periodically to obtain
uniformly dispersed particles embedded inside the bulk material.

Alizadeh and Paydar [7] fabricated SiC reinforced aluminium nanocomposites by
accumulative roll bonding process. They took eight strips of 200 mm × 30 mm ×
0.4 mm size made of Al1050 alloy and spread 5 µm size 1 vol.% SiC powder in
between each two of them. Before it, all the strips were cleaned with acetone and
subjected to wire brush cleaning using 90 mm circumferential diameter brush of
0.35 mm diameter wire at 14 m/s surface speed. Laboratory rolling mill having
roll diameter 170 mm and 15 rpm rolling speed was used to reduce the initially

Fig. 4 Accumulative roll bonding (ARB) method
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stacked thickness by 66%. Roll bonded strip was cut into two pieces and annealed
for an hour at 350 °C. The heat-treated strips after cleaning and wire brushing were
stacked again and rolled to reduce thickness by 50%. The process is repeated eight
times with no additional reinforcements and heat treatment. The bulk nanostructured
composite thus produced after eight accumulative ARB cycles was further examined
for microstructure and mechanical properties. Microstructure exhibited uniformly
dispersed SiC particles with ultrafine grains of 180 nm size. At the end of 8th ARB
cycle, specimen tensile strength increased by 4.1 times to reach 243.3 MPa while
elongation increased by 17%.

ARB process was originally developed and introduced in 1998 [81] and later
on followed by different researchers for producing aluminium composite materials
[90, 98, 106] with remarkably improved material properties on account of grain
refinement and dislocation strengthening.

2.1.8 Laser Cladding

This process also termed as laser additive manufacturing is relatively recent method
of producing nanocomposites with some reported publications in the last decade. In
this effectivemethod, nanocomposite is developed by additively depositing new layer
onto substrate by laser melting blown reinforcement powders or already preplaced
powder bed. Rapid heating and cooling experienced by deposited powder and
substrate develop strongmetallurgical bond-forming cladded nanocompositewithout
changing initial composition and properties of added materials. Different combina-
tions of powder mixtures can be deposited on substrate to develop tailored surface
with desired properties like improved strength, hardness, thermal stability, corrosion
and wear resistance. Selection of optimized process parameters such as laser power,
speed and beam diameter is required to avoid melting of nanoparticles [113]. This
process is in the developmental stage, and issues like nanoparticle powder handling
and delivery, agglomeration, particle dissolution, health hazards and fabricating 3D
parts are being addressed. Better interface bonding between particles andmatrix with
improved properties of aluminium nanocomposites suchAl-Al2O3 [32], Al-SiC [16],
Al-TiB2 [104] and Al-TiO2/B4C [62] have been demonstrated in research works.

Gu et al. [30] for instance produced TiC reinforced Al10SiMg alloy nanocom-
posite by laser cladding. YLR-200-SM ytterbium laser with power 200W and 70µm
spot size was selected to deliver power of 80–140Wwith scan rate of 100–150mm/s.
Aluminium substrate was first fixed to levelled platform in sealed chamber filled with
argon gas. Mechanically alloyed mixture of TiC (50 nm) and AlSi10Mg (30 µm)
powders was deposited onto the substrate by layering mechanism creating powder
bed of 30 µm thickness. Specimen CAD data was used to scan powder bed selec-
tively following raster scan pattern. The processwas then repeated layer by layer until
finally to get the bulk specimen of 20mm× 10mm× 6mm size. Unreinforced spec-
imens were also fabricated by the same process for comparing microstructure and
tribo-mechanical properties. It was observed that near full density (98%) composites
with hardness of 184.7 HV (20% higher than unreinforced alloy) and increased wear
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resistance with friction coefficient as low as 0.28 were successfully developed by
laser additive manufacturing process.

2.2 Semisolid-State Processing

Semisolid method consists of processing the metallic systems in between solidus
and liquidus temperatures wherein the partial solid slurry contains nearly globular
grains with 20–60% solid fractions. Due to semisolid condition, it is possible to
produce castings having low shrinkage pores and less thermochemical degradation
to reinforcements on account of low processing temperatures. Two types of semisolid
processing methods, viz. compocasting and thixoforming, are seen for fabricating
metal matrix nanocomposites.

2.2.1 Compocasting

Compocasting also termed as rheocasting involves producing semisolid slurry by
lowering the molten metal temperature during casting process itself to reach between
liquidus and solidus line. In this condition, the required amount of preheated rein-
forcements are added into the slurry and stirred vigorously for uniform incorpora-
tion. Compocasting is found suitable for producing aluminium nanocomposite with
improved mechanical properties due to refinement of grains as demonstrated in the
published literature [37, 42, 83].

In one of the reported works [23], A356 alloy was reinforced with (1, 2, 3 wt%)
50 nm Al2O3 particles using compocasting technique. They charged 3 kg of base
aluminium alloy in graphite crucible at 630 °C. The melt was then degassed using
hexachloroethane tablet and brought down to a temperature range of 590–605 °C to
have semisolid melt slurry. Alumina nanoparticles wrapped in aluminium foils and
preheated at 200 °C were introduced into melt slurry and stirred at 1000 rpm for
1 min. The slurry on pouring into preheated mould, developed nanocomposite cast
specimen. Composite sample exhibited rise in strength, hardness and ductility by 34,
31 and 90%, respectively.

2.2.2 Thixoforming

In thixoforming process, a solid feedstock or slug is reheated to semisolid state
and formed to shape in partially melted condition with liquid fraction between
30 and 50%. It can form complex near net-shaped components using thixotropic
behaviour of materials in the semisolid condition thus saving manufacturing cost.
Thixoforming process outperforms traditional casting in terms of reduced porosity
because semisolid metal flow is not turbulent but laminar. Although the process is
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found implemented for microcomposites, its application for fabricating metal matrix
nanocomposites is not given consideration yet.

The only publication to date as per our knowledge is of the fabrication ofA356/SiC
and A356/TiB2 nanocomposites [44]. SiC and TiB2 of 20–30 nm size each were first
mixed with A356 powder of APS 60 µm size and compacted to produce green
tablets. The composite tablets were introduced into A356 melt to produce 0.8 wt%
nanocomposites of SiC and TiB2 particles each using ultrasonic stir casting process.
The cast nanocomposites then were taken for thixoforming process. A356/SiC and
A356/TiB2 billets were placed in thixoforming press and induction heated to 575 °C
(approximately 30% liquid fraction) in three steps of 500, 560 and 575 °C. Semisolid
slurry was held for 9 min at each step to reduce temperature gradient of billet. The
slurry was then forced into preheated (300 °C) tool steel die by applying ram with
stroke velocity of 70 mm/s thus producing thixoformed A356/SiC and A356/TiB2

nanocomposite samples.

2.3 Liquid-State Processing

In the liquid metallurgy route, matrix material of composite is heated well above its
melting point and then solid reinforcement particles are added from outside into it
or created inside the melt by affecting thermochemical reactions between composite
constituents. Nanoparticles are dispersed inside the melt by employing techniques
like mechanical stirring, electromagnetic stirring or ultrasonic vibrations. Liquid
infiltration and disintegrated melt deposition are other liquid processing methods of
composite fabrication.

Although liquid processing is widely studied due to relative simplicity and flex-
ibility, it is identified to have some critical issues, especially in case of fabricating
nanocomposites [11, 14, 54, 60] as briefed below. As nanoparticles provide large
surface area, Van der Waals force of attraction induce them to agglomerate near the
grain boundaries and fail to disperse uniformly in thematrix which effectively reduce
their strengthening potential. It has been found that the aggregation rate of 20 nm
size particles is four orders of magnitude higher than that of 1 µm size particles.
Ceramics are found to have limited wettability with liquid aluminium which can
create poor interfacial bonding between particles and matrix. Interface debonding
occurs during plastic deformation affecting strength and stiffness of the composite.
Nanoparticles on account of their large surface area increase the interfacial reac-
tions manyfold producing reaction products which at times may be undesirable and
spoil composite properties. There is a critical size of nanoparticles below which if
they added to the matrix will deteriorate material properties due to negative Hall–
Petch effect. Also there is limit for addition of nanoparticles in the liquid melt above
which if added form clusters reducing the effectiveness of dislocation hindrance and
thereby lower the mechanical strength. However, it is to be noted that nanoparticles
on adding homogeneously into the matrix in stable form can dramatically improve
the mechanical properties as compared to microcomposites and unreinforced alloys.
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Several studies reported so far have shown improvement in hardness, yield strength,
compressive strength, wear and corrosion resistance of aluminium alloy because of
uniform distribution of nanoparticles and refined microstructure. Nanoparticles are
observed to restrict grain growth by acting as obstacles called Zener pinning effect.

2.3.1 Stir Casting

It is a widely used liquid-state processing method for fabricating composites for
simplicity and low cost. A typical experimental layout of the method is shown in
Fig. 5. In the process, metal alloy ingots are heated for complete liquification inside
furnace crucible of the stir casting setup. The reinforcement particles are then dropped
manually over the surface of melt which is then stirred for spreading the particles
inside. Mechanical stirring rod carries impeller blades attached at the bottom and
is dipped inside the melt to stir it before and after particle addition. Stirring action
creates vortex inside the melt which helps to suck in particles due to differential
pressure gradient. However, as aforementioned, it is usually difficult to distribute
particles uniformly inside the melt because of their low wettability and tendency
to cluster [34, 91] while the situation aggravates further for nanoparticles due to
the increased surface area. Large density difference between particles and alloy can
make the situation even more challenging as the particle can start moving to float or
sink the moment stirring is stopped. To tackle with these issues, different ways and
means have been tried like preheating the particles [92], coating or pretreating them
to enhance wettability [13], modified stirring [31, 110], introducing particles with
the help of master alloy powder [97] and addition of Mg [86] and K2TiF6 salt flux

Fig. 5 Stir casting experimental setup
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with some reported success. Air entrapment due to stirring can increase porosity in
the cast composite. Hence, for better densification efforts like use of melt degassing
tablet, particle addition using argon gas-assisted injection, continuous supply of inert
gas inside the furnace, bottom pouring and vacuum-assisted casting are employed.

Mazahery andOstadshabani [66] for instance followed stir casting route to develop
A356/alumina nanocomposite reinforced with 0.75–5 vol.% alumina particles. They
initially produced master alloy powder by mixing Al (16 µm) and alumina (50 nm)
with Al/alumina ratio of 1.67 using ball milling process. A356 ingots weighing 450 g
were charged into the furnace for melting at two temperatures, 800 °C and 900 °C.
1 wt% Mg was added for improving wettability. When vortex was created in the
melt at 600 rpm stirring speed, the master alloy powder (1 g) packed in aluminium
foil packets were dropped into melt one at every 20 s till the required volume frac-
tion addition is achieved. Stirring was continued for 15 min while continuously
passing argon gas in the crucible. Slurry was then poured into CI mould to cast
composite specimen. Authors observed reasonable distribution of particles inside
the matrix with few agglomeration sites. Tensile strength and compressive strength
improved initially, and highest values weremeasured for 1.5 and 2.5 vol.% nanocom-
posites, respectively, but declined further. Porosity increased slightly with increase
in nanoparticle addition. Moreover, % elongation decreased and reached to almost
half for 5 vol.% composite.

2.3.2 Electromagnetic Stir Casting

Electromagnetic stirring a novel method also known as induction heating is useful
for grain refinement and homogeneous addition of nanoparticles into the metallic
melts by means of external magnetic field [26, 88]. In this process, electric current
is passed through induction coils fixed around the crucible which create alternating
magnetic field introducing Lorentz forces in the melt. These forces are found to
generate vortex type flow pattern and strong stirring action to disperse nanoparticles
by breaking their clusters. The process parameters like stirring time, electromagnetic
frequency, temperature and current intensity are controlled for best results.

Yu [108] produced A356/SiC nanocomposite using electromagnetic stirring. He
used induction heating unit which could convert 50–60 Hz, 3-phase power into
single-phase high-frequency output. He charged 198 g A356 ingots into crucible and
raised the temperature of melt to 750–800 °C. After adding 2 wt% SiC nanoparticles
(50–60 nm) using aluminium foil capsules, the melt was treated to electromagnetic
stirring with 60 Hz output frequency for 60 min. 2 wt%Mgwas added for improving
wettability. Uniform dispersion of particles with 22% rise in hardness of fabricated
nanocomposite was observed. Successful preparation of Al/Al2O3 nanocomposite
[53] has been reported recently.
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2.3.3 Ultrasonic Stir Casting

Ultrasonic stir casting is observed as the most effective method for uniform distri-
bution of very fine particles by breaking their clusters in melt, refined microstruc-
ture and improvement in wettability, especially of ceramics in aluminium [55, 61,
103]. It involves treating nanocomposite melt by ultrasonic waves with approximate
frequency of 20 kHz using high power density ultrasound (100 W/cm2). Typical
schematic of ultrasonic stir casting setup is shown in Fig. 6. Sonotrode made of tita-
nium or niobium alloy on account of high temperature stability is dipped in the melt
to pass in high-frequency ultrasonic waves. It gives rise to two principal effects in the
melt called as cavitation and acoustic streaming. During negative part of the ultra-
sonic wave, air bubbles are created in the melt under tensile stress. Under positive
cycle, bubbles shrink under compressive stress of wave. Air entrapped in voids of
clusters is believed to provide nucleation sites for bubble growth. On reaching crit-
ical size, bubbles burst creating local microsites of very high temperatures (5000 °C)
and pressures (1000 atm) called hot spots. This effect of formation and collapse of
transient hot spots is called as cavitation effect which can clean the particle surface
for improved wettability. Due to high pressure gradient in several small places in
the bulk melt, strong macroscopic flow circulation effect is created called acoustic
streaming which help in dispersing loose particles. Moreover, as the melt is not
agitated, air entrapment is diminished. This promising technique however suffers
from the fact that very large volume of melt cannot be treated because of the need
of corresponding ultrasonic high power source which limits its industrial scalability.
Ultrasonic treatment of continuously flowing liquid can be seen as a possible solu-
tion for scaling up. But still the fact of particle movement and settling in the melt on
account of density difference after stopping of ultrasonication prevails and can lead
to marginal porosity.

Ultrasonic vibration-assisted stir casting process is employed for fabricating
several aluminium-based nanocomposites reinforced with SiC, Al2O3, B4C, TiB2,

Fig. 6 a Schematic of ultrasonic stir casting setup; b mechanism of particle deagglomeration
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SiO2, GNPs and h-BN [5, 18, 24, 33, 48, 56, 68, 84]. Researchers have reported
superior particle incorporation, wettability, improved densification, grain refinement
and mechanical properties, for instance 92% rise in hardness for just 2% Al2O3 [68]
and 134% enhancement in tensile strength for 5 vol.% GNP [5] incorporation. In
a research work by Poovazhagan and Kalaichelvan [72], the effectiveness of ultra-
sonication treatment was exhibited on characterizing the fabricated AA6061-SiC
nanocomposites.AA6061 alloy ingotsweighing 800 gweremelted in graphite coated
SS crucible at 680 °C and chocked for 10 min. Mechanical stirring was performed
before and after adding SiC particles in required volume fraction. Then, titanium
sonotrode was dipped into the melt for performing ultrasonication for 45 min. Ultra-
sonic generator with 2 kW power producing 20 kHz frequency was used for melt
treatment. After ultrasonic treatment, themelt temperaturewas again raised to 800 °C
for improving its fluidity and poured in preheated steel die for casting to shape.
Different nanocomposites containing 0.3–1.5 vol.% SiC were produced the same
way. In microstructural investigation, EDS elemental mapping images revealed very
good dispersion of particles. Tensile strength of just 1.25 vol.% composite increased
by more than 100% while 1.5 vol.% composite displayed 74% rise in BHN value.

2.3.4 Liquid Infiltration

In liquid infiltration method, liquid metal is incorporated into the preformed porous
solid of reinforcement under either the influence of applied pressure or allowed to
seep in with time without external pressure. The slurry consisting of reinforcements
and liquid binder carrier is formed to the required shape under pressure. Thereafter,
preform is heat treated and dried for its dimensional stability. During liquid infiltra-
tion process, preform is placed into die and liquid metal is poured over it. Melt is then
forced to infiltrate the preform by applying ram pressure. Liquid infiltration process
is also referred as squeeze casting and may take the form wherein the composite
slurry of metal and reinforcements is squeezed into the die under pressure. Contact
angle between melt and nanoparticle is required to be less than 90° to ensure wetting.
This process is preferred for being inexpensive and allows incorporation of as high
as 50% nanoparticle fraction into the metal matrix. However, it takes long time for
casting, especially in case of pressureless infiltration [116]. Aluminium nanocom-
posites reinforced with SiC, CNT and CuO [25, 96, 112] have been produced by
squeeze casting method.

Geng et al. [28] produced hybrid nanocomposite of Al2024 alloy reinforced with
SiC whiskers (20 vol.%) and SiC nanoparticles (2, 5 7 vol.%, 35 nm) by squeeze
casting method. They initially prepared homogeneous slurry of whiskers and fine
particles of SiC mixed with alcohol by mechanical blending and dried to get solid
hybrid preform. Alloy temperature was raised to 800 °C for melting while preform
heated to 500 °C. Thereafter, molten alloy was forced into reinforcement preform
at low infiltration pressure of 2 MPa and later solidified under pressure of 50 MPa.
Tensile strength and elastic modulus of (20% SiCw +7 vol.% SiCnp) nanocomposite
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were reported to be 620 MPa and 127 GPa, respectively, as compared to corre-
sponding values of 206MPa and 70 GPa for Al2024 alloy. But % elongation of alloy
reduced from 17 to very low value of 0.77 due to reinforcement by this method.

2.3.5 Disintegrated Melt Deposition (DMD) and Spray Co-deposition

In disintegrated melt deposition process, superheated and stirred mixture of metal
and reinforcement is allowed to fall under gravity from crucible through small nozzle
into a chamber filled with inert gas. The falling slurry is disintegrated by two argon
gas jets arranged normal to themetal flowwhich then solidifies on ametallic substrate
(Fig. 7). Despite process being suitable for both Al and Mg alloys, it is specifically
adopted for fabricating Mg-based composites. It is because Mg is highly oxidizable
and DMD process reduces formation of oxides in the casting. The cast specimen
obtained by this process is usually extruded in order to reduce porosity.

In a reported research work, Hemanth [35] (102) produced LM13-ZrO2 (50–
80 nm, 3–15 wt%) nanocomposites by DMD process. The preheated reinforcement
particles (200 °C)were added to the superheated (720 °C)LM13alloymelt and stirred

Fig. 7 Typical experimental setup of disintegrated melt deposition process
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at 450 rpm speed for better dispersion. Fabricated nanocomposites were extruded by
hydraulic press at 200 °C in order to refine microstructure. On characterization, they
revealed much refined grain structure, uniformly distributed particles and minimal
porosity. Besides, significant rise in hardness (128 Hv) and UTS (258MPa) was seen
for 12 wt% nanocomposite in comparison to 98 Hv and 170 MPa values measured
for unreinforced LM13 alloy produced by the same method. Spray co-deposition
[115] is a method close to DMD process. In this technique, molten metal stream is
allowed to fall into inert chamber and is incorporated with reinforcement particles
sprayed onto it through jets of argon gas while simultaneously disintegrating the
falling mass. Layers of fallen metal droplets on substrate create composite material
after solidification.

2.4 Hybrid/Combination Processing

Different processes available for nanocomposite fabrication are sometimes combined
to draw in benefits of individual process. Such approach can improve product quality
as no single process is perfect in all respects.

Some researches have combinedmechanical alloying techniquewith liquidmetal-
lurgy route to fabricate AMMNCs [4, 67, 94, 114]. For instance, Tahamtan et al. [94]
fabricated A206-5vol.% Al2O3 nanocomposite by adopting this hybrid route. They
mixed powders of aluminium (74 µm), alumina and Mg (100 nm each) and ball
milled the mixture up to 9 h to create master powder for reinforcement. Milling
was performed in argon atmosphere with 1.7 wt% stearic acid as PCA. In addition,
compacted powder tablets of 20 mm × 3 mm size were prepared for incorporation.
Besides, they produced master metal matrix composites by melt process using as
received alumina powder and also using milled powder. In this manner, four different
forms of reinforcement addition, viz. as received alumina, master powder, master
tablet and master composite, were created for producing different nanocomposite
specimens. Later on, again two ways of fabrication such as semisolid stirring and
liquid-state stirring were used. They heated base matrix to temperature of 745 °C for
liquid processing and incorporated reinforcements slowly over period of 15–30 min
with melt stirring at 400 rpm. Alumina powder and master alloy/composite were
preheated at 400 and 200 °C, respectively, before addition to melt. Less melt turbu-
lence was reported for addition of master alloy in place of nanoparticles leading
to decreased porosity. Semisolid processing was performed at 640 °C temperature
(20% solid fraction). Ball milling improved wettability and uniform distribution
of particles, and decreased reaction products, and hence, tensile properties were
enhanced.

Stir casting and cross accumulative roll bonding were combined [8] to produce
Al-Al2O3 nanocomposites. Authors initially produced Al-2vol.% Al2O3 (100 nm)
nanocomposite by stir castingmethod by employing argon gas-assisted particle injec-
tion into melt at 670 °C while stirring at 500 rpm. Cast specimen was then machined
to 120 mm × 100 mm × 4 mm size specimens. All specimens after annealing at
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540 °C for 2 h were cold rolled to obtain 100 mm × 100 mm × 1.5 mm strips.
Two such strips were taken for roll bonding process after acetone bath, wire brush
cleaning and the stack reduced to 50% thickness at the end of the first rolling pass.
Bonded strip was cut into two pieces, cleaned them, stacked and subjected to second
roll pass by changing the orientation to 90° with respect to previous pass. The process
repeated eight times, and after every pass, the strip was characterized for microstruc-
ture and tensile properties. Cross orientation at every pass elongated the strip in both
linear and transverse directions resulting in 71 nm crystal size. Tensile strength at the
end of the eighth pass increased to 344 MPa (213% rise) and elongation % increased
to 6.4 (205% rise).

Xiong et al. [102] combined pressureless infiltration and ball milling to produce
Al-3%Mg/SiC nanocomposite having reinforced with 40 nm size SiC particles with
varying volume (3, 6, 14) percentages. Al and Mg powder each of 70 µm size
particles and SiC reinforcement were first ball milled in argon atmosphere for 10 h
at 450 rpm and ball–powder ratio of 4:1. Powder was cold compacted at 50 GPa
pressure to prepare preforms of size 40mm× 40mm× 80mm. Basematrix material
was later melted in furnace at 700 °C with addition of (NaCl + KCl) salt mix for
reducing melt oxidation and held for 20 min. Preform was then added to melt, kept
in suspension for 2 h for infiltration and allowed the slurry to solidify in the furnace
itself. Authors detected MgO at the particle–matrix interface which they claimed to
improve wettability. Tensile properties improved with retained ductility.

In another research work [22], rheocasting and squeeze casting were combined to
fabricate A356/MWCNTs (0.5–2.5 wt%) nanocomposite. Initially, Al powder and
MWCNTs were ball milled for 8 h at 200 rpm in presence of stearic acid. Blocks
were then prepared by compacting mix at pressure of 70 MPa for 15 min duration
in steel mould. A356 ingots were melted at 660 °C in argon atmosphere, and after
degassing the melt using hexachloroethane tablet, the melt temperature was reduced
to 601 °C (solid fraction 30%). On adding blocks, the semisolid slurry was stirred
for 1 min at 750 rpm. It was next poured in preheated (250 °C) steel die at the same
temperature and immediately squeezed to acquire mould shape. For the optimum
1.5 wt%MWCNT composite, tensile strength and elongation % enhanced by 50 and
280%, respectively, which was attributed to uniform particle dispersion and grain
refinement.

2.5 In Situ Methods

Formation of inhomogeneous microstructure and detrimental reaction phases are the
issues to be tackled for ex situ fabrication of nanocomposites. In situ fabrication
involves thermochemical reactive processes between the constituents of composite
material resulting in creation of very small, low range particulate reinforcements
dispersed well in the entire microstructure. The advantages of the approach include
formation of clean particle–matrix interface, thermodynamic stability, combination
of variety of matrix materials and reinforcing particles, scalability and absence of
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detrimental phases. Initially, the reactive constituents of composite material can be
in various physical states such as solid–solid, solid–liquid, liquid–gas, solid–gas and
liquid–liquid.

Recently, TiC nanoparticles are created in aluminium matrix by in situ process
during mechanical alloying using nanodiamond as precursor [73]. They mixed
powders of Al (30–100 µm), titanium (100 µm) and nanodiamond (4–6 nm) and
milled the mixture in Retsch PM400 planetary mill at 300 rpm with ball–powder
ratio of 10:1. Besides fine TiC particles, intermetallics such as TiAl2 and TiAl were
detected in the final mixture.Mechanical attrition activated combustion synthesis has
been reported to produce Al/Al3Ni + Al2O3 [77] and Al/TiC + Al2O3 [109] hybrid
nanocomposites.

Direct melt reaction in situ technique was employed [105] to produce
Al6061/ZrO2 nanocomposites with varying (1–3) volume percentages. K2ZrF6 and
KBF4 inorganic salts were mixed in the molar ratio of 1:2:4 and ball milled to get
homogeneous mix. Further, it was dehydrated for 2 h in oven at 250 °C. The mixture
in required proportion was added slowly to alloy melt at 851 °C and held the compo-
sition for 30 min in isothermal condition. Stirring was set for 3 min at 600 rpm and
performed with a gap of 2 min in between. Melt was then poured at 750 °C to cast
the specimen. Salts were observed to react with aluminium forming ZrB2 particles
in the matrix.

Significant reduction of TiB2 particle size (800–23 nm)was achieved by ultrasonic
stir treatment given to Al-4.4Cu/TiB2 nanocomposite in situ melt produced [70] by
direct melt reaction of aluminium with K2TiF6 and KBF4 halide salts.

Al/AIN nanocomposite is reported [57] to be produced by evaporation of
aluminium in theN2/H2 mixed atmosphere by plasma arc discharge and consolidating
the collection of as-deposited particles by compaction followed by sintering.

3 Summary

This article is an attempt to overview the developments and issues of several different
manufacturing techniques employed for obtaining bulk aluminiummatrix nanocom-
posites. Powder metallurgy-based mechanical alloying and stir casting are the two
widely used methods for producing AMMNCs. Aluminium nanocomposites are
reported to exhibit exceedingly better properties than microcomposites and unrein-
forced monolithic alloys but their development is limited to lab-scale investigations
only. However, considering the performance, nanocomposites have a great future
and are likely to replace their micro-counterparts in various applications of automo-
tive, aerospace, electronics, military, sports goods, etc. Agglomeration of nanopar-
ticles is the most prominent issue and needs extreme care for dispersing them in
the alloy matrix. Ultrasonic stir casting has so far been observed as the promising
route in this regard but suffers from the industrial scalability aspect. Contamina-
tion free, careful handling of nanoparticles is essential for better results. Econom-
ical synthesis of nanoparticles and developing cost-effective ways of nanocomposite
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fabrication should certainlymotivate their practical usage.Different solid- and liquid-
state processes available are useful and may be modified to produce near net-shaped
parts so as to avoid difficulty in further processing imposed by hard reinforcements.
Combining production routes have offered better results and can be explored further.
Processing with nanoparticles is rather complex than micro-particles as increased
surface-to-volume ratio creates challenges of particle clustering and increases the
formation of reaction products, especially in liquid processing methods. In situ
fabrication is a promising approach for AMMNCs due to formation of clean and
strong interfaces as well as very fine dispersoids but not yet tried fully due to limited
information.

Conflict of Interest None declared.
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Chapter 6
Aluminium Hybrid Composites
Reinforced with SiC and Fly Ash
Particles—Recent Developments

Bhabani Ranjan Pal , Shouvik Ghosh, and Prasanta Sahoo

1 Introduction

Material researchers have given much attention on composite materials in the recent
past years, because of having desirable properties, unordinarily that could lead to
various useful engineering applications in different domains. AMCswhich ismajorly
used in aerospace, defence, nuclear energy, automotive, sports recreational, biotech-
nology and thermal management must be considered as materials for energy conser-
vation and environmental safeguard [120]. Automotive component application areas
of AMCs are fins, gear box housing, disc rotor brakes, rotating blade sleeves, suspen-
sion strut, crankshafts, rocker arms, etc. In electronic sector, someof the uses are in the
integrated heat sinks, microprocessor lids and microwave manufacturing. Aerospace
industries use AMCs as aircraft wings, body structure faming and gears for landing
[4]. AMCs have drawn attraction for its economic production and desirable proper-
ties. Such desirable properties are higher specific stiffness, specific strength and low
coefficient of thermal expansion with better wear and corrosion resistance. Strength
along with wear susceptibility is of prime importance for the applicability of AMCs
in different service areas [5].

Performance level of MMC depends on:

• Types of reinforcements combined,
• Wt% of reinforcing materials mixed,
• Wettability between matrix and reinforcements,
• Fabrication route selected,
• Metallurgical characteristics of the matrix material [5].
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Primary challenging task when processing MMCs is to achieve homogeneous
and uniform distribution of reinforcements in the matrix as this puts a great impact
on the final properties and the desirable quality of the material. Uniform distribu-
tion and prevention of segregation or agglomeration of reinforcements help to get
better microstructure that leads to achieve good aggregate characteristic profile of all
MMCs. Available processing routes ofMMCs can be classified into three types, such
as (a) Liquid phase (b) Solid phase and (c) Infiltration technique. Semisolid phase
processing such as rheocasting and compocasting is also widely used fabrication
process, apart from these three techniques. Liquid phase process mainly includes
stir casting, high-energy laser melt injection, plasma spraying and squeeze casting,
etc. Ultrasonic cavitation-assisted stircasting process as shown in Fig. 1 has ease in
breaking the agglomeration of reinforcing particles. Solid phase incorporates mainly
powder metallurgy technique, where microwave sintering (shown in Fig. 2) is gradu-
ally taking the place of conventional sintering in MMC production. Infiltration route
has application in industry for its large-scale production advantage. Figure 3 shows
basic flow diagram of liquid metal infiltration technique. In the route of infiltra-
tion problem arises when the reinforcement concentration becomes high. Additional
processes are required to dilute the reinforcing agent to the required levels in that

Fig. 1 Schematic diagram of ultrasonic-assisted stircasting

Fig. 2 Schematic diagram of microwave-assisted hot pressing
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Fig. 3 Schematic diagram of liquid metal infiltration

case. Increased processing times and steps at elevated temperatures often produce a
secondary phase as a result of chemical reactions between matrix and particle. This
secondary phase usually brittle in nature [100]. Stir casting process has proved to be
useful for its simplicity, high productivity and economical [113]. Recently modified
stir casting or two-step stir casting are gaining attraction of the researchers for very
well dispersion and bonding of reinforcements within the aluminium metal matrix
[2]. Particle or fibre reinforced MMC are proofing higher strength and modulus, far
better wear resisting behaviour with ease in production and lower cost of preparation
[17]. However, toomuch degradation of ductile behaviour of theMMCs due to higher
level of inclusion of ceramic particles is a matter to think about. Interest has been
grown by incorporating ceramic particles size of nano-level to produce metal matrix
nano-composites (MMNC) thatmaintain good ductility [78]. Stable and non-reactive
performancemust be thereby the reinforcements in the range of functioning tempera-
ture for better susceptibility towear [87]. Ceramic powders as reinforcements possess
exceptional strength compared to other class of reinforcements; hence, these are
majorly useful as primary reinforcements of HAMCs. Ceramics have certain advan-
tages like (a) high hardness, (b) heat resistant, (c) low thermal expansion coefficient,
(d) medium conductivity and (e) corrosion resistant. Most commonly used synthetic
ceramics reinforcements are SiC, Al2O3, SiC, B4C, ZrO2 and TiB2. Secondary rein-
forcements are used for the purpose of machinability increment, cost reduction and
lowering density [112]. The significant input parameters like particle size and types
of reinforcement had percentage contribution of 27.30% and 48.72%, respectively,
to control the microhardness of AMC [114].

Based on the outcomes of several researches, it has been found that silicon carbide
(SiC) can be opted as key ceramic element for aluminium matrix or its alloy base
composites [66]. Studies have been done in last two decades for AMC characteriza-
tion using industrial wastes such as fly ash, red mud, granite dust and agricultural
wastes like rice husk ash (RHA), sugar cane bagasse ash (SCBA), coconut shell
ash, bamboo leaf ash (BLA), ground nut shell ash, palm oil fuel ash and maze stalk
ash. Fly ash is potential discontinuous dispersoids that have got more attention of
the researchers among all these waste particulates and results also show to be very
promising in tribo-mechanical properties of the fabricated products of AMCs [41].
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Strength of aluminiummatrix composite not only depends on the reinforcement type,
it is also a function of reinforcement size when varied from micro to nano.

Hence, present literature study deals with the different experimental findings
achieved by different researchers in the field of Al-MMCs reinforced with micro- or
nano-SiC and FA. The microstructural, mechanical, tribological, thermal, machining
and someother relevant properties of fabricatedAMCsorHAMCshavebeenprogres-
sively reassessed and discussed in detail. Similar experimental conditions have been
avoided to focus the objective of this chapter. Major target has been set to illus-
trate or highlight the influencing parameters and test conditions which greatly affect
the properties of ultimate developed AMCs reinforced with this two major synthetic
ceramic and agro-industrialwaste. Effect of fabrication techniques and reinforcement
size (micro/nano) on the distribution of reinforcement in aluminium matrix has been
precisely described. This chapter has been organized categorically in five major divi-
sions. First section is introductory part about the reinforcement types and processing
methodology of Al-based MMCs. The second, third and fourth sections depict the
available research outcomes regarding SiC reinforced AMC, fly ash reinforced AMC
and combined SiC, FA reinforced hybrid AMCs. Last section concludes about the
prospects in this research area, which helps the researchers from industry or academic
to get a motivation about the AMC or HAMC reinforced with micro/nano-SiC and
FA.

2 Study on Al-MMC: Reinforced with SiC

In the timeline of AMCs development, different reinforcing materials were used,
that are generally grouped into three major types, as (i) synthetic ceramic-based,
(ii) industry generated wastes and (iii) agriculture-based wastes. Ceramic partic-
ulates reinforced metal matrix composites have favourable properties like high
specific strength, better resistance to wear and good capability to retain strength
at elevated temperatures [30]. SiC is such a ceramic material which holds high hard-
ness (2800 kg/mm2), high rigidity (elasticity modulus as 410 GPa), good thermal
conductivity (100 W/m K for single crystal and 4–20 W/m K for poly crystal),
moderate toughness, low specific gravity (density as 3.2 g/cm3), low thermal expan-
sion coefficient (4.3 × 10–6/K) and less responsive against thermal shock (Melting
point 2730 °C) [96, 114]. Aluminium or its alloy when reinforced with SiC fulfils the
need of lightweight, high strength material in various industries from automotive to
aircraft [82].Many investigations have been executed in last three decades to develop
mechanical, tribological and thermal behaviour of SiC reinforced AMCs. Figure 4
presents the future trend and developing areas of AMC synthesis.

It has been reported by the researchers that both the particle size and dispersion
have evident effect on mechanical strength of the discontinuously reinforced metal
matrix composites (DRMMCs) composites [132]. Outcomes of the use of micro-size
and nano-size SiC reinforced Al-MMC are described below.
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Fig. 4 Trends of aluminium MMC development
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2.1 Micro-SiC

2.1.1 Physical and Mechanical Behaviour

Souvignier et al. have shown aluminiummatrix composites can be shaped by tool-less
manufacturing technique such as extrusion freeform fabrication (EFF). This is one
type of rapid prototypingmethod bymultiphase jet solidification technique combined
with fused deposition modeling. Silicon carbide particles (5–10 μm) upto 20 vol%
weremost successful in retaining high density and doubling the strength of the parent
metal matrix [117]. The density is prime concern to produce lightweight composite
material which needs to be lowered by the inclusion of low density reinforcement
addition in to metal matrix. SiC (density= 3.2 g/cc) has slightly greater density than
Al-alloy (density= 2.6–2.7 g/cc). The density of AMCs is checked both theoretically
(applying rule of mixture) and experimentally (applying Archimedes’ principal).
1.30% increment in the density of the Al6061–SiC composite occurred with the rise
of SiC wt% from 0 to 6. This is mainly attributed to the more denser solid structure
of constituent SiC particles than that of the Al-alloy [128].

Mechanical strength of micro-size silicon carbide particle produced via conven-
tional stir casting or modified stir casting was evaluated on the basis of tensile,
impact, compression load sustainability and hardness behaviour, [7, 14, 46, 49, 80,
115, 126, 128]. The UTS, YS, compression strength and resistance to indentation of
Al–SiC composites were significantly increased with increase in silicon carbide wt%
or vol% in the parent matrix metal and ductility (% of elongation) droped down [14,
49, 116, 128]. This is in linewith the other ceramic particulate reinforced composites.
Very small amount of magnesium (Mg) (1–1.5 wt%) could be used as wetting agent
with SiC where it forms Mg2Si. This is the compound responsible for achieving
more strengthening and better dispersed microstructure of AMC [115]. Comparison
between vacuum-assisted high-pressure die casting (HPDC) process and gravity die
cast (GDC) process with 10 vol% micro-SiC has cleared that the former process
helped to acquire improved particle distribution, reduced porosity and good bonding
at matrix/particle interface [46]. Different metal (like Cu and Ni)-coated SiC micro-
particles were used to enhance micro-structure and phase composition [35, 47, 48].
Physical and mechanical property results of fabricated 5083 Al-alloy composite
using 40 μm SiC show that the ultrasonic assisted stir casting process was beneficial
compared to the ordinary stir casting process. This has been attributed to ultrasonic
blending process properly distributes the silicon carbide particles into the aluminium
matrix by eliminating micro-voids [49]. Micro-hardness of 37 μm SiC reinforced
AMC was increased upto 15% because of the strong adhesion between matrix alloy
and reinforcement. However, it was found to decrease in hardness at 20% SiC due
to the formation of fine cracks at the interface [99]. Uniform particle distribution of
SiC reinforcements, reduced porosity level and fine homogeneous microstructural
dissipation of the composite through liquid metallurgy process lead to achieve better
hardness [7]. Hence, the rotational speed of stirrer and stirring time during addition
of particle into the molten aluminium vortex also has influence on the hardness of the
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composite. It was evidenced that increased stirring speed and time during semisolid
condition results into better distribution of silicon carbide in the aluminium matrix,
thus enhanced hardness was achieved [84]. Effects of three different Al-alloy (2124,
5083 and 6063), two different sizes of SiC particles (157 and 511 μm) and two
different extrusion ratios (13.63 and 19.63) on impact behaviour were studied at
different temperature. The result showed toughness of Al6063 composites increased
a bit with increase in the size of SiC particle and extrusion ratio. Though test temper-
ature did not possess any significant effect on the failure of the composites. Four-
point bending test was conventionally carried out by hot isostatic pressing (HIP) of
30 μm SiC powder in Al-alloy for checking strength of AMC under bending load
[142]. Bending strength was not significantly influenced by the SiC particle size
distribution after HIP [125].

2.1.2 Effect of Secondary Treatments

Secondary treatments of composites as casted or infiltrated such as hot extrusion
or hot rolling generally helped in reaching the targeted mechanical behaviour of
particle reinforced MMCs [81]. Hardness, mechanical and sliding wear resistance
properties of AMC can be extended as the consequence of heat treatment and ageing
of composites [24]. T6 heat treatment both solutioning and ageing were applied
on micro-SiC/Al AMC. Despite suggesting T4 treatment for the composite [123],
conventional T6 thermal treatment is widely accepted in SiC/Al composite due to the
flexibility of artificial ageing [24, 29, 130]. When SiCp content in Al-composites is
low (8–14 vol%), overageing (OA) plays more important role than peak-ageing (PA).
T6 heat treatment of AA2024/40 μm SiCp composites even exhibited considerably
low specific wear rate than grey cast iron as well as H13 tool steel [56]. Main factor
to control ageing kinetics of the composites’ matrices is the lattice spacing, which
reduces as SiCp vol% increased [57]. More amount of inter metallic dislocation
formed as a result of thermal discrepancy in between the aluminiummetal matrix and
SiC reinforcements was attributed to the better ageing kinetics of Al-alloy.Withmore
SiC particles concentration, this ageing phenomenon (through T6 heat treatment)
leads to reduce time required to obtain the maximum hardness [95]. Retrogressed
re-ageing (RRA) of the AMC samples at 120 °C for 24 h was used to fully restore the
peak aged condition of the T6 treatment. It was concluded from comparative study
that T6 treatment improves the mechanical properties of the 7075 Al-alloy system
reinforced by 40 μm SiC while RRA made the composite better wear resistant
[24]. In due course of enhancing coefficient of thermal expansion (CTE) property of
SiC/AMC, T6 tempering is better suggested to minimize the change in dimension
at elevated temperatures [29]. Ageing treatment was noticed more beneficial for
improving fracture toughness, and its result was found better than that of the Al-
borax premixed SiC composites. The improvement attributed to the presence and
fine coherent distribution of Mg2Si precipitates formed in the Al (6063) matrix at the
time of ageing process [3]. It was noticed that during powder metallurgy processing
small ratio of particle sizes between Al-matrix and reinforcement distributed the SiC
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particles homogeneously. It was well understood that much smaller particle size than
the matrix powder size can form cluster very easily in the matrix. This will result an
inhomogeneous distribution of reinforcements which was already seen by previous
researchers [132].

2.1.3 Machining Behaviour

AMCmaterials become difficult to machine, especially when hard and abrasive rein-
forcing elements like silicon carbide (SiC) particles are reinforced. Turning operation
was conducted on SiC/AMC to figure out the effect of machining criterion, like feed
rate, cutting speed, depth of cut on wear rate of tool and surface roughness of spec-
imen [55, 80]. At the condition of turning without coolant, tool wear was increased
mainly with increase in the velocity of cutting. Greater content of SiCp reinforcement
increased tool wear; higher cutting speed and lower feed rate were recommended to
achieve minimal surface roughness.

2.1.4 Thermal Behaviour

Movement or collision of electron inside any material dominates the heat conduction
behaviour of anymetal which is denoted by thermal conductivity (W/mK). The pres-
ence of ceramic-based SiC particles inside the structure forms resists the motion of
aluminium electrons providing conductivity. Thermal conductivity of double phase
composite relies on the factors like individual thermal conductivity of the constitu-
tional phases, interaction and spacing between phases and present wt% of phases.
Thermal conductivity of the Al-composites drops down with rise in wt% of SiC
(referred to Fig. 5), and a reverse phenomenon was detected with increasing size of
SiC particle from 70 to 40 μm. This was ascribed to increasing particle size of SiC
reduces scattering of electrons and thus mobility of electrons increase [34]. Though
SiC reinforced Al-composite had improved heat conductance than the unreinforced
matrix alloy [140].

2.1.5 Tribological Behaviour

Al-SiCp composites processed by liquidmetallurgy possess significantly higher wear
resistance compared with unreinforced alloy during sliding. Bai et al. reported this
increased wear resistance comes from the existing hard silicon carbide particles that
can restrict the flow ability tendency of material and avoid the development of iron-
rich layers on the composite surface [12]. At the circumstance when the fractural
strength of particles is more than applied stress, the SiC particles mainly bear the
applied load. The abrasive nature of SiC particles on the mating surface leads to the
separation of iron oxide (Fe2O3) layers which was placed onto the mating surfaces of
composites provides ten times obstruction to the abrasion phenomenon than matrix
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Fig. 5 The effect on thermal
conductivity with respect to
size and proportion of SiC
particle [34]. Reproduced
with permission from
Elsevier, Copyright (2014)

alloy. SiC particles were fractured under the action of huge localized strain gradients.
These strains were then transferred to the aluminium alloy matrix that nucleates
subsurface cracks. This cracks were then propagated by decohesion of particle–
matrix interfaces. Shifting of wear from mild to severe generally happened in the
unreinforced alloy above a critical load. This phenomenon could be suppressed by the
addition SiCp [6]. A mathematical formula was modelled to predict dry sliding wear
of MMC and compared experimentally with Al-SiC AMC. In that study adhesion,
ploughing and particle fracture are taken as dominating wear mechanism. Hence,
sliding friction coefficient is calculated using the following relation (Eq. 1):

f = Fa + Fp + Ff

P
, (1)

where P is applied load, total frictional force, Ft is considered to be caused by
adhesive force (Fa), ploughing force (Fp) and fracture force (Ff ). Theparticle fracture
force can be calculated using the following Griffith equation (Eq. 2), i.e.

Ff = K2Ap fv
K1c

a1/2
(2)

K1c is the fractural toughness of the resulting composite, K2 being a geometric
factor depends on the type of particles reinforced in the composite, a is the particle
size, f v is the particle volume fraction, Ap is the cross-sectional area of scratch [141].

The coefficient of friction of AMC was found 25% higher than the normal casted
iron when sliding in similar conditions explored the suitability of SiC/Al-MMC as
material for brake rotor applications [79]. The formation ofmechanicallymixed layer



142 B. R. Pal et al.

(MML) due to transfer of iron particle from counterface disc to the pin was observed
more with wt% of SiC in Al-composites which is another reason for decreasing
nature of wear [45]. Impact of SiC particle content, sliding speed along with applied
pressure is the prime concern for manufacturing better wear-resistant AMC, being
studied by R. N. Rao and S. Das. Wear rate was observed to decrease at a constant
rate with rise in SiC proportion and increases as the sliding speed increased. Though
coefficient of friction goes upwith SiC particle concentration inAl-alloy, it decreased
on attaining higher sliding speed. This rise in coefficient of friction attributed to
higher frictional force for sliding as microchips were formed due to micro-cutting of
counterface by deep penetration of hard SiC particles. It was also seen that there exists
a maximum pressure to be applied on the composite samples beyond which wear
rate gets seized after remaining constant before that applied load. The temperature
also gradually increases at first when applied pressure was increased, and in the
latter stages it increased abruptly, when a critical level of the applied pressure was
reached [89]. The composite reinforced with coarse grain of SiC micro-particles
(37 μm) showed more wear resisting behaviour than that of the composite being
produced with finer particles (13μm)when rubbed against abrasive Al2O3 under dry
ambient condition [20]. Wear mechanism map for Al7010-alloys and its composite
reinforced with 25 wt% SiC was compared separately depending on wear rate and
temperature hike. The plot for composite was divided into four regions—(a) ultra-
mild wear, (b) mild wear, (c) oxidative wear and (d) delamination wear, while pure
alloy exhibited only two zones—(a) mild wear and (b) severe wear or delamination
wear. The plot of wear mechanism for Al7010-25 wt% SiC composites in Fig. 6
depicts the seizure load and transition load (change frommild to severe rate of wear)
at different sliding speed. It was found that significantly higher seizure load (~30.7%
higher at 0.52 m/s of sliding speed) and transition load (~85.7% higher at 0.52 m/s of
sliding speed) required to start transition of mild wear to severe wear in composite in
comparison with the base alloy [88]. Similar mechanisms were observed when wear
behaviours Al2024/20 vol% SiC composites were investigated by preparing through
PM route and artificially ageing at elevated temperature in between 20 and 250 °C.
In the prepared composite samples when temperature went above a critical value, a
transition of wear mechanism from mild zone to sever zone was found. This critical
value of temperature was shifted from 150 to 200 °C by the inclusion of SiC particles
than matrix alloy without reinforcements [76].

The tribological testing parameters of micro-SiC reinforced AMCs were opti-
mized by Taguchi’s orthogonal array design of experiment. It was noticed that rein-
forcement volume or weight fraction was the most influencing factor reasonable for
the wear properties compared to load and sliding speed whether the composite was
either produced by stir casting [38, 39] or PM [101]. Both the main effects and inter-
action effects of the parameters are studied interaction between load and speed (L
× S) which is the significant interaction. Maximum extent of reinforcement content
and minimum magnitude of sliding speed, load and sliding time was the optimal
combination for minimizing rate of wear [39]. In PM route production, contributions
of the grain size and hardness were about 81.57 and 11.09% towards abrasive wear
behaviour [101].
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Fig. 6 Wear rate map for Al7010–25% SiCp [88]. Reproduced with permission from Elsevier,
Copyright (2013)

Corrosion study in 3.5% NaCl solution was very commonly done on Al-SiC
composite processed by stir casting [58, 111] or squeeze casting [40]. Potentiody-
namic polarization test using a potentiostat is generally used for precise corrosion
test. The magnitudes of corrosion potential (Ecorr) and corrosion current density
(Icorr) at open circuit potential (OCP) condition are noted to evaluate corrosive
nature of samples. Corrosion resistance improved with increase in vol% of SiC
reinforcements. Addition of 10% SiCp in the base alloy was appeared to be optimum
proportion for the synthesis of a corrosion-resistant Al–Cu alloy-based composite.
Reinforcement particles were agglomerated with further increase of SiCp from 15
to 25 wt%. This agglomeration of SiCp opened cathodic sites and boosted galvanic
effect, hence corrosion rate again started to increase. Rapid pitting corrosion started
due to adsorption/diffusion of chloride ions of NaCl [111].
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2.2 Nano-SiC

2.2.1 Microstructure and Mechanical Behaviour

Literature available so far reveals that use of nano-size silicon carbide particles or fibre
in AMC fabrication has been accepted during start of second decade of twenty-first
century. Y.Yasutomi et al. have shown interest to understand the reaction due to diffu-
sion of aluminium into nano-SiC fibre while producing electric cable by bundling 27
SiC fibre/Al composite elemental wires together. Generation of Al4C3 and Al2SiO5

at the SiC/Al interface can be converted into molten Al through thermal treatment
[137]. Use of magnesium enhances the wettability between Al and SiC, also prevents
the formation of Al4C3 by forming a protective layer of MgO at the interfacial layer
between nano-SiC and liquid aluminium. It was also difficult to avoid the formation
of Al4C3 when lower sizes (like 38 μm) of Al particles are used for AMC produced
via powder metallurgy (PM) route. Finer Al particulate was found to be highly active
to react and can easily be exposed to surface of SiCp by embedding into the gap among
the big Mg particulate [133]. It is being already reported that strengthening effect of
nano-SiC particles is superior over micro-size particles [139]. This was attributed to
strong refinement of α-Al dendrites in as-cast Al-composites from dendritic crystal
with sizes about 200 μm to equiaxial crystal with sizes about 75 μm [131]. The
yield strength, ultimate tensile strength and the modulus of elasticity were signifi-
cantly improvised when nano-size particles were incorporated, though ductility was
found to be decreased with nano-SiC particle (50 nm) addition [72]. As reported
by A. Mazahery and M. O. Shabani that highest strength values were reached with
the inclusion of 3.5 wt% nano-SiC particles. On the other hand, G. Bajpai et al.
have found that resistance against tensile and compressive load including hardness
of Al-Nano-SiC composites primarily raised up to 2 wt% content of nano-SiC and
then fell down at 3 wt% [13, 122]. Similar result was observed by C. C. Gallardo
et al. while in their experiment saturation level of hardness and compressive stress
occurred at 2.5 wt% of nano-SiC [21]. Hardness of the nano-SiC reinforced Al6061
alloy increased significantly by 73% compared with the base alloy [70]. It has been
noticed after reviewing available literatures that 2–4 wt% of nano-SiC gives better
result for increasing mechanical strength. Studies have been done to understand the
influencing parameters of stir casting such as stirring rate and stirring temperature
on the micro-mechanical behaviour of the Al-composites. There exist an optimum
stirring rate and temperature for every mixing at which best properties and dissi-
pation of nanoparticulates might be achieved. Stirring temperature of 750 °C and
stirring rate of 700 rpm proved to be fruitful for manufacturing AMC containing
1 wt% of 25–50 nm size SiC particle in A356 aluminium alloy [27]. Non-destructive
ultrasonic testing helps to minimize the sample count during any mechanical test.
Ultrasonic pulse received from x-cut and y-cut transducer and processed via pulse
echo overlap method (PEO) had been successfully employed to evaluate the mechan-
ical behaviour of nano-aluminium-SiC composites [33]. Poisson’s ratio indicates
that the characteristics of bonding forces whether the material is “stiffer” or “softer”
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were found to be decreasing with increasing volume % of nano-SiC. L16 Taguchi
orthogonal design of experiments was employed for optimizing different process
parameters of friction stir processing route during the production of AA6061/SiC
nano-composites. Four factors were considered that were tool penetration depth rota-
tional speed, transverse speed and profile of the pin. ANOVA results confirmed that
rotational speed as the most crucial parameter and threaded pin profile is better than
square pin in achieving higher ultimate tensile strength (UTS) [10, 11, 103]. FESEM
and atomic force microscopy (AFM) images reveal that hardness of AMC generally
varies inverse to the inter particle spacing of reinforcements [102].

While going for fine nanoparticles, a chance of agglomeration increases during
processing of aluminium metal matrix composite via solidus and liquidus routes.
Solid methods like high-energy planetary milling [60, 61, 110] could increase hard-
ness value of the aluminium and 1 vol% nano-SiC composite upto 163 HV. Exper-
imental density closely matched with theoretical density while Al 5083 alloy with
10 wt% SiCp was prepared via high-energy ball milling along with a process called
as spark plasma sintering (SPS) [15]. Various innovative liquid methods such as stir
casting with cryorolling [26], cryomilling [124], solvothermal-assisted grapheme
encapsulation of SiC nanoparticles [37], ultrasonic cavitation-assisted stir casting
[51, 70, 135] were developed to stop this phenomenon. Study on fracture behaviour
have shown higher SiC nanoparticle content increases possibility of failure at the
weakly bonded particle boundaries causing higher stress concentration during defor-
mation [136]. Finer grain refinement of α-aluminium and eutectic Si phase can be
obtained by better dispersion of nano-SiCp. High-intensity discontinuous ultrasonic
treatment (HIDUT) was found to be more effective than high-intensity continuous
ultrasonic treatment (HICUT) for improvising mechanical properties. An increase
in UTS upto 100 and 126% increase in YS were observed for A413–2% SiCnp

composite [28]. UV treatment assisted with squeeze casting can efficiently refine α-
Al and eutectic Si phase of aluminiummatrix nano-composites (AMNC). This refine-
ment along with increased UV time and applied pressure resulted into improvement
in tensile properties of the AMNC [138]. The fractographic investigations have also
disclosed predominant nano-void coalescence fracturemechanismdue to the uniform
distribution of nano-SiC particles [37]. Major influencing fracture mechanism was
observed as inter-dendritic cracking, and there was no occurrence of debonding at
the interface in between parent alloy matrix and the SiC reinforcement particulates
[73].

2.2.2 Effect of Secondary Treatment

Strengthening of nano-SiC reinforced (both in wire form and powder form) was
done through annealing [134] T4, T6 heat treatment [8, 59]. A considerable improve
in the mechanical strength of Al-alloy was observed. Microstructure analysis using
SEM disclosed that T6 heat treatment leads to dissociation of dendrite structure of
α-Al and pallet like Si particle globule formation in eutectic phase. Using low ageing
temperature for the heat treatment process of SiC particles (<500 nm) reinforced
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6061 Al-alloy displayed good stress–strain curve (refer to Fig. 7a) and enhanced
hardness (refer to Fig. 7b) while maintaining its ductility [59].

2.2.3 Thermal Behaviour

15-nm-sized silicon carbide (0, 0.3, 0.5, 1.0 and 1.5 vol%) was reinforced in
99% pure Al-metal matrix through microwave sintering followed by hot extrusion
process. Processed composites were then examined for mechanical strength, frac-
ture behaviour and coefficient of thermal expansion (CTE).Mechanical properties are
noticed to be following similar trend as seen by other researchers, best was observed
at 1.5 vol% SiC. Thermo-mechanical analyzer with a heating rate of 5 °C/min in
between a range of 50–350 °C and argon gas was passed at 0.1 lpm to determine CTE
of the prepared samples. Values showed a decreasing trend of CTE with increased
addition of hard nano-SiC particles, that indicated better dimensional stability of
AMC at higher temperature [94].

2.2.4 Tribological Behaviour

The dominant wear mechanisms in dry sliding wear behaviour of nano-AMC were
determined using SEM and EDSmicrostructural characterization technique on worn
surface. The abrasive wear was the controlling wear mechanism for nano-composite
sample than sever adhesive wear. The coefficient of friction (cof) values of the SiC
reinforced Al-nano-composite was not changed considerably by different applied
stresses in between 0.3 and 0.9MPa. This was attributed to the generation ofmechan-
ically mixed layer (MML) by the oxidized debris particle acting as lubricant film at
the contact surface of nano-composite [74]. In another study, pin-on-disc dry sliding
wear test of Al6061/1.2 wt% nano-SiC (50 nm) was conducted at different load of
10, 20, 30 and 40 N with a fixed sliding velocity of 0.5 m/s for 1000 m sliding
distance. Specific wear rate and frictional coefficient decreased with increase of load
from 10 to 40 N, whereas normally in case of base alloy Al6061 it has increasing
plot. Higher applied load increased temperature at the contact surface causing more
oxidization of wear debris from the counterpart (hardened steel disc). The MML
layer was formed in case of the nano-composite effectively reduced the wear rate of
nano-composite compared to matrix alloy. Surface roughness at the wear zone of the
base alloy was reduced from 1.69 to 6.20 μm by the incorporation of nano-size SiC
particle via liquid metallurgy. Plastic deformation was reduced to a minimum level
as most of the applied pressure was taken by the nano-silicon carbide; hence, the
surface roughness of the composite was smoothed. Field effective SEM (FESEM)
and SEM of worn surface was checked, and adhesive wear and delamination wear
mechanism were found to be presiding. This was being attributed for causing wear
in matrix alloy, that changed into abrasion and oxidation in case of nano-composite
[70, 75]. A combined dry sliding and corrosive wear tests of nano-SiC composite
was performed using high-temperature tribometer (pin-on-disc) with an attached



6 Aluminium Hybrid Composites Reinforced with SiC … 147

Fig. 7 a Stress versus strain curves and bVickersmicrohardness graph ofAl 6061 alloy and 10wt%
SiC and 15wt% SiC composites [59]. Reproduced with permission from Elsevier, Copyright (2014)
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container filled with 3% NaCl solution at 25 °C. 1, 2 and 3% volume fraction of
nano-size SiC (25–50 nm) were mixed with Al6061 alloy powder (38–63 μm) using
mechanical milling cold pressing and hot extrusion for sample pin preparation. An
improved corrosion resisting nature was seen with the increased vol% of nano-SiC
due to non-reactivity or inertness of nano-SiC particles with the corrosive solution
[75]. Wear test was conducted by placing the sample pin on a flat plate and applying
reciprocating motion in between them at a constant rotational speed of 38 rpm for
developed Al–SiC nano-composite. Weight loss was reduced by increasing the accu-
mulative roll bonding process (ARB) cycle, and also, the size of SiC particle becomes
less than 100 nmwhich leads to formnano-composite. This refinement of SiC particle
reduces weight loss [23].

3 Study on Al-MMC: Reinforced with FA

Fly ash is combustional by-product of pulverized form of coal contain primarily
alumina-silicates. Table 1 shows the wt% (approximate) of constituting chemical
component of fly ash. Fly ash has lower density in contrast with parent metal
(2.6 g/cm3) and other ceramic particulates commonly reinforced in AMCs, such
as SiC (3.2 g/cm3) and Al2O3 (3.9 g/cm3). Fly ash particles normally mixed with
either solid spheres or hollow spheres. Solid one has industrial name of precipitator
fly ash (PFA) and hollow lighter one called as cenosphere fly ash (CFA). Density of
precipitator fly ash lies in between 2.1 and 2.6 g/cm3 and often contains pores. The fly
ash has particle size ranges of about 1–150 mm during the condition when received
from the power plants. Size of cenosphere (CFA) particles usually distributes in
between 10 and 250 μm, with approximate density in between 0.4 and 0.6 g/cm3

[96].

3.1 Micro-FA Particle

3.1.1 Microstructure and Mechanical Charecteristics

Precipitator fly ash has higher modulus of elasticity (143–310 GPa) than base Al-
metal (67–79 GPa) [96]. Hence, incorporation of FA can strengthen aluminium
metal matrix. Metalographical characteristics of Al–7Si–0.35 Mg alloy composite

Table 1 Chemical composition of fly ash, in weight percent [98].

Al2O3 SiO2 CaO Fe2O3 MgO K2O Na2O TiO2 SO3 LOI (loss of ignition)

15–30 30–70 1–5 10–20 0–2 1–5 0–2 0–2 0–2 0–10

Reproduced with permission from Elsevier, Copyright (2006)
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produced by three different stir casting routes(compocasting, modified compocasting
and modified compocasting followed by squeeze casting) were evaluated. Fine fly
ash particles with 13 μm average particle size are used as reinforcement. Modified
compocasting cum squeeze casting process helps to properly disperse the fly ash
micro-particles. Better distribution of FA was then followed by only compocasting
process and molten metal stir castinging process with metal moulds [85]. Two
types of class C lignite fly ash one with high silicon content (MFA) and one with
high calcium content (KFA) were compared in enhancing microstructure of AMC
through PM processing. Microstructural morphology and electrochemical behaviour
are compared with the help of SEM, EDXS, scanning Kelvin probe forcemicroscopy
(SKP-FM), open circuit potentialmeasurements and potentiodynamic polarization. It
was noticed that incorporation of the FA particles forms of a strongly heterogeneous
microstructure inside AMC [71]. Microstructure and XRD observation revealed that
mechanical as well tribological upgrade of AMC was normally attained when finer
particulates of high-Ca ash particles were reinforced [25, 50].

Mechanical and wear behaviour of any material potentially help to understand its
application area and design of components. Hence, tensile strength, yield strength,
ductility, compressive strength, toughness and micro-hardness test have been carried
out by most of the researchers during the development of micro-fly ash particle-
based AMCs. Several fabrication routes are followed in this regard such as impeller
mixing [104], PM [77], stir casting [16], infiltration [62], friction stir processing [90]
and compocasting [91]. Overall improved mechanical performance was noted with
remarkable increase in tensile strength and hardness. Hardness and tensile strength
reduced beyond 10 wt% of FA, attributed to the loss of fly ash due to floatation and
removal as dross. Addition of ‘Nucleant 2’ (containing titanium and boron in the
ratio 6:1) as grain refiner showed decreasing trend of percentage of elongation with
increase in % of FA cenosphere reinforced with LM6 alloy [121]. Rising wt% of
fly ash particles in the AA6063 alloy rapidly lowers the energy absorption capacity
during fractural failure. The presence of silica and mullite abundance in fly ash
particles enhances the brittle and hard nature of aluminium composites when rein-
forcing particles content increases [90]. Elastic-plastic fracture toughness (EPFM) of
AA2024 fly ash composites was in the range of 6–15 kJ/m2 where for the base alloy
material the value was found to be 25 kJ/m2 [16]. Machinability (turning) properties
were examined minutely when Al-composite was hybridized by FA and graphite.
Attempt has been made to optimize the machining parameters using artificial neural
network (ANN) technique. Cutting speed and reinforcement percentage were found
to be the important parameters which can control the surface finish of the machined
composites [64]. Damping capacity of Stircast A356Al-MMCwith 6 and 12 vol%fly
ash reinforced composites was 1.2 and 1.5 times the base alloy. Dynamic mechanical
thermal analyser (DMTA) was employed to generate the data for damping capacity
of the prepared samples, tested under a dynamic load of 10 N and static load of 20 N
at 10 Hz [119]. The bending strength of hot extruded aluminium matrix composites
reinforced with fly ash (53 μm) was raised from 279 MPa till 302.6 MPa or 8.5%
with increasing FA weight percentage from 5 to 12.5 [118].
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3.1.2 Thermal and Electrical Behaviour

Thermal properties if compared in between FA and aluminium, it can be seen that
precipitator fly ash has thermal conductivity in the range of 0.6–0.16 W/m K and
melting point is more than 1200 °C, whereas for Al the values are 237 W/m K and
660 °C, respectively [96]. P.K.Rohatgi and his teamhave checked pressure infiltrated
Al-FA cenosphere composites for some mechanical properties, thermal expansion
coefficient (CTE) and chemical reaction between FA and molten aluminium. It was
remarked that 20 vol% fly ash showed the significant advantages in aluminium fly
ash (ALFA) composites. The density and coefficient of thermal expansion of castings
decrease with high applied pressure and infiltration time, their tribological properties
improved as the fly ash proportion increases [44, 63, 97]. The thermal elongation
of the AA6063-FA decreased with increase in the FA reinforcement content in the
matrix. Experimental results showed that the CTE of the FA powder (size 44 μm)
increased between 298 and 400 K and remained relatively constant in the range of
400–750 K. The CTE of AA6063 alloy was observed to be in the range of 22.44 ×
10−6/K to 24.19 × 10− 6/_K at temperature between 298 and 750 K. With 12 wt%
FA content, the CTE of composite reduced to 11.5× 10−6/K. Compared to 24.19×
10−6/K of pure AA6063 alloy, which is 88% reduction in vlue [91]. Al-FA compos-
ites showed initial increase in CTE upto 400 K then remains almost constant. A large
difference of CTE between alloy and FA develops internal stress in the composite
resulted into reduction of CTE of the composite [63].

Electrical resistance of precipitator fly ash is in the range of 109–1012 � cm
which is very much higher than aluminium metal (3.15 × 10–6 � cm) [96]. This
gives researchers an option to utilize FA for increasing the electrical shielding effect
of Al-alloy. Electrical properties like electical conductivity, electromagnetic inter-
ference shielding effectiveness (EMSE) of aluminium alloy fly ash composites were
examined by sevaral reserchers [31, 85]. EMSE charecteristics of the base matrix
(aluminium alloy) were enhanced under the frequency ranges 30 kHz–600 MHz by
using the fly ash cenosphere particles. The results showed satisfactory outcome of
using fly ash as reinforcing matrial in Al-composites.

3.1.3 Tribological Behaviour

In the year 1997, P. Rohatgi et al. tested stir casted A356/5 vol% micro-size fly ash
cenosphere reinforced composite for abrasive wear nature by rubbing against hard
SiCp abrasive paper [96]. Wear debris analysis along with SEM analysis of the worn
out sample surfaces and subsurface revealed that primary wear on the base alloy was
caused through micro-cutting, whereas microcutting and delamination caused due to
crack propagation were responsible for the composite wear. The cracks propagated
through interfaces of FA, abrasive particles and the alloy matrix, those majorly under
the rubbing zone. Higher load reduced the specific wear rates and frictional force
during abrasive wear. This is because of wear debris those were accumulated in
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between the gap of the abrading SiC particles and resulted into lowering the abrasivity
of the particles.

Micro-size FA particles mixed with cenosphere and assorted size of 10–100 μm
were used to produce AMCs through liquid metallurgy route (squeeze cast and stir
cast), and the corrosion behaviour was studied by several researchers [18, 63, 67,
86, 108]. All results show similar result which clears that corrosion resistance of
FA reinforced AMC becomes poor with increasing fly ash content. The presence of
fly ash particles appeared to initiate pitting corrosion around the particles. Stir caste
AMCs containing 5%, 10% and 15 wt% fly ash of size 10 μmwere examined under
slurry erosive environment, and it was observed that resistance to wear increases
with increase in weight percentage of fly ash. This is also seen that erosive wear is
extended in the case of basic media than acidic and neutral media [67].

In many literatures, tribological wear performance test using pin-on-disc test rig
was conducted under dry sliding condition on Al-fly ash composites reinforced with
different wt% [1, 109]. All of them show there is a definite increase in the wear
resistance of Al-alloy by the addition of fly ash particles. The wear debris analysis of
the specimen concludes that both adhesive and abrasive wear mechanisms dominate
wear of composites at light load and denomination is more predominant at heavy
load [106]. Taguchi and analysis of variance (ANOVA) techniques confirmed that
percentage of FA content and applied load as the primary influencing factors on wear
behaviour then sliding speed may be considered secondary factor. Optimized values
for minimizing rate of wear were fly ash as 20 wt%, applied load to be 5 N and
sliding speed as 1 m/s. Mild wear mechanism was observed when speed becomes
higher and applied load was less. On the other hand, severe rate of wear was found
at greater applied load and speed [83]. It was also understood that applied load is the
main affecting factor that changed the mechanism of wear frommild to severe. Thus,
Taguchi and ANOVA combinedly showed a better tool to find out the significance of
the influencing parameters in controlling the tribological behaviour of the prepared
composites.

3.2 Nano-FA Particle

Nano-size fly ash particles can be produced by high-energy ball milling technique,
which will be easy and economical to carry out. This particle size reduction process
is applicable to any grade of solid materials and may be scaled up to large-scale
production. Improved wettability was observed when nano-aluminium-FA compos-
ites were fabricated using ultrasonic cavitation-based mixing route. Melting furnace,
ultrasonic probe, ultrasonic generator and transducer and inert gas protection nozzles
are used to fabricate the nano-composite. Addition of 3 wt% nano-fly ash particles in
AA2024 alloy increases the compressive load taking capacity from 289 to 345 MPa,
which is 19.3% improvement [78]. Recently, nano-fly ash (NFA) composite is fabri-
cated through ultrasonic-assisted stir casting process where 76 nm size FA particles
are added into Al6063 alloy. Tensile and Vickers hardness increase with increase in
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NFAweight percentage beyond 2%. Study revealed that friction stir welding process
(FSW) better joins Al6063/NFA composites by achieving grain refinement at the
stirred zone [42].Dry sliding testwas carried to understand the impact of exerted pres-
sure, sliding speed, sliding time and wt% of nano-FA particles in the Al-metal matrix
composites by Katrenipadu and Gurugubelli [53]. Statistically generated regression
model using Minitab R17.1.0 tool was used to forecast the wear rate of the devel-
oped samples considering FA %, normal loads and time periods as variables. It was
reported that resistance against wear out was improved with higher content of fly
ash, upto 10 wt%. Effect of nano-size FA addition was checked again by varying
weight percentage in between 5 and 10%. Considerable improvement of composite
was noticed in hardness and reciprocating tribological behaviour at 10% FA content
in the aluminium matrix [53].

4 Study on Hybrid Al-MMC: Reinforced with FA and SiC
(Micro-particles)

Concept of hybrid aluminium metal matrix composites came into force at the end
of twentieth century, where individual properties of two discontinuous materials are
utilized to get desirable characteristics of Al-alloy. Hybrid AMCs can be formed by
the combination of synthetic ceramic, industrial and agro waste derivatives.

Comparisonwasmadeusing erosivewear response betweenSiC reinforcedAMCs
and fly ash reinforcedAMCs. This study has claimed thatAl-SiC betterwear resistant
in mining environment than Al-alloy and Al-FAMMC, while poor than matrix alloy
in basic environment but better than Al-FA [54]. M. O. Bodunrin et al. have found
that the more and more study needed to improve the hybrid AMCs that contains fly
ash. Comparison also needs to be made with the single reinforced aluminium metal
matrix composites that is being reinforced with synthetic reinforcement [19].

Combinations available so far can be categorized in three types as follows:
1. hybrid AMCs reinforced by double synthetic ceramic phases.
2. hybrid AMCs reinforced by one ash from agro-waste derivative and other

with one synthetic ceramic particulate.
3. hybrid AMCs reinforced with waste from industry combined with a

synthetic reinforcement [19].

4.1 Microstructure and Mechanical Characteristics

Silicon carbide along with FA particles of 53 μm sizes are well distributed into
aluminium 7075 alloy through vortex method in different weight percentage ranging
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in between 0 and 10%. Electron backscattered diffraction (EBDS) images in Fig. 8a
of hybrid composite samples show that the average grain size inside the aluminium
alloy reinforced with FA and SiC particulates is significantly less than the matrix
alloy (refer to Fig. 8b). The developed finer grains are attributed to the dynamic
re-crystallization owed to well built plastic deformation, and conclusion has been
made from the evidence that the FA particles are actually refining grain size [52].

Charles andArunachalam [22] have fabricatedHAMCbymixing different volume
fraction (10, 15 and 20%) of SiC particles and fixed 10 vol% of fly ash (both of size
30–100μm) in to LM10Al-alloy using both powdermetallurgy (PM) and stir casting
route. Hardness (refer to Fig. 9a), tensile strength (refer to Fig. 9b) and dry sliding
wear test result exhibited better properties of stir casted specimen than produced via
PM route. This was attributed to the strong interfacial bonding created inside the
casted specimen than PM specimen.

An rising trend of mechanical properties was found with enrichment of SiC parti-
cles by keeping fly ash wt% as constant in AA6061 aluminium alloy [105]. Reverse
case is also observed by Gikunoo et al. [41] where effect of FA addition into A535
alloy and 10 wt% SiC (size 1–100 μm) AMC through proprietary stir casting tech-
nique was investigated. Result shows there was degradation in mechanical charac-
teristics and impact load taking capacity of the MMCs. This was attributed to the
depletion of strength between magnesium atoms and the alloy matrix in solid solu-
tion and also to the presence of porosity. Also, few findings based on reinforcement
particle size are listed in Table 2 and presented with change in percentage of density,
tensile strength and hardness.

4.2 Thermal Behaviour

Thermo-mechanical analysis (TMA)was conducted to study thermal expansion coef-
ficient (CTE) of A535 aluminium alloy and its composites when reinforced by FA
and SiC. Composite specimens were prepared by combining different proportion of
SiC and FA particles in between 5 and 15 wt%. Studies revealed that CTE of A535
alloy reduced with the inclusion of fly ash and silicon carbide as reinforcements.
It was also noticed that SiC particulates were more effective in controlling thermal
expansion behaviour of the composite than fly ash particles [127]. SiC provides more
surface area than FA for good interfacial boding hence provides higher restriction to
thermal elongation of matrix alloy. Electromagnetic stir casting (EMS) with stiring
speed of 210 rpm setup that was used to fabricate hybrid metal matrix composite
(A356/SiC/FA) results into homogeneous spreading of FA and SiC particles in A356
alloy. It was also found that smaller size SiC was deposited at the grain boundaries.
HAMC reinforced with different weight fraction combination (0–20%) of SiC and
FA (both particle size 25 μm) was heated at 450 °C in electric furnace, and change
in dimension of the samples is checked to measure thermal expansion behaviour.
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Fig. 8 EBSD analysis for a base alloy and b 10% (SiC + FA) composite [52]. Reproduced with
permission from Elsevier, Copyright (2019)
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Fig. 9 a Microhardness, b tensile strength of SiC/FA HAMC [22]
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A356/15%SiC/5%FA HAMC was observed to be appropriate for various applica-
tions for its higher strength characteristics and lower change in dimension during
thermal expansion test [32].

4.3 Tribological Behaviour

Pressure infiltration technique was adopted by Escalera-Lozano et al. [36] to prepare
hybrid Al/SiCp/spinel composites from α-SiCp (size 75 μm), FA (size 90 μm) and
recycled aluminium. Two types of specimens are prepared with SiC and FA volu-
metric ratio of 3:2. Dextrin was added in a weight percentage of eight along with
approximate 0.5 ml distilled water. In one type (for type A), FA is used as-received
condition, and for another type (type B), FA is calcinated at 900 °C for 30 min.
Aluminium composites reinforced with SiC produced by the melt infiltration process
under go the following reaction (Eq. 3) which is relevant to the potential attack of
Silicon carbide by the melted aluminium and the ensuing degradation.

3SiC+ 4Al = Al4C3 + 3Si (3)

Corrosion testwas performedwith both typeA (for 1month) andB (for 11months)
samples exposed to indoor atmosphere with average relative humidity 54%, ambient
temperature (min 15 ± 40 °C to max 26 ± 50 °C). Potential attack of SiC by liquid
aluminium was fully avoided by the help of SiO2 present in the FA, the reaction of
present carbon in the FAwith aluminium continues to formAl4C3. Fourier transform
infrared spectroscopy (FTIR), XRD, SEM of powdery corrosion product revealed
that calcined fly ash due to the absence of carbon avoids the chemical degradation
of the composites rather than as-received condition.

A composite material for bearing bush was suggested using Al-4.5% Cu alloy
(fly ash + SiC) after investigation of micro-structure, fluidity, hardness, density,
impact load resistance, dry sliding wear along with the slurry erosive wear and
fog corrosion test [68]. Samples were prepared after quenching stir casted hybrid
composites in hot water by varying combined FA and SiC (both size 1–10 μm)
wt% in 5, 10 and 15% (equal proportion). Study shows that mechanical properties
(hardness, UTS, compression strength, impact strength) increases while properties
like fluidity, density, dry sliding wear, cof, frictional force and corrosion resistance
decreases with increasing wt% of SiC and FA. Slurry of silica sand distilled water
in ratio 1:2 with different pH values (neutral, basic and acidic) was used for erosive
wear test, and the wear in case of basic is more than acidic or neutral media. SEM
micrograph of eroded specimen shows pitting at some places.

Thermal treatment like carbothermal reduction of fly ash under reducing envi-
ronment as shown in Fig. 10 was used to prepare one new in-situ ternary ceramic
composite [43, 93]. SEM, XRD and EDX results has confirmed in-situ conversion of
SiO2 to SiC in region ofAl2O3 available in the FA.Mechanical, physical and tribolog-
ical performance of novel aluminiumfly ashmetal matrix composite (ALFMMC) are
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Fig. 10 Schemetic diagram of carbothermal reduction process of ALFMC production

checked for comparison with base alloy. The Accelerated ageing behaviour showed
remarkable increase in strength and wear resistance of developed alloy composite.
The author concluded that Al6061PSFA composite has great potential for future
application considering production cost as well as material characteristics.

Al-hybrid composites reinforced with both silicon carbide and fly ash was devel-
oped for conducting wear test under dry sliding condition using Ducom pin-on-
disc tribo tester in accordance with the ASTMG-99, [65, 66, 107]. Shaikh et al.
study [107] followed solid-state PM route for the fabrication while Kurapati et al.
[65] have followed liquid-state stir casting path. Required proportion of aluminium
powder of 48μm(250mesh), SiC (400mesh) and FA-53μm(270mesh) powderwas
prepared by planetary ball mill (FRITSCH Pulvrissettle MM-1552) with steel ball
of 8 mm diameter, ball-to-powder ratio was 10:1, grinding at 600 rpm for 20 min.
Then powders are pressed with uniaxial hydraulic machine run manually with a
pressure of 400 MPa in a die lubricated with zinc stearate, compaction dwell 30 s.
Then sintered in electrical furnace of tabular shape under argon gas environment at
temperature of 450–470 °C. The samples were gradually cooled to normal temper-
ature in controlled environment. AA2024 alloy with 10 wt% SiC and 10 wt% FA
showed higher hardness and better wear resisting property; hence, it was suggested
to be used for high wear resisting application. Further, increase in FA content sample
showed poor wear resistance due to the highest porosity/cluster formation. Statis-
tical analysis of wear done by Kurapati et al. [65] has reported that wear reduces
with increasing wt% (5, 10 and 15%) of FA and SiC in equal proportion. Taguchi
L27 orthogonal array test design based on Taguchi’s signal-to-noise ratio and anal-
ysis of variance (ANOVA) were used to find out the influencing factors on the wear
behaviour of hybrid composite. Rank of factors got after analysis are: (i) applied load
(causes 43.83% of the wear), (ii) sliding time (causing 28.47%), (iii) reinforcement
wt% (causing 20.10% of the wear). It was also observed by the author that response
surface methodology (RSM) model matched more accurately with the experimental
results than multiple linear regression model (MLR).
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Fig. 11 Two-dimensional (orthographic) colouredmap ofwear inμm (W). awith respect to sliding
time (T, min), load (L, kgf), b with respect to reinforcement wt% (R), load (L, kgf), c with respect
to sliding time (T, min), reinforcement wt% (R), [65]
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Fig. 11 (continued)

Contour plot of wear in Fig. 11a–c shows different wear loss with reference to
any two effecting parameters.

4.4 Machining Behaviour

EDM done on the hybrid composite specimen prepared using copper electrode for
30 min trail run [22] revealed metal removal rate (MRR) and tool wear rate (TWR)
decreases on increasing vol% of SiC and pulse duration. Both of these were higher
for PM route specimen and increases for increase in current. This was attributed to
the higher interfacial bonding achieved by casting than powder metallurgy route. It
was also concluded that three-level full factorial technique can be more efficient to
develop mathematical model for predicting MRR and TWR in Electric discharge
machining of HAMCs.
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5 Conclusions

This present review study has focused on effects of SiC and fly ash on Al-alloy for
improving physical, chemical, mechanical, tribological and thermal properties. This
chapter explained the works done by the investigators towards the development of
aluminium metal matrix composites. Various microstructural changes are described
to attribute the outcome of strength and wear behaviour. Therefore, it is expected that
bunch of opportunities and scopes will be opened with this overview and that will
widen the area of product development techniques toward getting reliable material
with high quality. Based on the previous studies, conclusions are drawn as below.

1. Hybrid AMCs reinforced with ceramics have improved the mechanical strength
more than single reinforcement.

2. Primary reinforcementsmust be ceramic for better hardness, mechanical strength
andwear resistance. Hence, silicon carbide (SiC) can be effective as ceramicwith
high hardness.

3. Secondary/complementary reinforcement may be agro/industrial waste for low
cost, easy availability, improvement in fractural toughness. Fly ash can be
effective as it has balanced content of silica (SiO2) and alumina (Al2O3)

4. Reinforcement wt% must be confined within 15% for enhancing the dominating
properties.

5. Modified stir casting (two steps) or semisolid stirring along with heat treatment
is economical method and quite useful for well dispersion of the reinforcement
in the base matrix.

6. Impact strength (fractural toughness), corrosion resistance and ductility (% of
elongation) are reducing with increase in wt% (especially FA), which need to be
retained or optimized in the timeline of AMC development

7. HAMCs reinforced with SiC and FA have good potential in strengthening
mechanical behaviour though literatures on thermal behaviour, machining
behaviour and tribological characteristics of AMCs with such hybrid reinforce-
ments for the applicability in different challenging environment are limited.

8. Nano-reinforcement while used in the Al-matrix holds better behavioural char-
acteristics in contrast with micro-size particles though use of nanoscale particles
(both SiC and FA) in fabricating HAMC are still at the developing stage.

9. Ultrasonic-assisted stir casting process has more possibilities than the usual
stir casting process in case of nanoparticle reinforced Al-composite production.
However, still there exist gap of study for opting efficient techniques for homoge-
neous spreading of nanoscale reinforcements, as agglomeration is a major issue
to be dealt with.
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Chapter 7
Tribological and Corrosion Behavior
of Al-TiB2 Metal Matrix
Composites—An Overview

Suswagata Poria

1 Introduction

Impact of a new material on society is immense. A common saying is that we are
only as good as our best materials. From stone to silicon, iron to shape memory
alloys, materials have experienced a long journey. If growth of civilization is closely
observed, it is revealed that development of materials and their applications are the
milestones in civilization and economic progress. At the initial stages of mankind,
raw materials availed from nature were processed to end products for the purpose of
achieving some useful value in daily life. That end product had a definite shape and
size based on very primitive knowledge.With time, findings of newermaterials added
newer dimensions on those end products which primarily resulted in betterment of
life. For instance, the introduction of iron as material in mankind made struggle for
survival comparatively easy and quality of life improved accordingly. But the quest
for easier daily life with more comfort reproduced existing operations in different
modified forms. For instance, a man moving on a wooden wheel at a very nominal
speed was obsolete with time. Requirements became higher load-bearing capacity
of the wheel as well as more speed. To cater to those requirements in end products,
materials other than wood were started to be developed industrially.

Before opting for different materials for useful products, initial efforts were made
on mechanics and design of products to enhance the load-bearing capacity. At that
time, the material was considered homogenous. In accordance with need, strength
of material as a subject was developed where the role of external force on mate-
rial performance was tried to be understood in a simplified form. Shape and size of
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the product were then modified accordingly. The target was to increase the func-
tioning of the material without yielding. But the industrial revolution in the nine-
teenth century opened up various fields where structural materials started to be used
in sufficient number. Unfortunately, at the same time, several catastrophic failures of
boilers and railway equipments took place which resulted in major loss of life. Such
incidents coerced better choice of material and increased understanding of material
performances at adverse operating conditions. Meanwhile, in the twentieth century,
communication became an important parameter and materials of that time were not
ready to be adopted. Space research and automobile sectors started to flourish which
additionally pushed researchers to find out or develop newer materials capable to
perform without failures in extreme conditions.

It is understandable that historically applications played a prominent role in
defining anddirecting the focus of fundamental researchonmaterials. For anyproduct
development, materials selection was based on evaluating a series of performance
characteristics, process characteristics and sustainability issues. But that approach
got changed with time. In recent times, the tremendous advances in understanding of
material behavior succeed an increasing trend of using material consisting of various
properties together in a balanced way. In automobile industry, some materials are
chosen based on better electromagnetic properties in addition to good mechanical
properties. In packaging industry, especially for computer hardware and drives, good
shock absorption property along with the capacity of electromagnetic interference
shielding is desired. In aerospace industry, materials must possess good mechanical
strength as well as less overall weight because weight reduction in milligram level
even increases sufficient fuel efficiency. Depending on such demands, two important
classes of materials have been developed. They are composite materials and elec-
tronic materials. From the day of development, those two genres of materials have
been considered by industry with great interests. Composites and electronic mate-
rials are majorly different from three fundamental classes of materials, e.g., metallic
materials, polymeric materials and ceramic materials. A multitude of complex elec-
tronic circuits has been transformed into a single 2 cm2 chip areas or less than that
nowadays and it is possible only because of electronic materials. Similarly, improved
mechanical properties like transverse strength, stiffness, shear strength, compressive
strength along with enhanced wear resistance of composite materials with respect
to monolithic metal alloys made these suitable for versatile range of applications.
Mass market products of composite materials are increasing progressively and area
of applications are spreading accordingly. Besides, day by day, increasing obliga-
tion for reduction in fuel consumption and emissions in ground is pressing composite
materials into newer challenges. This leads to a journey based on better understanding
of composite materials from different approaches. Composite materials also should
be evolved accordingly.
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2 Composite Materials

The term ‘composite’ philosophically designates to ‘something combining the typical
or essential characteristics of individuals making up a group’ [11]. Composite mate-
rials have beenmade by combining different type ofmaterials holding different prop-
erties and shapes to achieve new properties changed from either of the constituents.
Such combination does not hold any atomic level mixture of different constituent
materials, rather it is a thermodynamically unstable mixture containing large amount
of interface [51]. If any chemical reaction happens at the interface leading toward
thermodynamically stable molecular level mixture of elemental materials, then that
material cannot be called ‘composites.’ That is why, constituents of composite mate-
rials are chosen accordingly so that stable interface can be achieved. Elements of
composite materials are classified by two ranks, matrix and reinforcements. Matrix
is the ‘softer’ phase in which ‘harder’ phase holding high stiffness and strength is
embedded. Matrix portion in composites is relatively higher in amount while rein-
forcements play pivotal role to change the properties of matrix. Therefore, matrix
is the principal phase of composites which possess a constant character and binds
the reinforcing phase. The transverse properties, inter-laminar strength and high-
temperature strength of the composites are being held by the matrix portion as it is
the continuous phase [21]. Additionally, matrix phase is responsible for utilization
of the full potential of reinforcement through transferring some portion of external
load successfully into it.

Based on different matrix and reinforcements, composite materials are classified
into six categories, viz., metal matrix composites (MMC), fiber reinforced plastics
(popularly known as FRP), fiber reinforced ceramics ((popularly known as FRC),
fiber reinforced glasses (popularly known as FRG), intermetallic compound matrix
composites (popularly known as IMC) and carbon fiber reinforced carbon (popularly
known as CC) composites [51]. Depending on the size of reinforcements, compos-
ites are of three types, viz., particulate reinforced composite, whisker reinforced
composite and continuous/discontinuous fiber reinforced composite. With progress
in research, various combinations ofmatrix and reinforcements have been introduced
leading to newer classification in composite materials. But, basic approach behind
the introduction of composites is fixedwhich is load-bearing capacity ofmatrix along
with adverse condition stability must increase by incorporation of reinforcements.

To understand the contribution of matrix and reinforcement in composites, fiber-
glass is taken as an example. Plastic is the matrix in this case while glass is rein-
forcement. Glass is strong but brittle in nature. Plastic possesses very little strength
in comparison with glass but when it binds glass, bending of composites becomes
easier and breakage of glass does not happen. Additionally, fiberglass withstands
much more load than plastic does independently. Hence, fiberglass as composite
material is used vividly nowadays in sports gear, building panels and bodies of
automobile [21].

Composites are already established as a better alternative to monolithic metals or
alloys. To meet the challenging needs of special design, proper choice of composites
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material is an effective method. Major points in composites are that yield strength
and tensile strength at room temperature are improved and this performance is also
maintained at high temperature, while toughness and ductility are prolonged properly
[28]. Creep resistance, wear resistance, fatigue strength and Young’s modulus of
composites are better than popular alloys or metals at ambient temperature and at
elevated temperature also [62].

3 Metal Matrix Composites

The idea of MMCs lies in the principles of dispersion hardening and precipitation
hardening where strengthening mechanism depends on restricting the dislocation
motion by incorporation of fine oxide particles into metallic matrix. In the year of
1970, ‘dual phase steel’ has been evolved where martensite particles are distributed
over ferrite matrix phase and this phenomenon is very much like the material which
is currently referred as discontinuous particulate reinforced MMCs [11]. With time,
the definition ofMMCs has beenmodified and it excludes any directionally solidified
eutectics orAl-Si alloys or alloys containing anyprecipitates or segregated inclusions.
A material can be called as MMCs only when distinct phases co-exist together
throughout its total processing history [15].

Lots of studies reported that MMCs are better than other composite materials.
Among other composites, carbon–carbon composites are very popular as material
in aerospace applications but they suffer severe high-temperature oxidation which
causes rapid degradation and erosion [48]. Oxidation in such composites becomes
severe when temperature hits 350 °C. So, an oxidation resistance coating is necessary
for the purpose of proper utilization of such composites. MMCs are free from such
difficulties. Chawla and Chawla [10] reported that MMCs are more advantageous
than polymer-based composites due to several reasons. As per them, metal matrix
composites show higher strength, higher stiffness and better service temperature than
polymer-based composites. Metal matrix composites also show better electrical and
thermal conductivity than polymer composites. Transverse properties of MMCs are
also better. MMCs possess better survivability against radiation like laser, UV or
nuclear. MMCs also hold little or no contamination.

Evans et al. [15] discussed somemore advantages ofMMCs over polymer matrix-
based composites. Metals as matrix can maintain strength along with toughness at
high temperatures.Metals do not soak upmoistures.Metals are not degraded by radia-
tion.Melting point ofmetal is higher than polymerswhichmake them safer asmatrix.
Heat and electricity can pass throughMMCswhich helps inmany applications to take
advantage over polymer-based composites. It is also fact thatMMCs are easily joined
or can be easily fastened to other metallic components. Over carbon-based, polymer-
based, glass-based or ceramic-based composites, MMCs have snatched its position
as material in military fighter aircraft, helicopter rotor blades, fuselage struts in the
space shuttle orbiter, selected components on the Hubble Space Telescope and enor-
mous applications like this [8]. Basic advantages of MMCs come from the matrix
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as metals. But it can be comprehended that MMCs are directed to some specific
applications where other composites are not suitable to be used.

4 Particulate Reinforced MMCs

Particulate (or particle) reinforced MMCs (PRMMCs) are combinations of matrix
phase (metal or metallic alloy) with second phase that is purposely introduced into
themetallic phase for improving properties. Second phase of PRMMCsmay bemore
than one. PRMMCs have been fabricated in universities and R&D laboratories since
1960s for research purpose [45, 85]. Almost two decades later, major productions
through several new processes were started.

Among whisker reinforced, particulate reinforced and short/long fiber reinforced
composites, particulate reinforced composites are isotropic in nature like metals.
Whisker or fiber reinforced composites are anisotropic and properties are dependent
on the orientation of the whiskers/fibers. Isotropic materials also can be made from
whiskers and fibers through desperate random orientation, but further processing of
them like extrusion will again re-orient whiskers resulting in anisotropic properties.
In anisotropic materials, mechanical properties, e.g., strength, stiffness, are unidirec-
tional while coefficient of thermal expansion (CTE) is specified in another direction.
Additionally, for aligned fiber reinforced composites, strength and stiffness are more
in the direction of fiber orientation than perpendicular to them. Being isotropic,
PRMMCs are free from such orientation in properties. It is true that PRMMCs show
lower strength than the strength of fiber reinforced composites in direction parallel
with fiber orientation. But it is also granted that PRMMCs do not show different
strength and stiffness in different directions.

Regarding other advantages of PRMMCs over others, it is observed that whiskers
cost more than particulate and they are brittle in nature. Whiskers break into shorter
lengths at the time of processing and reduce the reinforcement efficiency which
makes difficulties in cost justification. In fiber reinforcedMMCs, higher difference in
coefficient of thermal expansion between constituents yields higher residual stresses
at the time of significant temperature change. Those stresses result yielding at the time
of cooling. Kainer [28] discussed vividly that PRMMCs are the best in capability
to offer targeted applications, and additionally, they are cost effective, show high
isotropy of properties and large-scale production is possible for this case. As per
literatures, the following advantages of PRMMCs are prominent [15].

• Equiaxed reinforcements are less costly
• Fabrication methods are simple and cost effective
• Material properties are isotropic in nature
• General metal working processes like machining, joining, forming can be applied

in this case
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5 Fundamental Knowledge on Particulate Reinforced
Composites

Composites especially discontinuous particulate reinforced composites are inhomo-
geneous. That is why basic strength of materials cannot explain the behavior of
composites. When load is applied externally on composites, non-uniform distribu-
tion of stresses occurs. Such distribution is tried to understand using several models
as it determines the behavior alternatively called characteristics of thematerial. Char-
acteristics of MMCs with nature of stress distribution are very much dependent on
microstructures and matrix/reinforcement interfaces. Microstructure and interfaces
are results of production processes as well as thermal and mechanical pre-history of
matrix and reinforcements. Chemical compositions along with grain size, textures,
precipitation behavior and lattice defects are the concerned factors of matrix for
determining composite characteristics. While for reinforcing phases, amount, size,
distribution and orientation are the related factors. Factors of reinforcements and
matrixes along with production processes are approached differently in different
models for the sake of the closest prediction of composite behavior. Basic models
have been developed by assuming the ideal conditions, e.g., optimal boundary surface
formation, uniform distribution with a very small amount of clustering and no influ-
ence of the reinforcement phase on matrix phase. In reality, the situation differs
from the ideal one because a strong interaction occurs between reinforcement and
matrix at the time of mixing. Models are appropriated accordingly with the deviation
from reality and several new factors are introduced in the model with increase in
understandings. Models based on long fiber reinforcement or short fiber reinforce-
ment, e.g., the slab model, the shear lag model, continuous coaxial cylinder model,
finite difference and finite element models are not discussed here though they are
vividly presented in several literatures (Clyne and Withers 2014). Focus is kept on
understanding the strengthening mechanism of discontinuous particles reinforced
MMCs as this study deals with such type of MMCs only. The following discussion
is progressed from simple model to very recent observations regarding mechanisms
of particulate reinforced MMCs characteristics.

‘Rule of mixtures’ is the simplest and basic model of predicting composite
behavior based on known properties of constituents (matrix and reinforcement).
If Uc signifies the property of PRMMCs, Vf as the reinforcement phase volume
and Um as the property of matrix, then following equation is obtained using ‘rule of
mixtures’ [51].

Uc = V f U f + (
1 − V f

)
Um (1)

For more than one reinforcement phase in composites (hybrid composites), Eq. 1
will be modified into general form, which is

Uc =
n∑

1

VnUn +
(

1 −
n∑

1

Vn

)

Um (2)
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In Eq. 2, n is the number of reinforcement types. In this model, matrix reinforce-
ment interactions are idealized too much. From this model, CET, thermal conduc-
tivity, ultimate tensile strength like properties cannot be predicted accurately as these
properties depend on shape, size distribution, interface like several discussed param-
eters. In further, to predict the behavior of composites with better accuracy, under-
standing on surface and interface energy was increased. Following equation was
developed regarding that purpose [17].

γab = γa + γb − 2∅(γaγb)
1/2 (3)

In above equation, ∅ is a constant depends on the characteristics of the system.
γa and γb are the surface energy of constituents (a is matrix and b is reinforce-
ment). Composites contain a large amount of interface. A strong adhesion without
chemical reaction at the interface is required for achieving better properties. To
achieve that type of interface, idea about the work of adhesion (Wab) is required.
Following equation was developed to predict work of adhesion (Wab) for making
‘ab’ composites.

Wab = γa + γb − γab (4)

From Eqs. 3 and 4, it is comprehended that interface characteristics majorly
depend on the parameter 2∅(γaγb)

1/2. The value of ∅ can be experimentally obtained
aswell as theoretically followingmethod proposed byGirifalco andGood [17]. Equa-
tions 3 and 4mainly direct interface characteristics for variousmatrix/particle combi-
nations. Interface characters finally direct in finding out suitable particles compatible
with matrixes like Al/Mg.

Llorca and Gonzalez [39] tried something more than simple rule of mixture thing
or basic energy exchange thing at the time of fabrication. They predicted tensile
behavior of one particulate reinforced composites using the following equation

σ(ε) =
∑

i

γi
[
σ I
i (ε)(1 − ρi ) + σ F

i (ε)ρi
]

(5)

In this equation, σ is the average compressive stress, ε is plastic strain. Subscript
i signifies one small unit which holds same volume fraction of reinforcement. σ I

i (ε)

is the average stress acted on unit where reinforcement is intact, while σ F
i (ε) is the

stress of the unit where reinforcement gets fractured. ρi is the fraction of total units
containing fractured reinforcements. In this model, the material was considered as
three-dimensional array of hexagonal prisms whose height and base were equal. The
particle was assumed to be positioned at the center of each unit and shape was either
spherical or cylindrical. They got partial success in terms of accurate prediction.

At the same time, Young modulus of particle reinforced composites was tried
to be estimated by several models. Tsai Halpin model was pioneer in this aspect.
Voigt model and Reuss model were also effective to estimate Young’s modulus but
those models are applicable to those fiber reinforced composite materials whose
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stress direction is parallel with the orientation of fiber and also to those layer
composite materials when acting load is perpendicular to the layers. As per Tsai
halpin model, the composites Young’s modulus, Ec can be effectively assumed with
the help of geometry factor [22]. This geometry factor takes the shape and size of
the reinforcement into consideration. The concerned equation in Tsai Halpin model
is

Ec = Em(1 + 2S · q · f )

1 − q · f
(6)

where

q =
(

EP
EM

)
− 1

(
EP
EM

)
+ 2S

(7)

In above two equations, EP signifies particle Young’s modulus and EM signifies
matrix Young’s modulus; the term ‘ f ’ signifies the total volume content of the parti-
cles. Though geometry of reinforcement is considered in this model, basic assump-
tions about production process like no pores, no agglomerations or no non-reinforced
areas are still there.

Hence, it is seen that in the initial period of research, separate factors were accom-
modated one by one in a model. Consideration of one factor with more priority
than others results in the development of separate mechanisms like grain refine-
ment, Orowan strengthening, CTE strengthening, Hall–Petch mechanism, etc. To
accommodate all factors, nowadays, researchers are inferring such micromechan-
ical model where contributions of all strengthening mechanisms considered together
[31]. Conglomerations of several factors in one model to estimate the strengthening
mechanism of particles in PRMMCs are quite common findings in literatures [28].
Among those models, following equation is used mostly for combining different
strengthening factors.

�σ =
√

(
�σ 2

load

) + (
�σ 2

CTE

) + (
�σ 2

EM

) + (
�σ 2

Orowan

) +
(
�σ 2

Hall-petch

)
(8)

Several researchers claimed that Eq. 8 provides best validation of experimental
results but it is noteworthy that there is no convergence or generalization among
researchers regarding this approach [12].

In Eq. 8, �σ is the increment in yield strength due to incorporation of particles
into base matrix. �σload is the contribution of load-bearing effect on yield strength
of composites [59]. Following equation is used to measure this certain contribution.

�σload = 0.5Vpσym (9)
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In Eq. 9, Vp signifies particles volume fraction while σym signifies thematrix yield
strength.

�σCTE is related to strain developed by the disparity in CTE of the matrix and
reinforcement of composites [18]. Two equations with different parameters are there
for estimating �σCTE [12].

�σCTE = √
3βGmb

√
ρCTE (10)

and

�σCTE = √
3βGmb

√
12Vp�α�T

bdp
(11)

In Eqs. 10 and 11, β is the strengthening coefficient, �α is the difference of CTE
between particle and matrix, �T is the difference in processing temperature and
temperature at which tensile tests are performed. Vp and dp signify the amount in
volume and diameter of the particles.

�σEM is originated from modulus mismatch and expressed using following
equation [31]

�σEM = √
3 ∝ Gmb

√
ρEM (12)

In Eq. 12, ∝ is a coefficient depends on material. ρEM is a function based on bulk
strain of the composites.

�σOrowan and �σHall-petch in Eq. 8 are the two contributions based on the famous
Orowan equation and Hall–Petch equation, respectively [20]. It is noteworthy that
Orowan strengthening mechanism is mainly effective for estimating strength of
composites with sub-micron-sized particles [46]. Hall–Petch equation is based on
contribution of grain refinement on yield strength of composites.

�σOrowan = 0.13Gmb

λ
ln

dp

2b
(13)

Gm represents the shear modulus of matrix, b signifies the Burgers vector, dp

indicates the average diameter of the particles and λ denotes the inter-particle spacing
in Eq. 13.

�σHall-Petch = ky
(
d− 1

2 − d
− 1

2
0

)
(14)

In the above equation, ky is the Hall–Petch slope, the average grain size of matrix
before reinforcement is denoted by d0 and d is the grain size of the composites.

For better understanding of above discussions, a study is chosen as an instance in
the following. This study is based on yield strength of PRMMCs (Al–5wt%TiB2) and
done by Wang et al. [79]. In the study, first yield strength of fabricated composites
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is calculated theoretically from three different approaches, e.g., grain refinement
strengthening, Orowan strengthening and CTE strengthening. Then ultimate yield
strength of composites is calculated as per the proposition of Zhang and Chen [84]
using the following equation

�σ = �σgrain-refinement +
(
(�σOrowan)

2 + (
�σ 2

CTE

))1/2
(15)

For finding the contribution of grain refinement in final yield strength, Eq. 14 is
used. In Eq. 14, the value of d is calculated using the following formulae [16].

d = d0
(
1 + pVp

)−1/3
(16)

In Eq. 16, the refining potency of the reinforcement is p. The value of p is
measured empirically by Wang et al. [79] in the study. Regarding contribution of
Orowan strengthening, a slight modified version of Eq. 13 is used. Increment in
strength by CTE strengthening is estimated by Eq. 10. Value of β is taken as 1.25.

After yielding final value as per Eq. 15, the real experimental values are fitted
into estimated values and results show that 35–56% of reinforcing particles take part
in strengthening of composites for different base matrix. Most interestingly, those
percentages are quite relatable with the microstructures presented in that study. So
it can be comprehended that accuracy of prediction of PRMMCs characteristics
through model formation becomes enhanced with time which essentially leads to the
fact that behavioral understanding of composites has been increased in a sufficient
amount.

6 Aluminum-Based PRMMCs and Related Reinforcements

Properties of constituents are mostly retained even after formation of composites.
So, composite properties are majorly determined by constituent properties. Accord-
ingly, choice of base matrix and particles is driven by intended applications of the
end products. Nowadays, a wide genre of particles, from ceramic to fine red mud,
graphene nano-platelets to fly ash are being incorporated into aluminum/magnesium
base matrixes [2, 53]. It raises a pertinent question. Can any type of particle be
reinforced into any base matrix? The answer is no [51]. Though the aim of compos-
ites is tailoring of matrix properties using particles, chemical reactions arise at the
interface resulting degradation or disparity of constituents which yields in degraded
PRMMCs. So, proper compatibility of matrix and reinforcements is needed before
choosing them as the constituent. Appropriatewetting is amajor condition for pairing
matrix and particle through liquid metallurgy route. Proper wetting helps in stress
transfer and stress distribution in solid state of the composites which prevents frac-
ture. Conversely, occurring of any chemical reactions at the interfaces is usually
harmful to the properties.
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Literatures reveal that light alloys are popular as base matrix based on costing,
availability, recycling, etc. Aluminum, magnesium, copper, titanium and iron metals
including their alloys are normally used as base matrixes. Among these, selection of
specific base matrix depends on industrial applications of composites. Other alloys
can be used but only for specific functional purposes.

Al alloys are chosen as base matrix mainly for two factors. First, aluminum (Al)
or aluminum alloys (Al alloys) are majorly popular where energy efficiency is the
prime concern. Being lightweight material with noteworthy strength, aluminum or
aluminum alloys are easy to process and help to reduce energy consumption. Pure
Al due to its lack in strength and other compatibility issues is not first hand choice
for major structural applications. But when pure Al is embedded by other phases, it
becomes competent with strength of steel and develops versatile properties [79]. In
automotive components like pistons, engine blocks, etc., aluminum-based particulate
reinforced composites as materials are already in use [57]. Even right now, disks,
brakes, rotors, connecting rods are also being made of aluminum-based particu-
late reinforced composites. Among all commercially produced MMCs, composites
based on aluminum (Al) alloys are the highest in volume [61]. Industries of ground
transportation, aerospace, recreational, thermal management and automotive actu-
ally demand materials which hold high structural efficiency along with excellent
tribological behavior. Al-based PRMMCs are that type of materials to fulfill such
requirements [47].

Secondly, there is a need to maintain high specific strength with increase in oper-
ating temperature. Engine heads, pistons and similar components of automotive and
transport field are commonly made of Al alloys in peak-aged condition. Definitely,
there are some advantages regardingAl alloys asmaterial frommaterial science point
of view. But before introduction ofAl based PRMMCs,Al alloyswere losing its posi-
tion because when operational temperature was high, softening of alloys occurred
which yielded overaged condition of Al. Ceschini et al. [9] discussed that synergistic
combination of tough ceramic particles with Al matrix aided in maintaining strength
and stiffness at high-temperature operations. Accordingly, use of Al/Al alloys-based
composites has progressed. Study of other characteristics, viz., wear, friction, thermal
conductivity, formability of Al-based PRMMCs gets required attention to suitably
replace Al alloy.

When a composite material is selected for any specific usage, i.e., tribo-material
or corrosion resistant material, than in laboratorial scale, it has to go through some
steps. Those steps are mentioned in Fig. 1. So depending on the final behavior, rein-
forcing phase, base alloy and also fabrication routes are selected. Reinforcing phase
in PRMMCs actually resists and transfers the load applied externally on the compos-
ites [23]. Surappa [70] comprehensively stated that reinforcement in the aluminum
matrix is usually non-metallic and commonly ceramic. Till now, lot of reports are
available on PRMMCs among which major reinforcing phases are carbide (SiC,
TiC, B4C, WC), nitride (AlN, TiN, Si3N4), oxide (Al2O3, TiO2, SiO2, MgO) or
boride (ZrB2, TiB2) [32, 65]. Recently, carbon nano-tubes [82] and certain hard
intermetallics (MoSi2 [13], Ni3Al) are being reinforced in a more focused way,
though carbon nano-tubes are not generally categorized as particles. There are some
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Fig. 1 Block diagram to show how a composite material has been selected for fabrication

common properties among popular ceramic reinforcements. All of them possess
density more than 2200 kg m−3, melting point higher than 2000 K, Vicker’s hardness
more than 600 HV and Youngs’ Modulus at least 400 GPa [51]. Such high hardness
or mechanical strength of particles is being transmitted into Al through reinforce-
ment. Accordingly, composites show intermediate properties between Al and used
ceramic particle. Aluminum-based particulate reinforced metal matrix composites
are commonly called as aluminum metal matrix composites (AMCs) or PRAMCs,
and in rest of the study, it will be referred as AMCs. The term ‘composite’ will also
essentially signify AMCs in the following discussions.

7 Fabrication of MMMCs

Fabrication of metal matrix composites is the most challenging part. Major cost asso-
ciated with AMCs/MMCs is involved in fabrication systems. Thorough literature
survey on AMCs reveals that composites with same particle along with same shape,
size and amounts but fabricated through different routes show different mechanical
and tribological behavior under same operating conditions [1]. It happens because
orientation and distribution of reinforcements in matrix are affected by the manufac-
turing processes. Suitable fabrication method depends on two major factors. First,
the method needs to be cost effective one to distribute the secondary (reinforcing)
phase in the preferred configuration. Second, a strong bond between matrix and the
reinforcement is to be achieved at the time of fabrication so that an effective load
transfer can occur between phases prior to fracture. Depending on these factors,
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Table 1 Processing routes for major three AMCs

Types of AMCs Fabrication methods References

Al–SiC Squeeze casting (liquid state), powder metallurgy (solid
state), ultrasonic dispersion (liquid metallurgy)

[35, 36, 83]

Al–Al2O3 Cold isotropic pressing (CIP) and sintering (solid state),
powder metallurgy (solid sate), milling and hot pressing
(semi-solid state), vortex method (liquid state)

[19, 26, 27, 29]

fabrication of composites is performed through solid state and liquid state fabrica-
tion methods. Some researchers suggested that gaseous state methods like chemical
vapor deposition or physical vapor deposition may be used to make composites by
depositing a layer of material on the surface of another material (substrate) [51]. In
situ and ex situ techniques are two separate fabrication styles commonly used by the
researchers and are distinguished by the process of incorporating ceramic particles
into matrix. In situ process involves reaction of at least two (or more) elements inside
molten metal for producing required ceramic reinforcement inside the matrix. In ex
situ process, ceramic reinforcement is incorporated into matrix in particle form and
it involves no reaction for purpose of production of reinforcement. Table 1 provides
primary processes which are commonly used by researchers for fabrication of two
major AMCs.

Solid sate fabrication technique includes processes like powder metallurgy,
mechanical alloying, diffusion bonding and surface oxidation. Major advantage of
solid state fabrication method is less chemical interaction between particles and
matrix yielding almost no chemical products at the interface.Among all solid process,
most popular one is powder metallurgy techniques. Thesemethods actually deal with
discontinuous reinforcements, because this process holds the advantage in easiness
of mixing and blending. Additionally, this process holds the effectiveness of densi-
fication. Targeted ceramic and metal powders are first mixed which is followed by
isostatic cold compaction and hot pressing. Novel low-cost approaches, such as
sinter-forging, are also part of solid state processing [10].

Processes like pressure infiltration, squeeze casting, compo casting, stir casting,
spray depositmethod, centrifugal casting dealwith liquidmetal. Advantages of liquid
statemethod over solid state techniques lie in capability of rapid production.Complex
shape parts can be easily fabricated by this method. But capillary forces hinder the
combination of molten metal with particles. Ceramic reinforcements are generally
‘metal repellent’ andmetal does not easily bondwith somethingwhich is ‘non-metal.’
External forces/energies are required to overcome this energy barrier. In infiltration
technique, molten metal is pushed into reinforcement. Some modifications are being
practiced to overcome the issue of wettability and ease of mixing. Processing at
elevated temperature is one of the modifications which help to increase wettability.
In liquid state method, matrix phase solidifies with size constraints as they are placed
between reinforcement particles which do not move at the time of solidification. If
particles move, matrix metal pushes them into the area solidified in the last. But this
results in undesirable shrinkage cavity.
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For fabrication of aluminum-based nano-composites in recent times, friction stir
processing (FSP) and accumulative roll bonding (ARB) are attempted. During FSP, a
tool consisting of a shoulder and a pin rotates and dives into the base matrix surface.
Simultaneously, by the pin, grooves are filled with the desired volume fraction of
nano-particles. Al [38] and Mg-based nano-composites have been produced by FSP
by incorporating ceramic or carbon-based nano-reinforcement. Accumulative roll
bonding is a solid state method. Severe plastic deformation processes majorly occur
in this process. ARB process develops roll bonding stacked sheets (about 50% of
thickness reduction) first, then cuts the roll-bonded material and rolls it again after
stacking the pieces over each other [4].

8 Tribological Properties of AMCS

One of the important reasons behind popularity of AMCs is better tribological
behavior over base Al matrix at dry condition as well as other operating condi-
tions. Antoniou and Subramanian [5], Balasubramaniam and Maheswaran [6], Lim
and Ashby [37], Rao et al. [60], Wilson and Alpas [80], Wilson and Alpas [81]
and other researchers reported wear and friction behavior of AMCs and suggested
varying mechanisms (adhesive, abrasive, delamination, plowing, etc.) being active
on the composite surface at the time of sliding. Some researchers studied effect
of mechanical parameters on tribological behavior while some studied influence of
material parameters on wear and friction of AMCs.

Like mechanical properties, common observation in wear behavior of AMCs is
that wear resistance of composites increases linearly with increase in the amount
of particles. Some study reveals that such increase in wear resistance occurs only
up to a certain amount of reinforcements after which particles play detrimental role
in wear behavior of composites. Wear of composites depends on the reinforcement
particle size and increases with increase in size. Wear rate generally increases with
increase in the applied load. Wear of composites is also a function of sliding distance
and it is observed that volume/weight loss increases with increasing sliding distance.
However,wear ratemay also increasewith increase in sliding velocity. Several studies
are also available which show wear rate decreases with increase in sliding velocity
of composites. For in situ composites, in situ reaction holding time is an important
parameter for influencing the wear rate. It is generally observed that longer reaction
time results in reduction in grain size of matrix. Such reduction in grain size directly
influences the wear resistance of composite.

Identifying suitable wear mechanism through wear debris and worn surface anal-
ysis is a common practice in study of tribological behavior of AMCs. Active wear
mechanisms majorly depend on the hardness of reinforced particles and applied
contact load. Several tribo-chemical reactions occur on the contact surfaces. Wear
mechanisms are modified accordingly. Those reactions are influenced by the pres-
ence of lubricant or corrosive solution. Operational environment also influences
tribo-chemical reactions. Not only hard particles, soft particles are also incorporated
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into Al matrix which enhance wear behavior in a different way. Soft particles either
absorb moisture or provide protective layer against hard asperities. So to understand
wear behavior of an AMC, it should be studied under varying operating conditions.

Generally, friction of AMCs depends on applied normal load, amount of parti-
cles, temperature, sliding distance, sliding velocity, in situ reaction holding time (for
in situ composites), processing temperature and existence of protective layer on the
surface, etc. In case of in situ Al-TiB2 composites, it is seen that for a given temper-
ature, friction decreases with increasing wt% of TiB2 and increases with increase in
temperature [49]. Reaction holding time also affects COF and it has been observed
that COF increases with increasing reaction holding time [43]. Study shows friction
of composites increase with sliding distance and sliding velocity for a fixed amount
of reinforcement [58].

9 Al–TiB2 Metal Matrix Composites

Improvement of properties in AMCs mostly depends on the selection of materials,
reinforcement phase and process of synthesis. TiB2 as reinforcement over Al alloy
matrix is a specific area of attention among AMCs for last few years due to some
specific advantages of TiB2 in aluminum alloy matrix as well as varying scopes for
fabrication (liquid phase, solid phase, two phase), apart from excellent combination
of the properties of final composite [34].

Advantages of titanium diboride (TiB2) as reinforcement are its high Young’s
modulus (345–409 GPa), high hardness (3400 HV), low density, high wear resis-
tance [71, 72]. TiB2 has tendency to not react with molten aluminum/aluminum alloy
which results in less reaction product at particle matrix boundary and TiB2 is also
known as the hardest material that can be reinforced in aluminum matrix alloy [74].
It is well documented that mechanical properties, viz., elongation, fracture behavior,
tensile strength and tribological properties, viz., wear resistance in dry sliding condi-
tion at ambient temperature as well as at high temperature, abrasive wear resistance,
friction behavior of aluminum matrix composites enhance qualitatively when TiB2

particles have been reinforced [3, 41, 49, 75]. According to the literature and several
industrial report, major volume of the commercially produced AMCs is held by SiC
incorporated AMCs. For incorporation of SiC, casting or powder metallurgy tech-
niques are major choice for fabrication. Still, major drawback of Al–SiC composites
exists in formation of aluminum carbide (Al4C3) which reduces physical, mechan-
ical and chemical properties of the composites [30]. Literatures reveal that, instead
of SiC if reinforcement like TiC, TiB2 are used, then composites will be free from
such drawback of Al–SiC [44]. Moreover, TiB2 particles act as nucleating agent for
aluminum and α-Almatrix grains are refined due to TiB2 which provide various ways
of fabrication compared to any other ceramic particulate reinforced AMCs [63].
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10 Fabrication of Al–TiB2 MMC

Regarding fabrication of Al–TiB2 metal matrix composites, it can be said thatmost of
the fabrications have been done through in situ methods. In in situ method, TiB2 has
been formed inside molten aluminum ingots through different chemical reactions.
Total reactions during in situ fabrication can be divided into three parts [34]. The first
one is decomposition of K2TiF6 and KBF4 to KF liquid, TiF4 and BF3 gases. Second
one is reaction between TiF4 and BF3 gases inside the molten ingots to form TiB2

and AlF3. The third one is the formation of 3KFAlF3 and KF mixture. The overall
reaction regarding the formation of TiB2 can be written as:

K2TiF6(l) + KBF4(l) → Al(l)TiB2(in alloy) + KFAlF3(l) + KF(l) + AlF3(l) (17)

The maximum amount of TiB2 formed in situ is determined by the viscosity of
the subsequent melt. Values of up to 12% have been reported till now [41]. During
in situ fabrication, there are a lot of factors which can influence the distribution of
particle over the base alloy alongwith the final properties of the fabricated composite.
Several studies are also there regarding influence of the overall reaction time on the
properties of Al–TiB2 composites. Lu et al. [41] have reported that grain size of the
TiB2 is a clear function of the reaction duration. Grain size decreases with increase in
reaction time at the starting of reaction. Grain refinement decreases at a later stage.

Other than in situ technique, there are also a lot of methods through which
researchers have been tried to fabricate Al–TiB2 metal matrix composites. From
several reports, different fabrication techniques for fabrication of Al–TiB2 compos-
ites have been noted in Table 2.

Among ex situ methods, simple stir casting and modified stir casting methods are
becoming popular. Simple stir casting is a liquid state method. Schematic diagram
of simple stir casting method is presented in Fig. 2. This method is different from
infiltration because particles are introduced into molten metal by mechanical forces.
Moltenmetal is agitated bymechanical energy and particles are forcefully distributed
in the matrix phase. Stirring is kept on until random but uniform distribution of rein-
forcements is ensured. Stir casting process is patented by Skibo and Schuster [66]
for fabrication of Al–SiC composites. There are several researchers who specifically
fabricated Al–TiB2 composites through these ex situ methods and tested tribolog-
ical properties of it under different conditions [24, 54, 71, 72]. Some modifications
like two-stage stirring, ultrasonic vibration assisted stirring are being used nowadays

Table 2 Processing routes for Al–TiB2 metal matrix composites

Fabrication methods References

Exothermic dispersion (solid–liquid state), reactive hot pressing
(solid–liquid state), stir casting (liquid state), flux assisted synthesis
(liquid state), mechanical alloying (solid state), hot isostatic pressing
(solid state)

[7, 14, 42, 52, 73, 74, 76]
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Fig. 2 Schematic diagram of stir casting process

by several researchers. Figure 3 presents schematic diagram of ultrasonic vibra-
tion assisted stir casting process. It clearly shows what modifications have been
incorporated in the furnace to achieve cluster free cast metal matrix composites.

11 Tribological Properties of Al–TiB2 MMCs

Al–TiB2 metal matrix composites show better tribological properties than base
aluminum alloy. Accordingly, Al–TiB2 composites have been used as tribological
parts in various applications. Before studying tribological properties of Al–TiB2

composites, mechanical properties have been thoroughly studied by researchers.
In general, tribological properties of any materials/components denote the wear

and friction behavior of it under different operating conditions, i.e., dry sliding,
lubricated sliding, elevated temperature sliding. Maximum report on tribological
properties of Al–TiB2 composites has been performed on dry sliding condition.
Tribological behavior of T6 treated A356–TiB2 in situ composites under dry sliding
conditions has been reported by Mandal et al. [44]. Tests have been carried out in
a pin on disk set up. The wear resistance of Al–TiB2 composites is significantly
improved with increase in the TiB2 amount in the composites. Regarding friction,
no clear trend with respect to the weight percentage of the reinforcement has been
observed. Increase in thewear resistance of the compositeswith respect to the amount
of TiB2 is the contribution of mechanical mixed layer formed on the surface of the
pin. This layer is a mixture of the O2, Fe from counter surface and Al from the base
matrix. Niranjan and Lakshminarayanan [50] have studied wear rate of Al–TiB2
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Fig. 3 Schematic diagram of ultrasonic vibration assisted stir casting process

composites with respect to load and weight percentages of TiB2. They have prepared
composites at different melt temperatures with different reaction time. Decrease in
wear rate with increase in weight percentage of TiB2 has been also observed in
their study at low load. Al–TiB2 composites with 6 wt% reinforcement processed at
melt temperature 900 °C and reaction time 30 min have shown best wear resistance
compared to the other composites processed through different conditions. Natarajan
et al. [49] have studied wear resistance of Al–TiB2 composites at ambient as well as
elevated temperaturewith different operating load. Effect of grain refinement, surface
roughness and in situ reaction parameters on wear behavior of Al–TiB2 composites
is also studied by Mallikarjuna et al. (2014). Niranjan and Lakshminarayanan [50]
have shown that 6% Al–TiB2 composite yields maximum wear resistance. Lorusso
et al. [40] have reported that 10% micro-TiB2 reinforced AMC shows worst results
when compared with base Al–Si 10 Mg alloy and higher wt% of TiB2 leads to
agglomeration resulting in detrimental effect on properties. Vivekananda and Prabu
[78] have studied wear behavior of Al-5 wt% TiB2 composite by varying the wear
test parameters such as operating temperature (in the range of 25–200 °C), applied
load (in the range of 10–40 N), sliding velocity (in the range of 0.4–1.3 m/s). They
have concluded that at room temperature, the maximum reduction of wear rate of
composite is 75% less than Al alloy. Poria et al. [54] have reported the variation
of wear depth as a function of applied load for various weight percentages of TiB2

present in stir cast Al-TiB2 metal matrix composites. Figure 4 presents that variation
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Fig. 4 Wear as function of applied load for different wt% of reinforcement

and it is clearly observed that wear resistance of Al-TiB2 composites increases with
increase of TiB2 weight percentage.

Reason behind such trend has been mentioned as higher amount of hard TiB2

particles yields higher hardness of the composite. It is also observed that wear depth
increases with increase in applied load for all percentages of reinforcements in the
composites. Poria et al. [54] have also reported the friction behavior of Al–TiB2

composites against weight percentage of reinforcement at different sliding speed for
different applied load. Figure 5 is presented here from that report. It is clearly seen
that friction is highest for un-reinforced Al alloy and friction has been decreased
with increase in weight percentage of reinforcement.

To summarize in nut shell, it canbe said thatwhatever be the fabrication route of the
Al–TiB2 composites, wear resistance improves with addition of the reinforcement.
But such improvement persists only up to a certain weight percentage of TiB2 in
base matrix. Further addition of reinforcement generates detrimental effect due to
agglomeration of particles inside base matrix. Along with reinforcement, operating
load significantly influences the wear and friction behavior of composites. At low
load, composites show better tribological behavior which is quite relatable with
Archard’s wear theory.

Trioblogical properties of Al-TiB2 composites under elevated temperature sliding
condition also have been reported in several work. Actually in many applications of
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Fig. 5 Friction behavior as function of weight percentages of TiB2

composite materials, components have to undergo the operating temperature which
is nearly 40–50% of the melting point of aluminum alloys/AMCs. That is why tribo-
logical performance of composites should be clearly adopted before applying those
composites inmaking industrial components. Kumar et al. [33] have studiedAl–TiB2

composites effect of sliding temperature and load on the wear behavior of Al–4Cu
alloy and in situ Al–TiB2 composites. They have observed that irrespective of the
increase in operating temperature, wear resistance increase with weight percentage
of TiB2 composites. When operating temperature has been increased, mild wear has
been transformed into severe wear. Temperature at which such transition occurs actu-
ally depends on the amount of TiB2 present inside the composite. General observation
of them is that normalized wear rate decreases with increase in temperature for the
given amount of TiB2. Poria et al. [55] have also reported high-temperature tribolog-
ical performance of Al–TiB2 composites under five different operating temperatures
(50, 100, 150, 200 and 250 °C). From that report, Fig. 6 has been taken to show how
wear rate varies at a fixed load with respect to operating temperature and weight
percentage of reinforcement. It is seen that wear rate of composites does not change
much with increase in operating temperature in the range from 50 to 150 °C, after
which it increases sharply in the range from 150 to 200 °C.
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Fig. 6 Wear rate for different temperatures at 25 N load [55]

Some work is also available in lubricated condition tribological behavior of Al–
TiB2 composites. Because the outcome is obvious which is role lubricant is more
influential than reinforcement effect on properties.

12 Corrosion Behavior of Al–TiB2 MMCs

Corrosion ofAl–TiB2 composites also has been reported as the composite has already
shown positive outcomes in terms of dry, lubricated and high-temperature tribolog-
ical behavior. Previously, in steel-TiB2 composites, it is observed that corrosion
resistance of composites increases up to 4 wt% of the reinforcing phase after which
corrosion resistance starts to decrease [68]. This phenomenon may happen due to
the fact that with increase in the reinforcement phase in composites, fraction of the
interface also increases and areas with significant difference in the electrochemical
potential also enlarge. Thorough literature survey reveals that if reinforcement phase
of AMCs/MMCs is not pure, then galvanic corrosion may increase through dropping
in resistivities [25].Major reinforcements actually do not possess resistivities enough
to avoid galvanic corrosion. Sun et al. [69] have established that presence of TiB2

as reinforcement develops higher corrosion sensitivity of the composites due to the
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Fig. 7 Tafel plot for base alloy and different wt% of Al–TiB2 composites

galvanic coupling effect between noble reinforcements (TiB2) and much more active
matrix (Al or Al alloy). Still, Poria et al. [56] have reported corrosion sensitivity
of Al–TiB2 composites through potentiodynamic corrosion test and electrochemical
impedance spectroscopy. From their report, Tafel plot and Nyquist plot of base alloy
and four different wt% composites have been presented in Figs. 7 and 8. From these
two figures, it is clear that corrosion resistance of base alloy sufficiently increases
with addition of 1 wt% TiB2. Further increase in amount of reinforcement leads to
decrease in corrosion resistance in terms of corrosion potential though they are better
than base alloy until wt% becomes 5.5%. Highest wt% composites exhibit lowest
corrosion resistance even lower than base alloy.

13 Conclusion and Future Scope

Starting from laboratory-scale research activities, right nowMMCs have established
its position in industry level and product level. For example, in applications like
exit guide vanes of aircrafts, materials should possess high stiffness along with suit-
able strength, resistance to erosive wear and aluminum-based MMCs are obvious
choice there. Al–TiB2 composites reported in this chapter have been discussed in
terms of their tribological properties and corrosion behavior. Importance of MMCs,
why particulate reinforced MMCs are better than other type of composite mate-
rials, existing models and theories regarding mechanical properties of particulate
reinforced metal matrix composites have been discussed in detail in this chapter.
Discussion is also on how MMCs are fabricated and why ex situ techniques for
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Fig. 8 Nyquist plot for different wt% composites

fabrication of Al-TiB2 composites are better than in situ techniques. Tribological
behavior of Al–TiB2 composites is very much promising as per discussion. With
increase in wt% of TiB2, wear resistance of composites increases accordingly. It is
also discussed howhigher amount of TiB2 phase can effect negatively on the tribolog-
ical performance of composites. Unlike tribological behavior, corrosion resistance
of Al–TiB2 composites is not so well, though up to 1 wt% reinforcement (TiB2) it
behaves properly.

Future lies in the present. Invention and progression of composites are totally
driven by the need ofmaterial in adverse and newerworking conditions. Applications
are modified on daily basis with development of knowledge domain. Researches on
materials are also expanding daybyday to catch up the newer domains.Al basematrix
has been discussed in this study. Magnesium base matrix is now in focus for making
newMMCs. Change in fabrication methods is also tried by several researchers. Very
recently, Song et al. [67] have published a paper in nature on processing of bulk
natural wood and claim that their processed wood is superior than many widely used
structural materials as plastics, steels, alloys and composites. Rekha et al. [64] have
reported high entropy alloy nano-particle decorated graphene as new age material
in very recent time. So it is clearly seen that materials already have been shifted
from composite materials. Functionally graded materials are the shifted version of
composite materials. But they are also not sufficient to meet the requirements. Now
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focus is on ‘self-healing materials’ [77]. Composites being multi-phase can play role
in that domain. Research on self-healing composites has been started.

Currently, it is observed that transportation sectors are shifting towards electrical
drive vehicles. Electric drive is the new age technology and it requires huge modi-
fication in technology involved with battery cells. But materials are not ready to be
adopted for electric drive cars. From thematerials of batteries tomaterials of engines,
all are different in electric drive cars from existing one. This is a challenge from a
material point of view. It is expected that future of materials research is awaiting a
major shift.
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Chapter 8
Mg-WC Nanocomposites—Recent
Advances and Perspectives

Sudip Banerjee, Suswagata Poria, Goutam Sutradhar,
and Prasanta Sahoo

1 Introduction

Nowadays, automotive and aerospace industries are fascinated toward lightweight
materials like aluminum, magnesium and their composites due to excellent casta-
bility, good machinability, good damping capacity and high strength to weight ratio
[46]. Particularly magnesium and its composites are becoming favorable choice
as magnesium has 50% faster machinability index and 25–50% greater castability
compared to aluminum. Due to above reasons, several automotive industries are
replacing ferrous components like engine block, instrumental panel, transmission
case, gear control housing, etc., and even some aluminum components with magne-
sium and its composites [4]. However, several factors like inherent brittleness, low
thermal stability, poor corrosion resistance, low toughness and poor tribological
properties at room and elevated temperature are some limiting factors of magne-
sium and its alloys. Many of these properties are improved by alloying (by adding
Fe, Ni, Cu, Y, Nd, Zr, Ca) [19, 83] and precipitation hardening. But that limit of
improvement is not adequate for many applications. Hence, further improvement is
needed. Researchers have considered development of Mg composite as the next step
of improvement. Recently, plenty of researches had been carried out onMg compos-
ites and effect of various factors like reinforcements, size of reinforcement, wt%
of reinforcement, fabrication method, secondary treatments, etc., on microstructural
characteristics, mechanical properties, tribological properties along with machining
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characteristics have been disclosed. Furthermore, magnesium matrix composites are
developed by reinforcing ceramics and carbon-based particles in next step toward
property improvement. In this context, ceramics like SiC, TiC, B4C, Al2O3, MgO,
ZnO, Y2O3, TiB2, BN, AlN, graphite as well as intermetallics likeMg2Si in the order
of 2–20 μm are reinforced in magnesium matrix [5, 30, 39, 56, 58, 59, 61, 68, 78].

In last decade, researchers have focused on nanoparticle reinforcement in magne-
sium matrix as they have seen nanocomposites as potential candidate for func-
tional and structural applications. Literatures observed that nano-reinforcements
refine grain size and affect the dislocation motion to improve mechanical as well
as tribological properties [47]. Fortification of nano-sized reinforcements helps to
improve different properties like ductility, compressive and tensile behavior, creep
resistance, elevated temperature mechanical behavior, damping behavior, tribolog-
ical properties, dynamic mechanical properties, machining characteristics, thermal
coefficient, corrosion resistance, ignition resistance. It is also found in available
literature that very light amount (≤2% by weight) of nanoparticle reinforcement can
provide improved mechanical, microstructural and tribological properties [53]. It
is also significant for nanocomposites that particle damage mechanism is minimal
which helps to provide better elongation, fracture toughness, etc. It is observed that
ceramic-based nanoparticles and carbon-based nanoparticles are majorly reinforced
in Mg matrix to achieve desired properties. In this context, scientific community has
reinforced nano-sized particles like SiC, TiB2, TiC, ZnO, CNT, Y2O3, BN, graphite,
MgO, Al2O3, grapheme nano-sheets, etc., in magnesium matrix [2, 22, 43, 53, 55,
60, 73]. In this study, emphasis is given on WC as reinforcement in Mg matrix
because WC shows exceptional properties like high elastic modulus (630 GPa), high
melting point (2870 °C), better thermal conductivity (110 Wm K−1), high hard-
ness (1400 HV), tolerable oxidation resistance till 600 °C, coefficient of thermal
expansion (5.5 μm), etc. [12, 64]. WC has been reinforced in Al and Mg matrix by
the scientific community till last decade. Positive inputs of WC in microstructural,
mechanical, tribological and corrosion behavior of MMCs have already investigated
which is quite inspiring in foregoing study on WC reinforced MMNCs. Based on
this, Lekatou et al. [50] have investigated the wear and corrosion behavior of Al-
WC/TiC composites and observed useful effect. Pal et al. [64] have investigated the
contribution of WC on microstructural and tribological behavior and concluded that
Al-WCMMCs show beneficial effect than base material. Razavi and Mobasherpour
[70] have fabricated Al-WC nanocomposites and reported excellent microstructural
stability with better mechanical properties.

Property of metal matrix composites and nanocomposites can be improved by
considering different factors like cautious selection of base metal along with rein-
forcement having proper length scale and selection of fabrication route. Fabrica-
tion route and processing parameters are of crucial importance to generate uniform
distribution and proper matrix-reinforcement interface. For mass scale production,
i.e., casting, wettability and dispersion-related factors are of main concern. These
issues are mainly tackled by preheating particles, applying proper stirring speed and
providing ultrasonic vibration [20]. In case of stir casting, different process parame-
ters like stirrer shape, stirrer location in melt and stirring speed are most influential.
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But stir casting faces distribution-related problem [53]. In recent times, ultrasonic
treatment (UST)-based stir castingmethod is used to achieve proper distribution. This
process uses millions of mechanical waves to generate immense localized temper-
ature, shock waves, pressure and acoustic streaming. Such intense impact and high
temperature help to break clusters of nanoparticles [14]. However, researchers have
also tried disintegratedmelt deposition, powdermetallurgy, squeeze casting and spray
atomization method. Mg-MMNCs are considered as potential material in different
sectors like aviation, biomedical, automobile, electronics, defense, etc. To cope with
such demand first of all technologies must be improved as well as newMMNCsmust
be developed. In view of the potential advantages and applications of magnesium
alloys and their composites, the present study reviews existing literatures of this area
and tries to present a comprehensive discussion on several aspects of magnesium-
based metal matrix nanocomposite. Particular emphasis is given on Mg-WC metal
matrix nanocomposites. Main parameters which are discussed here are

1. Fabrication of Mg-WC MMNCs.
2. Microstructural characteristics of Mg-WC MMNCs.
3. Mechanical properties (Microhardness, tensile behavior) of Mg-WC MMNCs.
4. Tribological behavior of Mg-WC nanocomposites.

Finally, a concluding discussion on the potential ofMg-WCMMNCs for different
application areas is presented.

2 Fabrication Methods

Mg-MMNCs are developed through different production routes, while main distinc-
tion is the matrix state (solid, liquid and semi-solid). Among different procedures,
liquid metallurgy process is widely accepted due to its simple function, industrial
scalability and cost effectiveness. Mainly followed liquid metallurgy route is stir
casting, ultrasonic vibration associated stir casting method, disintegrated melt depo-
sition (DMD) and infiltration technique. Moreover, powder metallurgy, semi-solid
casting and friction stir processing are other well-known fabrication processes.

2.1 Stir Casting

Stir castingmethod iswidespreadmethodof fabricatingMMNCsdue to its simplicity,
economic viability and large-scale productivity. In this well-known process, rein-
forcing particles are added and mixed in liquid base metal using mechanical stirrer
[71]. Schematic diagram and flow diagram of this method are shown in Fig. 1a, b,
respectively. Al2O3, ZnO, SiC, MgO and CNT nanoparticles are reinforced in Al
matrix using stir casting method [35, 51, 71, 75, 82], while SiC,WC, Al2O3 particles
are incorporated in Mg matrix [34, 42, 41, 72, 80] using stir casting method.
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Fig. 1 Stir casting. a Schematic diagram, b process flowchart
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Habibnejad-Korayem et al. [34] have mixed Al2O3 nanoparticles (100 nm) of
weight percentage 0.5, 1 and 2% in Cp-Mg and AZ31 base alloy using stir casting.
Themixture was stirred with stainless steel mechanical stirrer for 2min. Habibnejad-
Korayem et al. [34] reported uniform distribution of Al2O3 nanoparticles in Cp-
Mg and AZ31 base matrix. Likewise, Karuppusamy et al. [42, 41] have developed
AZ91-1.5WC MMNC through vacuum incorporated stir casting method and found
good distribution of WC nanoparticles in base matrix. Praveenkumar et al. [69] have
manufactured Mg-WCMMNCs by stir casting method. But Hamedan and Shahmiri
[35], Sajjadi et al. [71] and Suresh et al. [75] yield that tendency of agglomeration,
cluster formation, air entrapment leading high porosity, undesired chemical reaction
are present in stir cast nanocomposites.

Uneven distribution can initiate microcracks, slip dislocations under applied
stress, eventually causing premature failure of composites. On the other hand,
agglomeration of particles formed weak bonds in material. As a result, mechan-
ical properties of fabricated materials got reduced. Thus, segregation of particles in
composites is of major concern during stir casting. Distribution of reinforcement
mainly depends on material properties (i.e., wettability, relative density and mixing
strength) and process parameters (i.e., stirring speed, stirrer geometry, stirrer depth in
melt, melting temperature). Hence, particular attention should be given toward those
parameters for further modification of stir casting process. Entrapment of gases and
inclusions during stirring is also a major concern as magnesium is highly oxida-
tion prone. Entrapped gas and unwanted inclusions increase viscosity of the melt.
Thus, judiciously controlled stirring process is highly required. Hence, modified stir-
ring system such as electromagnetic stirring, centrifugal force stirring and ultrasonic
vibration assisted stirring are gradually adopted for fabricating composites Ye & Liu
[83].

2.2 Ultrasonic Cavitation

Literatures report that stir casting process has faced distribution problem of nanopar-
ticles as nanoparticles floats on liquid melt and forms cluster because of attractive
nature of van der Waals force and deficiency of repulsive force [81]. That is why
modification in stir casting method needs to be adopted for developing nanocompos-
ites. In this regard, ultrasonic vibration is provided in the melt as ultrasonic waves
provide nonlinear behavior in liquid in the form of acoustic streaming, high temper-
ature and transient cavitations. Hence, ultrasonic treatment associated stir casting
method is upgraded version of stir casting. In this process, sonotrode is straight
away immersed in liquid melt, and high frequency ultrasonic waves (18–20 kHz)
are applied. Elementary diagram and flowchart of ultrasonic treatment associated
casting process are shown in Fig. 2a, b, respectively.

Ultrasonic waves generated tiny microscopic bubbles in large number. These
bubbles collapse (<10–06 s) after every successful cavitation cycle and produce
hot spots of microscale which generates high temperature about 5000 °C, pressure
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Fig. 2 Ultrasonic vibration. a Schematic diagram, b Process flowchart

(~1000 atm) and high heating or cooling rate (1010 K/s). All these after effects of
bubble collapsing help in degassing of melt, dispersing of particles and microstruc-
ture refining [1, 76]. Mechanisms of de-agglomeration process of nanoparticles by
ultrasonic vibration are shown in Fig. 3. Lan et al. [48] have successfully fabricated
AZ91D-SiC nanocomposites using ultrasonic vibration. Melt is treated with ultra-
sonic power of 80 W to achieve fair distribution of SiC nanoparticles. Nie et al.
[62] have ultrasonically casted AZ91-SiC nanocomposites using varying volume
percentage (0.5, 1, 2%) of SiC nanoparticles (80 nm) under inert gas (CO2/SF6)
environment. Ultrasonic vibration at 480 W and 20 kHz is provided in molten metal
(700 °C) for 20 min, and high pressure (100 MPa) was employed at the time of
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Fig. 3 Mechanisms of de-agglomeration process

solidification. Characterization results yield that 0.5 vol% SiC provides homoge-
neous distribution and enhanced mechanical properties while 2 vol% SiC provided
sign of agglomeration and detrimental effect on UTS, ductility. Dieringa et al. [20]
have employed ultrasonic treatment to developMg-AlNnanocomposite.Habibnejad-
Korayem et al. [33] have used Al2O3 as reinforcement in Mg matrix to develop
Mg-MMNCs. Accordingly, Banerjee et al. [9] have fabricated Mg-WC nanocom-
posites for differing weight percentages of tungsten carbide (0.5–2 wt%) with the
support of ultrasonic treatment associated stir casting process. Khandelwal et al.
[44] prepared AZ31/Al2O3 nanocomposites using ultrasound treatment assisted stir
casting by adding varying weight percentage (0.5, 1.0, 2.0%) Al2O3 (30–70 nm).
Melt was treated with ultrasonic vibration under two different states, i.e., during air
cooling (outside furnace), iso-UST inside furnace. It was observed that reinforcing
agents were well dispersed and improved mechanical properties. Similarly, Nie et al.
[63], Cao et al. [13], Erman et al. [22] have used ultrasonic vibration to develop
magnesium-based metal matrix nanocomposites using ceramic-based nanoparticles.
Accordingly, ultrasonic treatment is also used to disperse carbon-based nanoparticles
(CNT, graphene) in Mg matrix. Chen et al. [17] have used combination of ultrasonic
vibration at liquid state and stirring at solid state to develop Mg-GNP nanocom-
posite. In this process, GNP were first mixed in Mg melt at 700 °C using ultrasonic
vibration of amplitude 60 μm. Ultrasonic vibration was employed for 15 min, and
plates of thickness 6 mm were casted. Then, friction stir processing (FSP) was exer-
cised with pin (dia. 5 mm, velocity 25 mm/min and rotating speed 1800 rpm). It
was reported that GNPs were more homogeneously distributed due to application of
FSP. TEM study of developed Mg-GNP nanocomposites did not found any cavity,
reaction product which suggested good bonding betweenmatrix metal and reinforce-
ment phase. Liu et al. [52] have fabricated Mg-1.5CNT nanocomposite combining
mechanical stirring along with ultrasonic vibration. Primarily, CNT nanoparticles
(20–40 nm) were incorporated in Mg melt during mechanical stirring which was
continued for 2 min, then ultrasonic vibration (20 kHz) was employed for 15 min.
This process helped to disseminate CNT uniformly in base matrix, and mechanical
properties like UTS, ductility were improved by 22, 42%, respectively. Aung et al.
[3] have fabricatedMg-CNTnanocomposites through ultrasonic vibration associated
stir casting method.
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2.3 Disintegrated Melt Deposition (DMD)

This process is also derived from stir casting process. It is combined of casting and
spray process. Primarily composite slurry is produce through stir casting process.
Then, that slurry is poured through pouring nozzle under inert gas environment at
superheat condition and deposited in metallic substrate. Schematic diagram and flow
diagramofDMDprocess are shown inFig. 4a, b, respectively.Different nanoparticles
like Al2O3, CNT, Y2O3, ZrO2, B4C have been mixed with Mg/Mg-alloys through
this process to produce Mg-MMNCs [15, 27, 28, 31]. Srivastan et al. [74] have
developed AZ31-1.5 Al2O3 nanocomposite using Al2O3 nanoparticles of size 50 nm
through DMD process. Then as-cast bar was extruded at 350 °C. It is found that
grain size of nanocomposite was much finer than base alloy. Hassan and Gupta [36]
have used DMD process to develop Mg-1.1Al2O3 nanocomposite. Microstructural
study yields grain refinement, uniform distribution of particles, negligible porosity
and no shrinkage porosity. Goh et al. [36] have used 0.3, 1.3, 1.6 and 2 wt% of CNTs
to fabricate Mg-MMNCs with the help of DMD process. TEM analysis of Mg and
Mg-1.3 CNT disclosed that Mg had only basal dislocation whereas Mg-1.3 CNT
had basal as well as prismatic slip planes. These occurrences influenced mechanical
characteristics by improving ductility. Nguyen and Gupta [59] incorporated Al2O3

in AZ31 alloy to through DMD method and reported excellent interfacial bonding,
near equiaxed grains in developed nanocomposites.

2.4 Infiltration Technique

Infiltration technique uses pressure to inject liquid metal to porous preform. The
porous preform is developed by mixing metal melt, reinforcement and binder. The
mixture is then subjected to filtration and dried as well as heat treated to achieve
dimensional stability. Typically, pressure infiltration technique is executed either
by gas infiltration or by squeeze infiltration. Schematic diagram and flowchart of
infiltration technique are presented in Fig. 5a, b, respectively. Generally, inert gas or
vacuum is employed for gas infiltration, while hydraulic pressure is employed for
squeeze infiltration. This process is mainly followed to produceMMCs with micron-
sized particles. Babu et al. [7] have developed Mg-MMCs by incorporating graphite
and alumina particles in Mg melt. Nowadays, this process is also used to develop
nanocomposites. CNT was reinforced in Mg matrix through infiltration process [8].
But larger infiltration time, segregation of phases, higher cost of preforms limited
the application of this process for mass scale production.
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Fig. 4 DMD process. a Schematic diagram, b process flowchart
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Fig. 5 Infiltration process. a Schematic diagram, b process flowchart
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2.5 Semi-Solid Processing

In semi-solid processing, partially solid mixture is poured into cavity. This process
possesses several advantages like non-turbulent filling, less energy demand, low
shrinkage, less post molding activities, low porosity, etc. Semi-solid processing is
mainly of two types, thixo-processing and rheo-processing. In thixo-processing,
solid feedstock is partially melted by reheating, and liquid melt is partially solid-
ified at rapid cooling and low superheated condition. Finally, the semi-solid mixture
is infused in die. Schematic diagram and flow diagram of semi-solid process is
displayed in Fig. 6a, b. Kleiner et al. [45] have used thixo-processing for magne-
sium and studied different microstructural conditions. In case of rheo-processing, no
special feedstock is used but the melted slurry is cooled at the time of casting and
semi-solid mixture is prepared. Chen et al. [18] have synthesized Mg–SiC nanocom-
posite through this process and reported equal distribution of SiC particles as well
as very good mechanical properties.

2.6 Powder Metallurgy

Powder metallurgy is a well-known solid state process which uses blending,
compacting and sintering todevelop composites. Powdermetallurgyhelps to incorpo-
rate high amount of reinforcing particles, can develop large batches and can develop
components with higher dimensional accuracy. Schematic diagram and flowchart
of powder metallurgy are shown in Fig. 7a, b. Goh et al. [27] have synthesized
Mg-CNT nanocomposites by powder metallurgy process and found increment in
thermal stability, enhanced ductility, yield strength, fracture strength with increasing
percentage of CNT. Tun and Gupta [78] have developed Mg-Y2O3 nanocomposites
via microwave sintering and revealed well distribution of nano-yttria with minimal
porosity. Incorporation of nano-yittra had decreased CTE and increased ductility,
fracture strength and UTS.

2.7 Friction Stir Processing (FSP)

FSP is derived from friction stir welding, and it is widely used by recent researchers
for producing surface as well as bulk nanocomposites. In FSP, at first groove is
prepared in base metal. Afterwards, that groove is filled by reinforcements using
rotating non-consumable tool. Finally, tool having pin is stirred to disperse rein-
forcement in matrix. Schematic diagram and flow diagram of FSP are shown in
Fig. 8a, b. Morisada et al. [57] have developed Mg-MWCNT nanocomposites using
FSP (stirring speed = 1500 rpm, traverse speed 25 mm/min) and yield excellent
grain refinement. Lee et al. [49] have incorporated SiO2 nanoparticles (20 nm) in
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Fig. 6 Semi-solid process. a Schematic diagram, b process flowchart
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Fig. 7 Powder metallurgy process. a Schematic diagram, b process flowchart
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Fig. 8 Friction stir processing. a Schematic diagram, b process flowchart

AZ61 magnesium matrix using FSP with rotational speed 800 rpm and traverse
speed 45 mm/min. Lee et al. [49] have reported excellent grain refinement and
enhancement in mechanical properties. Azizieh et al. [6] have developed AZ31-
Al2O3 nanocomposite by FSP and examined contribution of probe profile and speed
on and microstructural characteristics and mechanical property like hardness. Grain
size was improved to 1–5 μm, and macrohardness was also enhanced to 85–92 HV.
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3 Selected Review of Nanocomposite Properties

3.1 Microstructural Properties

In the context of microstructural point of view, refined grain boundary, equiaxed
and reduced grain size are major goals of incorporating nanoparticles in magnesium
matrix. Literatures have shown that incorporation of nanoparticles like Al2O3, BN,
TiC, SiC, CNT, graphite, Y2O3 has enhanced microstructural property of MMNCs
compared to Cp Mg and base alloys. Effect of different particles on microstructure
can be disclosed by studying grain size of that composite. It was found that Mg-1.1
Al2O3 (size 80 nm) produced by DMDmethod presented decrease in grain size from
49 to 6 μm [37]. Hassan and Gupta [38] again observed that addition of 1.11 vol%
of Y2O3 have reduced the grain size from 60 to 13 μm. Hassan and Gupta [37]
have shown that addition of 1.1 vol% ZrO2 nanoparticles have reduced the grain
size from 60 to 11 μm. In this study, emphasis is given on Mg-WC nanocompos-
ites. It is observed in literatures that Banerjee et al. [9] have elaborately discussed
about the effect of WC nanoparticle incorporation in AZ31 alloy. Praveenkumar
et al. [69] synthesized AZ31B-WC composites and revealed well distribution of WC
particles in Mg matrix by performing SEM study. Banerjee et al. [9] have mainly
performed microstructural characterization considering optical microscopic images
and scanning electron microscopic (SEM) images. Optical images and SEM images
of Mg-WC nanocomposites with varying wt% of WC are shown in Figs. 9 and 10,
respectively. Figure 9 showed that grain size of base alloy was refined due to addition
of WC nanoparticles. It is described that equiaxed grains were present while good
interfacial bonding was observed among matrix and reinforcement phase. It was also
reported that presenceofWCnanoparticles induced recrystallizationby formingplate
like β-Mg17Al12 at grain boundaries. Figure 10 revealed compact composite struc-
tures without significant clustering and almost uniform distribution of WC nanopar-
ticles throughout the matrix. Karuppusamy et al. [41] performed a cryogenic treat-
ment of fabricated AZ91-WC nanocomposite and observed microstructural changes
by SEM. SEM micrographs revealed increase in β-Mg17Al12 at cryogenic treated
AZ91-WC nanocomposites compared to other samples, and equal distribution of
WC nanoparticles was also confirmed by SEM micrographs.

3.2 Mechanical Properties

Enhanced mechanical properties are basic objective of developed material. Mechan-
ical properties like hardness, tensile response are of immense importance for any
engineering material. Review of existing literatures revealed that incorporation of
small amount (≤2 wt%) of nanoparticles like Al2O3, Y2O3, SiC, TiC, CNT, AlN,
WC had significantly improved mechanical properties of magnesium and magne-
sium alloys [13, 36, 37, 65, 66]. Hassan and Gupta [37] have shown that base Mg
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Fig. 9 Optical images of composites. a Mg-0.5WC, bMg-1WC, c Mg-1.5WC, d Mg-2WC [9]

have yield strength, UTS and ductility as 132 Mpa, 193 MPa and 4.2%, respec-
tively, while addition of 1.1 vol% Al2O3 have produced YS, UTS and ductility as
194 MPa, 250 Mpa and 6.9%. Addition of Y2O3 have shown YS, UTS and ductility
as 153 MPa, 195 MPa and 9.1%, respectively, and addition of 1.1 vol% ZrO2 shows
146 MPa, 199 MPa and 10.8%, respectively. Lan et al. [48] have yielded that forti-
fication of 5 wt% of SiC nanoparticles has increased microhardness by 75% than
base AZ91D alloy. Tekamulla et al. [77] have yielded that fortification of 1.53 wt%
of ZnO nanoparticles has improved hardness, YS, UTS by 44%, 149% and 35%.
Meenashisundaram and Gupta [54] have found significant improvement in YS and
UTS by incorporating 0.58–1.98 wt% TiB2 nanoparticle. Praveenkumar et al. [69]
disclosed that microhardness, tensile strength, yield strength and flexural strength
of AZ31B-WC composites have increased with increasing percentage of WC rein-
forcement. Banerjee et al. [9] reported around 43% improvement in microhardness
with incorporation of 2wt% of WC nanoparticle compared to base AZ31 alloy. Vari-
ation of microhardness with varying wt% of WC is presented in Fig. 11. On the
other hand, Karuppusamy et al. [42] reported 10.5% increment in Rockwell hard-
ness and approximately 35% increment in ultimate tensile strength (UTS) for cryo-
genic treated AZ91-1.5WC nanocomposite than base alloy. Figure 12 presents detail
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Fig. 10 SEM micrographs of composites. a Mg-0.5WC, b Mg-1WC, c Mg-1.5WC, d Mg-2WC
[9]

variation of Rockwell hardness of AZ91 alloy, AZ91-1.5WC nanocomposite and
cryogenic treated AZ91-1.5WC nanocomposite.

3.3 Tribological Properties

It is already discussed that Mg-WC nanocomposites possess excellent mechanical
properties which makes them potential candidate as tribological material which
should have weight reduction as typical factor. Tribological properties depend on
process parameters, mechanical characteristics, microstructure, velocity, load and
formation of protective layers. It is observed in literature that incorporation of
different nanoparticles (Al2O3, BN, TiC, SiC, CNT, Y2O3) has improved tribological
properties of magnesium. Zhang et al. [84] have yielded excellent wear resistance
of Mg–SiC composites and concluded 23% increment in wear resistance than base
alloy. Garces et al. [25] have examined wear characteristics of Mg–SiC composites
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Fig. 11 Microhardness of Mg-WC nanocomposites [9]

Fig. 12 Rockwell hardness AZ91, AZ91-WC, cryogenic treated AZ91-WC [42, 41]
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and observed good wear resistance of composites. Labib et al. [47] have investi-
gated wear characteristics of Mg–SiC composites at dry condition in room and high
temperature and observed very good wear resistance of examined composites than
base alloy at all conditions. Aydin et al. [5] have discussed tribological characteristics
of Mg–B4C composites and yielded significant improvement in wear resistance for
composites. Nguyen et al. [60] have reported very good wear resistance by adding
(0.66–1.50) wt% of Al2O3 in AZ31 alloy. Kaviti et al. [43] have disclosed excellent
wear behavior of nanocomposites by incorporating (0.5–2.5) vol% of BN nanoparti-
cles in Mg matrix. In this discussion, a comprehensive outlook on tribological inves-
tigations of Mg-WC composites is presented. Praveenkumar et al. [69] developed
Mg composites with WC as reinforcement (0, 5, 10 and 15 wt%) using stir casting
method. Tribological test results yield that AZ31B-15WC possess better wear resis-
tant than AZ31B alloy. Karuppusamy et al. [42] have reported tribological behavior
of AZ91 alloy and cryogenic treated AZ91-WC nanocomposite at different load and
sliding speed. It was concluded that at 20 N loadwear rate had decreasing trendwhile
at 40 N load wear rate was maximum for all samples. With increase in sliding speed,
wear rate primarily decreased, then it tended to increase. Worn surface morphology
presented that abrasion was main wear mechanism, while oxidation, delamination
and adhesion were present. Banerjee et al. [9] carried wear test of Mg-WC nanocom-
posites using pin-on-disc tribometer against EN 8 steel counterface disc for different
loads (10–40 N) and speed (0.1–0.4 m/s). AZ31 base alloy had maximum wear rate,
and it decreased with increase in WC percentage. Wear rate of base alloy increased
with enhanced sliding speed, while wear rate of nanocomposites initially decreased
then followed moderate increment. Plots of wear rate with respect to applied load
and sliding speed are shown in Fig. 13. Coefficient of friction of all material had
followed detrimental trend. All nanocomposites presented lower coefficient of fric-
tion (COF) than base matrix, but COF of nanocomposites had increased with rise in
WCpercentage. Detail trend of COFwith respect to load and sliding speed are shown
in Fig. 14. Banerjee et al. [9] further analyzed worn surfaces with SEMmicrographs
to reveal wear mechanisms. SEMmicrographs of base alloy,Mg-1WC andMg-2WC
tested at 30 N load and 0.4 m/s sliding speed are shown in Fig. 15. SEM micrograph
of base alloy had parallel abrasive grooves, oxidized debris and sign of plastic defor-
mation. SEM micrographs of nanocomposites had comparatively smoother surface,
sign of adhesion and some delamination. Hence, worn surface analysis disclosed
abrasion as main mechanism for base alloy and nanocomposites with lower weight
percentage (0.5–1%) WC, while combination of adhesion and delamination were
presiding mechanism for other nanocomposites.

Banerjee et al. [10] had carried out elevated temperaturewear and friction behavior
of Mg-WC nanocomposites at different temperatures and loads. It was reported that
base alloy continuous inflation in wear rate with respectto increment in temperature
while wear rate of composites remained unchanged up to a typical temperature then
wear rate increases drastically. Almost similar trend was observed for all loads,
only that typical temperature varied. It was also noticed that wear resistance of
nanocomposites upsurged with increase in WC percentage. Plot of wear rate with
respect to temperature is presented in Fig. 16. COF of base alloy and nanocomposites
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Fig. 13 Variation of wear rate with a load and b sliding speed for base alloy and composites [9]
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Fig. 14 Variation of COF with a load and b sliding speed for base alloy and composites [9]



220 S. Banerjee et al.

Fig. 15 SEM images of wear track at 30 N load and 0.4 m/s sliding speed: a AZ31, b Mg-1WC,
c Mg-2WC [9]

were decreased slightly with respect to temperature. Plot of COF with respect to
temperature is presented in Fig. 17. Worn surface analysis revealed that abrasion and
delamination were dominant at 50 °C, delamination and adhesion were dominant at
100–150 °C, while adhesion and thermal softening were dominant mechanism for
200–250 °C. SEM micrographs Mg-1WC and Mg-2WC samples tested at 30 N and
200 °C are shown in Fig. 18.

Typically, design criterion of different components of transportation industry
is bothered about density, corrosion resistance, mechanical stiffness and strength
of selected material. Low density of material helps to provide high load carrying
capacity and higher UTS provides requisite performances as well as safety criterion.
In addition, increased corrosion resistance of selected material certifies high dura-
bility of the component. In this study, corrosion characteristics of Mg-MMCs are
also discussed. Researchers have reported different nature of magnesium compos-
ites in context of corrosion behavior. Some researchers reported positive impact of
reinforcement while some reported detrimental effect. Pardo et al. [67] have reported
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Fig. 16 Variation of wear rate with temperature for base alloy and composites for 20 N load [10]

Fig. 17 Variation of COF with temperature for base alloy and composites at 40 N [10]
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Fig. 18 SEM images of wear track at 30 N load and 200 °C temperature: a Mg-1WC, bMg-2WC
[10]

that incorporation of SiC possesses detrimental effect on corrosion behavior of Mg
alloy. Chan et al. [16] have observed that Al2O3 particles in Mg matrix decrease
corrosion resistance of Mg alloy when tested in 3.5% NaCl solution. Jia et al. [40]
have disclosed that presence of TiC particle presents higher corrosion rate than Mg
alloy in saline environment. Fukuda et al. [24] have reported higher corrosion rate for
AZ31B-CNT composites than base alloy. On the other hand, Ghasali et al. [26] have
observed that incorporation of Al2O3 nanoparticle in Mg matrix improves corro-
sion resistance of pure magnesium. Zhang et al. [85] have reported that Mg–SiC
composites show better corrosion resistance, and corrosion resistance improves with
improved volume percentage of SiC particles. Endo et al. [21] have found signifi-
cant improvement in corrosion resistance with incorporation of MWCNT particles
in Mg matrix. Falcon et al. [23] have reported increased corrosion resistance of
Mg-TiC composites than base matrix. In this study, special emphasis is given on
Mg-WC nanocomposites. Thus, corrosion behavior of Mg-WC nanocomposites is
discussed in detail. Banerjee et al. [11] have examined the corrosion behavior of Mg-
WC nanocomposites in 3.5%NaCl solution. Mg-WC nanocomposites with different
wt% of WC (0, 0.5, 1, 1.5 and 2) are developed by ultrasonic treatment associated
stir casting method. Nyquist plot (Fig. 19) of base alloy (AZ31) and nanocomposites
composed of two capacitive loops (one high frequency and another low frequency)
and one inductive loop (low frequency). High frequency capacitive loop represents
film initiation, and low frequency capacitive curve represents mass transmission and
inductive loop represent pit formation. Extra-polarization of Tafel plot (Fig. 20) gives
corrosion potential values and current density values. Mg-0.5WC was reported as
the most corrosion resistive material among all fabricated materials.
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Fig. 19 Nyquist plot of base alloy and Mg-WC nanocomposites [11]

Fig. 20 Potentiodynamic polarization curve of base alloy and Mg-WC nanocomposites [11]
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4 Conclusion and Future Remarks

In this study, various direction regarding fabrication, microstructure, mechanical
property, wear behavior and friction behavior of Mg-WC nanocomposites have been
discussed. It has been divulged that incorporation ofWC particles notably intensifies
above properties at different experimental conditions. At first, different fabrication
processes have been discussed with their potential in the context of particle distri-
bution and economical aspects. Fabrication-related literatures have been discussed
to reveal prospect of different synthesis process. Literatures on fabrication of Mg-
WC composites have also been discussed. Effect of WC particles and dispersal of
WC in Mg matrix have been discussed in detail. Literatures yield that WC particles
have been successfully fortified in Mg melt by vacuum assisted and ultrasonic treat-
ment associated stir casting method. Ultrasonic vibration avoided agglomeration,
better degassing of melt, decreased porosity and enhanced uniformity of particle
distribution. Mechanical properties of nanocomposites have been increased signifi-
cantly, and cryogenic treatment further helps to improve mechanical properties like
microhardness, UTS, etc. Tribological properties like dry sliding wear behavior at
room temperature and elevated temperature, friction behavior enhance notably with
incorporation ofWCparticles. Corrosion behavior ofMg-WCnanocomposites along
with different magnesium composites is also discussed. However, most of the work
is currently practiced in lab-scale. Hence, full potential ofMMNCs at industrial scale
must be practiced. Product level transition of MMNCs must be considered. Different
aspects, i.e., creep behavior, tensile property, corrosion properties, fatigue properties,
recycling of Mg-WC nanocomposites are still partially revealed through literature.
More studies needed to be performed considering energy efficiency, recyclability,
reliability and economical aspect.
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Chapter 9
Understanding Fabrication
and Properties of Magnesium Matrix
Nanocomposites

Sudip Banerjee, Suswagata Poria, Goutam Sutradhar,
and Prasanta Sahoo

1 Introduction

Composites are well-known high-class materials which possess superiority than
monolithic counterparts having unique capability of improving typical qualities of
monolithic alloys [78, 79]. Enhancement of such properties of monolithic alloy can
be restrained by perfectly selecting principle elements of composite design (size,
type and amount). Primarily, research on metal matrix composites (MMCs) got
momentum in 1970s. At that time, researchers mainly used powder metallurgy, stir
casting and rheo-casting processes to develop MMCs by incorporating ceramic rein-
forcements and achieved impressive results [20, 45]. Improvements of typical prop-
erties, like elastic modulus, damping capability, creep behavior and wear resistance,
were proclaimed [25, 39]. Researchers have incorporated micron scale continuous
and discontinuous reinforcements in differentmetalmatrix prior to twentieth century.
But some limitations, like high cost, application in highly specialized area (space
sector) and complex synthesis process, were observed for continuously reinforced
MMCs. Conversely, MMCs with discontinuous reinforcement were successfully
fabricated through different fabrication techniques [26, 68]. Around 2000, interest
on nanoparticles was generated as reinforcement in metal matrix due to advancement
in nano-science. In this regard, Al, Mg, Ni, Ti and Cu were mainly considered [26,
69]. In this study, concentration is given on magnesium as base metal because pure
magnesium andmagnesium alloys are extremely lightweight than other majorly used
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metals, i.e., 77% lighter than steel, 33% lighter than aluminum and 61% lighter than
titanium. Being the lightest metal, magnesium alloys also have good machinability
(>50% Al), good damping capability and superb castability (>25–50% Al).

Nowadays, ceramic-based and carbon-based particles are procurable at much
lower price than 1980–90s which promotes impressive increase in research and
development of Mg-MMNCs. Moreover, incorporation of nanoscale reinforcement
produces promising results by enhancing a number of typical properties. Normally,
reinforcement particles are selected from carbide, nitride, oxide, boride and carbon
families, especially Al2O3, SiC, B4C, BN, TiB2, AlN, CNT and graphite, to incor-
porate in metal matrix [73]. Through this incorporation, some typical properties,
i.e., ductility, compressive and tensile property, creep, damping, elevated temper-
ature mechanical properties, coefficient of thermal expansion (CTE), machining,
wear resistance, friction behavior, corrosion resistance, ignition resistance, etc., were
noticeably enhanced.

However, properties of MMNCs also depend on some other factors, i.e., primary
and secondary fabrication process, process parameters, size of reinforcement, matrix
metal, etc. In regard to fabrication of Mg metal matrix nanocomposites (Mg-
MMNCs), agglomeration of nanoparticles, low wettability between nanoparticles
and base matrix are of main concern. Fabrication methods of Mg-MMNCs are quite
similar to Mg-MMCs. These processes are either solid processing or liquid metal-
lurgy route. In liquidmetallurgical method, stir casting, disintegratedmelt deposition
(DMD) and ultrasonic stirring technique (UST) are mostly used processing method.
In stir casting, an impeller is employed in molten metal. Hence, stirring parameters,
i.e., stirrer speed, stirrer location and stirrer design are significant parameters [1,
2]. In UST, high-frequency ultrasonic cavitation is applied to disperse nanoparticles
which employmicro-hot spots, acoustic streaming andvery high temperature to break
agglomeration and disperse particles [53]. DMD is a spray-type processing method,
in which molten composite is disintegrated prior to deposition [32]. Besides, some
secondary processing like rolling, extrusion may be employed to further improve
properties (refining grains, crushing secondary phase) or providing necessary shapes
of composites.

In view of possible application of magnesium nanocomposites, the present study
attempts to present a thorough review emerged on works and multi-dimensional
sagacity of scientific community. Key points which are considered are as follows:
(1) present status of fabrication method of Mg-MMNCs following liquid metallurgy,
(2) strengthening mechanism of Mg-MMNCs, (3) mechanical properties of Mg-
MMNCs, (4) tribological properties of Mg-MMNCs and (5) corrosion behavior of
Mg-MMNCs.
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Fig. 1 Schematic diagram
of stir casting

2 Preparation of Magnesium Matrix Composite Reinforced
by Nanoparticles

2.1 Stir Casting

Stir casting is very naive and economical technique in which particles are incor-
porated in liquid metal using mechanical stirrer. Schematic diagram of stir casting
process is presented in Fig. 1. Existing literature discloses that stir casting is exten-
sively adopted to incorporatemetal oxides, nitrides, carbidemicroparticles inmagne-
sium matrix but limited numbers of literatures are available on incorporation of
nanoparticles in magnesium matrix through this process. Main constraints of stir
casting process are below par wettability of nanoparticles in moltenmetal, air entrap-
ment due to rotation of stirrer and clusters of nanoparticles [3, 10, 11]. However,
Habibnejad-Korayem et al. [35] have attempted to incorporate Al2O3 nanoparti-
cles in Mg-matrix through stir casting method and reported homogeneous distribu-
tion of particles in magnesium matrix. Karuppusamy et al. [42] have incorporated
WC nanoparticles in AZ91 melt using vacuum-assisted stir casting and achieved
homogeneous distribution.

2.2 Ultrasonic Vibration

2.2.1 Principle of Ultrasonic Cavitation and Acoustic Streaming

Normally, high surface area of nanoparticles results in agglomeration in molten
magnesium. Furthermore, wettability between Mg-melt and surfaces of nanoparti-
cles is poor. In this regard, ultrasonic treatment (UST) is a widely used method to
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effectively disburse nanoparticles in magnesium melt. Schematic diagram of ultra-
sonic vibration is shown in Fig. 2. Application of UST inMg-melt generates different
effects like cavitation and acoustic streaming. At the time of UST, application of
high-frequency ultrasound through sonotrode generates alternating expansion and
compression in definite area of melt near sonotrode. During expansion, small cavi-
ties in the form of cavitation bubble form for short duration [68]. These bubbles
collapse and generate high pressure (1000 atm) as well as high temperature (several
thousand degrees). On the other hand, agglomerated particles also include some
entrapped gas. These gas bubbles also collapse and exert high intensity force which
may exceed the Van der Waals force of agglomerated particles. At that instant, the
agglomerated clusters are shatteredwhich results in small clusters or individual parti-
cles.With repetition of this cavity formation and destruction,millions of shockwaves
generate inmelt and disintegrate the agglomerated nanoparticles. Schematic diagram
of de-agglomeration of nanoparticles due to acoustic streaming is shown in Fig. 3,
and schematic diagram of effect of entrapped gas as well as sonotrode is shown in
Fig. 4.

Fig. 2 Schematic diagram
of ultrasonic vibration

Fig. 3 Schematic diagram
of de-agglomeration of
nanoparticles due to acoustic
streaming
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Fig. 4 Schematic diagram of effect of entrapped gas as well as sonotrode

Furthermore, UST causes acoustic streaming which depends on viscosity of melt,
melt temperature and ultrasonic intensity. Eskin et al. [26] have described three types
of acoustic streaming: (1) Schlichting flow which occurs at phase interfaces. These
interfaces involve cavitation bubble. Heat and mass transfer is considered in this
flow, (2) acoustic streaming of standing wave field and (3) acoustic streaming of bulk
metal melt which develops by absorbing momentum of ultrasound flow. Hence, cavi-
tation and acoustic streaming both help to disperse particles and contribute in grain
refinement. In this context, Ishiwata et al. [40] have developed model on acoustic
streaming separately for water and Al-melt. It is reported that acoustic streaming is
mainly controlled by amplitude of ultrasonic vibration.

2.2.2 Effect of Ultrasound on Magnesium Alloy

Ramirez et al. [64] have discussed ultrasonic intensity (I) as follows:

I = ρc(2π f A)2

2
(1)

where ρ = density of molten metal, c= ultrasonic velocity, f = ultrasonic frequency
and A = amplitude of horn. Eskin et al. [26] have reported that if intensity value
exceeds 80 W cm−2 then generated cavitations are adequate for magnesium melt.
Hence, ultrasonic intensity and corresponding wavelength can be regulated by
following Eq. (1) to indulge specific requirement at the time of fabricating Mg-
MMNC. Chen et al. [13] have shown the effect of ultrasonic vibration on capil-
lary effect by improving penetration of melt in agglomerated nanoparticle. Critical
osmotic pressure (ps) is expressed by

ps = 6λσLGCos�(∅ − 1)

dp×∅ (2)
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where λ = geometric factor, dp = average particle diameter, 8 = contact angle of
particle andmelt, σ LG = surface tension and ∅ = volume fraction of particle porosity.
Using Eq. (2), Nie et al. [58, 59] have found ps to achieve required wettability of SiC
nanoparticles in Mg-melt.

Accordingly, researchers have used UST to disperse nanoparticles in molten
magnesium. Cao et al. [10] have incorporated AlN nanoparticles in AZ91 alloy using
UST and achieved homogeneous distribution. Katsarou et al. [43] have incorporated
AlN nanoparticles (1 wt%) in Elektron21 alloy using UST (0.3 kW and 20 kHz)
and achieved refined grain along with enhanced mechanical properties. Khandelwal
et al. [44] have employed UST to fortify nano-sized Al2O3 (0.5, 1 and 2 wt%) in
AZ31 alloy in two conditions, i.e., during air cooling and isothermal in furnace. Lan
et al. [48], Erman et al. [23] and Nie et al. [58, 59] have fortified SiC nanoparticles
with different weight percentage in magnesium alloy with the help of high-frequency
UST. Lan et al. [48] have incorporated 2 and 5 wt% SiC by applying 80W ultrasonic
power and reported fair distribution of SiC particles. Cao et al. [11] have reinforced
2 wt% SiC particles in molten Mg by inserting (25–31 mm) niobium probe into melt
and applying 4.0 KW power and 17.5 kHz frequency. Erman et al. [23] have rein-
forced 2 wt% nano-SiC in Mg through UST and reported 60% reduction in average
grain size. Cicco et al. [18] have ultrasonically dispersed nano-sized SiC particles in
Mg–Zn alloys and concluded that nanoparticle induction has better effect than direct
strengthening for metallic metals. Habibnejad et al. [35] have developed Mg-Al2O3

nanocomposite by incorporating different weight percentage of Al2O3 nanoparticles
in magnesium matrix using UST. Chen et al. [14] have applied combination of evap-
oration and UST to dense uniform dispersion of nano-sized reinforcement (14 vol%
SiC) in Mg-melt. Shiying et al. [67] have developed AZ91-SiC nanocomposites
by incorporating different weight percentage (0.5, 1, 1.5 and 2%) of SiC particles
(40 nm). Choi et al. [17] have fortified TiB2 nanoparticles (25 nm) in AZ91D melt
using niobium sonotrode which produce 20 kHz frequency and 60 μm amplitude.
Bhingole and Chaudhari [9] have inoculated carbon black nanoparticles (42 nm) in
different magnesium alloys using 20 kHz UST.

2.3 Combination of Ultrasonic Vibration and Semisolid
Stirring

Further modification of UST is carried out in which both stirring of semisolid
and application of UST in melt are combined. In this process, mechanical stirring
normally helps in incorporating nanoparticles and UST helps to deal with agglomer-
ation and wettability. Schematic diagram of combination of ultrasonic treatment and
semisolid stirring is presented in Fig. 5. Following this process, Nie et al. [60] have
used this technique to synthesize AZ91/SiCp nanocomposite. Initially, preheated
SiC nanoparticles (1 vol%, 60 nm) are initially brought in contact with semisolid
matrix (550 °C) and mechanical stirring is conducted for 5–25 min. Then, UST is



9 Understanding Fabrication and Properties … 235

Fig. 5 Schematic diagram of combination of ultrasonic vibration and semisolid stirring

provided for 20 min at liquid state (700 °C) and solidified afterwards. Similarly,
Shen et al. [66] have incorporated 3 vol% SiC nanoparticles in AZ31B matrix and
observed no significant cluster of nano-SiC. Banerjee et al. [5–7] have incorporated
WC nanoparticles (0.5, 1, 1.5 and 2 wt%) in AZ31 alloy using mechanical stir-
ring as well as 20 kHz ultrasonic frequency and reported homogeneous distribution
of nanoparticles in magnesium melt. Chen et al. [15] have used the same process
(1400 rpm stirring, 20 kHz frequency and 60μmamplitude) to incorporate high vol%
SiC in Mg–Zn alloy. Liu et al. [52] have used the combination of mechanical stirring
(300/500 rpm, 2 min) and ultrasonic vibration (20 kHz, 15 min) through titanium
waveguide to incorporate CNT nanoparticles (20–40 nm). Zhou et al. [76] have
produced Mg-hybrid composites by incorporating carbon nanotube and nano-SiC
of different hybrid ratio through combination of mechanical stirring and ultrasonic
vibration. Choi et al. [16] have employed the same process to develop Mg-1SiC
nanocomposite using 3.5 kW power output and 17.5 kHz frequency for 15 min.
In this process, a selective zone of melt pool is covered with 254 μm thin-walled
truncated cone of niobium to confine SiC nanoparticles in that region.

2.4 Disintegrated Melt Deposition (DMD)

DMD technique possesses convenience of gravity die casting as well as spray
forming, and in this process melting and pouring occur together. Schematic diagram
of DMD process is presented in Fig. 6. In this process, atomized melt is rapidly
solidified and low porosity, uniform grains as well as homogeneous distribution are
found. But main limitation of this process is high viscosity of liquid melt with high
volumepercentageof reinforcement.Nguyen andGupta [56] have triedDMDprocess
to fortify Al2O3 in Mg-matrix and found equiaxed grain as well as good interfacial
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Fig. 6 Schematic diagram of DMD process

bonding. Hassan andGupta [38] have attempted to use 1.1 vol% nano-Al2O3 (50 nm)
following DMD process. Microstructural characterization revealed limited agglom-
eration and excellent distribution of particles throughout matrix. Goh et al. [32] have
tried to incorporate CNT (0.3, 1.3, 1.6, 2 wt%) in magnesium through DMD process
and observed microstructure as well as mechanical properties. Hassan and Gupta
[36, 37] have incorporated nano-Y2O3/nano-ZrO2 with varying weight percentages
(0.22, 0.66 and 1.11 vol%) in Mg-matrix and reported good matrix-reinforcement
interfacial integrity.

3 Secondary Processing Methods

Primary processed nanocomposites may have some defects or some microstructural
irregularities which must be minimized or eliminated to improve typical properties.
Hence, secondary processing techniques of nanocomposites are very essential. In
secondary processing, either bulk material is deformed (extrusion, rolling, multidi-
rectional forging) or severe plastic deformation is occurred (equal channel angular
pressing, cyclic extrusion and compression).

3.1 Extrusion

In this secondary processing method, nanocomposite billets are pressurized in a die
with high-pressure ram to minimize inappropriateness like voids, pores, cracks and
cavity which are formed during primary processing. Schematic diagram of extrusion
is shown in Fig. 7. This secondary processing method is typically applied at or
above recrystallization temperature. In this process, main effective parameters are
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Fig. 7 Schematic diagram
of extrusion

temperature, RAM speed and extrusion ratio, which should have optimum value to
control oxidation and other noise factors. Nie et al. [60] have conducted hot extrusion
onAZ91-SiC nanocomposites to further refine grain boundaries and reported that hot
extrusion has further improved microstructural and mechanical properties than as-
cast nanocomposites. Choi et al. [17] and Li et al. [49] have found similar results by
applying hot extrusion. Occurrences of alignment of SiC particles toward direction
of extrusion and grain refinement are documented.

3.2 Rolling

In rolling, high-pressure rolls are traveled over nanocomposites at plastic deformation
stage to deform as-cast billets. High-pressure roll produces squeezing and compres-
sive action which helps in further grain refinement. As a result, defects are eradicated
and several typical properties are enhanced. In this process, key factors are number
of passes and temperature. Wang et al. [72] have applied this process on AZ31/SiC
nanocomposites and observed several beneficial effects on refined grains.

3.3 Multidirectional Forging (MDF)

In this process, the combination of plastic deformation and conventional mechan-
ical process is applied to achieve exceptional refinement in grain structure. This
process specially helps brittle and large workpieces. Nie et al. [58, 59] have
studied microstructure of AZ91-SiC nanocomposites exposed to MDF. AZ91-SiC
nanocomposites possess enhancement in dynamic recrystallization from the very
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Fig. 8 Schematic diagram of equal channel angular pressing

first pass of MDF. With further increment in passes, conformity of microstructure
and recrystallization increased.

3.4 Equal Channel Angular Pressing (ECAP)

ECAP is the process of modifying the microstructure with ultrafine grains (UFG).
Schematic diagram of ECAP is shown in Fig. 8. Nanocomposite billet is passed
through two identical intersecting channel die (channel intersection angle = �).
In this process, geometrical cross section of the billet remains same but billet is
subjected to extreme plastic deformation (shear), and this step is followed for several
passes to generate UFG. Shear strain (γ ) of each individual pass is calculated by
Eq. 3.

γ = 2 cot

(
�

2

)
(3)

Zhu et al. [77] have suggested that the best result of grain refinement is achieved
for � = 90°.

3.5 Cyclic Extrusion and Compression (CEC)

CEC is also a severe plastic deformation process inwhich fine-grainedmicrostructure
can be achieved by passing nanocomposite billets in between annual die. Selections
of number of passes and temperature are most important for achieving fine grain.
Guo et al. [34] have used CEC to achieve fine grain for Mg–SiC nanocomposite. In
this study, optimum number of passes and optimum temperature are considered as
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up to 8 and 300–400 °C, respectively. Superior grain structure as well as enhanced
hardness is obtained.

4 Strengthening Mechanism

Ceramic nanoparticles possess strong effect on yield strength depending on different
strengthening mechanisms. Total strength can be determined by calculating the sum
of yield strength due to grain refinement (	GR), due to Orowan contribution (	OR),
due to difference in modulus of elasticity (	MOD), due to coefficient of thermal
expansion (	CTE) and due to load-bearing factor (	LOAD).

4.1 Orowan Strengthening

In Orowan strengthening, it is considered that particles are almost homogeneously
distributed in matrix. These homogeneously distributed nanoparticles obstruct the
movement of dislocations throughmatrix.When they try to interactwith particles, the
dislocations bend about the particles and connect with other dislocation. As a result,
strength increases. Strengthmaintains inverse relationship with interparticle distance
which yields that smaller particles impart higher strength for same volume or mass.
Contributions of Orowan strengthening are described by Eq. (4), and interparticle
distance (λ) is described by Eq. (5):

	σOR = 0.13BGm

λ
ln

dp
2b

(4)

λ = dp

[(
1

2Vp

)(1/3)

− 1

]
(5)

where b = burgers vector, dp = average dia. of nano-particle, Gm = shear modulus
and V p = volume fraction.

Chen et al. [14] have reported the contribution of Orowan strengthening on
yield strength of Mg-1SiC nanocomposite as 113 MPa. It is also yielded that this
result is due to small interparticle distance. Cao et al. [10, 11] have performed the
Orowan strengthening-related calculations of Mg-1AlN nanocomposite. It is shown
that Orowan strengthening has improved yield strength by 44% which is around
35.8 MPa and grain refinement has contributed around 8.2 MPa on yield strength.
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4.2 Hall–Petch

Due to the introduction of ceramic reinforcements, primary precipitation occurs at
the time of solidification which leads to refinement of grains. Typically, reinforcing
nanoparticles inmagnesiumalloys improve yield strengthwhich results in refinement
of grains. Increment of yield strength can be found by Hall–Petch equation (6), in
which yield strength (σ y) is

σy = σ0 + kyD
(−1/2) (6)

where σ 0 = friction stress when no strengthening mechanism is present, ky = stress
concentration factor and D = grain size. Again, increment of yield strength for
nanocomposites can be calculated by considering same fabrication process for alloy
also. In this case, yield strength is found out by following Eq. (7) considering grain
size of nanocomposite (DMMNC) and base alloy (DO):

	GR = ky

(
1√

DMMNC
− 1√

DO

)
(7)

Dieringa et al. [21] have added AlN (1 wt%) nanoparticles in AM60 alloy melt
and reported that incorporation of AlN nanoparticles has improved yield strength
and tensile strength by 103% and 115%, respectively. Again, improvement of yield
strength due to grain refinement is calculated as 42.7 MPa and same due to Orowan
strengthening is 8.3 MPa.

4.3 Mismatch in the CTE

Usually matrix metal and reinforcement phase have different CTE which results
in stresses at interface. Hence, increased difference in CTE generates higher stress
which causes geometrical necessary dislocations (GND). GND normally helps to
accommodate CTE difference. Typically, GNDs enhance the value of yield strength
for nanocomposites like cold working. Yield strength due to CTE (	σCTE) can be
computed by following Eq. (8) [71]:

	σCTE = √
3βGm b

√
12Vp	α	T

bdp
(8)

where β = coefficient of dislocation strengthening, 	α = CTE difference and 	T
= temperature difference.
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4.4 Mismatch in Young’s Modulus

Moreover, GNDs can also be created due to mismatch of Young’s modulus between
matrix and reinforcement phase. To make this happen, nanocomposite must be
processed through secondary processing method (extrusion, rolling, etc.). Due to
formation of GNDs, yield strength of nanocomposite enhances. Dai et al. [19] have
proposed Eq. (9) to compute yield strength (	σMod) due to distinction of Young’s
modulus considering ε = bulk strain for composite and α = material coefficient.

	σMod = √
3αGmb

√
6Vpε

bdp
(9)

4.5 Load-Bearing

Load-bearing mechanism is also considered as one strengthening mechanism which
contributes in increasing yield strength. Moreover, it is also considered to have small
influence as nanocomposites contain small amount of reinforcement. Yield strength
due to load-bearing mechanism is calculated by following Eq. (10), where yield
strength of base matrix is σm.

	σLoad = 1

2
Vpσm (10)

5 Mechanical Properties

Basic objective of incorporating nanoparticles in magnesium matrix is to achieve
enhanced mechanical properties like hardness, ultimate tensile strength (UTS), yield
strength (YS), compressive strength, creepbehavior, etc. For this purpose, researchers
have incorporated different nanoparticles (Al2O3, SiC, Y2O3, AlN, TiB2, WC, CNT)
in magnesium base matrix.

5.1 Al2O3

Gnanavelbabu et al. [31] have studied the role of ultrasonic power (0, 1500, 2000 and
2500 W) at fixed time and frequency on mechanical properties of AZ91D-1Al2O3
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nanocomposites. It is reported that microhardness is enhanced 18% for 2500WUST-
treated nanocomposite compared to untreated (0 W UST) nanocomposite. Again,
YS, UTS and % elongation of 2500 W UST-treated nanocomposite have improved
by 28%, 48% and 10%, respectively. Habibnejad-Korayem et al. [35] have shown
that incorporation of nano-Al2O3 (2 wt%) in magnesium matrix has significantly
improved microhardness and UTS than base alloy. Sameer Kumar et al. [46] have
reported that incorporation of n-Al2O3 in AZ91E alloy through stir casting method
has improved UTS and hardness than AZ91E alloy by 22.5% and 26.54%, respec-
tively. Hassan andGupta [38] have incorporated 1.1wt%Al2O3 nanoparticle (50 nm)
in Mg alloy and studied mechanical properties like microhardness, YS, UTS, elastic
modulus and ductility. It was reported that all those mechanical properties have
achieved significant enhancement due to presence of Al2O3 nanoparticles. Fractog-
raphy study revealed that Al2O3 nanoparticles have activated non-basal slip which
changed the fracture behavior from brittle to mixed system.

5.2 SiC

Lan et al. [48] have studied mechanical behavior of Mg-SiC nanocomposites fabri-
cated by UST. It is reported that with incorporation of 5 wt% of n-SiC, microhard-
ness has improved by 75% than base alloy. Nie et al. [61] have used extrusion (at
350 °C) on AZ91D-0.5SiC nanocomposite to enhance mechanical properties. It is
concluded that YS andUTS of nanocomposites have increasedwith increase in extru-
sion temperature. Shen et al. [66] have synthesizedMg-SiC nanocomposites through
semisolid stirring and UST followed by extrusion. Tensile test results indicated that
incorporation of 1 vol% SiC has increased UTS and YS to 300 and 225 MPa while
incorporation of 2 and 3 vol% of SiC has increased UTS to 335 MPa and 380 MPa,
respectively. At same condition (2 and 3 vol% of SiC), YS was increased to 268 and
313 MPa. Bao et al. [8] have successfully incorporated SiC nanoparticles through
UST followed by extrusion and achieved UTS as 299 MPa and YS as 220 MPa. Liu
et al. [51] have incorporated nano-SiC particles in AZ91D alloy and attained 43.6%
and 117% improvement of UTS and YS, respectively.

5.3 AlN

AZ91D was reinforced by AlN nanoparticles (1 wt%), and mechanical properties
were studied. It was reported that only 1 wt% of AlN nanoparticle have enhanced YS
at room temperature and elevated temperature (200 °C) by 44% and 21%, respec-
tively. Sankaranarayanan et al. [65] have incorporated 0.2 and 0.8 wt% of AlN
nanoparticles in pure magnesium. Mg-0.2AlN nanocomposite provided maximum
improvement in ductility (85%) while Mg-0.8AlN nanocomposite has provided
maximum improvement in tensile strength (30%). In compressive loading condition,
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overall strength was improved by 30%without arousing effect on ductility. Katsarou
et al. [43] have incorporated AlN nanoparticles in Elektron21 magnesium alloy
and studied hardness, mechanical properties and creep resistance. It was reported
that incorporation of 1 wt% of AlN has significantly enhanced creep resistance of
developed nanocomposite.

5.4 CNT

Goh et al. [33] have developed Mg-1.3CNT nanocomposite and studied fatigue
behavior and ductility of developed nanocomposite. It is observed that highly active
basal slip has helped to enhance ductility significantly. Liu et al. [52] have incorpo-
rated 1.5 wt% CNT and observed improvement in YS, UTS and elongation by 21%,
22% and 42%, respectively, than AZ91D alloy.

5.5 WC

Banerjee et al. [5] have incorporated WC nanoparticles (0, 0.5, 1, 1.5 and 2 wt%)
in AZ31 alloy and found that microhardness of Mg-2WC nanocomposite (104.20
HV0.05) has enhanced significantly thanAZ31 alloy (68.35HV0.05). Similarly,Karup-
pusamy et al. [42] have fortified 1.5 wt%WCnanoparticle in AZ91magnesium alloy
and compared the mechanical properties between cryogenic-treated (CT) and non-
treated nanocomposites. It is reported that Rockwell hardness of CT-nanocomposite
has enhanced by 10.5% than non-treated nanocomposite. Again, UTS of cryogenic-
treated nanocomposite has improved by 35% than AZ91 alloy. Praveenkumar et al.
[63] have developed AZ31-WC composite and studied mechanical properties like
microhardness, YS, UTS and flexural strength. It is revealed that all those properties
have improved significantly due to the presence of WC and rate of improvement of
those properties are increased with increase in wt% of WC.

5.6 TiB2

Meenashisundaram et al. [54] have incorporated 0.58–1.98 wt% of nano-TiB2 in
magnesium alloy and studied room temperature tensile properties. It is disclosed that
Mg-1.98TiB2 possesses best result andYS,UTS and fracture strain have improved by
54%, 15% and 79%, respectively. Study of compressive properties discloses thatMg-
1.98TiB2 yield strength has improved by 47% while ultimate compressive strength
and fracture strain have improved by 10% and 11%, respectively. Choi et al. [17] have
reinforced TiB2 nanoparticles (1 and 2.7%) in AZ91D alloy using UST by applying
20 kHz frequency and generating 60 μm amplitude. Mechanical properties were
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Table 1 Observation details
[17]

Material UTS (MPa) YS (MPa) E (%)

AZ91 162 ± 3 88 ± 3 2.88 ± 0.12

AZ91 + 1TiB2 180 ± 1 104 ± 1 3.33 ± 0.05

AZ91 + 2.7TiB2 188 ± 1 107 ± 1 4.27 ± 0.61

studied at room temperature and found improved strength and ductility. Observation
details are tabulated in Table 1.

6 Tribological Properties

6.1 Al2O3

Gnanavelbabu et al. [31] have studied tribological properties of AZ91-n-Al2O3

composites treated with different UST power (0, 1500, 2000, 2500 W). Wear rate
and coefficient of friction (COF) have been evaluated with respect to different sliding
speed and load. It has been revealed that tribological properties have enhanced signif-
icantly due to enhancement in UST power. At 2500 W, wear rate and coefficient
of friction have reduced than other samples in different experimental conditions.
It has also been disclosed that adhesion, oxidation, abrasion and delamination are
responsible wear mechanism. Lim et al. [50] have incorporated 0.22, 0.66 and 1.11
vol% Al2O3 nanoparticle in Mg-matrix and performed tribo-tests by varying sliding
velocity at 10 N load. It has been revealed that wear rate has significantly reduced
with incorporation of Al2O3 nanoparticles. It is also reported that Mg-1.11 Al2O3

possesses 1.8 times better wear resistance than base alloy for 10 m/s sliding velocity.
Habibnejad-Korayem et al. [35] exploredwear characteristics ofmagnesium,magne-
sium alloy and Mg-Al2O3 by varying sliding velocity and applied load. It is reported
that nanocomposite possesses minimum wear rate among developed materials and
wear rate follows inverse relation with sliding velocity while wear rate follows direct
relation with load. Similarly, Nguyen et al. [57] have discussed wear behavior of
AZ31B-Al2O3 nanocomposites by comparing load–speed condition. In this study,
experiments were carried at 10 N load for different sliding speed (1, 3, 5, 7 and
10 m/s) and at 30 N load for different sliding speed (1, 3 and 5 m/s). It is indicated
that wear resistance of nanocomposites has continuously curtailed throughout the
speed range and loads. But, wear rate of nanocomposites is surpassing the wear rate
of base alloy at low speeds and wear rate of nanocomposites reduced with increased
value of sliding speed.
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6.2 SiC

Zhang et al. [75] have investigated tribological characteristics of Mg-SiC nanocom-
posites (10 and 15 wt %) and compared with pure magnesium and AZ31B alloy.
This study disclosed that COF of nanocomposites are much higher than AZ31B
alloy. COF values of Mg-10SiC are almost similar to AZ31B and nearly 30% greater
than commercially pure Mg (CP-Mg). On the other hand, Mg-SiC nanocomposite
displayed lowest wear rate compared to all other materials which is around 23 times
lesser to CP-Mg. Labib et al. [47] have explored wear and friction characteristics of
Mg–SiC nanocomposites by varying loads (5–60 N) and temperatures (25–200 °C)
at fixed sliding speed (0.4 m/s). At 25 °C, wear rates are almost similar for 5 and 20 N
but at higher loads, composites possess far better wear resistance than base alloy.
Again, composite maintains lesser wear rate than base alloy at elevated temperatures
(100, 150 and 200 °C). Moreover, increase in applied load shifted the characteristics
of wear from mild to severe at all temperatures.

6.3 WC

Banerjee et al. [5] have carried out dry sliding wear test of AZ31-WC nanocom-
posites for varying load and sliding speed systems where load range is 10–40 N
and speed range is 0.1–0.4 m/s. It was revealed that wear rate is maximum for
base alloy and decreased continuously with increasing percentage of WC. Again,
continuous incremental trend of wear rate with respect to sliding speed and applied
load was reported for base alloy while nanocomposites offered initial detrimental
trend followingmoderate increment. Moreover, COF yielded continuous detrimental
tendency for all experimental conditions. COF of nanocomposites have lower COF
than base alloy. COF values for nanocomposites possess incremental trend with
increase inweight percentage ofWC.Banerjee et al. [6] have again reported the effect
of elevated temperature and loads on tribological behavior of Mg-WC MMNCs.
Wear rate increased continuously for base alloy but for MMNCs wear rate almost
remains unchanged up to a transition limit, after that significant increase was noticed.
COF provided slight increment with temperature for both alloy and nanocomposites.
Karuppusamy et al. [42] have examined the effect of cryogenic treatment (−190 °C)
on wear behavior of AZ91-WC nanocomposite at different experimental conditions.
At lower load (20 N), wear rate followed detrimental slope for all samples but at
higher load (40 N) wear rate of cryogenic-treated nanocomposite was significantly
reduced.
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7 Corrosion Behavior

Several researchers have studied corrosion behavior of Mg-MMNCs. But scientific
community is splitted into two sides about corrosion characteristics of magnesium
composites. Some researchers reported that corrosion resistance is decreased due
to presence of reinforcement while others concluded that corrosion resistance is
enhanced due to reinforcing agents.

7.1 Al2O3

Chan et al. [12] have incorporated alumina particles in AZ91 alloy and performed
electrochemical impedance spectroscopy (EIS), potentio-dynamic polarization test
and immersion tests in alkaline solution to study corrosion behavior. It was observed
that composite possesses more corrosion than base alloy (three times) in 3.5%
NaCl solution. Ghasali et al. [30] have incorporated Al2O3 and Si3N4 nanoparticles
in magnesium matrix and reported that nanoparticles possess greater polarization
resistance compared to Cp–Mg.

7.2 SiC

Pardo et al. [62] have incorporated SiC particles in magnesium matrix (AZ92) and
studied corrosion resistance in neutral salt fog and 3.5 wt% NaCl solution. It was
reported that Mg-SiC offered severe corrosion by forming different corrosion by-
products in neutral fog solutionwhile higher corrosion resistance is observed for high
humidity condition. Zhang et al. [74] have reported corrosion behavior of extruded
AZ91-SiC composites by evaluating electrochemical measurement and weight loss
calculation. It was disclosed that corrosion resistance has decreased noticeably and
accelerated hydrogen reductionwith increasing volume percentage of SiC. Similarly,
Tiwari et al. [70] have tested corrosion behavior of Mg-SiC composites (6 and 16
vol%) in 1 M NaCl. Composites possess higher corrosion than base alloy and SiC
have not contributed that much in controlling corrosion rate.

7.3 Graphene and CNT

Aung et al. [4] have studied the examined corrosion behavior of Mg-CNT in 3.5%
NaCl solution and discussed that presence of CNT deteriorates corrosion resis-
tance. Fukuda et al. [28] have also studied galvanic corrosion behavior of Mg-CNT
composite and revealed that galvanic corrosion has increased than AZ31 alloy due to
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presence of CNT. Endo et al. [22] have incorporated MWCNT in magnesium alloy
and examined corrosion behavior in salt water. It was disclosed that corrosion resis-
tivity has significantly enhanced due to MWCNT particles. Funatsu et al. [29] have
incorporated CNT in AZ61B magnesium alloy and investigated galvanic corrosion
resistancewhich presented significant enhancement by forming gradient distribution.

7.4 WC

Banerjee et al. [7] have studied corrosion behavior of Mg-WC nanocomposites in
3.5% NaCl solution by varying wt% of WC. Presence of capacitive loop of high and
low frequency as well as low-frequency inductive loop was observed in Nyquist plot.
Loops signifyfilmgeneration,mass transfer andpit formation.Tafel plot has provided
current density and corrosion potential which revealed Mg-0.5WC provides best
corrosion resistance. This study also investigated the role of surface roughness which
iterated that surface roughness has direct impact on corrosion behavior. Corrosion
resistance increased with decrease in roughness.

7.5 TiC

Jia et al. [41] have developed Mg-TiC composite and examined corrosion behavior
in saline environment. It was observed that composites have higher galvanic corro-
sion and corrosion rate than base alloy. Falcon et al. [27] have developed AZ91E-
TiC composites and reported that corrosion resistance and pitting resistance have
enhanced due to the presence of TiC particles.

8 Conclusion

Typically, novelMg-MMNCs are able to provide enhanced tensile property, compres-
sive property, creep resistance, tribological properties and corrosion resistance than
base alloy andMMCs. Large number of fabricationmethods like primary casting and
additional secondary deformations (extrusion, rolling,MDF) are available to develop
Mg-MMNCs. In the present study, detail discussions about fabrication methods
(primary and secondary),mechanical and tribological properties havebeendiscussed.
Indeed, present literatures highlighted that liquid metallurgy (ultrasonic vibration-
assisted stir casting method, DMD) methods are more prominent and economical
to homogeneously incorporate nanoparticles in magnesium matrix. However, role
of some secondary methods is also extensive. That is why detailed discussion on
liquid metallurgy-based fabrication methods is discussed here. Mechanisms of cavi-
tation and acoustic streaming for UST are also been discussed in details. Presence of
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particles also forms some strengtheningmechanism inmatrix. Details of thosemech-
anisms are also presented in this study. Role of different nanoparticles like Al2O3,
SiC, TiB2, WC, CNT and TiC on mechanical and tribological behavior are discussed
here by mentioning related literatures. Mechanical properties like microhardness,
UTS, YS and creep behavior are mainly considered and related literatures yielded
that presence of nanoparticles normally improves those properties. Literature on
tribological behavior disclosed that nanoparticles help to improve wear and friction
behavior of Mg-MMNCs at room as well as elevated temperatures. But researchers
are split into two groups about corrosion characteristics of magnesium composites.
Some researchers reported that corrosion resistance is decreased due to presence of
reinforcement while others concluded that corrosion resistance is enhanced due to
reinforcing particles. However, most studies are limited to laboratory scale which
must be practiced in industrial scale also to reveal the exact potential ofMg-MMNCs.
More studies on recyclability, energy efficiency and reliability of Mg-MMNCs are
also needed to be performed in recent future.
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Chapter 10
Dynamics of Axially Functionally
Graded Timoshenko Beams on Linear
Elastic Foundation

Hareram Lohar, Anirban Mitra, and Sarmila Sahoo

1 Introduction

In the development of society throughout human history, materials have played a
significant role. Advancement in the field of materials has seen development of new
and improvedmaterials and their utilization in engineering applications. Functionally
graded materials (FGMs) are one such advanced category which combine materials,
with continuous variation in composition from one surface to another along any
orthogonal direction. As a result, material properties (e.g., elastic modulus, shear
modulus, material density, and Poisson’s ratio etc.) vary continuously and smoothly
along the desired spatial directions. The advantage of FGMs over traditional compos-
ites is that, they retain most of the properties of their constituent materials. The
continuous transition of materials also reduces residual and thermal stresses, stress
concentration, and provides high strength-to-weight ratio. With these characteris-
tics, FGMs naturally attract the attention of structural engineers and researchers and
are gaining widespread applications in the various engineering industries including
aerospace, mechanical, civil, and nuclear domains.

Most generalized kind of FGM involves properties gradation along multiple axis
direction. In case of a beam, it entails functional variation of material properties
along both thickness and axial direction [21, 30, 33, 42, 48]. However, analysis of
such type of functionally graded (FG) beams naturally necessitates higher level of
complexities in mathematical formulation. So, a large proportion of research papers
available in the literature only deal with a single direction of variation. As a matter
of fact, majority of such works consider the thickness direction gradation of FG
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beam [2, 17–19, 31, 41]. Nevertheless, FG beams considering material gradation
only along the axial direction are also important structural elements. Such structures
are commonly referred to as axially functional graded (AFG) structures. They are
advantageous in situations where revolving, overhanging, or cantilever structures
are involved, such as helicopter rotor blades, spacecraft with flexible appendages,
turbo-machine, turbine blades, etc.

In published literature, volume of research work dealing with AFG beams is
significantly less, as compared to works involving transversely graded beams.While,
thickness-wise graded elements have been studied for over 25 years, researchers have
devoted considerable effort into analysing axially graded structures only in recent
times (post 2010). Static structural, dynamic, and buckling characteristics of axially
graded beams based on Euler–Bernoulli beam theory [1, 22, 38, 47, 10, 20, 35, 43, 39,
40] have been explored through various methods and techniques. However, Euler–
Bernoulli beam model fails to accurately predict the response for sufficiently thick
beam where shear deformation and rotary inertia are involved. Hence, in such cases,
the Timoshenko beam theory must be employed for effective analysis. But only a
few research works are available in the literature which evolves the study of axially
graded thick beams following Timoshenko beam theory. In the following paragraph,
some of the significant contributions to this field are summarized.

Rajasekaran [34] utilized differential quadrature elements and differential trans-
formation methods to study free vibration behaviour of a geometrically non-uniform
rotary AFG Timoshenko beams. Sarkar and Ganguli [36] presented closed form
solution of a clamped and uniform cross-section AFG Timoshenko beam to study
free vibrational characteristics. Shahba et al. [39] generated a new beam element
and conducted a FE analysis to study the dynamics and buckling characteristics
of AFG Timoshenko beam. Huang et al. [15, 16] introduced a unified approach
to find out natural frequencies and critical buckling loads of AFG Timoshenko
tapered beams. Shafiei et al. [37] performed a comparison analysis on free vibration
of rotating AFG micro-beam on the basis Euler–Bernoulli and Timoshenko beam
model utilizing generalized differential quadrature method. Calim [5, 6] employed
complementary functions method and modified Durbin’s algorithm to investigate
transient behaviour of AFG Timoshenko non-uniform beams. Ghayesh [10, 11]
conducted nonlinear forced vibration study onnon-uniformcross-sectionAFGTimo-
shenko beams. Recently, Chen et al. [7] investigated free vibration characteristics
of a nanoparticle carrying AFG nano-cantilevers considering the effect of mass and
rotational inertia of the nanoparticle.

Several critical engineering systems are idealized and modelled, for analysis
purpose, as beams on foundation and this brings to focus study of foundation
supported FGM beam behaviour as an interesting domain of research. Issues related
to such structures are taken up for investigation because they belong to a class of
frequently used structural elements which generally serve as the key load-bearing
components, like, rigid pavements, rail track, bridge decks, etc. So, it is natural
to expect a lot of attention devoted towards analysing interactions between graded
beams and elastic foundations. But, most of the attention has been concentrated on
transversely functionally graded (TFG) beams and its various aspects are investigated
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quite frequently and thoroughly Mohanty et al. [28], Yan et al. [45], Yas and Samadi
[46], Esfahani et al. [9], Komijani et al. [19], Tossapanon and Wattanasakulpong
[44], Deng et al. [8], Arefi and Zenkour [3, 4], Huang et al. [14]. On the other hand,
considerably lesser number of research work is available relating to axially graded
beams on foundation. The issue of AFG thin Euler–Bernoulli beams supported on
elastic foundation is dealt with in a very small number of papers. Huang and Luo
[12, 13] introduced a methodology to find out the buckling issues of AFG beam
on elastic foundation. Free and forced vibration behaviour of AFG beam on elastic
foundation were studied by Lohar et al. [23, 24]. AFG Timoshenko beam on elastic
foundation is a more recent domain of research and till now, only a few articles are
available in literature in this field. Calim [5] analysed free and forced vibrations of
AFG Timoshenko beams on two-parameter viscoelastic foundation. Recently, Lohar
et al. [25–27] employed a displacement based semi-analytical approach to study the
nonlinear dynamic analysis of AFG Timoshenko beam resting on elastic foundation.

It is clear from the above discussion that the domain of AFG Timoshenko beam
resting on foundation is comparatively unexplored domain. However, detailed inves-
tigation of such AFG components is warranted, considering their applications in
critically important fields as structural element. Hence, the present study is focussed
to investigate the dynamic behaviour, i.e., both free and forced vibration behaviour,
of such system. As part of the free vibration study, a statically deflected configuration
is used to determine loaded natural frequency and corresponding backbone curves for
different system parameters. Nonlinear forced vibration analysis, which is undoubt-
edly a dynamic problem, is solved as an equivalent static problem on the basis of an
assumption that considers all the forces acting on the system attains equilibrium at
the peak amplitude. Steady-state response of undamped system is presented to study
the effect of the various system parameter of the graded beam.

2 Mathematical Formulation

Figure 1 shows an AFGTimoshenko beam that is considered for the present analysis.
As shown in the figure, this thick beam has a span of L, constant width b and tapering
thickness t(x) along the longitudinal direction of the beam. For thickness variation,
two different taper patterns, parabolic and exponential, are considered (Fig. 1b)
following the expressions,

Parabolic taper: t(x) = t0(1—αx2).
Exponential taper: t(x) = t0 (—αx1/2).
Here, t0—Thickness at the left end of the beam (Fig. 1b).
α—Taper parameter.
Similarly, material properties are considered to be graded along the longitudinal

direction. Elastic modulus (E(x)) and mass density (ρ(x)) (Fig. 1a) variations are as
per the power-law expressions given below.

Elastic modulus: E(x) = E0 + (E1−E0) (x/L)n.
Density: ρ(x) = ρ0 + (ρ1− ρ0) (x/L)n.
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(a)

(i)Parabolic taper pattern 

(b)

(ii) Exponential taper pattern 

Fig. 1 a AFG non-uniform beam on elastic foundation b Parabolic and exponential taper profiles

Here, n describes the change of volume fraction of the two ingredients involved
in the inhomogeneous mixture and it is called the gradient parameter.

In the present analysis, variation of Poisson ratio (μ) is not considered. Material
gradation of the beam varies such that elastic modulus and density increase continu-
ously from left to the right, providing a reverse pattern to thickness variation. Such a
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variation is considered to obtain a proper weight distribution for the beam. Further,
the beam is supported by an elastic foundation of linear nature as shown in Fig. 1a.
The foundation stiffness is quantified by the stiffness coefficient of the linear spring
and it is denoted by Kf .

Boundary conditions (both transverse and in-plane) of the system are important
aspects that have significant influence on its response. In the present chapter, only
variations in the transverse or flexural boundaries are considered, while the in-plane
or membrane boundaries are taken as immovable, i.e., no displacement at the ends
of the beam. In the present chapter, three types of flexural boundaries are included
as part of the study. All these boundaries are made up of combinations of simply
supported and clamped end conditions. Two of the boundary conditions taken into
account are symmetric (Clamped–clamped, in short represented as CC and Simply
supported-simply supported (SS)), while the other is asymmetric (clamped-simply
supports (CS)). For free vibration, the beam is assumed to be under uniform pressure
load, q(x), to provide the requisite amount of static deflection, whereas in case of
forced vibration study, uniformly distributed transverse harmonic excitation, q(x, t),
is assumed.

The mathematical formulation of the current chapter is based on energy methods.
In order to incorporate the effects of rotary inertia and shear deformation, Timo-
shenko beam theory is utilized. Geometric nonlinearity is also accounted for through
consideration of nonlinear strain–displacement relations. Free and forced vibration
analyses are presented in two separate sections following some basic assumptions.
Nonlinear free vibration analysis is performed on statically deflected configuration
of the system. The assumption in the nonlinear forced vibration analysis is that all
the forces acting on the system attains equilibrium at the peak amplitude.

2.1 Energy Expressions

The present study is a semi-analytical displacement-based approximate method,
which indicates that in the expression of strain energies, the strains (axial as well as
shear) are to be replaced by appropriate displacement relations. In order to express
the strain energies in terms of displacement fields, following strain–displacement
expressions are invoked for axial strain (εa) and shear strain (εs).

εa = 1

2

(
dw

dx

)2

+ du

dx
− z

dψ

dx
(1)

εs = 1

2

(
dw

dx
− ψ

)
(2)

It is important to note that on neglecting the third term of Eq. (1), it resem-
bles von Karman nonlinear strain–displacement expression. The displacement fields
associated with the above expressions are as follow: transverse displacement field
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(w), in-plane displacement field (u) and rotational field (ψ) of beam section due to
bending. All these displacement fields are dependent on the axial coordinate and
they are defined at the mid-plane of the beam. Substituting the strain–displacement
expressions, the strain energies, Ua, Usand Uf , can be expressed as follows,
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ksh is termed as shear correction factor. It is well known that for rectangular
cross-section, the numerical value of ksh is taken as 5/6. Here, shear modulus is
expressed by, G(x) = E(x)/2(1 + μ). In order to implement the minimum total
potential energy principle, expression for potential for external work need to be
obtained and it is provided corresponding to uniformly distributed load q(x) (static)
and harmonic excitation q(x,t) (forced vibration) in Eq. (6). The external excitation

has the following expression, q= −
q(x)ejωτ , where, the excitation frequency isω, with

−
q representing the intensity of the harmonic excitation per unit length of the beam.

In formulating the present chapter, only uniformly distributed load/ harmonic
excitation has been taken into account. However, this is not a limitation on the
present methodology. Any other form of transverse loading or excitation can be
accommodated in the analysis, as long as it can be expressed mathematically in
terms of analytical or numerical functions.

V =
L∫

0

qwdx (6)

Kinetic energy of the present system of mass density ρ(x) is expressed through
the expression shown in Eq. (7).

T = b

2

L∫
0

t
2∫

− t
2

{(
dw

dt

)2

+
(
du

dt

)2

+ z2
(
dψ

dt

)2
}

ρ(x)dxdz (7)
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2.2 Nonlinear Free Vibration Analysis

Presently, the strategy adopted to solve the free vibration problem has two distinct
phases. In the first phase, the objective is to constitute a large deflection static
analysis that provides the stiffness matrix in deflected configuration. In the second
step, eigenvalues and eigenvectors are obtained by plugging in the matrix generated
through static analyses directly into the dynamic system, represented by an eigen-
value problem. Finally, the natural frequencies and mode shapes of the system are
determined. In this regard, it is clear that static analysis is an in-built part with the
free vibration analysis.

2.2.1 Static Analysis

Minimum total potential energy principle is employed to derive the governing sets
of equations in static analysis, which is mathematically expressed as,

δ(U + V ) = 0 (8)

Here, δ represents variational operator. The mathematical expressions ofU and V
are provided in Eqs. (3), (4), (5) and (6). The static displacement fields (w, u and ψ)
for the energy functional are assumed as linear combination of orthogonal admissible
functions, ϕi, αi and β i and a set of unknown coefficients (di), expressed as,

w =
nw∑
i=1

diφi (x) (9a)

u =
nu∑
i=1

dnw+iαi (x) (9b)

ψ =
nsi∑
i=1

dnw+nu+iβi (x) (9c)

Here, nw, nu and nsi represent the number of functions corresponding to w, u and
ψ .The admissible functions are generated from the boundary conditions of the beam.
The first one of these admissible functions, which is also known as start function
(ϕ1, α1 and β1), is selected from the flexural, in-plane and end rotation conditions,
respectively. These functions are tabulated in the Table 1. For the aid of mathematical
formulation, these functions require to be continuous and differentiable within the
domain. Higher order functions (upto nw/nu/nsi) are generated from the previously
selected start functions by implementing Gram–Schmidt orthogonalization scheme.

Substituting the assumed displacement fields (Eq. (9)) into energy functionals
(Eqs. (3), (4), (5) and (6)), and hence generated energy functionals into energy
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Table 1 Start functions for
different boundary conditions

Displacement field Boundary Function

w CC φ1 = (x/L){1-(x/L)}

CS

SS

u CC α1 = (x/L){1-(x/L)}

CS

SS

ψ CC β1 = sin(πx/L)

CS β1 = sin(πx/2L)

SS β1 = cos(πx/L)

principle (Eq. (8)), the governing set of equations are obtained in matrix form, as
follows,

[K ]{d} = { f } (10)

Here, [K] denotes the stiffness matrix and {f } are the load vector. Each of them
has the dimensions of (nu + nw + nsi). The elements of these matrixes are provided
in the Appendix. A brief look on the elements of [K] reveals that the unknown
coefficients (di) appear in certain terms. Hence, the problem is nonlinear in nature
and cannot be solved directly. To obtain the solution in the present study an iterative
scheme is employed which is known as direct substitution with relaxation method.
Finally performing static analysis deformed configuration of transversely loaded
beam system will be known and can be utilized for the following free vibration
study.

2.2.2 Free Vibration Analysis

Hamilton’s principle is utilized to formulate the free vibration problem, which is
expressed as,

δ

⎛
⎝

τ2∫
τ1

(T −U − V )dτ

⎞
⎠ = 0 (11)

Here, τ denotes the time. The expression ofU andV are already provided, whereas
the expression of V will reduce to zero as free vibration study is performed on the
deformed beam whose static solution is already available. The assumed dynamic
displacement fields associated with the above expression of energy functionals are
completely separable by space and time and expressed as,
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w(x, τ ) =
nw∑
i=1

diφi (x)e
jωτ (12a)

u(x, τ ) =
nu∑
i=1

dnw+iαi (x)e
jωτ (12a)

ψ(x, τ ) =
nsi∑
i=1

dnw+nu+iβi (x)e
jωτ (12c)

Here, ω denotes the natural frequency of the vibratory system and j = √−1. The
spatial part of the above expression is same as that considered in the static analysis
and di’s are new set of unknown coefficients. However, ϕi, αi and β i are remain same
as that of static problem. Substituting the expressions of strain energy (Eqs. (3), (4)
and (5)) and kinetic energy (Eq. (7)), along with the assumed dynamic displacements
(Eq. (12)) into Eq. (11), the governing equation is obtained as follows:

[K ]{d} − ω2[M]{d} = 0 (13)

Here, [K] is the stiffness matrix is same as of static analysis and [M] is mass
matrix. The elements of [M] are provided in Appendix.

2.3 Nonlinear Forced Vibration Analysis

Forced vibration problem is solved by assuming that at the time of maximum deflec-
tion of the system, i.e., when it is subjected to maximum excitation amplitude, the
dynamic system satisfies force equilibrium condition. Hence, an equivalent static
situation is derived from the dynamic one, where amplitude of the harmonic exci-
tation and excitation frequency are the controlling parameters to system response.
The present analysis is only concerned with steady–state behaviour of the system
and it is assumed that frequency of external excitation equals response frequency of
the system. As damping is assumed to be absent, phase lag of the system response
is ignored.

Thegoverning equations corresponding tononlinear forcedvibrationof the system
are derived from Hamilton’s principle, whose mathematical form is provided in
Eq. (11). Total strain energy (Eqs. (3), (4) and (5)), potential energy (Eq. (6)) and
kinetic energy (Eq. (7)) are supplied to Eq. (11), along with the assumed dynamic
displacements (Eq. (12)) to obtain governing equation.

[K ]{d} − ω2[M]{d} = { f } (14)

The elements of [K], [M] and {f } are same as that of free vibration analysis
which are provided in Appendix. A multidimensional quasi-Newton method, known
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as Broyden’s method [32], is employed to solve the system governing equations that
are nonlinear. Following this method, initially, a Jacobian is evaluated on the basis of
a starting guess and in the subsequent iterations, only updates are calculated, thereby
reducing the computational load.

3 Result and Discussion

In the current chapter, nonlinear free and forced vibration analysis of a system,
which comprises an axially graded Timoshenko beam supported on a linear elastic
foundation, is performed to gain thorough insight into the dynamic behaviour of
the system. In order to perform the free vibration analysis, a uniformly distributed
load is applied first to obtain a statically deflected profile and a small amplitude
linear eigenvalue analysis about the deflected profile determines loaded frequency
frequencies of the system for different system parameters. However, as the transverse
load produces a given static deflection, natural frequencies in the corresponding
configuration are plotted against it to obtain the backbone curves in a normalized
frequency-deflection plane. For the nonlinear forced vibration analysis, transverse
harmonic excitation is applied on the system to find out its frequency response. The
present analysis only deals with steady state response, where response frequency is
assumed to be equal to forcing frequency.

For the non-uniform beam geometry, width (b) is considered as constant at 0.02m,
while, to consider the beam as thick beam, length-to-thickness ratio (L/t0) value of
20 is taken with the length (L) as 0.2 m. Parabolic and exponential taper profiles, with
their proportions controlled by variations of taper parameter (α), are considered. In
order to keep the thickness at the end of the beam same for both taper patterns (so
that a clear picture of taper parameter effects on generated results can be gained),
four different α values are selected carefully. For parabolic pattern these values are
0, 0.2, 0.4, and 0.6 whereas for exponential taper these values are selected as 0,
0.223144, 0.510826, and 0.916291. It should be mentioned that α = 0 represents
a uniform beam. The variation of the normalized thickness for two different taper
patterns along the normalized length is shown in Fig. 2. From Fig. 2, it is observed
that α = 0 indicates no variation in thickness for both taper pattern, whereas α =
0.6 and α = 0.916291 indicate maximum variation of thickness for parabolic and
exponential taper pattern, respectively.

Continuous gradation along axial direction of the AFG beam is maintained in
such way that pure Aluminium at root side (x = 0) will convert into pure Zirconia at
other end (x = L). The material properties for Aluminium (Al) and Zirconia (ZrO2)
are considered as: Al: E0 = 70 GPa, ρ0 = 2702 kg/m3; ZrO2: E1 = 200 GPa, ρ1 =
5700 kg/m3.Material property gradation for various gradient parameters (n) is shown
in Fig. 3. Two different plots are obtained to indicate the gradation of elastic modulus
andmass density. It is clear fromfigures, thatn=1 indicates the linear gradation of the
material properties, inwhich 50%of each constituentmaterial (Aluminium/Zirconia)
is involved. Hence, for the best practice, these values should be selected in between
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Fig. 2 Thickness variation of non-uniform along axial direction for parabolic and exponential taper
profile

Fig. 3 Axial gradation of elastic modulus and density for different gradient parameter (n)

1/3 and 3 to maintain proper distribution of constituent materials [29]. Poisson ratio
(μ) value throughout the entire analysis is taken as 0.3.

To represent the elastic foundation, four different values for dimensionless foun-
dation stiffness [K f = kf {(L/t0)3/E0b}] are taken here, which are 0, 20, 40, and 60,
respectively. It should also be pointed out that foundation stiffness ‘0’ implies the
case of beam without foundation support. Here, kf is the dimensional (N/m) value of
stiffness. In case of forced vibration analysis, four different dimensionless externally

applied harmonic excitations [
−
q* = −

q(L4/ E0I0t0)] are taken which are 20, 30, 40,
and 50.
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Fig. 4 Convergence study for selecting number of function (nw/nu/nsi) and number of gauss point
(ng)

Numerical computations of the present study are performed on a normalized
domain (ξ = x/L) that is discretized into certain number of Gauss points along the
normalized length of the beam. Hence, a detailed convergence study is needed for
selecting the number of gauss points. Another parameter that influences the outcome
of the numerical study is the number of functions (nw,nu and nsi) and must, there-
fore, be chosen with great care. A similar convergence study is essential in fixing
the appropriate values for the number of the functions. This study is conducted on a
clamped AFG beam with parabolic taper (α = 0.4), considering gradient parameter,
n = 2 and elastic foundation parameter, Kf = 20. Results for comparison of dimen-
sionless fundamental frequency are shown in Fig. 4 and from the figure, choice of
number of gauss points (ng) as 24 and number of orthogonal functions (nw = nu =
nsi) as 8 can be amply justified.

Validation of the present methodology and solution technique is established
through comparison of the generated results with the published results of Huang
et al. [14]. For that purpose, a non-uniform AFG Timoshenko beam (ZrO2–Al)
having clamped (CC) ends but without elastic foundation is considered. First four

dimensionless linear natural frequencies
(
ω = �L2

√
ρ0A0

/
E0 I0

)
are compared for

different gradation parameter (n) in Table 2 and it is evident that the current results
are closely matching with the established results.

3.1 Natural Frequency

In case of free vibration analysis, dimensionless fundamental natural frequencies(
� = ωL2

√
ρ0A0

/
E0 I0

)
for CC, CS, and SS boundary conditions of axially graded

Timoshenko beams are provided in Tables 3, 4, 5, 6, 7 and 8 for different combination
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Table 2 Comparisons of first four dimensionless
(
ω = �L2

√
ρ0A0

/
E0 I0

)
natural frequencies

of AFG non-uniform Timoshenko CC beam for different n value

Literatures ω n = 1 n = 2 n = 3 n = 4

Huang et al. [14] 1 12.6816 12.4633 12.3753 12.3622

Present study 12.6487 12.4292 12.3405 12.3267

Huang et al. [14] 2 26.4910 26.3804 26.3188 26.3116

Present study 26.4306 26.3181 26.2551 26.2465

Huang et al. [14] 3 42.6420 42.9611 43.0839 43.135

Present study 42.5356 42.8552 42.9763 43.0256

Huang et al. [14] 4 58.6685 59.4023 59.6994 59.8150

Present study 58.5090 59.2332 59.5247 59.6382

Table 3 Values of dimensionless fundamental frequencies
(
�1 = ω1L2

√
ρ0A0

/
E0 I0

)
for

parabolic tapered CC AFG beam for different combinations of taper parameter, spring stiffness
and gradation index

Taper pattern Taper parameter
(α)

Foundation
stiffness (Kf )

�1

n = 1/3 n = 1/2 n = 1 n = 2 n = 3

Parabolic taper 0.0 00 24.22 23.96 23.88 24.30 24.57

20 24.75 24.52 24.53 25.06 25.40

40 25.26 25.07 25.16 25.80 26.20

60 25.77 26.61 25.77 26.52 26.98

0.2 00 22.11 21.85 21.73 22.08 22.32

20 22.72 22.50 22.47 22.95 23.28

40 23.31 23.12 23.19 23.79 24.19

60 23.88 23.73 23.89 24.60 25.07

0.4 00 19.83 19.57 19.42 19.70 19.91

20 20.55 20.34 20.29 20.73 21.03

40 21.24 21.07 21.13 21.70 22.10

60 21.91 21.78 21.94 22.64 23.11

0.6 00 17.29 17.04 16.86 17.07 17.25

20 18.18 17.98 17.94 18.33 18.63

40 19.03 18.88 18.95 19.51 19.91

60 19.84 19.74 19.92 20.62 21.11

of gradation index, taper patterns, taper parameters, and foundation stiffness values.
For each boundary condition, two tables are furnished to accommodate parabolic
and exponential taper pattern accordingly. The taper parameter (α) varies from 0.0 to
0.6 for parabolic taper pattern whereas for the case of exponential taper pattern the
variation is considered from 0 to 0.916291. Under each taper pattern, four different
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Table 4 Values of dimensionless fundamental frequencies
(
�1 = ω1L2

√
ρ0A0

/
E0 I0

)
for

exponential tapered CC AFG beam for different combinations of taper parameter, spring stiffness
and gradation index

Taper pattern Taper parameter
(α)

Foundation
stiffness (Kf )

�1

n = 1/3 n = 1/2 n = 1 n = 2 n = 3

Exponential
taper

0.223144 00 21.20 20.95 20.83 21.19 21.43

20 21.89 21.69 21.69 22.19 22.53

40 22.57 22.40 22.51 23.15 23.57

60 23.22 23.10 23.30 24.07 24.57

0.510826 00 17.87 17.63 17.48 17.76 17.98

20 18.86 18.69 18.70 19.19 19.54

40 19.81 19.70 19.85 20.52 20.98

60 20.72 20.65 20.93 21.77 22.33

0.916291 00 14.07 13.86 13.68 13.87 14.06

20 15.73 15.61 15.68 16.20 16.60

40 17.22 17.19 17.45 18.23 18.79

60 18.60 18.64 19.06 20.06 20.76

Table 5 Values of dimensionless fundamental frequencies
(
�1 = ω1L2

√
ρ0A0

/
E0 I0

)
for

parabolic tapered CS AFG beam for different combinations of taper parameter, spring stiffness,
and gradation index

Taper pattern Taper parameter
(α)

Foundation
stiffness (Kf )

�1

n = 1/3 n = 1/2 n = 1 n = 2 n = 3

Parabolic taper 0.0 00 16.44 16.10 15.68 15.53 15.48

20 17.19 16.90 16.60 16.62 16.68

40 17.90 17.66 17.48 17.65 17.81

60 18.59 18.40 18.31 18.61 18.67

0.2 00 15.66 15.35 14.97 14.86 14.83

20 16.50 16.24 16.00 16.07 16.17

40 17.30 17.09 16.97 17.20 17.40

60 18.07 17.90 17.88 18.26 18.56

0.4 00 14.75 14.46 14.13 14.07 14.06

20 15.72 15.48 15.30 15.44 15.57

40 16.62 16.45 16.39 16.70 16.95

60 17.49 17.36 17.41 17.88 18.23

0.6 00 13.62 13.35 13.07 13.07 13.10

20 14.77 14.57 14.45 14.68 14.86

40 15.84 15.70 15.71 16.13 16.45

60 16.84 16.75 16.88 17.46 17.87
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Table 6 Values of dimensionless fundamental frequencies
(
�1 = ω1L2

√
ρ0A0

/
E0 I0

)
for

exponential tapered CS AFG beam for different combinations of taper parameter, spring stiffness,
and gradation index

Taper pattern Taper parameter
(α)

Foundation
stiffness (Kf)

�1

n = 1/3 n = 1/2 n = 1 n = 2 n = 3

Exponential
taper

0.223144 00 14.67 14.36 13.98 13.86 13.83

20 15.64 15.40 15.18 15.28 15.39

40 16.57 16.38 16.29 16.57 16.80

60 17.44 17.30 17.33 17.76 18.11

0.510826 00 12.65 12.38 12.03 11.95 11.94

20 14.03 13.84 13.71 13.91 14.10

40 15.28 15.17 15.20 15.62 15.96

60 16.44 16.39 16.56 17.17 17.63

0.916291 00 10.25 10.02 09.72 09.65 09.67

20 12.47 12.36 12.37 12.72 13.02

40 14.35 14.33 14.54 15.17 15.66

60 16.00 16.06 16.43 17.28 17.92

Table 7 Values of dimensionless fundamental frequencies
(
�1 = ω1L2

√
ρ0A0

/
E0 I0

)
for

parabolic tapered SS AFG beam for different combinations of taper parameter, spring stiffness,
and gradation index

Taper pattern Taper parameter
(α)

Foundation
stiffness (Kf )

�1

n = 1/3 n = 1/2 n = 1 n = 2 n = 3

Parabolic taper 0.0 00 11.25 11.16 10.91 10.54 10.29

20 12.34 12.31 12.24 12.15 12.09

40 13.34 13.37 13.45 13.57 13.66

60 14.27 14.34 14.55 14.86 15.06

0.2 00 10.60 10.51 10.26 09.91 09.69

20 11.82 11.80 11.76 11.71 11.69

40 12.92 12.96 13.08 13.27 13.40

60 13.94 14.03 14.28 14.67 14.91

0.4 00 09.96 09.87 09.62 09.27 09.09

20 11.33 11.32 11.30 11.31 11.33

40 12.55 12.61 12.76 13.02 13.20

60 13.66 13.77 14.07 14.53 14.84

0.6 00 09.32 09.22 08.97 08.66 08.45

20 10.87 10.87 10.88 10.95 11.02

40 12.23 12.30 12.50 12.83 13.07

60 13.45 13.58 13.93 14.48 14.84
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Table 8 Values of dimensionless fundamental frequencies
(
�1 = ω1L2

√
ρ0A0

/
E0 I0

)
for

exponential tapered SS AFG beam for different combinations of taper parameter, spring stiffness,
and gradation index

Taper pattern Taper parameter
(α)

Foundation
stiffness (Kf )

�1

n = 1/3 n = 1/2 n = 1 n = 2 n = 3

Exponential
taper

0.223144 00 09.64 09.56 09.34 09.01 08.80

20 11.09 11.10 11.11 11.14 11.16

40 12.37 12.44 12.63 12.92 13.11

60 13.53 13.66 13.99 14.48 14.79

0.510826 00 07.92 07.85 07.66 07.38 07.21

20 09.97 10.02 10.14 10.34 10.47

40 11.67 11.80 12.13 12.62 12.94

60 13.15 13.34 13.85 14.55 15.00

0.916291 00 06.02 05.97 05.81 05.59 05.46

20 09.22 09.33 09.62 10.04 10.32

40 11.56 11.76 12.30 13.06 13.53

60 13.50 13.78 14.49 15.50 16.11

foundation stiffness values are considered, as it is varied from 0 to 60 in the fixed
interval of 20. Gradation parameter is also varied from 1/3 to 3. Corresponding to
all three boundary conditions, the first table for parabolic taper (Tables 3, 5 and 7)
includes results for α = 0, (uniform beam). However, subsequently, the 2nd table
for that boundary condition (Tables 4, 6 and 8) presenting the results for exponential
taper omits the rows of results corresponding to α = 0 to avoid duplication.

Tables 3, 4, 5, 6, 7, and 8 show that increase in foundation stiffness is reflected on
system behaviour as an increase in the natural frequency, which is quite an expected
outcome. A stiffer foundationmakes for a system that is more rigid and hence there is
an increase in the natural frequencies of the system. For a given stiffness value, natural
frequency in CC beam is found to be the highest and in SS beam, it is the lowest.
As is widely known, end conditions and in natural extension, boundary conditions
have significant influence on free vibration behaviour. Another observation from the
tables is that natural frequency decreases with rise in taper parameter. A softening
effect, i.e., decrease in system stiffness, occurs due to decrease in taper parameter and
it is accompanied with reduction in moment of inertia as well as cross-sectional area.
So, the result is decrement in natural frequencies. It is observed that exponentially
tapered beam shows greater decrease in frequencies in comparison with parabolic
tapered beam. It is also observed that almost for all the cases gradation parameter at
n = 3 the frequency has the highest value.
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3.2 Backbone Curve

Amplitude dependency of natural frequencies ismanifested through backbone curves
of a dynamic system. Figures 5, 6, 7 and 8 exhibit the first mode of vibration back-
bone curves of the system in a dimensionless plane, where, dimensionless ampli-
tude (wmax/t0) and dimensionless frequency (ωnf /ω1) are the ordinate and abscissa,
respectively. The fundamental natural frequencies (ω1), which are already tabulated
in Tables 3, 4, 5, 6, 7, and 8 are used to normalize nonlinear frequencies (ωnf /ω1).
The natural frequency exhibits hardening type nonlinear behaviours as pre-loading
on beam increases the stiffness of the system.

The influence of foundation stiffness is shown through the representation of 1st
backbone curve, shown in Fig. 5. For this purpose, total six plots are obtained consid-
ering the above-mentioned boundary conditions (CC, CS and SS) and taper patterns
(parabolic and exponential). Four backbone curves corresponding to the four spring
stiffness, which varies from 0 to 60, are depicted in each of these plots. For parabolic
pattern, taper parameter is constant at 0.4, whereas for exponential taper, it is taken
as 0.510826. It is observed from figures, in all the cases, slope of the backbone curve
increases as foundation stiffness increases. The effect is more noticeable in case
of simply supported beam, whereas for clamped boundaries, backbone curves are
relatively tightly grouped together.

Figure 6 shows the effect of taper parameters on backbone curve for AFG beam.
Curves are depicted for two different taper patterns in which taper parameter varies
from 0 to 0.6 parabolic taper whereas in case of exponential taper, variation of taper
parameter is taken from 0 to 0.916291. Gradation parameter is selected as n = 2 for
all the cases whereas foundation stiffness is fixed at 20. It is important to note that the
case of uniform beam is represented by α = 0 and provides a basis for comparison.
From the figure, it is observed that backbone curves progressively tilt towards the
right side with the increase of taper parameter values.

The effect of gradation parameter on backbone curve is presented in Fig. 7. For
parabolic profile, taper parameter is considered as 0.4 whereas for exponential taper,
this value is taken as 0.510826. In each of the cases, foundation stiffness has a fixed
value of 20. Each plot in this figure has five backbone curves generated by varying
the gradation parameter between 1/3 and 3. It is evident from the figures that in the
normalized domain, these hardening-type backbone curves are quite close to one
another.

Backbone curves for higher modes (modes 2–4) of the parabolic and exponential
AFG beam corresponding to three boundary conditions are provided in Fig. 8. For
all the cases, foundation stiffness and gradation parameter are considered as 20 and
2, respectively, whereas the taper parameter is considered as 0.4 for parabolic taper
and 0.510826 for exponential taper.
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Fig. 5 Effect of foundation stiffness on backbone curve for different boundary conditions and taper
pattern
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Fig. 6 Effect of taper parameter on backbone curve for different boundary conditions and taper
pattern
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Fig. 7 Effect of gradation parameter on backbone curve for different boundary conditions and taper
pattern
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Fig. 8 Higher mode backbone curves for different boundary conditions and taper pattern
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3.3 Mode Shape

Degree of nonlinearity in the dynamic system can be obtained by plotting mode
shape diagram. First three mode shapes of the parabolic and exponential taper AFG
beam corresponding to three different boundary conditions are presented in Fig. 9.
Mode shapes of the vibrating system are influenced by the amplitude of vibration.
To investigate this phenomenon for the present system, for each of the vibration
modes linear (wmax/t0 = 0) and nonlinear (wmax/t0 = 1.5) shape plots are obtained.
In the plots, maximum deflection is utilized to normalize the vibration amplitude in
all the cases. Prominent difference between the linear and nonlinear mode shapes is
observed as the boundary condition goes from CC to SS. This occurrence is perhaps
indicative of decreasing rigidity for SS boundary. However, no noticeable change is
identified in the mode shapes for the different taper pattern.

3.4 Frequency Response Plot

Frequency response plots for forced vibration analysis are generated considering the
combined effects of excitation amplitudes, foundation stiffness, taper parameters, and
gradation parameters in a non-dimensional frequency-amplitude plane. Dimension-
less excitation frequency (ωf /ω1) and dimensionless response amplitude (wmax/t0) are
considered as the independent and dependent axes of the plane. Fundamental natural
frequencies (ω1) which are tabulated previously are used to normalize the excitation
frequency (ωf ), whereas for maximum deflection (wmax), beam root thickness (t0) is
utilized to normalize it. To detect the effects with more accuracy, separate plots for
the relevant boundary conditions (CC, CS and SS) and taper patterns (parabolic and
exponential) are generated.

The frequency response plots are generated by performing two different frequency
sweeps at a constant value of excitation frequency. First one is a forward sweepwhich
is initiated at zero excitation frequency and gradually increased towards resonance.
And another one is the backward sweepwhich is initiated at a finite high of excitation
frequency and gradually decreasing towards the reverse direction. Hence, generated
frequency response curves show two distinct zones. In the first zone, with increase
in forcing frequency, the response amplitude increases, while, in the other one, it
decreases.Multi-response zone, characterized bymore than one response amplitudes
at a fixed excitation frequency, is also observed. This multi-response zone is a typical
nonlinear phenomenon. Another characteristic, where the nonlinearity of the system
is exhibited, is the tilting of the response curves towards the right of the vertical
and it is observed in all the cases. Such hardening-type behaviour is caused by the
additional stiffening of the system due to stretching effect.

Figure 10 presents the influence of amplitude of excitation on frequency response.
Total six plots are obtained considering CC, CS, and SS boundaries and parabolic
(α = 0.4) and exponential (α = 0.510826) taper patterns for each of the boundaries.
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Fig. 9 First three linear and nonlinear mode shapes for different boundary conditions and taper
pattern
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Fig. 10 Effect of excitation amplitude on frequency for different boundary conditions and taper
pattern
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Foundation stiffness is kept constant at 10, while, axial gradation is controlled by a
parameter value of 2. Non-dimensional excitation amplitude is varied from 20 to 50
with equal intervals to generate four response curves. Backbone curves of the system
are also included in the figures for completeness. From the figure, it is evident that
response amplitude is lowest for CC beams, whereas it is highest for SS beams,
at a given excitation frequency. The figures also confirm that response amplitude
decreases with decrease of excitation amplitude. It leads to another observation that
at zero value of excitation amplitude, the frequency response curve coincides with
the backbone curve.

Figure 11 presents the plots depicting influence of foundation stiffness on response
of the system. To generate these plots, excitation amplitude value is taken as 40 and
gradient parameter is kept constant at 2. Same values of taper parameter as the
previous scenario are retained for the parabolic (0.4) and exponential (0.510826)
profiles.

In all the plots, frequency response curves corresponding to different spring stiff-
ness (0 to 60 in steps of 20) are depicted. Foundation stiffness value ‘0’ repre-
sents beam without foundation. The figures show that for all the cases, in the low
forcing frequency range response amplitude decreases with rise in foundation stiff-
ness. However, a reverse trend is seen in the higher frequency range. Around ωf /ω1

= 1.00 in each case, cross-over point in response curves appear. It is also observed
that the response curves of CC beam are closely clustered as compared to other two
boundaries.

Effect of taper parameter on system response is shown in Fig. 12 for different
boundaries and different taper patterns. The gradient parameter, excitation amplitude,
and foundation stiffness have been fixed at 2, 40, and 20, respectively. The taper
parameter is varied from 0.0 to 0.916291 for exponential taper whereas for parabolic
taper, it is varied from 0 to 0.6. Taper parameter 0 indicates uniform beam. It is clear
from the figures that, with increase in taper parameter, response amplitude increases
up to a certain frequency and after that the trend is reversed.

Figure 13 shows the influence of gradation parameter on system response. To
generate these results, all other parameters are help at a constant value, while five
different values of gradation parameters are considered between 1/3 and 3. The
values of the other parameters are as follows: excitation amplitude—40, foundation
stiffness—20, and taper parameter of 0.4 for parabolic profile and 0.510826 for expo-
nential profile. Figures show that in all cases as the gradation parameter increases,
there is increase in response amplitude.

4 Conclusion

AtaperedAFGTimoshenkobeamon elastic foundation under pre-loaded condition is
analyzed. Three different boundary conditions (combinations of clamped and simply
supported edges) are included in the present study. The elastic foundation, in the
present study, is idealized as a set of parallel linear spring of constant stiffness and
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Fig. 11 Effect of foundation stiffness on frequency for different boundary conditions and taper
pattern
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Fig. 12 Effect of taper parameter on frequency for different boundary conditions and taper pattern
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Fig. 13 Effect of gradation parameter on frequency for different boundary conditions and taper
pattern
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various values of the foundation stiffness are considered. The primary objective for
free vibration study is to find out the effect of loading on the vibration frequencies
of the system, whereas for forced vibration analysis, it is to represent the frequency
response under harmonic excitation. Themathematical formulation for free vibration
study is such that it sub-divides the problem into two distinct parts. At the initial stage,
the geometrically nonlinear static problem is solved through a numerical scheme
with relaxation. Next, the free vibration problem is formulated as an eigenvalue
analysis with statically converged stiffness matrix as an input. Subsequently, forced
vibration is taken into account by considering dynamic displacement field and solved
using Broyden’s method (quasi-Newton method). These problems are formulated
using appropriate energy principles. The static analysis is based on total minimum
potential energy principle, while the dynamic analyses are based on Hamilton’s
principle. The overall formulation and solution technique are general in nature and
have enough flexibility to be adopted for other type of end conditions, gradation
patterns, elastic foundations, taper patterns, and loading patterns. Results generated
from the presentmethod are comparedwith previously published results and a certain
degree of accuracy is observed between the two sets of results. Overall, the present
methodology and solution procedure are successfully validated, albeit for a system
with reduced complexity (as the elastic foundation is not present in the validation
problem). New results are furnished for an AFGTimoshenko beam in the normalized
loaded natural frequency vs. normalized maximum deflection of the system for free
vibration analysis and frequency response curve for forced vibration problem. These
results are capable of serving as benchmark results.

Appendix

The elements of the stiffness matrix [Kij] are:

[
Ki j

]
i=1,nw
j=1,nw

= b

2

L∫
0

(
nw∑
k=1

dk
dφk

dx

)2
dφi

dx

dφ j

dx
t(x)E(x)dx

+ b

L∫
0

(
nw+nu∑
k=nw+1

dk
dαk−nw

dx

)
dφi

dx

dφ j

dx
t(x)E(x)dx

+ kshb

L∫
0

dφi

dx

dφ j

dx
t(x)G(x)dx

[
Ki j

]
i=1,nw
j=nw+1,nw+nu

= 0
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[
Ki j

]
i=1,nw
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0
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dx
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[
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]
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dφk

dx
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dx
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dx
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[
Ki j
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dx
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The elements of the mass matrix [Mij] are,

[
Mi j

]
i=1,nw
j=1,nw

= b

L∫
0

φiφ j t(x)ρ(x)dx

[
Mi j

]
i=nw+1,nw+nu
j=nw+1,nw+nu

= b

L∫
0

αi−nwα j−nwt(x)ρ(x)dx

[
Mi j

]
i=nw+nu+1,nw+nu+nsi
j=nw+nu+1,nw+nu+nsi

= b

12

L∫
0

βi−nw−nuβ j−nw−nut
3(x)ρ(x)dx

Rest all other elements of the mass matrix [Mij] are zero.
The elements of the load vector {f i} are,
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{ fi }i=1,nw = q

L∫
0

φi dx

{ fi }i=nw+1,nw+nu = 0

{ fi }i=nw+nu+1,nw+nu+nsi = 0
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Chapter 11
Dynamic Sensitivity Analysis of Random
Impact Behaviour of Hybrid Cylindrical
Shells

Vaishali , Ravi Ranjan Kumar , and Sudip Dey

1 Introduction

Sandwich structures are advance structures mainly consisting of two facesheets (i.e.
upper and lower facesheet) and middle core. The facesheets are generally made up
of thin laminated composites having high strength. These facesheets are respon-
sible for providing high strength and stiffness to structures, while the middle core
is constructed of low-density material responsible for low weight of the structure.
Because of these exclusive properties, they have wide range of applications like in
aerospace, civil construction, marine and automobile industries. Apart from high
structural strength and low weight, these structures are highly recommended for
optimal design, which is nowadays most desirable feature. But these structures have
some shortcomings like low temperature and corrosion resistance because of which
delamination occurs. So forminimizing these shortcomings, the laminated composite
facesheet can be replaced by the functionally graded facesheet (FGF). Functionally
graded (FG) materials are inhomogeneous advance composite materials, generally
metal and ceramic mixture. The construction is in such a way that one surface will
be metal rich providing high strength and stiffness while the other surface will be
ceramic rich providing high temperature and corrosion resistance [20] and throughout
the thickness these metals and ceramics are distributed following various laws like
power law, exponent law and sigmoid law. The final properties obtained in these
FGMs are totally different from the parent materials [46]. By combining the sand-
wich structurewith theFGstructure, the outcome structure knownas hybrid sandwich
FG structure is obtained. These are new and improved structures having exclusive
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properties such as high temperature resistant, corrosion resistant, lowweighted and at
the same time not compromising with the strength and stiffness. In real life, various
kinds of uncertainty such as manufacturing, geometric, material, operational and
environmental exist. During manufacturing of these hybrid structures, some kinds of
unavoidable uncertainties like (uncertainty in material property) are always present.
So, designing and analysing these hybrid structures is quite difficult than that of
conventional materials, because the variation of materials and geometrical proper-
ties of conventional materials from the nominal value is little or well known. But for
safe and economical design of these hybrid FG-sandwich structures, it is very neces-
sary to consider these uncertainties [10, 11, 16, 64–66]. Probabilistic approaches for
predicting uncertainty-based dynamic responses in case of complex structures like
composite plates and shells have gained extreme attention from the researchers [9, 17,
51, 52]. Uncertainty in the field of dynamic stability of composites was studied [15,
26–31]. Furthermore, study on composites considering various service conditions
and analysing uncertainty effect was done [12, 54]; after that, the cut-out effect was
studied [14]. Various works considering sandwich structure have gained immense
popularity [13, 26, 28, 35, 37, 39–41, 48–50, 53]. However, the work in the field of
hybrid is yet to be covered.

2 Background

The pioneering work on FGM [58] is conducted by Japanese scientist (1984)
promoting it as thermal barrier coating. A large number of research work have been
carried out on FGM [22–24, 43, 44] subsequently. Due to vast application range of
FGM, it is very important to perform the static and dynamic analysis. A plenty of
research has been conducted to determine the impact analysis of FGM, sandwich
and composites. For attaining more superior properties, FGM core was introduced
in sandwich structures which eliminated the chance of deformation. Because of
the wide range of application of these structures, it is necessary to investigate the
static and dynamic behaviour of these hybrid FG-sandwich structures for attaining
a reliable structure. For achieving accuracy, a proper and accurate computational
method should be adopted. For performing static and dynamic analysis of these
hybrid FG-sandwich structures, various computational models have been developed
by various researchers. The different plate theories are employed for static response
of the FG-sandwich plate exposed to sinusoidal load [68]. Furthermore, for natural
frequency analysis and for buckling load analysis on a simply supported hybrid
FG-sandwich plate, sinusoidal shear deformation plate theory was used [69]. Appli-
cation of thermo-mechanical load on sandwich structure whose core may or may
not be made up of FG materials was studied [8]. Later unified shear deformation
theory was developed which was used for analysing thermo-elastic bending in case
of FG-sandwich plate [70]. A free vibration analysis using Ritz method for a simply
supported hybrid FG-sandwich plate having rectangular geometry was studied [42].
A static analysis using three dimensional solutions for hybrid sandwich structure
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having FG core was proposed [32]. The result shows that by using FG material for
core, the discontinuity of the in-plane normal stress across the facesheet and core
interface is minimized and also there is a reduction in the magnitude of stresses in the
facesheets and deflection of the panel. Later on, use of advanced equivalent single
layer and layer-wise models having expansion up to fourth order was done for static
analysis of these hybrid structures [4]. According to the result, it is observed that
advance computational methods are essentially required for analysing these hybrid
FG-sandwich structures and it was also confirmed that these hybrid FG-sandwich
structures are better than the conventional sandwich structures or conventional FGM
structures. Under the influence of mechanical and thermal loads, the bending anal-
ysis on hybrid FG-sandwich plates was also studied [71, 72]. Later on, refined shear
displacement models were used for carrying out the deflection and stress analysis
in case of these hybrid FG-sandwich plate structures [47]. This shear displacement
model showed consistent parabolic variation of shear stress in transverse direction
without considering shear correction factor. The effect of thickness in functionally
graded structures having various geometries like plates and shells using Carrera’s
unified formulation was studied [5]. After that, variable refined theories were used
for analysing the thermo-elastic bending of hybrid FG-sandwich structures, taking
into account parabolic variation of shear stress throughout the thickness [1]. There-
after, a hyperbolic shear deformation theory was introduced for analysing buck-
ling and natural frequency considering the effect of transverse shear deformation
in case of these hybrid FG-sandwich plate structures [18]. Later on, a model of
order-n was developed for carrying out natural frequency analysis for these hybrid
FG-sandwich plates [67]. However, a suitable refined plate theory was used for
carrying out vibration analysis of these FG-based sandwich plates [21]. A plenty
of work related to static, buckling and natural frequency analysis of these hybrid
FG-sandwich plates were performed using shear deformation theory of higher order
[55–57]. An improved higher-order plate theory was introduced for free vibration of
hybrid plates having FG facesheets so as to increase the endurance limit in case of
facing varying thermal condition [33].

In recent years, various researches related to the analysis of impact on bare
functionally graded structures and similarly on bare sandwich structures have been
performed. A dynamic investigation of FG-based aluminium and foam core having
varying density throughout the thickness, when subjected to impact loading, was
found to have high energy absorption capacity [75]. Later on, a study was conducted
for analysing the energy absorption capacity of FG-based polymer foams and it was
observed that FG foams show superior properties related to uniform energy absorp-
tions but this was limited to low impact load [7]. A study related to low-velocity
impact, considering sandwich beam having multilayer, was conducted analytically,
experimentally and numerically. It was observed that with the decrease in number
of layers of facesheet and increase in the core strength, there is an increase in load
carrying and energy absorption capacity of these sandwich structures [73, 74, 76].
A comparative study of low-velocity impact behaviour of simple sandwich structure
and of FG-core-based sandwich was conducted, and it was observed that FG core
causes maximum contact force and maximum strain compared to simple sandwich
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structure [19]. Similarly, the low-velocity impact behaviour of sandwich structure
with three-layer grading in core was conducted and it was observed that the grading
in core increases the performance of structure [77]. In addition to it, some more
studies were conducted for finding the efficient way for increasing the impact perfor-
mance and for minimizing the damage caused by these impact loads [2]. From the
earlier discussions, it can be concluded that a lot of works show that by adding FGM
core to the sandwich structure, its performance becomes superior but some contra-
dictory findings are also present in some of the literatures. For example, a study
was conducted on FG core-based sandwich panel and it showed that these FG-based
sandwiches had inferior performance as compared to those of ungraded cores [25].

It is observed that the impact behaviour of hybrid FG-sandwich structures has
not been completely illustrated. Furthermore, instead of grading core, studies can
also be conducted by replacing the facesheet material with FG materials. It is also
observed that most of the work follows deterministic approach; very little study is
conducted using uncertainty approach. These uncertainty approach should be taken
into account while dealing with practical problems so as to minimizing the chances
of structure failure making it reliable and safe.

3 Governing Equations

In the current chapter, the hybrid FG-sandwich cylindrical shell is subjected to low-
velocity impact loads as shown in Fig. 1.

In this chapter,
−→
V a is the volume fraction of an element of materials ‘a’, whereas

the function indicating material properties of hybrid FG-sandwich structure ‘ fimpact’
can be represented as

fimpact =
z∑

a=1

fa
⇀

V
a

(1)

where fa represents the material property of an element of materials ‘a’. The
temperature-dependent material properties of hybrid FG-sandwich structure were
proposed [63] and can be expressed as

f = f0 + f−1T
−1 + 1 + f1T + f2T

2 + f3T
3 (2)

where f0, f−1, f1, f2 and f 3 are coefficients of temperature and T represents the
temperature in Kelvin.

In hybrid FG-sandwich structures, it is observed that there is a material property
variation [45] throughout the depth which is smooth and continuous. These varia-
tions can be given by various laws. In this chapter, the effective material property is
obtained by using power law as shown below
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Fig. 1 aHybrid FG-sandwich cylindrical shell structure and b impact loading (normal and oblique)
on hybrid FG-sandwich plate

E(ψ) = EM + (EC − EM)
[x/t + 0.5

]n
(3)

μ(ψ) = μM + (μC − μM)
[x/t + 0.5

]n
(4)

ρ(ψ) = ρM + (ρC − ρM)
[x/t + 0.5

]n
(5)

where E represents the elastic modulus, μ represents Poisson’s ratio and ρ repre-
sents the mass density, while ‘C’ shows top surface (ceramic rich) and ‘M’ shows
the bottom surface (metal rich) of FG facesheet. ‘t’ denotes the thickness and x =
(t/2), while ‘n’ indicates the power law index. The dynamic equilibrium equation is
represented as

[M(ψ)]
{
δ̈
} + [K (ψ)]{δ} = [

Fimpact
]

(6)

where (ψ) represents degree of stochasticity and {δ} represents the displacement,
whereas [M(ψ)] represents the mass matrix and [K (ψ)] represents the stiffness
matrix.

In the present case, i.e. low-velocity impact condition, the external force
[
Fimpact

]

can be expressed as
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[
Fimpact

] = {
0 0 0 . . . Fcontact . . . 0 0 0

}T
(7)

In the present case, as the impact is rigid then the equation can transformed as

mimpactRaimpact + Fcontact = 0 (8)

wherem impact represents the mass of the impactor while
..
aimpact represents the impact

due to acceleration. In this chapter, the contact law given by Hertzian is used for
determining the force exerted by impactor (here spherical geometry is considered).
Thus, the contact force (Fcontact) can be shown as [6]

Fcontact=Kα1.50 < α ≤ αmax (9)

K = 16
3π

1

KM + K impact

√
d
χ

M

(10)

where aftermodification, the contact stiffness is represented by KM and themaximum
indentation is represented by αmax. [60]. α is the local indentation and χ is a constant
which is dependent on the structure of target and impactor. The constant d can be
shown as

1
d

= 1
r impactor

+ 1
r shel l

(11)

where rimpactor and rshell represent the radius of curvature of the impactor and the
cylindrical shell. The local indentation (α(t)) can be shown as

α(t) = dimpactor(t)cosθ − δ
(
xc, yc, t

)
cosϕ (12)

where dimpactor represents the displacement because of impactor, δ represents the
displacement where impact (xc, yc) takes place in the z-direction, while θ represents
the impact angle and ϕ represents the twist angle. Globally, the force component can
be expressed as

Fimpact,x= 0, Fimpact, y=Fcontactsinϕ, Fimpact,z=Fcontactcosϕ (13)

In the present chapter, Newmark’s integration method is considered for calcu-
lating time-dependent equations [3]. The governing equation (Eq. 14) indicates that
transient properties are exhibited by the structure under impact loading,

{
Fimpact

}t+
t = {
Fimpact

} + {Fcontact}t+
t + [
M

(
�

)](
c0{δ}t + c1{δ̇}t + c2{ δ̈}t)

(14)
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wi = Ft+
t
impact

M(i)
(15)

where Ft+
t
impact = M(i)

(
c0wt

i + c1ẇt
i + c2ẅt

i

) − Ft
contact.

The above equation is an ordinary differential equation (ODE) with constant
coefficients, with a time interval of 
t which is discrete in nature. At time interval
t + 
t , we get

[K ]{δ}t+�t = {
Fimpact

}t+�t
(16)

[
K

]{ai }t+�t = {Fcontact}t+�t (17)

where [K ] and [ −
K ] are active stiffness matrices for impactor and cylindrical shell,

respectively. It can be further expressed as Eqs. (18) and (19)

[K ] =
[
K

(
�

)]
+ [Kσ ] + c0

[
M

(
�

)]
(18)

[
K

]
= c0m(i) (19)

where
(
�

)
represents the stochasticity present in the function.

The velocity of the impactor and cylindrical shell can be expressed as

{
δ̈
}t+
t = c0

({δ}t+
t − {δ}t) − c1
{
δ̇
}t − c2

{
δ̈
}t

(20)

{
δ̇
}t+
t = {

δ̇
}t + c3

{
δ̈
}t + c4

{
δ̈
}t+
t

(21)

The acceleration of the impactor and cylindrical shell can be expressed as

ẅt+
t
i = c0

(
wt+
t

i − wt
i

) − c1ẇ
t
i − c2ẅ

t
i (22)

ẇt+
t
i = ẇt
t

i + c3ẅ
t
i + c4ẅ

t+
t
i (23)

The initial boundary condition is expressed as

{δ} = {
δ̇
} = {

δ̈
} = 0 (24)

wi = ẅi = 0 and ẇi = V (25)

The constants can be formulated as follows
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c0 = 1

A
t2
, c1 = 1

A
t
, c2 = 1

2A
− 1, c3 = (1 − B)
t, c4 = B
t (26)

The value ofA is taken as 0.5 andB as 0.25. For the FEmodelling, an isoparametric
element which is quadratic in nature is considered with eight nodes. For every node,
there are three translational and two rotational degrees of freedom.The shape function
Si for the same can be determined as

Si = 1

4
(1 + ςςi )(1 + ϕϕi )(ςςi + ϕϕi − 1) (for i = 1, 2, 3, 4) (27)

Si = 1

2

(
1 − ς2

)
(1 + ϕϕi ) (for i = 5, 7) (28)

Si = 1

2

(
1 − ϕ2

)
(1 + ςςi ) (for i = 6, 8) (29)

where ς and ϕ signify the local natural coordinates of the element. Here, ςi= +1
for nodes 2, 3 and 6, ςi= −1 for nodes 1, 4 and 8, ϕi= +1 for nodes 3, 4 and 7 and
ϕi= −1 for nodes 1, 2 and 5. The efficiency of the shape function is determined by
Eq. (30)

8∑

i=1

Si = 1,
8∑

i=1

∂S
∂ϕ

= 0,
8∑

i=1

∂S
∂ς

= 0 (30)

The coordinates (x, y) of any particular point for the eight-noded element are

x =
8∑

i=1

Si xi , y =
8∑

i=1

Si yi (31)

The relation between the nodal degree of freedom and displacement with respect
to the coordinates (ς, ϕ) can be derived as

u =
8∑

i=1

Si ui ,=
8∑

i=1

Siv i ,w =
8∑

i=1

Siwi (32)

θ x =
8∑

i=1

Siθ xi , θ y =
8∑

i=1

Siθ yi (33)

The relation between the shape functions in terms of the Jacobian matrix ([J]) is
given as

[
Si,x

Si, y

]
= [J]−1

[
Si,ς

Si,ϕ

]
(34)
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where

[J ]−1 = [ x, ς x, ϕ
y, ς y, ϕ

]

In this chapter, the framework for the stochastic low-velocity impact analysis
is depicted in Fig. 2. Initially, the input parameters are identified like Young’s
modulus, shear modulus, Poisson’s ratio, density, etc., to incorporate in the model
to be designed. After that, a finite element method (FEM)-based approach is imple-
mented to estimate the deterministic output. The next step is to evaluate the input
and output data which are used to fit in the metamodel or surrogate model. In the
present study, polynomial chaos expansion (PCE) is used as a metamodel and its
predictability is verified by portraying percentage error and scatter plot with respect
to Monte Carlo simulation (MCS).

Fig. 2 Flow chart for probabilistic analysis of transient low-velocity impact response
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4 Polynomial Chaos Expansion (PCE)

The uncertainty of each input parameter in the random variable approach is modelled
by describing a probability density function (PDF) (refer to Fig. 3, f x(a)). The aim of
UQ is then to obtain the statisticalmoments of the random input response as presented
in this section. In its least complex structure, the PCE of a stochastic response [62]

f

(
⇀
a
(

⇀

ζ

))
depends on the randomness of the input variables

Fig. 3 Flow chart for moment-independent sensitivity analysis using PCE surrogate model
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f

(
⇀
a
(

⇀

ζ

))
=

p∑

n=0

bnϕn

(
⇀

ζ

)
(35)

where bn is the PCE coefficients, ϕn is the multidimensional orthogonal polynomials

which form the orthonormal basis in Hilbert space and
⇀

ζ = {ζ1, ζ2, . . . , ζd} shows
the basic random variable vector. On the basis of PDF of random input variables,
selection of multidimensional orthogonal polynomials in Eq. 35 is performed using
theAskey scheme. After extending the random response, the next step is to determine
the expansion coefficients, bn . On obtaining the PCE coefficient, random response
statistical moments can easily be obtained as shown below:

κy = b0 σ 2
y =

p∑

n=1

b2n‖ϕn‖2 (36)

The accompanying advances are engaged with getting PCE coefficients as per the
following:

a. Random responses and random input parameters are expressed with the help of
Eq. (35) by the selection of chaos order, m. For random input variables having a
moment χ f 1. The PCE can be shown as:

p∑

n=0

bnϕn

(
⇀

ζ

)
= f

⎛

⎝
t∑

j=0

χ f 1ϕ1(ζ1), . . . ,

t∑

j=0

χ f dϕ1(ζd)

⎞

⎠ (37)

b. On differentiating both sides of Eq. (37) w.r.t. basis random variables, ζ1 by using

multi-indices j (n) =
(
j (n)
1 , j (n)

2 , . . . , j (n)
d

)
which depicts the differentiation order

of the response w.r.t. basis random input variables. On summing up these multi-
indices, all the potential estimation of chaos order greater than zero and less than
its maximum order, n can be portrayed. On differentiating a linear system Ax =
bwhere matrix A represents analytical sensitivities, the unknown PC coefficients
are stored in x and the sensitivities of the higher order of the responses are stored
in b.

c. From step b, the linear system obtained can be evaluated both sides at ζ1 = ζ ∗
1 ,

where ζ ∗
1 represents any random value taken from the standard domain.

d. Using the finite difference method, sensitivities of the higher order of the
responses can be obtained.

e. To obtain PCE coefficients, put the sensitivities got in step d.
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5 Results and Discussion

In the present chapter, hybrid functionally graded (FG)-sandwich is considered of
cylindrical shell geometry having Rx = R and Ry = ∞ where, Rx and Ry are radii
of curvature in x- and y-direction, respectively (refer to Fig. 1a). The present hybrid
structure consists of three layers. First layer is the FG-based upper facesheet, and this
FG-based facesheet constitutes metal and ceramic mixture (here, considered mate-
rials are aluminium as metal and zirconia as ceramic) [61]. Then, the second layer
is the core made up of low-density foam material and the last layer is the laminated
facesheet [59] (refer to Table 1). The deterministic FE code is validated with respect
to the available scientific literature [34] (refer to Fig. 4). For finding the relative
effect of individual material properties like Young’s modulus (E), shear modulus
(G), Poisson’s ratio (μ) and mass density (ρ), moment-independent sensitivity anal-
ysis is carried out in conjunction with polynomial chaos expansion (PCE) surrogate
model. The probabilistic analysis for the impact analysis is obtained using PCE
approach (the model is constructed using different sample sizes) and is compared
with the results obtained from direct MCS. In the present study, the various sample
sizes considered for carrying PCE are 64, 128 and 256 while for direct MCS, sample
size considered is 10,000. Figure 5 shows the scatter plot, while Fig. 6 shows the
percentage errors for the maximum contact force, maximum plate displacement and

Table 1 Material properties of the constituents of hybrid FG-sandwich cylindrical shell

Material properties E (GPa) ν ρ (kg/m3)

FG
Facesheet

Ceramic 151 0.3 3000

Metal 70 0.25 2707

Core 0.85 0.42 1000

Lower facesheet 19.3 0.25 2600

Fig. 4 Time versus contact
force plot for functionally
graded beam (made up of
Si3N4 and SS) having both
ends clamped [length (Lo) =
135 mm, thickness (t) =
10 mm, width (b) = 15 mm,
time step (
t1) = 1.0 µ s,
impactor mass (mi) =
0.01 kg, impactor radius (ri)
= 12.7 mm, impactor
velocity = 1.0 m/s]
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Fig. 5 Scatter plots for the
original FE model and the
metamodel having
non-identical sample size for
a maximum contact force,
b maximum plate
displacement and
c maximum impactor
displacement
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Fig. 6 PDF plots of the
percentage error of
metamodel having
non-identical sample size for
a maximum contact force,
b maximum plate
displacement and
c maximum impactor
displacement
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maximum impactor displacement in case of low-velocity impact for cylindrical shell
geometry obtained using PCE. From these two figures, it can be clearly observed that
for sample size of 256, better results are obtained as the percentage error value is least
in case of 256 sample size compared to sample size of 64 and 128. So, for carrying out
further sensitivity analysis, sample size of 256 will be considered. Figure 7 shows the
sensitivity plot of various random input material properties for hybrid functionally
graded sandwich cylindrical shell. It is observed that mass density (ρ) is the most
sensitive parameter followed by shear modulus (G23) and the remaining parameters
like Young’s modulus (E1, E2), shear modulus (G12), Poisson’s ratio (ν) and ply
orientation angle (θ ) have insignificant influence on global response of the structure.
Furthermore, it can be observed that these material properties are varying throughout
the thickness of the shell and in most cases, the upper FG-based facesheet is the most
sensitive compared to the middle core and bottom laminated facesheet.

6 Conclusion

In the present chapter, moment-independent sensitivity analysis is carried out for
hybrid functionally graded (FG) sandwich structures having cylindrical shell geom-
etry subjected to impact loading. For appropriate quality control, it is of prime
importance to know the relative effect or importance of various input parameters
on the overall dynamic response of the FGM shell and to fulfil the purpose moment-
independent sensitivity analysis is carried out. Polynomial chaos expansion (PCE)-
based surrogate model is used for carrying out the present sensitivity analysis. The
surrogate model is applied to acquire computational proficiency without compro-
mising the precision of the results. The present study is carried out on aiming the
sensitivity analysis of material and geometrical properties of hybrid FG-sandwich
shell for impact responses (mainly peak value of contact force, maximum displace-
ment in the plate and maximum displacement due to impactor). The results illus-
trate the most significant parameters which affect the impact responses. The present
approach is comprehensive which can be further extended for any structural design.
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Fig. 7 SI of various material properties for a maximum contact force, b maximum plate
displacement and c maximum impactor displacement
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Chapter 12
Statistical Energy Analysis Parameters
Investigation of Composite Specimens
Employing Theoretical and Experimental
Approach

Avinash Borgaonkar , Maruti Mandale, Shital Potdar,
and Ch Sri Chaitanya

1 Introduction

Statistical energy analysis (SEA) is a modeling procedure to examine the dynamic
characteristics in terms of vibro-acoustic response for complicated, resonating, built-
up structures using energy flow co-relations. The SEA technique has been developed
in the 1960s, heavily for handling structural-acoustic andvibration-field-related prob-
lems in conjunction with space-crafts. Since then, the method has been evolved and
successfully employed in many other areas such as ships, buildings, aircraft, and
cars. Even though the existing deterministic methods such as finite element method
(FEM) and boundary element method (BEM) are helpful to estimate the vibrational
response of structures computationally, but these methods have limitations such as
higher time consumption and uneconomical. The SEAmethod demonstrates to be an
effective tool for predicting vibro-acoustic response at high-frequency levels. In the
resent, SEA method has been popularly used in a growing number of applications
since it predicts the average vibrational amplitudes as well as sound pressures in
aeroplanes, space vehicles, ships, heavy machines, buildings, etc.
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2 Overview of SEA

2.1 Approach of SEA

Lyonet al. [17]were the pioneerswhocontributed a lot in the area ofStatisticalEnergy
Analysis (SEA). The abbreviation ‘SEA’ exhibits itsmethodology. ‘Statistical’ corre-
sponds to the systems considered for study, which are supposed to be taken from a
statistical population with known distributions of their dynamical parameters. The
‘Energy’ depicts the behaviour of a system in terms of different forms of energies such
as stored, dissipated, and exchanged in vibro-acoustics field. ‘Analysis’ represents the
framework of the SEAmethod. In the SEA approach, big-complicated system is split
into smaller subsystems. The subsystem is comprised of several physical elements
which are having identical vibro-acoustic characteristics like damping, excitation,
and coupling. The whole system modeled using SEA in such a way that the energy
distribution over the subsystems is being balanced employing power balance equa-
tions.While employing the power balance equation, it is assumed that total incoming
power is equal to total dissipated power. Beside it is hypothesized that the damping
is directly related to the kinetic energy of a subsystem whereas the rate of flow of
power between the subsystems is related to the energy level difference in subsystem.
In practical cases, transmission coefficients assigned with the systems which need to
be evaluated to understand the relation of power transferred in between the subsys-
tems to their energy levels at equilibrium state. These coefficients can be estimated
by different approaches in SEA such as the modal approach, the wave approach, and
the mobility approach. In case of modal approach, the interactions between uncou-
pled modes in the subsystems have been controlled. The multimode power transfer
coefficients can be expressed using decoupled boundary condition. This is an ideal
approach for vibro-acoustic problems which involves acoustic interaction between
enclosed volumes, but this not suits for coupling between solid structures. In such
cases, the wave approach plays a significant role. In wave approach, the vibratory
fields have beenmodeled as a superposition of travellingwaves and transferred power
within the subsystems acquired from the wave transmitting and reflecting interfaces.
The mobility approach is based on the concept of dynamic mobility or impedance to
demonstrate the interaction between the coupled subsystems.

2.2 Important Parameters in SEA

Themain parameters of SEAare:modal density, damping loss factor (DLF), coupling
loss factor (CLF), and the power (input, transmitted, and dissipated). The DLF deals
with the power dissipated into a subsystem.TheCLF relates toflowof energybetween
the subsystems. It is defined as the fractional energy which is transmitted from
one subsystem to others. While dealing with structures, CLF is proportional to the
transmission coefficient which depends upon the material properties, its thickness,
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and structural orientation. In the acoustics field, the CLF is in proportion with the
radiation efficiency. Modal density is another important parameter which deals with
the number of modes per frequency bandwidth. The power flow from one subsystem
to another can be estimated based on the evaluated loss factors which are dependent
on the dimensions, material properties of the subsystems, and the energy transfer
from one to another. The net power flow is estimated by evaluating individual power
flows for all subsystems.

2.3 Some Limitations and Assumptions in SEA

At lower frequency range, the SEA technique cannot predict the response accurately
generally below 200–400Hz. At specific or narrowband frequencies, the SEA cannot
predict the excitations. Because of the averaged frequency response at a particular
frequency band, it is unable to predict modes or mode shapes of the system. Due
to this, the information related to local distribution of vibration level and spatial
distribution of the field variables within the interconnected subsystems is suppressed.
Besides these limitations practically while employing SEA different assumptions
made, these are listed as follows.

• The subsystems are coupled with linear and conservative coupling.
• It is assumed that the resonating modes in a specified frequency band possess

same amount of energy.
• The DLF is assumed to be identical for all modes in any particular frequency

band. In addition, the damping should not be too low or too high.
• The subsystems assumed to be homogeneous and the sound fields assumed to be

reverberant and diffused.
• The power transmission takes place from one subsystem to another subsystem

is assumed because of the present resonating modes in the specified frequency
band. In addition, the flow of power within the subsystems varies in proportion
with their energy level.

2.4 Deterministic and Statistical Approaches

The different numerical techniques employed for dynamic analysis of vibro-acoustic
systems are categorized under deterministic or statistical approach as depicted in
Fig. 1. The deterministic approach includes methods such as FEM and BEM which
are restricted for the low-frequency range. The computational effort increases expo-
nentiallywith frequency in case of deterministic techniques because of the increase in
the spatial variation of the dynamic field variables.Alsowith an increase in frequency,
the system response becomes highly sensitive to small perturbations because of its
geometrical as well as material properties. This leads to a considerable scattering of
the response of an identical system. Whereas the SEA approach has been employed
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Fig. 1 Frequency-based approaches for vibro-acoustic problems

for estimating the mean and variance of the dynamic response of identical systems,
by assuming a higher modal overlap and high modal density.

In comparison with the deterministic methods, the SEA approach does not have
a problem with regard to field variable distribution throughout the domain. The
SEA method involves the estimation of the frequency- and space-averaged energy
quantities for a statistical ensemble. Mace [19] who contributed in this area which
makesSEAas an important simulation technique for predicting the averaged response
for big structures such as ships, aeroplanes, busses, etc. aswell as smaller systems, for
example, automotive vehicles. They proved that power flow is related with the modal
energy difference in between coupled oscillators. They indicated that the power flow
direction depends on the energy levels of two oscillators. They also applied the idea
to two randomly excited multimodal systems.

To elaborate the working of SEA method, the system is split into a number of
smaller subsystems as depicted in Fig. 2. Each subsystem has been assigned as
an element of a SEA model corresponds to a substantial energy storage location.
The selection is made on the basis of principle of similarity. In other words, the
modes associated with a particular subsystem should possess the same energy and
the same order of damping. Also it has been assumed that the modes associated with
a subsystem are distributed equally in the particular frequency band as well as all
these are equally energetic and the modal responses are incoherent.

The SEA global equations for a system can be obtained employing balance of
energy approach for every subsystem and could be presented as

Fig. 2 Balance of energy for a two-subsystem problem
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Pi,in = Pi,diss +
n∑

j �=i

Pi j (1)

where Pi,in is power input from the surrounding, Pi,diss is power dissipated, and Pi,j
is flow of power from subsystem i to j.

The averaged time energy flowing from subsystem i to j is assumed to be directly
related to the modal energy difference.

Pi j = ω
(
ηi j Ei − η j i E j

)
(2)

where Ei is averaged time total energy associated with subsystem i and ηij is the
CLF. This has been estimated by measuring the transfer of energy from subsystem i
to j because of coupling. The relation for the CLF for subsystem i and j (i.e. ηij and
ηji) can be represented using reciprocity relation

niηi j = n jη j i (3)

with ni themodal density associatedwith subsystem i. The CLF can also be evaluated
on the grounds of the junction transmission coefficient. However, the transmission
coefficient can be accurately predicted employing analytical method for semi-infinite
systems or measurements of identical subsystems. The time-averaged dissipated
power for subsystem i is:

Pi,diss = ωηi Ei = Mi
E

ni
(4)

with ηi and Mi the DLF and the modal overlap factor of subsystem i respectively.
There has been significant research in the field of estimating the SEA parameters

of subsystems like plates, cylindrical shells, and panels by numerous researchers over
the past decades. The SEA too has gained much attention in the past few decades
due to its previously reported advantages compared to deterministic methods. The
study of SEA has been broadened to facilitate its application in the various fields of
engineering besides the aeronautical sector as initially intended. Here, the overviews
of these researches related to the SEA application and computation of SEA parame-
ters of different subsystems like (one dimensional, two dimensional, etc.) are briefly
described. Sheng et al. [27] used SEA to analyse the random vibrations of struc-
tures. The authors aimed to better understand the energy balance mechanism for
non-conservatively coupled systems. Authors addressed the difficulties faced for the
energy balance mechanism. A method for evaluating CLF and effective internal loss
factors associated with non-conservatively coupled systems has been introduced.
Further to prove the accuracy of the method, Maxit and Guyader [22] demonstrated
practical application of the same. They proposed SEA modal energy distribution
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approach for analysis of structures. Equipartition of modal energies in selected
systemswasnot assumed in this approach.Authorswereobtainedmodal energy equa-
tions by using basic power flow equations between two oscillators. They concluded
that the information related to modal energy of coupled subsystems can be obtained
from the modal energy associated with the uncoupled subsystems.

Wilson and Hopkins [31] found out the errors involved with implementation of
SEA and concentrated on the potentials of advanced SEA for investigating vibro-
acoustic response in the low as well as mid-frequency ranges. Emphasis has been
placed on the medium and low-frequency range because the idealized subsystems
like plates only assists for local modes with a low number of modes. The SEA
and advanced SEA forecasts were evaluated by comparison with finite element
models. It is concluded that advanced SEA provides better accuracy than normal
SEA.Hopkins [12] employed an experimental SEAapproach to analyse plate subsys-
tems with lower modal overlap and modal density. The test results reveal that the
subsystem for considered conditions demonstrates large differences in SEA param-
eters due to relatively low uncertainty in physical properties. Cheng et al. [5] further
extended the study employing isotropic as well as orthotropicmaterial for plates. The
non-resonating responses associated with isotropic and orthotropic plates because
of acoustically induced vibrations were measured in a reverberation chamber. The
obtained results of resonating and non-resonating responses for the reported plate
materials were compared with experimental results. These results were close to the
prediction of SEA model. Due to neglecting non-resonant part for an isotropic plate
with a low dissipation loss factor, the expected response can cause large errors at
close or above the critical frequencies. For the same condition, more error may occur
in the expected response of orthotropic plate below the critical frequency. Authors
emphasized that non-resonating response should be considered in case of both the
isotropic and orthotropic plates.

Ma et al. [18] applied experimental SEA for the identification of noise sources,
noise levels, and vibration levels encountered in the field of heating, ventilation, and
air conditioning (HVAC). In the HVAC industry, a compressor is the most important
component. It is required to identify the path of energyflow in theHVACsystem.They
have implemented mobility method to evaluate the modal density and half-power
bandwidth method for DLF. In day-to-day life, lightweight structures are demanded
because of its lightweight and high rigidity. The low inertia forces of lightweight
structures results into higher vibration and noise levels. Tager et al. [28] simulated
a vibro-acoustic analytical model that allows structural and sound radiation analysis
which suits for multilayer composite plates comprised of anisotropic materials. The
developed model permits physical-based and fast analysis of anisotropic composite
plates as compared to the FEM or BEM. Eigen frequency and modal damping prop-
erties depend on the direction for anisotropic composite plates. It is concluded that
a laminated composite exhibits damping-dominating acoustic radiation behaviour.
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3 Theoretical Evaluation of SEA Parameters

3.1 Modal Density

The modal density of plane plates and cylinders has been estimated by [25]. They
determined experimentally the modal density of a structure from the real part of its
admittance. It is found that the experimental values of modal density correspond
well to the theoretical ones. Finnveden [9] used the FEM-waveguide, to compute the
propagation characteristics of waves in thin-walled structures. In particular, essential
features such as group velocity, modal density, and waveform have been predicted.
The formulation of a dispersion relation for a channel-shaped beam, presented from
the output received by the finite element analysis. Wavenumber integration method
was used to study the influence of different boundary conditions on mode number
and modal density for 1D and 2D components by Xie et al. [32]. Beam and plate
were used as one-dimensional and two-dimensional components, respectively. The
averagemode count lowered from0 to1 for single beamvibrating in bendingmode for
different types of boundary conditions. The results obtained from empirical relations
of natural frequency and finite element analysis were used for comparison with the
results obtained by wavenumber integration method for beam and plate employing
different boundary conditions. Accuracy in the estimation of modal density for SEA
increases due to the inclusion of boundary conditions for beam and plate. Ramachan-
dran and Narayanan [24] developed an analytical method for evaluating the radiation
efficiency and modal density of a longitudinally stiffened cylinder for use in SEA.
The subsystem formulation employing SEA method based on combination of finite
elemental analysis, periodic structure theory, and componentmode synthesis has been
described by Cotoni et al. [6]. The method efficiently calculates the SEA parameters
for a common panel-like structure. Mathematical expressions were derived to esti-
mate modal density, DLF, and unit engineering response of the panel-type structure.
They employed Fourier transformation approach to estimate the resonating radiation
efficiency, non-resonating transmission loss, and input acoustic power.

Bachoo and Bridge [1] developed an expression analytically for modal density
of fibre-reinforced composite beams coupled in bending as well as torsion. The
modal density variation with the implementation of different fibre orientations for a
composite beam has been studied. From the test results, it has been found in different
frequency bands, particular fibre orientation corresponds to a lower modal density.
Borgaonkar et al. [2] investigated the modal density of glass fibre composite plates
experimentally. They analysed the effect of different fibre orientations on the modal
density values of composite plates. Han et al. [11] presented the modal density
expressions for sandwiched panels made of orthotropic material. Hamilton principle
was used to derive the governing equations for sandwiched panels by considering
in-plane rigidity of core material. For carrying out the study, different materials and
reference axes have been considered. Integration of wavenumber in space was used
to obtain modal density. The study has been carried out to analyse the effects of
the various boundary conditions. The empirical modal density expressions, finite
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element models, and shear deformation theory were used to decide the accuracy
of proposed models. The influence of transverse shear rigidity, ply angle of face
sheets, boundary conditions, and in-plane rigidity of core material on modal density,
parametric studies have been carried out. Elie et al. [7] demonstrated a novel method
for evaluating young’s modulus, density as well as modal loss factors for flat panel-
type structures. For this, they considered the parameters such as mean mobility
and modal density. The modal density has been evaluated from the obtained modal
frequencies employing Estimation of Signal Parameters via Rotational Invariance
Techniques (ESPRIT). This technique well suits in the low as well as the mid-
frequency range. The close agreement between experimental and theoretical results
for mean mobility and modal density and helps to predict young’s modulus and
density of flat panels. They concluded that the method proved to be very robust and
it requires fewer measurement points to evaluate the material properties accurately.

3.1.1 Estimation of Modal Density of Two-Dimensional Systems
(Rectangular Plates)

For a two-dimensional idealized subsystem such as rectangular plate, the expression
for modal density can be obtained from the derivative of average mode count. The
expression for modal density in connection with frequency is given by Lyon et al.
[17].

η(ω) = ∂N (ω)

∂ω
= S

4π

√
m ′′

B
+ 1

2

(
m ′′

B

)1/4

[
(1 − δxleft − δxright)b

n
+ (1 − δytop − δybottom)a

n

]
ω−1/2 (5)

where m ′′ = ρh.
From the above expression, it can be observed that the modal density of the plate

is dependent on frequency. The first term mentioned in the expression is a constant
term which is expressed as

η(ω) = S

4π

√
m ′′

B
(6)

The first term depends only on thematerial properties and geometrical dimensions
of the plate. The second term present in Eq. (5) is frequency dependent and geometric
dimensions of the plate. As the frequency increases, the second term becomes smaller
and less important. Hence, in higher frequency region, the modal density becomes
constant.

The modal density of an idealized subsystem like rectangular plate considering
the dispersion relation at free-free boundary condition is given by
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η(ω) = S
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π

)
ω−1/2 (7)

3.2 Damping Loss Factor (DLF)

Generally, to evaluate theDLFaccurately, experimental approachhas been employed.
The lossmechanismof connecting joints, damping treatments, and surface absorption
is comparatively more than the internal dissipation of the subsystem material. The
researchers estimated DLF for different materials are reviewed in this section.

Wang et al. [30] performed experimental analysis to predict damping loss factors
of ship structure panels with constrained as well as unconstrained damping layers.
They have considered different parameters such as material properties such as
young’s modulus, density, and its thickness, as well as the location of constrained
damping layers. To reduce the vibration amplitude of a ship cabin, they performed
optimization study considering constrained and unconstrained viscoelastic damping
layers with different material properties, size, and thickness. Further [33] described
the experimental method to predict DLF of ship structure panels with constrained or
unconstrained damping layers. Various components of thickness, material properties
as well as the partial location of constrained damping layers have been investi-
gated. Liu and Ewing [16] determined the DLF employing both experimental and
analytical approaches for sandwich panels considering different configurations with
constrained layer damping treatments. They used the power injectionmethod consid-
ering a broader frequency range. The obtained results have been compared with the
experimental results received by implementing other methods. Based on the obtained
data, they have proposed a novel analytical power input method for estimating the
DLF of built-up structures. The predicted results obtained using this newly devel-
oped method co-related with results acquired from the modal strain energy method.
They observed that the results obtained employing these threemethods exhibits close
agreement. Chandra et al. [4] performed an experimental study to evaluated DLF of
glass fibre-reinforced composites. They employed a free decaymethod. They consid-
ered various shapes of the specimen such as beam, tubular, cuboidal, and tested at
different loading conditions. They compared the obtained experimental results with
theoretical predictions and are in close agreement with each other. Borgaonkar et al.
[3] investigated the DLF of glass fibre composite plates experimentally. They studied
the effect of various fibre orientations on the DLF of composite plates.

Iwaniek [13] ermined the DLF for plate elements. He has considered plates made
of different materials like steel, brass, plexiglass, aluminium, etc. The comparison
of DLF was made for different materials. Mandal et al. [21] measured DLF for
orthotropic plates. The half-power bandwidth method was employed for estimating
DLF of rectangular and trapezoidal plates. They have adopted a single degree of
freedom system concept. Low-frequency range was selected for conducting the tests.
Vatti [29] employed power input method and impulse response decay method for
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estimating the DLF for plates. While performing the analysis different processing
parameters have been taken into accounts such as frequency bandwidth, frequency
resolution, number of measurement locations, and the signal-to-noise ratio. More-
over, for estimating the CLF, two algorithms were considered, one for individual
plate and the other for plate-coupled plates. The CLF and modal density for the
two sets of plates were evaluated experimentally and compared with the theoretical
results. The comparison shows a close agreement between these results.

Theoretical estimation of damping capacity of a material is complex in nature
since it depends on the number of factors, such as molecular structure, loading rate,
strain distribution, and temperature. In order to understand the terminology of DLF,
an empirical relation demonstrated by Lyon et al. [17] has been considered.

η = Ediss

2�Etot
= Di

Dr
(8)

where Etot is the total dynamical energy, Ediss is the energy dissipated per cycle, and
Dr is the real part while Di is the imaginary part of the complex dynamic modulus.

3.3 Coupling Loss Factor (CLF)

In SEA modeling for permanently connected two subsystems, it is necessary to
evaluate the CLF accurately. Yoo et al. [34] determined CLF using the power injec-
tion method for the single beam-plate system. In this study, frequency averaging
approach has been employed considering octave bands. In addition to the beam-
plate structure, beam-plate-beam structure was also analysed using SEA approach.
The result shows that in case of indirect coupling (i.e. beam-plate-beam coupled
structure) SEA predicts very well. Ji and Huang [14] recommended a simple SEA
modeling approach by replacing continuously coupled interfaces with the sets of
discrete points maintaining the appropriate distance between the points. On the basis
of performed numerical study for two thin plates connected with line junction, they
recommended a criterion for point spacing by adjusting the points on a line junc-
tion for the coupled plates. It has been observed that the spacing between the points
depends on the wavelengths, as well as the wavelength ratio for the two coupled
subsystems. Grushetsky and Smolnikov [10] presented the technique of determining
CLFconsidering the uncertainty of subsystems.Two junctionbeams took into consid-
eration as an example. The random variables were the length of the beams, which
obeyed the law of normal distribution. The FEM was employed for estimating the
CLF. Calculations were made using two techniques: the FEM and energy method. It
has been shown that the calculation of the results according to two techniques agrees
well for the average values and for the dispersion. Average modal spacing, input
power, transmission coefficient, and CLF were evaluated for symmetrically coupled
laminated composite plates by Secgin [26]. For this modal approach through discrete
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singular convolution method was used for composite plates fabricated with 4 and 6
plies with different orientations. The CLF was estimated analytically for composite
plates and compared with numerical results. Natural frequencies were used to find
average modal spacing by analytical as well as an experimental method for uncou-
pled composite plates. Modal impedances were used for input power measurements.
He concluded that the proposed methodology well suits in high frequency as well as
in mid-frequency region for SEA of composite plates.

Fahy and Gardonio [8] presented the effect of geometrical and material prop-
erties of plates and beams on vibratory averaged power flow over frequency and
CLF. Authors proved that two important parameters such as modal overlap factor
and coupled modes of plates or beams affect the power flow as well as CLF. They
reported that for a good estimation of CLF, at least five natural frequencies need
to be considered in the selected frequency band. Mace [20] considered a system
comprising of two plates coupled at edges. They predicted theoretically power flow
and CLF employing the traditional asymptotic wave theory approach. The obtained
results were compared with the values obtained using finite element analysis for the
whole system. In their study, they considered various shapes plates and different
damping levels. They concluded that if the damping is large enough, the response
does not dependon the geometry of the plates but in case of lowdamping, the response
remarkably depends on the geometry of each plate. Panuszka et al. [23] presented
the effect of joints and plate thickness ratio on the estimation of CLF. Two types
of connections were included: welded line junctions and point junctions. The test
results reveal that welded line junctions tend to decrease CLF as the plate thickness
ratio increases. However, the CLF increases in line with increase in density of the
junction points.

The theoretical expression of CLF for two coupled plates with line junction
represented by Le Bot (15) is as follow.

η12 = Lcg1
�ωS1

�/2∫

0

T (θ) cosθ dθ (9)

where S1 is the area of plate 1. If cg1 the group speed, T is the ratio of transmitted
intensity to the incident intensity, θ is the angle normal to the boundary. L is the total
length of coupling junction.
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4 Experimental Evaluation of SEA Parameters

4.1 Fabrication of Composite Specimens

Generally, vacuum bag moulding and hand layup techniques are used for the fabri-
cating the composite plates. In the present work, the vacuum bagmoulding technique
is employed as depicted in Fig. 3. In order to fabricate the composite specimens,
epoxy resin and hardener are thoroughly mixed unless the homogeneous mixture is
to be obtained. Later, the prepared mixture is applied layer by layer and the spec-
imens are prepared as per required dimensions and fibre orientation as depicted in
Fig. 4.

Fig. 3 Experimental set-up for preparation of composite specimen
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Fig. 4 Fabricated composite specimens

4.2 Experimental Testing

Mostly for analysing the vibrational response of the system, free-free condition is
considered. For evaluating the statistical energy parameters, the specimenwas excited
using an impact hammer. The accelerometer was placed on the surface of specimen
which requires being excited. The output signals generating from an accelerometer
were transmitted as an input to the data acquisition system (FFT analyzer). The data
acquisition systemconnectedwith the personal computer is used to visualize different
spectrums such as time domain and frequency domain. The frequency spectrum is
used to estimate the SEA parameters. The schematic set-up used for the experimental
study is as depicted in Fig. 5.

In the present work, in order to estimate the SEA parameters for undamped plates,
plates comprised of different materials have been considered. The materials used in
this study for fabricating the plates are listed in Table 1. In the case of composite
specimens, to analyse the effect of different fibre orientations on the SEA parameters,
the composite specimen is prepared to employ different fibre orientations and listed in
Table 2. As per the described procedure, the vibrational response for the considered
specimens examined experimentally and the output responses are recorded. The
estimation of each SAE parameter is explained with the help of the sample spectrum.

4.2.1 Modal Density

The composite plates fabricated employing various fibre orientations in order to
analyse the effect of fibre orientations onto themodal density. Inmultimodal systems,
modal density generally evaluated in selected frequency bands such as full octave
bands, 1/3rd octave bands or bands with equal spaced bandwidths. Majorly, the
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Fig. 5 Schematic set-up for evaluation of SEA parameters

Table 1 Material properties of the plates

Sr. no Material Breadth (a)
(mm)

Width (b)
(mm)

Thickness
(h) (mm)

Density(ρ)
(kg/m3)

Poisson’s
ratio (ν)

1 Mild steel 400 305 2 7023.15 0.3

2 Aluminium 400 305 2 2601.04 0.33

3 Stainless
steel

400 305 2 7982.72 0.3

Table 2 Details of material and fibre orientations used for preparations of composite specimens

Sr. no Materials Fibre orientations Dimensions a, b, h)
(mm)

1 E-Glass Epoxy
(10% E-Glass fibres,
LY556 Epoxy resin)

[0]12 (unidirectional orientation) 305 × 400 × 2

2 E-Glass Epoxy
(10% E-Glass fibres,
LY556 Epoxy resin)

[03, ±45,90]s (Quasi-isotropic
orientation)

305 × 400 × 2

3 E-Glass Epoxy
(10% E-Glass fibres,
LY556 Epoxy resin)

[(0,90)2,0,90]s (cross ply
orientation)

305 × 400 × 2

energy transfer and energy loss take place at the natural frequencies. Hence, in order
to keep the estimated modal density statistically relevant, the bandwidth required to
be chosen in such a way that the frequency band should at least contain few modes
in it. In this present study, the modal densities are evaluated considering full octave
band.
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Fig. 6 Amplitude versus
frequency sample spectrum
for 10LY556 (0)

For sample, calculations amplitude versus frequency sample spectrum for E-Glass
Epoxy (10% E-Glass fibres, LY556 Epoxy resin) designated by 10LY556 (0) is
considered as shown in Fig. 6. For comparing the vibro-acoustic behaviour of the
specimen made with composite and conventional materials, the identical size of the
specimen (i.e. plate with equal length, breadth and width) has been considered.

In order to estimate the modal density, the numbers of resonating modes within
the particular frequency band were measured. The modal density is obtained from
the ratio of the number of resonating modes to the length of a particular frequency
band. The modal density comparison obtained for composite as well as conventional
materials such as mild steel, aluminium, and stainless steel is shown in Fig. 7.

In case of conventional materials, aluminium plate has higher values of modal
density than stainless steel and mild steel plates for free-free boundary conditions.
Themodal density of composite specimen is lower compared to the conventional once
since their material properties such as young’s modulus, density, etc., are different.
Further in case of composite plates to found the effect of different fibre orientations
onmodal density, composite specimens comprised of different fibre orientations have
been considered as depicted in Fig. 8. The composite plates considered are E-Glass
Epoxy (10% E-Glass fibres, LY556 Epoxy resin) [0]12 (unidirectional orientation),
[03, ± 45,90]s (Quasi-isotropic orientation), [(0,90)2,0,90]s (cross-ply orientation).

Figure 8 clearly depicts the effect of different fibre orientations on the modal
density of composite plates. It has been observed that modal density for cross-ply
as well as quasi-isotropic orientation is lower than that of the unidirectional fibre
orientation. This study demonstrates that in the case of composite specimens, the
fibre orientations play a remarkable role to enhance the damping property of the
material.
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Fig. 7 Comparison of modal density of composite plate with conventional materials such as MS,
AL, SS

Fig. 8 Variation in modal density of composite plates with different fibre orientations
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4.2.2 Damping Loss Factor (DLF)

The damping property of a system can be estimated employing a simplest method by
Wang et al. [30] carrying out by measuring frequency bandwidth between the points
resting on a characteristic curve. As depicted in Fig. 9, points A1 and A2 which are
located at frequencies, having the amplitude value 1/

√
2 times the maximum ampli-

tude. Generally the bandwidth at these points is defined as ‘half-power bandwidth’.
In case of low damping, for half-power points locations (i.e. 3 dB) corresponds to
the frequencies ω1 = ωn(1 + ζ) and ω2 = ωn(1 − ζ) where ‘ζ’ is the damping ratio.
The interval between these two half-power points is 
ω = ω2 − ω1. The DLF by
this method can be estimated as follows,

The estimation of DLF is explained with the help of sample spectrum as depicted
in Figs. 10 and 11. The similar process is adopted for all the remaining composite
specimens.

Maximum amplitude (A) = 3.367 μm

A√
2

= 3.367√
2

= 2.3808 μm

ω1 = 44.51 Hz

ω2 = 62.58 Hz

ω = 50 Hz

η = ω2 − ω1

ω

Fig. 9 Estimation of damping loss factor using half-power bandwidth method
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Fig. 10 Amplitude versus frequency sample spectrum for 10LY556 (0)

Fig. 11 Single peak considered for evaluation of damping loss factor

η = 0.3615

The DLF for previously reported materials have been evaluated considering free-
free conditions. Aluminium plate exhibits higher values of DLF than stainless steel
and mild steel plates. The comparison of DLF for the composite plate with conven-
tional materials such as mild steel, aluminium, and stainless steel is shown in Fig. 12.
The test results reveal that DLF for composite plate is higher than that for the
conventional platematerials due to the difference in damping capacity of thematerial.

Further in case of composite plates to found the effect of various fibre orientations
on DLF; plates with different fibre orientations have been considered as depicted in
Fig. 13.

The test results show that the composite plate with unidirectional fibre orientation
has higher DLF than cross-ply fibre orientation and quasi-isotropic fibre orientation
plates. Unidirectional fibre orientation helps to improve the capacity to dissipative
energy. The experimental study of DLF helps to design of structural component for
specific applications.
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Fig. 12 Damping loss factor comparison of composite plate with conventional materials such as
MS, Al, SS

Fig. 13 Variation in damping loss factor of composite plates with different fibre orientations
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Fig. 14 Amplitude versus frequency sample spectrum for Aluminium plates with bolted junction

4.2.3 Coupling Loss Factor (CLF)

The CLF for the composite specimens which are in the same plane are evaluated
by using energy level difference method. The vibrational energy (E) is estimated
corresponds to 50 Hz frequency. The velocity values are obtained from an auto-
spectrum of accelerometer 1 and 2 corresponds to 50 Hz frequency. The values of
CLF for aluminium plates connected with bolted junctions have been evaluated. For
sample calculation of the CLF, the sample spectrum is considered as depicted in
Fig. 14.

The sample calculations for the value of CLF is given as,

E2 = M ∗ V 2

E2 = (0.648) ∗ (1.22e−4)2

E2 = 9.65e−9J

E1 = 1.13e−7J

η12 = η2 ∗ E2

E1

η12 = 0.57 ∗
(
9.65e−9

1.13e−7

)

η12 = 0.05

The comparison ofCLF for composite plates and plateswith conventionalmaterial
such as aluminium connected with a bolted junction is depicted in Fig. 15.

The test results reveal that the CLF of a composite specimen is higher than that
of conventional Aluminium plates. The ratio of young’s modulus to the density of
plate material significantly affects the CLF. Further in case of composite plates, to
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Fig. 15 Coupling loss factor comparisons for composite plates and plates with conventional
material such as aluminium connected with bolted junction

investigate the effect of different fibre orientations on CLF, composite plates with
different fibre orientations have been considered as depicted inFig. 16. The composite
platewith cross-ply fibre orientations exhibits higherCLF compared to unidirectional
and quasi-isotropic fibre orientations. This indicates that due to the implementation
of cross-ply and quasi-isotropic fibre orientation improves the damping capacity of
the composite specimen which results in lower CLF values.

5 Conclusion and Future Scope

The SEA approach which is easy and economical can be employed to carry out a
dynamic analysis of various structural elements. The SEA parameters like modal
density, DLF, and CLF can be effectively predicted employing SEA approach. In
this work, theoretical expressions for SEA concerning modal densities, DLF, and
CLF have been presented.

To determine the effect of material properties such as young’s modulus, density,
and damping capacity on SEA parameters different conventional materials like mild
steel, stainless steel, aluminium, and composites with different fibre orientations
have been experimentally tested. Modal density is useful to give insight into the
vibro-acoustic analysis of structures when subjected to random excitations without
complete knowledge of frequencies and mode shapes. In case of conventional mate-
rials, aluminium plate has higher values of modal density than stainless steel and
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Fig. 16 Variation in coupling loss factor of composite plates employed with different fibre
orientations and connected with bolted junction

mild steel plates for free-free boundary conditions. The young’s modulus and density
of material affect the values of modal density. In case of composite specimens with
different fibre orientations, the unidirectional fibre orientation plate has higher values
of modal density than quasi-isotropic and cross-ply fibre orientation plates for free-
free boundary conditions. Knowledge of modal density with fibre orientations and
boundary conditions aid the designer in the optimal design of the structure.

The damping loss factor of a material is related to the damping capacity which
depends on different factors like the molecular structure, the loading rate, the strain
distribution, and temperature. The damping loss factors for previously reportedmate-
rials have been evaluated considering free-free conditions. Aluminium plate exhibits
higher values of the damping loss factor than stainless steel and mild steel plates
for free-free boundary conditions. The density of material affects the values of
the damping loss factor. Unidirectional fibre orientation plate has higher damping
loss factors than cross-ply fibre orientation and quasi-isotropic fibre orientation
plates. Unidirectional fibre orientation helps to improve the capacity to dissipative
energy. The experimental study of damping loss factor helps to design of structural
component for specific applications.

The coupling loss factor of a system deals with the noise and vibration level. The
prediction of coupling loss factor is very helpful at the design phase. The composite
plates with bolted junction exhibit higher coupling loss factor than the aluminium
plates. The ratio of young’s modulus to the density of plate material affects the
values of coupling loss factor. The magnitude of coupling loss factor changes with
fibre orientation in case of composite specimens. The values of CLF are significant
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at low as well as mid-frequency range. However, its values are negligible at higher
frequency range. The experimental test shows that in case of composite plates, the
CLF is higher for cross-ply fibre orientation as compared to unidirectional fibre
orientation.

Further studies can be carried out to understand the influence of strength of
connecting elements such as riveted, screwed, and welded in structural junctions
on statistical energy analysis parameters. This study can be further extended for
designing the composite structures with suitable nano-fillers to alter statistical energy
analysis parameters as per the requirement.
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Chapter 13
Surrogate Model Validation
and Verification for Random Failure
Analyses of Composites

Subrata Kushari, Arunasis Chakraborty, Tanmoy Mukhyopadhyay,
Ravi Ranjan Kumar , Saiket Ranjan Maity, and Sudip Dey

1 Introduction

The laminated composite is one of the most prominent forms of fibre-reinforced
composites where in the lay-up technique is utilized to sequentially arrange unidirec-
tionally reinforced plies. Each ply is typically a thin sheet of fibres combined with an
epoxy or other resin-based thermosetting or thermoplastic material. The orientation
of each ply is made according to the desired properties and its application. A plenty
of application of laminated composites can be observed, especially for aerospace,
marine, ground transport, building and architectural purposes. Carbon fibre laminate
has extensive applications in the satellite structure due to its high specific stiffness
which ensures dimensional stability, along with high stiffness. It also possesses a
negligible coefficient of thermal expansion which enables it to withstand huge fluctu-
ation of temperature in space. In space-based application, the thermosetting material
plays a vital role. The epoxy-based resin is not preferred in space application because
of moisture formation at low atmospheric pressure than that of the earth. It can be
resolved by replacing epoxy-based resinswith isocyanates-based resinwhich has low
hygroscopic property [3]. In the locomotive sectors, the laminated composites has
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wide range of applications such as, in cars, lorries, aircraft, subway trains, boats, heli-
copters and trams. Composites are preferred in these industries because of its flexi-
bility to produce complex anddesignable shapes at economic cost. The computational
study of three-dimensional laminated composites is complex and time-consuming.
In order to achieve computational efficiency, the classical theories are considered as
the benchmark to verify the related theories which help in reducing the dimension
for complex analysis. In past, various theories such as higher-order shear deforma-
tion plate theories (HSDT) [55], layer-wise theories and hierarchic plate theories
[43] are developed for laminates [44] and shells to reduce the computational time.
HSDT is one of the significant theories (Phan and Reddy 1985) which can evaluate
free vibration, buckling and bending of a laminate composite. It is further validated
with the classical laminate theory. This theory provided an improvement from first-
order shear deformation theory (FSDT) [57].The shear correction factor is necessary
in order to calculate shear deformation, coupling, material anisotropy, deflections,
frequencies and buckling loads which depended on the detailed lamination scheme.
On the other hand, HSDT provides no hassle of shear correction factor. This theory
provides a pathway for future researchers to develop complex computational model
for laminated composites with comparatively fewer complexities. The displacement
components in hierarchic plate theories represent a hierarchic or zig-zag pattern along
its thickness for a laminated plate [1, 2].

The failure analysis of laminated composites is an important aspect from design
point of view. All the important parameters can be considered, and the exhaustive
analysis is essential to characterize the root-cause behind the failure of the lami-
nates. Some of the important parameters in analysing the failure of a laminates
are elastic modulus, shear modulus, density and Poisson’s ratio. A detailed study
about the world-wide failure in composites can be observed in Hinton et al. [21]. In
order to characterize the failure of laminated plates, various theories and models are
developed, but most of them are confined in the deterministic regime. Some of the
important research work and books in the current field are Onkar et al. [52], Hélénon
et al. [20], Torabi et al. [65], Talreja et al. [62, 63]. A finite element model (FEM)
for laminated plate is proposed by Tolson and Zabaras [64] where in seven degrees
of freedom (DOF) are considered for determining the laminate stress and based on
that first-ply failure as well as last-ply failure are deduced. The effect of progressive
failure [58] considering the effects of scratch geometry under tensile stress, its effect
on failure propagation response and crack propagation level is analysed. In a chem-
ical composition analysis of glass fibre by Hossain [17], it is proposed that among
boron-free E-glass, AR-glass, E-glass and C-glass, AR-glass is highly corrosion and
temperature resistant in similar situations. Hochard and Thollon [22] devised amodel
to analyse the failure of a laminated plate considering stress concentrations due to
static and fatigue loads. In another investigation by Zubillaga et al. [68], the factor of
delamination is considered to propose a new failure criterion for prediction of matrix
cracking under the effects of delamination. The effects of preload moment under the
application of traction force are investigated by Kapti et al. [25] for failure mode
in bolted and pin-jointed laminated plates made of carbon–epoxy. It is suggested
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that the ultimate failure loads are directly influenced under the variation of interfer-
ence fit, geometrical parameters and preload moments. It is also suggested that there
is an increment in the rate of failure under preload moments in wet condition; on
the other hand, there are no significant effects for non-preloaded specimen. Miguel
et al. [7] evaluated the failure indices using Hashin’s three-dimensional failure crite-
rion for 1D and 3D elements. The out-of-plane stress components are considered to
predict the failure load accurately. Another interesting damage analysis for carbon
fibre laminates is investigated by Sun and Hallett [61] where the damage tolerance is
analysed. The extreme ply strain after the delamination is observed to increase to a
fatal point due to failure of the ply in laminated composite plates. Most of the studies
concerning failure analysis of composites are carried out in the deterministic regime.
In this chapter, we aim to focus on the computational aspects of a comprehensive
stochastic analysis using surrogate approach.

2 Brief Literature Review on Stochastic Analyses
of Composite Laminates

The uncertaintywhich influences the failure ofmaterial must be analysedwith proper
quantifiable approach; i.e., for the safe and economical design of the material it is
important to consider the uncertainty in material and geometric properties [9]. Deter-
ministic analysis of failure for laminates provides the mean value or exact value for
every input value according to the mode of the operation, but in order to analyse the
detailed output value for failure load, extensive investigation in probabilistic regime is
necessary. It provides a much broader perspective. Some of the noteworthy research
accomplished following probabilistic approach is mentioned hereon. The proba-
bility density function and power spectrum density is employed by Chen et al. [4] for
stochastic analysis of carbon fibre-based composite under the effect of probabilistic
fatigue load. The developedmodel predicts the failure probabilitywith respect to time
at better computational efficiency. A novel stochastic method is developed in order to
analyse the ballistic projectile impact [53], and the MCS results are compared with
Gaussian process response surface method. It is suggested that the current method
is computationally efficient compared to the traditional MCS which requires a very
high number of sample size. Chen and Qiu [5] proposed a novel stochastic approach
using polynomial chaos expansion (PCE) method in order to investigate the effect of
mixed uncertainties on account of interval variables and normal-random variables.
The first-ply failure of laminates under the effect of spatial variation is analysed by
Karsh et al. [26] wherein MCS is employed in order to analyse the failure strength
of laminate and its effects are shown by using probability distribution function. The
critical stress intensity factor for solo edge notched fibre-reinforced composite plates
[41] having arbitrary material properties under uniaxial tensile loadings are inves-
tigated. Hashin’s failure criterion is adopted to determine the tensile load for the
laminated plate. Lal et al. [42] investigated the second-order statistics of critical
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stress intensity factor by increasing the input parameters in order to achieve higher
efficiency. Various effects like length of crack formation, ply orientation, thickness
of the plate are evaluated, and the results are validated with MCS. Stochastic failure
analysis is performed on composite pipes [54] under the effect of random excitation
of white noise. The root mean square of on-axis stress and power spectral density
functionwas applied to evaluate the failure of the pipe. The effects of resin pockets for
failure development and transverse stiffness are studied by Ghayoor et al. [18]. Resin
pockets are formed due to multiple layers of resins between the plies of a single-
layer laminate. Samples are prepared with and without developed resin pockets.
The results reveal that the samples induced with resin pockets exhibits significant
reduction in the failure initiation strain in the matrix. Layer-wise uncertainty prop-
agation scheme is considered for the analysis of vibration response due to variation
in combined as well as individual stochastic input parameters [11]. Here, general-
ized high-dimensional model representation and diffeomorphic modulation under
observable response preserving homotopy regression is considered as the surrogate
model. It is observed that the computational time is reduced drastically. Rotational
and ply-level uncertainty is quantified for random natural frequency in a composite
laminate shell by incorporating central composite design as the surrogate model [13].
Sensitivity analyses is carried for the same, and it is found that ply orientation angle
is highly sensitive for first and second outermost layer compared to themiddle layers.
Reliability-based optimization is analysed in order to optimize width and thickness
of laminated composite spherical shell. Genetic algorithm and D-optimal design is
incorporated for weight reduction and avoiding resonance by Dey et al. [10]. The
effect of noise on metamodel-based random natural frequency analysis of laminated
plates is studied by Mukhopadhyay et al. [48]. Stochastic investigation is carried out
for curved laminated panels based on support vector regression model in conjunc-
tion with Latin hypercube sampling [14]. A critical comparison is accomplished
for surrogate models due to uncertainty in natural frequencies of laminated plates,
and results are validated with Monte Carlo simulation [8]. A detailed comparison
for pre-twisted functionally graded plates is analysed by Karsh et al. [27] by incor-
porating polynomial neural network (PNN) and artificial neural network (ANN) in
stochastic regime. It is found that ANN is more suitable to analyse the uncertainty
in natural frequency. The effect of delamination is investigated by Mukhopadhyay
et al. [46] by incorporating a hybrid high-dimensional model representation as a
surrogate model along with probabilistic finite element model. A damage identi-
fication method is developed for web core fibre-reinforced polymer composite by
incorporating MARS along with multi-objective goal-attainment optimization algo-
rithm in order to identify the damages in composite structures [47]. Similarly,MARS
is incorporated as a metamodel by Dey et al. [12] for dynamics and stability analysis
of sandwich plates. Fuzzy-based multi-scale uncertainty propagation framework is
developed for stability and dynamic analysis for composite laminate plates by incor-
porating radial basis function as ametamodel for spatially varyingmaterial properties
[51]. The results reveal that the developed model portrays lower fuzzy bounds for
global response as compared to conventional approach. MARS is incorporated as a
surrogate model to quantify low-velocity impact responses due to twist in the plate
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Fig. 1 Geometric view of a laminated plate

geometry and obliqueness in impact angle [34]. Genetic programming along with
D-optimal design is incorporated to analyse multi-scale optimization problems of
composites [24]. The results show that the incorporation of metamodel significantly
reduced the computational costs. A detailed study of surrogate-based approach in
quantifying uncertainty can be found in Dey et al. [15], Karsh et al. [28–32], Kumar
et al. [35–40] and Naskar et al. [49–51]. It is important to analyse the uncertainty in
the physical and geometrical parameters involved for the quantification of the failure
in the ply of the laminate. A minute change in the input parameter might result in
unreasonable effects in the failure of the component. These effects can be analysed
in the probabilistic study for the failure initiation of the component unlike in deter-
ministic analysis. Hence, it is of paramount importance to do stochastic analysis
for the failure of the laminated plate so that the uncertainty in parameters can be
quantified. In this chapter, the effects of uncertainty in the failure initiation of first
ply of the laminate are presented using an efficient surrogate model. Figure 1 shows
a geometric view of the laminated plate along with the direction of its axis.

3 Governing Equations

The classical laminate plate theory (CLPT) is employed to form the load inten-
sity equation for a laminated plate. This theory provides the foundation for the
minimum total potential energy theorem which is used for the structural analysis
of laminated plate through finite element modelling approach. The summation of
total strain energy and total work potential gives us the total potential energy of the
plate on account of external forces. The total potential energy (T ) is expressed as:

T = S + W (1)
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where the total strain energy (S) is the total volume integral

S = 1

2
∫
v

{σ }{s}Tdv (2)

where S implies the total strain energy, {s} implies the strain vector, {σ }
symbolises the stress vector and ‘v’ is the volume integral for the overall laminate
plate.

For externally applied load, the total amount of work done can be defined as an
integral of the total area

W =
¨

A

[u]T[q]dA (3)

where

q = { 0 0 qz 0 0 }T (4)

qz = load intensity of laminate.
The final equation for the laminate can be given by:

[F] = [ε][D] (5)

where
F = final stress vector
ε = strain vector
D = elastic matrix of the laminate
For the present first-ply failure (FPF), macroscopic analysis of the laminate with

the ply orientation of [45◦,−45◦, 45◦,−45◦]s is considered. The graphite fibre of the
laminate is considered to be parallel and unidirectional. The loads in which the ply
fails are considered linear in nature as it reduces the iteration process and minimizes
the complexity of the mathematical formulation. The failure criteria for laminated
plate are established on the basis of tensor polynomial criteria given by Tsai et al.
[67].

Fiσi + Fi jσiσ j + Fi jkσiσ jσk + · · · ≥ 1 (6)

According to the number of the axis of laminate, Eq. (6) can be expressed as
follows:

F1σ1 + F2σ2 + F3σ3 + 2F12σ1σ2 + 2F13σ1σ3 + 2F23σ2σ3

+ F11σ
2
1 + F11σ

2
1 + F22σ

2
2 + F33σ

2
3 + F44σ

2
4 + F55σ

2
5 + F66σ

2
6 · · · ≥ 1π (7)
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where Fi and Fi jare the first-order and fourth-order strength tensors of the mate-
rial. Here, σi denotes the difference between compressive and tensile induced stress.
The term σiσ jdefines an ellipsoid along with the stress space. On the basis of tensor
polynomial criteria, the five failure criteria, i.e. maximum strain theory, Hoffman
theory, Tsai–Hill theory, maximum stress theory, Tsai–Wu theory is modelled.

1. Maximum stress theory
The maximum stress theory [66] states that a particular material reaches its
yielding point when its principal stress in a tri-axial system reaches its yield
value due to external application of tension. Here, normal stress components are
represented by σ1, σ2, σ3, whereas σ4, σ5, σ6 implies shear stress components; Xt ,
Yt , Zt implies normal strengths of lamina along the 1, 2 and 3 directions for tensile
strengths and Xc, Yc, Zc for compressive strengths. Shear strain strengths can
be represented by T, R and S for planes 1–2, 2–3 and 1–3. In tensor polynomial
form, it can be expressed as:

(σ1 − Xt )(σ1 + Xc)(σ2 − Yt )(σ2 + Yc)(σ3 − Zt )(σ3 + Zc)

(σ4 − R)(σ4 + R)(σ5 − S)(σ5 + S)(σ6 − T )(σ6 + T ) = 0 (8)

The necessary force components can be calculated by comparing Eqs. (7) and
(8) after neglecting the higher-order terms.

2. Maximum strain theory
Maximum strain theory [59] states that a particular material will yield at a point
when at least one of the strain components along its principal axis exceeds the
equivalent strain component in that particular direction. In tensor polynomial
criteria, it can be expressed as follows:

(s1 − Xst )(s1 + Xsc)(s2 − Yst )(s2 + Ysc)(s3 − Zst )(s3 + Zsc)

(s4 − Rs)(s4 + Rs)(s5 − Ss)(s5 + Ss)(s6 − Ts)(s6 + Ts) = 0 (9)

where s1,s2ands3 signifies the strain components in principal direction.Xst , Yst
and Zst represents the components of normal strain along the direction 1, 2 and
3. Similarly, Xsc, Ysc and Zsc are compressive strengths. Similar to maximum
stress criteria, the force components can be deduced by comparing Eqs. (7) and
(9).

3. Tsai–Hill theory
Tsai–Hill theory [45] considers the interaction amo–ng the three unidirectional
lamina strength parameter and considers both compressive and tensile strength
in its equation. The distortion energy theory is the base for present theory. It can
be expressed as

(σ1

X

)2 +
(σ2

Y

)2 +
(σ3

Z

)2 − σ1σ2

(
1

X2
+ 1

Y 2
− 1

Z2

)
− σ1σ3

(
1

X2
− 1

Y 2
+ 1

Z2

)
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− σ2σ3

(
− 1

X2
+ 1

Y 2
+ 1

Z2

)
+

(σ4

R

)2 +
(σ5

S

)2 +
(σ6

T

)2 ≥ 1 (10)

4. Tsai–Wu (Interaction tensor polynomial) theory
The Tsai–Wu failure principle is a special case for general quadratic failure
criteria developed by Gol’denblat and Kopnov [19]. In mathematical form, it is
given as

Fiσi + Fi jσiσ j ≥ 1 (11)

where F1 = 1
Xn

− 1
Xc
, F2 = 1

Yn
− 1

Yc
, F3 = 1

Zn
− 1

Zc
, F11 = 1

Xn Xc
, F22 = 1

YnYc

F55 = 1
S2 , F66 = 1

T 2 , F12 = 1√
Xn XcYnYc

, F13 = 1√
Xn Xc Zn Zc

and F23 = 1√
YnYc Zn Zc

.
where i and j iterates from one to six and Xn,Yn and Zn represents the normal
lamina strengths in 1, 2 and 3 directions for the stress components σ1, σ2 and σ3

while Xc,Yc and Zc represents the compressive lamina strengths, respectively.
5. Tsai–Hill’s Hoffman failure criteria

Tsai–HillHoffman failure criteria [23] is the extension of theTsai–Hill failure criteria
where the strength for tension and compression are considered independently. It can
be expressed as

1

2

(
1

YtYc
+ 1

Zt Zc
− 1

Xt Xc

)
(σ2 − σ3)

2 + 1

2

(
− 1

Xt Xc
+ 1

YtYc
+ 1

Zt Zc

)
(σ3 − σ1)

2

+ 1

2

(
1

Xt Xc
+ 1

YtYc
− 1

Zt Zc

)
(σ1 − σ2)

2 +
(

1

Xt
− 1

Xc

)
σ1 +

(
1

Yt
− 1

Yc

)
σ2

−
(

1

Zt
− 1

Zc

)
σ3 +

(σ4

R

)2 +
(σ5

S

)2 +
(σ6

T

)2
(12)

4 Mathematical Modelling

In the present study, the finite element analysis is utilized to mathematically model
the first-ply failure load of laminated composite plates. The laminated composite
plate model is discretized wherein a single element consists of eight nodes and each
node has five degrees of freedom (three translational and two rotational). In order to
solve the equations, first-order shear deformation theory (FSDT) is employed. The
generalized stress–strain relationship in the principal axis direction of the material
(1, 2 and 3) is expressed as
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⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

σ1

σ2

τ12

τ23

τ13

⎫⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎭

=

⎡
⎢⎢⎢⎢⎢⎣

L11 L12 0 0 0
L21 L22 0 0 0
0 0 L33 0 0
0 0 0 L44 0
0 0 0 0 L55

⎤
⎥⎥⎥⎥⎥⎦

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

ε1

ε2

ε12

ε23

ε13

⎫⎪⎪⎪⎪⎪⎬
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(13)

where

L11 = E1

1 − ν12ν21
, L12 = ν12E2

1 − ν12ν21
, L22 = E2

1 − ν12ν21
,

L33 = G12, L44 = G23, L55 = G13.

The generalized equation of the lamina for the three directions (1, 2 and 3) is
formulated as

⎧
⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

σxx

σyy

τxy

τyz

τxz

⎫
⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎭

=

⎡
⎢⎢⎢⎢⎢⎣

L11 L12 L13 0 0
L21 L22 L23 0 0
L31 L32 L33 0 0
0 0 0 L44 L45

0 0 0 L54 L55

⎤
⎥⎥⎥⎥⎥⎦

⎧
⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

εxx

εyy

εxy

εyz

εxz

⎫
⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎭

. (14)

where

L11 = L11Cos4θ+2(L12+2L33)Sin
2θCos2θ + L22Sin

4θ

L12 = (L11Q22 − 4L33) + Sin2θ{2(L12+2L33)Cos
2θ + L22Sin

2θ

L13 = SinθCosθ
{
(L11 − L12 − 2L33)Cos

2θ + (L12 − L22 + 2L33)Sin
2θ

}
,

L22 = Sin2θ{L11Sin
2θ + 2(L12 + 2L66)Cos

2θ} + L22Cos
4θ,

L23 = SinθCosθ
{
(L11 − L12 − 2L33)Sin

2θ + (L12 − L22 + 2L33)Cos
2θ

}
,

L31 = Sin2θCos2θ
{
(L11 + L22 − 2L12 − 2L33) + L33

(
Sin2θ + Cos2θ

)}
,

L44 = L44Cos
2θ + L55Sin

2θ,

L55 = L55Cos
2θ + L44Sin

2θ.

From the mid-plane, the displacement in the plane at point (u, v) at distance z can
be expressed by

u(x, y, z) = u0(x, y) − zθx (x, y).

v(x, y, z) = v0(x, y) − zθy(x, y)

w(x, y, z) = w0(x, y) = w(x, y) (15)

In Eq. (15), u0, v0 and w0 signifies the displacement of a particular point (x, y) in
the z0 (mid-plane). The resultants due to moment and force for a single lamina can
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be expressed as

{F} = {Nxx Nyy NxyMxxMyyMxyQxx Qyy}T

=
h/2∫

−h/2

{σxσyτxyσx zσyzτxyzτyzτxz}Tdz (16)

The stress resultants can be expressed as

(Nxx , Nyy, Nxy
) =

h
2∫

− h
2

(
σx,σy,σxy,

)
dz

(Mxx , Myy, Mxy
) =

h
2∫

− h
2

(
σx,σy,σxy,

)
zdz

(Qxx , Qyy
) =

h
2∫

− h
2

(
σxz,σyz

)
dz

(Qxx , Qyy
) =

h
2∫

− h
2

(
σxz,σyz

)
dz (17)

while FSDT together with finite element is utilized to obtain the wide-ranging
displacement variables, which can be expressed as:

u0(x, y, t; ξ) =
m∑
j=1

u j (t; ξ)ψe
j (x, y)

v0(x, y, t; ξ) =
m∑
j=1

v j (t; ξ)ψe
j (x, y)

w0(x, y, t; ξ) =
m∑
j=1

w j (t; ξ)ψe
j (x, y)

φx (x, y, t; ξ) =
m∑
j=1

S1j (t; ξ)ψe
j (x, y)

φy(x, y, t; ξ) =
m∑
j=1

S2j (t; ξ)ψe
j (x, y) (18)

where u j , v j w j , S1j and S
2
j are values of the nodes for the corresponding displace-

ments. ψe
j represents the shape functions or interpolation functions. ξ represents the

randomness in the equation, and (ξ, η) shows the principal coordinate system of
the principal domain. If the order of the shape functions (ψe

j ) are same, then the
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generalized equation for the whole domain can be formulated as

x(ξ, η) =
n∑
j=1

xejψ
e
j (ξ, η)

y(ξ, η) =
n∑
j=1

yejψ
e
j (ξ, η) (19)

The terminologies in Eq. (19) signifies the displacement variables and can be
further replaced to formulate a FSDT-based semi-distinct finite element model

[Fe] = [Ke][�e] + [Me][�̈e]

while in thematrix form, transverse shear resultant [Q], displacement resultant(in-
plane) [N] and resultant due to the moment [M] are formulated as

[Q] = [
A∗]{y}

[N ] = [B]{k} + [A]
{
ε0

}

[M] = [D]{k} + [B]
{
ε0

}
(21)

5 Probabilistic First-Ply Failure Load Analysis

In this section, the framework for probabilistic failure analysis of the first-ply is
depicted in a flowchart (refer to Fig. 2). Initially, the input parameters are identified
like Young’s modulus, ply angle, ply thickness, Poisson’s ratio, density, etc., to
incorporate in the model to be designed. A finite element-based approach is used
to compute the output through the deterministic approach. The next process is to
evaluate the input and output data which are used to fit in the surrogate model. In
this study, multivariate adaptive regression splines (MARS) is used as the surrogate
model. It is verified using Monte Carlo simulation (MCS) technique employed by
Dey et al. [16]. Finally, the result obtained from the surrogate model andMCSmodel
are compared and the best-fitted model is chosen to replace the computationally
time-consuming MCS model.

The compound variation (g

(−
ϕ

)
) of all the stochastic parameters is provided as

furnished in Eq. (22),

g{θ(ϕ), E1(ϕ), E2(ϕ),G12(ϕ),G23(ϕ), ρ(ϕ), ν(ϕ)}

=
{

α1(θ1 . . . θl), α2(E1 . . . E1l), α3(E2 . . . E2l),

α4(G12 . . .G12l), α5(G23 . . .G23l), α6(ρ1 . . . ρl), α7(ν1 . . . νl)

}
(22)
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Fig. 2 Flowchart for stochastic first-ply failure analysis

where E1, E2,G12,G23, ρ, θandν are the elastic and shear modulus along the
longitudinal and transverse direction, density, ply orientation angle and Poisson’s
ratio, respectively, and the number of layer in the laminate is denoted by ‘l’ which is

eight in this case. ‘
−
ϕ’ signifies the stochasticity in the characteristic input properties

and ‘αx ’ denotes the stochastic output parameters. The components of the input
vector ‘P’ can be either dependent or independent variables or maybe in functional
data format or a set of data with particular relation.

6 Multivariate Adaptive Regression Splines (Mars)
as Surrogate Model

MARS is a non-parametric regression technique which can be used to model linear
systems that automaticallymodels nonlinearities and the relation between the consid-
ered variables. The mathematical formulation for MARS as given by Sudjianto et al.
[60]. The algorithm of MARS selects a base function according to the MCS model
in order to provide an approximate response function over an onward and recessive
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iterative approach. It is used to approximate the result similar to MCS with a much
less time. The model can be expressed as summation of tensor product of truncated
splines.

f (x) =
n∑

i=1

mi Ai (x) (23)

where mi is the coefficient of expansion and Ai (x) implies the basis function.

Ai (x) =
Ki∏
k=1

sk,i (x j(k,i) − tk,i )
q
tr (24)

where sk,i = ±1, Ki signifies the number of splines, x j is the variation of jth
element, tr signifies the location of a knot and the order of the splines is depicted by
q.

For multivariate splines,Ai (x) is the product of every single univariate function
sk,i . There are some conditions for the univariate functions which can be expressed
as

sk,i (x j(k,i) − tk,i )
q
tr = sk,i

(
x j(k,i) − tk,i )

q when
[
sk,i

(
x j(k,i) − tk,i

)])
< 0

sk,i (x j(k,i) − tk,i )
q
tr = 0 otherwise (25)

The model screens the variables automatically by using a modified form of crite-
rion known as generalized cross-validation (GCV) [6]. MARS selects the exact value
and location of the particular element for the required spline basis functions in a
onward or backward manner. It over-fit the spline function according to the posi-
tion of defined knot. After that, the model removes the unnecessary knots which
contribute the least in the model according to the generalized cross-validation crite-
rion. The knots which are not required can be evaluated by lack-of-fit (Z) criterion
and is expressed as

Z = Gc(k) =
1
h

∑h
i=1[Yi − Yk(xi )]2
[1 − c̃(k̃)

n ]2
. (26)

where c̃
(
k̃
)

= c
(
k̃
)

+ C.
(
k̃
)

‘h’ signifies the total number of samples, the number of linearly independent basis

functions can be denoted as ‘
∼
c

(∼
k
)
’, and the number of knots in forward process

can be indicated by ‘
∼
k’, ‘Y’ is the approximated function and ‘C’ is the cost for basis

function. The value of cost function estimates the smoothness of the function. As
‘C’ is inversely proportional to the number of knots, so when the value of ‘

∼
k’ is less,

C is large and due to which the function is estimated in a smoother fashion.
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7 Result and Discussion

The present investigation considers a laminated composite platewith an eight-layered
angle ply [45,−45, 45,−45,−45, 45,−45, 45] laminate. The dimension of the plate
is considered as length (l) = 1 m, breadth (b) = 1 m and thickness (t) = 0.005 m.
T300/5208 graphite–epoxy laminate material with properties as furnished in Table
1 is considered for the present analysis.

The comparative outcomes of the material properties and ply orientation angle
are considered for first-ply strength by considering five different failure criteria
(maximum stress, maximum strain, Tsai–Hill, Tsai–Wu and Hoffman failure theo-
ries). The validation of the present FEMmodel is performed by comparing the deter-
ministic results with the experimental results. The deterministic model is validated
with previous literatures as furnished in Table 2.

The result fromMARSmodel is obtained for the same sample size as that ofMCS
model. The traditionalMCSapproach uses 10,000finite element (FE) iterationswhile
the FE based MARS approach uses the five different sample sizes (64, 128, 256,
512 and 1024) for model formation and validation. The probability density function
plot for result obtained from different sample-sized FE-based MARS approach and
full-scale MCS approach is depicted in Fig. 3 for MARS surrogate model validation.

From the diagram of probability density function corresponding to the respective
five failure criteria, it can be observed that for sample size n = 1024, the MARS
model is almost similar to the MCS model. This is further validated by depicting
scatter plot for sample size (n) = 1024 for the respective failure criteria as furnished
in Fig. 4.

Table 1 Material properties of T300/5208 graphite–epoxy laminate [33]

E1 (GPa) E2 (GPa) G12 (GPa) G13 (GPa) G23 (GPa) μ ρ (kg/m3m3)

132.37 10.7 5.65 5.65 3.37 0.3 1600

Table 2 Validation of the present finite elementmodel with experimental results [56] for five failure
criteria considered for the composite laminate [45°/−45°/45°]

Failure
theory

First-ply failure load

(2 × 2) (4 × 4) (8 × 8)

Reddy and
Pandey [56]

Present
FEM

Reddy and
Pandey [56]

Present
FEM

Reddy and
Pandey [56]

Present
FEM

Max. stress 2854.40 3408.70 2164.32 2486.50 1908.16 1962.50

Max. strain 2947.68 3273.20 2268.60 2421.70 1940.48 1994.75

Tsai–Hill 2788.80 3091.40 1803.84 1897.91 1530.40 1563.70

Tsai–Wu 2886.72 3337.70 2218.88 2432.73 1917.76 1957.32

Hoffman 2850.24 3224.50 2156.80 2269.53 1905.76 1962.10
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Fig. 3 Probability density functions of MCS and MARS model considering first-ply failure loads
(in Newton) for amaximum stress bmaximum strain c Tsai–Hill d Tsai–Wu and eHoffman failure
criteria
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Fig. 3 (continued)
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Fig. 3 (continued)

8 Conclusion

In present chapter, the MARS model is employed as a surrogate model. Here the
random failure analysis of laminated composite plates is performed using a two-step
analysis. Firstly, a deterministic finite element model is developed and validated with
previous literature. Secondly, theMARSmodel is validated with directMCS. During
the direct MCS modelling, it is observed that the computational time required to
complete the analysis is high due to the requirement of carrying out more than 10,000
finite element iterations. In order to reduce the computational intensiveness in MCS,
MARS model is utilized here. The MARS model coupled with the finite element
model provides adequate efficacy as compared with the MCS model by reduction
in sample size. The probability density function and scatter plots are presented to
show that a significant level of computational efficiency can be achieved without
compromising the accuracy of results. The current MARS model can be utilized to
analyse first-ply failure of complex laminates.
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Fig. 4 Scatter plot of the 1024 samples-sized MARS model with respect to the original finite
element (FE) model for a max. stress b max. strain c Tsai–Hill d Tsai–Wu and e Hoffman failure
criteria
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Fig. 4 (continued)

Acknowledgements The authors acknowledge the financial support received from Aeronau-
tics Research and Development Board (AR&DB), Government of India (Project Sanction no.:
ARDB/01/105885/M/I) dtd.26.06.2018.

References

1. Actis RL, Szabo BA, ‘ C (1999) Hierarchic models for laminated plates and shells. Comput
Methods Appl Mech Eng 172(1–4):79–107

2. Babuška I, Szabo BA, Actis RL (1992) Hierarchic models for laminated composites. Int J
Numer Meth Eng 33(3):503–535

3. Bunsell AR, Renard J (2005) Fundamentals of fibre reinforced composite materials. CRC Press
4. Chen X, Sun Y, Wu Z, Yao L, Zhang Y, Zhou S, Liu Y (2019) An investigation on residual

strength and failure probability prediction for plain weave composite under random fatigue
loading. Int J Fatigue 120:267–282

5. ChenX,Qiu Z (2018) A novel uncertainty analysismethod for composite structures withmixed
uncertainties including random and interval variables. Compos Struct 184:400–410



350 S. Kushari et al.

6. Craven P,WahbaG (1978) Smoothing noisy datawith spline functions.Numerischemathematik
31(4):377–403

7. de Miguel AG, Kaleel I, Nagaraj MH, Pagani A, Petrolo M, Carrera E (2018) Accurate eval-
uation of failure indices of composite layered structures via various FE models. Compos Sci
Technol 167:174–189

8. Dey S,Mukhopadhyay T, Adhikari S (2017)Metamodel based high-fidelity stochastic analysis
of composite laminates: A concise reviewwith critical comparative assessment. Compos Struct
171:227–250

9. Dey S, Mukhopadhyay T, Adhikari S (2018a) Uncertainty quantification in laminated
composites: a meta-model based approach. CRC Press

10. Dey S, Mukhopadhyay T, Khodaparast HH, Adhikari S (2016) A response surface modelling
approach for resonance driven reliability based optimization of composite shells. Period
Polytech Civil Eng 60(1):103–111

11. Dey S, Mukhopadhyay T, Khodaparast HH, Kerfriden P, Adhikari S (2015) Rotational and ply-
level uncertainty in response of composite shallow conical shells. Compos Struct 131:594–605

12. Dey S, Mukhopadhyay T, Naskar S, Dey TK, Chalak HD, Adhikari S (2019) Probabilistic
characterisation for dynamics and stability of laminated soft core sandwich plates. J Sandwich
Struct Mater 21(1):366–397

13. Dey S, Mukhopadhyay T, Sahu SK, Li G, Rabitz H, Adhikari S (2015) Thermal uncertainty
quantification in frequency responses of laminated composite plates. Compos B Eng 80:186–
197

14. Dey S, Mukhopadhyay T, Sahu SK, Adhikari S (2016) Effect of cutout on stochastic natural
frequency of composite curved panels. Compos B Eng 105:188–202

15. Dey S, Mukhopadhyay T, Sahu SK, Adhikari S (2018) Stochastic dynamic stability analysis of
composite curved panels subjected to non-uniform partial edge loading. Eur J Mech-A/Solids
67:108–122

16. Dey S, Mukhopadhyay T, Spickenheuer A, Adhikari S, Heinrich G (2016) Bottom up surro-
gatebased approach for stochastic frequency response analysis of laminated composite plates.
Compos Struct 140:712–727

17. Enamul Hossain M (2011) The current and future trends of composite materials: an
experimental study. J Compos Mater 45(20):2133–2144

18. Ghayoor H, Marsden CC, Hoa SV, Melro AR (2019) Numerical analysis of resin-rich areas
and their effects on failure initiation of composites. Compos a Appl Sci Manuf 117:125–133

19. Gol’denblat II, Kopnov VA (1965) Strength of glass-reinforced plastics in the complex stress
state. Polym Mech 1(2):54–59

20. Hélénon F, Wisnom MR, Hallett SR, Trask RS (2013) Investigation into failure of laminated
composite T-piece specimens under bending loading. Compos a Appl Sci Manuf 54:182–189

21. HintonMJKA, Kaddour AS, Soden PD (eds) (2004) Failure criteria in fibre reinforced polymer
composites: the world-wide failure exercise. Elsevier

22. Hochard C, Thollon Y (2014) Fatigue of laminated composite structures with stress concen-
trations. Compos B Eng 65:11–16

23. Hoffman O (1967) The brittle strength of orthotropic materials. J Compos Mater 1(2):200–206
24. Kalita K,Mukhopadhyay T, Dey P, Haldar S (2019) Genetic programming-assisted multi-scale

optimization for multi-objective dynamic performance of laminated composites: the advantage
of more elementary-level analyses. Neural Comput Appl, 1–25

25. Kapti S, Sayman O, Ozen M, Benli S (2010) Experimental and numerical failure analysis of
carbon/epoxy laminated composite joints under different conditions. Mater Des 31(10):4933–
4942

26. Karsh PK,Mukhopadhyay T, Dey S (2018) Spatial vulnerability analysis for the first ply failure
strength of composite laminates including effect of delamination. Compos Struct 184:554–567

27. Karsh PK,Mukhopadhyay T, Dey S (2018) Stochastic dynamic analysis of twisted functionally
graded plates. Compos B Eng 147:259–278

28. Karsh PK, Mukhopadhyay T, Chakraborty S, Naskar S, Dey S (2019) A hybrid stochastic
sensitivity analysis for low-frequency vibration and low-velocity impact of functionally graded
plates. Compos B Eng 176:107221



13 Surrogate Model Validation and Verification for Random … 351

29. Karsh PK, Mukhopadhyay T, Dey S (2019) Stochastic low-velocity impact on functionally
graded plates: probabilistic and non-probabilistic uncertainty quantification. Compos B Eng
15(159):461–480

30. Karsh PK, Kumar RR, Dey S (2019) Stochastic impact responses analysis of functionally
graded plates. J Br Soc Mech Sci Eng 41(11):501

31. Karsh PK,KumarRR,Dey S (2019d) Radial basis function based stochastic natural frequencies
analysis of functionally graded plates. Int J Comput Methods

32. Karsh PK, Raturi HP, Kumar RR, Dey S (2020) Parametric uncertainty quantification in natural
frequency of sandwich plates using polynomial neural network. In: IOP conference series
materials science engineering 798, 012036

33. Köhler L, Spatz HC (2002) Micromechanics of plant tissues beyond the linear-elastic range.
Planta 215(1):33–40

34. Kumar RR, Mukhopadhyay T, Naskar S, Pandey KM, Dey S (2019) Stochastic low-velocity
impact analysis of sandwich plates including the effects of obliqueness and twist. Thin-Walled
Struct 145:106411

35. Kumar RR, Mukhopadhyay T, Pandey KM, Dey S (2019) Stochastic buckling analysis of
sandwich plates: the importance of higher order modes. Int J Mech Sci 152:630–643

36. Kumar RR, Pandey KM, Dey S (2019) Probabilistic assessment on buckling behavior of
sandwich panel: a radial basis function approach. Struct Eng Mech 71(2):197–210

37. Kumar RR, Karsh PK, Pandey KM, Dey S (2019d) Stochastic natural frequency analysis of
skewed sandwich plates. Eng Comput

38. Kumar RR, Mukhopadhya T, Pandey KM, Dey S (2020a) Prediction capability of polyno-
mial neural network for uncertain buckling behavior of sandwich plates. In: Handbook of
probabilistic models. Butterworth-Heinemann, pp 131–140

39. Kumar RR, Pandey KM, Dey S (2020) Stochastic free vibration analysis of sandwich plates:
a radial basis function approach, In: Reliability, safety and hazard assessment for risk-based
technologies. Springer, Singapore, pp 449–458

40. Kumar RR, Pandey KM, Dey S (2020c) Effect of skewness on random frequency responses of
sandwich plates. In: Recent advances in theoretical, applied, computational and experimental
mechanics. Springer, Singapore, pp 13–20

41. Lal A, Kapania RK (2013) Stochastic critical stress intensity factor response of single
edge notched laminated composite plate. In: 54th AIAA/ASME/ASCE/AHS/ASC structures,
structural dynamics, and materials conference, p 1615

42. Lal A, Mulani SB, Kapania RK (2018) Stochastic critical stress intensity factor response of
single edge notched laminated composite plate using displacement correlation method. Mech
Adv Mater Struct, 1–15

43. Mantari JL, Oktem AS, Soares CG (2012) A new trigonometric shear deformation theory for
isotropic, laminated composite and sandwich plates. Int J Solids Struct 49(1):43–53

44. Mindlin RD (1951) Influence of rotatory inertia and shear on flexural motions of isotropic,
elastic plates. J Appl Mech 18:31–38

45. Mises RV (1913) 1913. Mathematisch-PhysikalischeKlasse, Mechanik der
festenKörperimplastisch-deformablenZustand. Nachrichten von der Gesellschaft der
WissenschaftenzuGöttingen, pp 582–592

46. Mukhopadhyay T (2018) A multivariate adaptive regression splines based damage identifica-
tion methodology for web core composite bridges including the effect of noise. J Sandwich
Struct Mater 20(7):885–903

47. Mukhopadhyay T, Naskar S, Karsh PK, Dey S, You Z (2018) Effect of delamination on the
stochastic natural frequencies of composite laminates. Compos B Eng 154:242–256

48. Mukhopadhyay T, Naskar S, Dey S, Adhikari S (2016) On quantifying the effect of noise
in surrogate based stochastic free vibration analysis of laminated composite shallow shells.
Compos Struct 140:798–805

49. Naskar S,Mukhopadhyay T, Sriramula S, Adhikari S (2017) Stochastic natural frequency anal-
ysis of damaged thin-walled laminated composite beams with uncertainty in micromechanical
properties. Compos Struct 160:312–334



352 S. Kushari et al.

50. Naskar S, Mukhopadhyay T, Sriramula S (2018) Probabilistic micromechanical spatial
variability quantification in laminated composites. Compos B Eng 151:291–325

51. Naskar S,MukhopadhyayT, Sriramula S (2019) Spatially varying fuzzymulti-scale uncertainty
propagation in unidirectional fibre reinforced composites. Compos Struct 209:940–967

52. Onkar AK, Upadhyay CS, Yadav D (2007) Probabilistic failure of laminated composite plates
using the stochastic finite element method. Compos Struct 77(1):79–91

53. Patel S, Ahmad S, Mahajan P (2018) Safety assessment of composite beam under ballistic
impact. Thin-Walled Structures 126:162–170

54. Rafiee R, Sharifi P (2019) Stochastic failure analysis of composite pipes subjected to random
excitation. Constr Build Mater 224:950–961

55. Reddy JN (1984) A simple higher-order theory for laminated composite plates. J Appl Mech
51(4):745–752

56. Reddy JN, Pandey AK (1987) A first-ply failure analysis of composite laminates. Comput
Struct 25(3):371–393

57. Reissner E (1945) The effect of transverse shear deformation on the bending of elastic plates. J
Appl Mech, A69-A77

58. Shams SS, El-Hajjar RF (2013) Effects of scratch damage on progressive failure of laminated
carbon fiber/epoxy composites. Int J Mech Sci 67:70–77

59. Sokolnikoff IS, Specht RD (1956) Mathematical theory of elasticity, vol 83. McGraw-Hill,
New York

60. Sudjianto A, Juneja L, Agrawal H, Vora M (1998) Computer aided reliability and robustness
assessment. Int J Reliab Qual Saf Eng 5(02):181–193

61. Sun XC, Hallett SR (2018) Failure mechanisms and damage evolution of laminated composites
under compression after impact (CAI): experimental and numerical study. Compos a Appl Sci
Manuf 104:41–59

62. Talreja R, Singh CV (2012) Damage and failure of composite materials. Cambridge University
Press

63. Talreja R, Varna J (eds) (2015) Modeling damage, fatigue and failure of composite materials.
Elsevier

64. Tolson S, Zabaras N (1991) Finite element analysis of progressive failure in laminated
composite plates. Comput Struct 38(3):361–376

65. Torabi AR, Pirhadi E (2019) Notch failure in laminated composites under opening mode: the
virtual isotropic material concept. Compos B Eng 172:61–75

66. TrescaHE (1864)Sur l’ecoulement des corps solidessoumis a de fortes pressions. Imprimerie de
Gauthier-Villars, successeur deMallet-Bachelier, rue deSeine-Saint-Germain, 10, prèsl’Institut

67. Tsai SW (1984) A survey of macroscopic failure criteria for composite materials. J Reinf Plast
Compos 3(1):40–62

68. Zubillaga L, Turon A, Maimí P, Costa J, Mahdi S, Linde P (2014) An energy based failure
criterion for matrix crack induced delamination in laminated composite structures. Compos
Struct 112:339–344



Chapter 14
Iosipescu Shear Test of Glass Fibre/epoxy
Composite with Different Delamination
Geometries: A Shear Behaviour Study

Tanmoy Bose, Subhankar Roy, and Nudurupati S. V. N. Hanuman

1 Introduction

In recent times, composite material has shown tremendous growth of application in
the aerospace industry. Composite material is formed by combining more than one
material in order to achieve better properties than any one or all of the individualmate-
rials. So, this type of material possesses superior properties like low weight, good
fatigue properties, resistance to corrosion, high tensile strength, and low thermal
expansion. Composites mainly consist of two different types of material, namely
matrix and reinforcement materials. According to matrix material type, composites
are categorized into three different classes, namely polymermatrix composite (PMC),
ceramic matrix composites (CMC), and metal matrix composite (MMC). Among the
three, polymer matrix composites (PMCs) have found wide application in aviation
and automotive structures due to their adequate strength, lightweight, and cheaper
compared to conventional metals. A new class of aviation material known as the
fibre metal laminates (FML) has also been developed which is based on the hybrid
composite concept. Different types of fibre metal laminate like aramid-reinforced
aluminium laminate (ARALL) followed by glass laminate aluminium-reinforced
epoxy (GLARE) are some of the recent advances in aerospace industry which are
used formanufacturing upper part of aircraft fuselage. In this chapter, polymermatrix
composite and its shear behaviour will be discussed primarily. PMCs can be catego-
rized according to different reinforcing materials such as glass fibre-reinforced plas-
tics (GFRP), carbon fibre-reinforced plastics (CFRP), and Kevlar fibre-reinforced
plastics. Some hybrid composites can also be manufactured by introducing multiple
reinforcement materials.
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Glass fibre-reinforced plastics (GFRPs) are a form of fibre-reinforced plas-
tics (FRP) and were first introduced in the 1940s for applications in Navy. The
fishing industry was the foremost industry that used commercial FRP vessels in the
late 1960s. This led to thewidespread acceptance of FRPmaterials for building racing
boats, yachts, fishing vessels, pleasure crafts, etc. In the present time, FRP structures
are accounted for about 50% of fishing vessels. Composites are used extensively for
fabricating sailboats, canoes, performance craft, and kayaks all over the world. As
the primary concern of such structures is lightweight, composites have proven to
be the most efficient material for building state-of-the-art vessels. Moreover, FRP
materials are found to be economical as well as efficient when it comes to lifeboats
and utility boats. This is mainly because of the longevity and low maintenance of
these materials.

In this chapter, shear behaviour of delaminated as well as non-delaminated GFRP
specimen is investigated both experimentally and numerically. Iosipescu shear test
has been performed for understanding the role of delaminations and its geometry
on shear behaviour of the GFRP specimen. Specimens with three delamination
shapes such as circular, square, and rectangular are considered along with one non-
delaminated specimen. The chapter is organized as follows: First, the background of
delaminated composite testing and shear behaviour is provided. Then, the fabrica-
tion of GFRP specimens using hand layup process and Iosipescu shear test details is
provided. The numerical modelling using ABAQUS is provided thereafter. Finally,
the results for numerical and experimental parts are presented followed by a summary
of the chapter.

2 Background

Glass fibres possess very good properties like higher strength, stiffness, resistant
to chemical reactions and flexibility (as mentioned by Sathishkumar et al. [31]).
GFRP composite provides advantages like resistance to corrosion and humid or
acidic environment. It also shows better performance due to better resin bonding
and lightweight and is easy to handle [18]. They are extensively used in automo-
bile, sports, marine, construction, and electrical industries (according to Chavan
and Gaikwad [6], Vinay et al. [37]). The combination of reinforcement material
and single polymer matrix improves the performance of a composite which further
helps in material development such as hybrid composites [16]. In aviation indus-
tries, fibre metal laminates (FML), especially glass-laminated aluminium-reinforced
epoxy (GLARE), are widely used. GLARE is generally a stack of unidirectional
glass fibres sandwiched between thin aluminium sheets (as discussed by Guocai
and Yang [12]). It is described that the GLARE can be designed to have various
applications by modifying the fibre/resin system, thickness and stacking sequence.
Bhaskar and Srinivas [5] discussed the mechanical properties of GFRP composites
with woven glass fibre mat as well as chopped strand mat under various loading
parameters. The fabrication of glass fibre composites using hand layup process is
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also discussed for performing flexural, compression and impact tests as per ASTM
standards. The study showed that mechanical properties of composites based on
chopped strandmat glass fibre are better than the wovenmat glass fibre. The chopped
strand mat glass fibre composite was also studied by varying the glass fibre content
and performing the mechanical tests which illustrates the advantage of using higher
proportion of glass fibre (by Mathapati and Mathapati [22]). A numerical approach
for performing tensile, compressive, and flexural test has also been performed to
compare with the experimental results. The results from experiment showing frac-
ture toughness of delamination were studied for glass–epoxy composites developed
by compression resin transfer moulding (CRTM) and conventional resin transfer
moulding process [36]. It is concluded that the fracture toughness of the specimen
completely depends on the fibre structure. The influence of delamination during
drilling of a glass/epoxy composite was studied and a noble delamination factor
was introduced by Nagarajan et al. [24]. Herakovich and Bergner [14] carried out
FEA for determining the in-plane shear behaviour of composites using double V-
notched coupon specimen. It was observed that the finite element method is able to
predict uniform shear in the centre of all the specimens. However, the stress concen-
tration depends on the laminate configuration. Walrath and Adams [38] discussed
the Iosipescu shear test for composites along with the fixture and specimen design.
The Iosipescu shear test is compared with asymmetrical four-point bending tech-
nique for obtaining both the in-plane and through the thickness shear strength of
various composites like random and continuous sheet moulding compounds, unidi-
rectional graphite epoxy, and double polymer materials. Sullivan et al. [32] used
Iosipescu shear specimens for determining shear properties in case of a vinyl ester
resin. The results show that anti-symmetric four-point bending fixture gives better
shear stress at the gauge section and provides a reliable shear modulus. The tensile
stress at the gauge section of Iosipescu specimen is found to be almost similar to
the failure data acquired in tension. Swanson et al. [33] compared the Iosipescu in-
plane shear test with torsion tube in case of carbon fibre composite. The results for
both cases are found to be agreeing with each other. The deviation in average initial
modulus, failure stress, and failure strain is obtained as 1%, 5%, and 31%, respec-
tively. Adams and Walrath [1] used finite element analysis for predicting the shear
stress in the specimen. The effect of notch depth, notch root radius, and notch angle on
the shear strength of the composite was discussed. The existing Wyoming shear test
fixture was redesigned for establishing better test procedures. Lee and Munro [20]
established experimental methods for Iosipescu test on advanced composites. It is
suggested that the notch for the specimen can be created by conventional machining
tools; however, the base of notch must be inspected for any micro-damage. Tension
and compression strain gauges are good tools to measure the shear strain field at the
test section. Pindera et al. [28] performed analytical and experimental investigation
on the stress deformation in case of graphite/epoxy and boron/aluminium Iosipescu
specimen. The analytical and experimental results are found to be in good match
in case of graphite/epoxy specimens. However, boron/aluminium specimen shows
some discrepancies due to localized yielding at the notch tips due to a change in
boundary condition. Morton et al. [23] further presented a modified Wyoming shear
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test fixture based on finite element method for studying the shear stress field variation
near the notch. Non-uniform stress field and its effect on the strain gauge measure-
ment, while determining the shear modulus, was also discussed. Xing et al. [40] used
Iosipescu specimen for performing a whole field strain analysis using moiré interfer-
ometry and FEM. A graphite/epoxy woven (0°/90°) laminate was used to determine
the strain distribution outside as well as inside the section. It is observed that most of
the experimental errors are caused due to bending moment, twist and loading points.
Gipple and Hoyns [10] investigated out-of-plane shear for unidirectional and thick
cross-ply laminates using Iosipescu shear test. Both theoretical and experimental
approaches are used. Conventional strain gauges, moiré interferometry, full section
strain gauges are used to determine the shear strain in the composite. Uniform strain
distribution was observed in case of cross-ply laminates whereas the unidirectional
laminates showed non-uniform distribution. Pierron and Vautrin [27] measured the
in-plane shear stress for unidirectional composite by implementing the Iosipescu
test. The test results are supported by finite element method results. The effect of
boundary conditions on failure is studied both experimentally and numerically. It is
concluded that the in-plane shear strength can be determined with a criteria related
to quadratic failure. He et al. [13] performed the shear test with V-notch on unidi-
rectional composites to measure shear strength and in-plane shear modulus. Glass
fibre reinforced polymer and carbon fibre reinforced polymer composites are investi-
gated by incorporating a finite elementmethod (FEM) simulation technique. Both the
numerical and experimental results show uniform stress–strain rate between the two
V-notches which is very necessary for a desired shear test. Hence, it was concluded
that double V-notch (Iosipescu) test is applicable to shear test of composite mate-
rials. Franco and Gonzalez [9] studied the properties of short fibre composites and
the fibre/matrix interaction. The fibre/matrix interaction shear strength was obtained
in order to decide the fibre length of the composite. It was observed that interface
of fibre and matrix can have higher shear strength by varying the mechanical and
chemical interactions among the matrix and fibre. Use of scanning electron micro-
scope also shows a better fibre–matrix adhesion when silane coupling agent is used
for treating the fibres. Yuan et al. [42] studied shear behaviour of inter-metallic
composites using Iosipescu shear test. It was observed that off-axial two-path frac-
tures occur when Iosipescu shear test is performed on inter-metallic composites. In
order to study the failuremechanism, an extended finite element method-based simu-
lation was carried out. Elanchezhian et al. [7] studied the behaviour of CFRP and
GFRP specimens subject to different temperatures as well as strain rates. Fabrication
of fibre-reinforced polymers using hand layup process is discussed. Subsequently,
different tests were conducted like tensile (based on strain rate and temperature),
flexural (based on strain rate), and impact. The tensile and flexural tests show better
properties of CFRP composite as compared to GFRP. Further, scanning electron
microscope (SEM) is used for observing the internal structure of both the compos-
ites for any voids, fractures aswell as delamination between the fibre layers. Ramnath
et al. [30] further studied on glass fibre-based SiC polymer composite which is fabri-
cated using the hand layup process. A sandwich structure of two-layered GFRP in
between SiC layers is considered. Fracture at different modes of the composite is



14 Iosipescu Shear Test of Glass Fibre/epoxy Composite … 357

measured using an Arcan fixture with butterfly specimen. The stress variation is
determined based on the type of resin. Moreover, the effect of glass fibre polymer in
SiC composites is also investigated. It is observed that polyester resin shows much
better shear strength in glass fibre polymer-based SiC polymer structure. Jimit et al.
[17] investigated tensile and fatigue behaviour of GFRP fabricated with hand layup
process. The influence of fibre orientation (0°, 90° and 45°) on the fatigue strength of
the composite is investigated. It is observed that the glass fibre composite with 0°/90°
fibre orientation shows much better mechanical and fatigue properties than that of
the composite having 45° fibre orientations. This is mainly because the longitudinal
fibre orientation in case of 0°/90° can sustain more number of fatigue cycles than
45° composites. Fajrin and Sari [8] investigated fibre-reinforced polymer composites
based on Iosipescu shear test. Natural fibres of jute and hemp are used as reinforce-
ment for preparation of the composites using vacuum bagging process. An MTS
machine was used for conducting shear test with a 10 kN load cell attached to it.
It was concluded that both the jute fibre composite and hemp fibre composite show
cracking in diagonal direction, also called as the off-axial failure. Yang et al. [41]
studied the bending, shear, and compression of stitched woven GFRP composite
fabricated by resin transfer moulding. The shear test was done by grooved coupon
as well as short beam test approaches for various stitching patterns. It is reported
that increasing density of fibre stitching in z-direction makes composite lesser prone
to delamination. Ramnath et al. [29] studied shear behaviour of golf shaft made of
polymer composite material. The shear characteristics of golf shaft were investi-
gated, and it was observed that the shear behaviour of the polymer composite is safe
and can be used for sports application. Therefore, the polymer composite shaft may
replace the steel golf shaft used conventionally due to its low weight and good shear
strength. Swentek and Wood [34] introduced a lap shear test that can be incorpo-
rated for measuring the interfacial shear strength of a GFRP composite. The test was
affected by curing condition of epoxy as well as the chemical treatment at interface.
The location of fracture in the specimen was determined by using time of flight
secondary ion mass spectrometry. The validated results from experiment signify that
themethod can be applied for obtaining shear properties of composite specimen.Naik
et al. [25] investigated polymer composites under shear stress in case of high strain
rate. The composites used in the study are in form of E-glass/epoxy and carbon/epoxy
specimens. Experiments were conducted using the torsional split Hopkinson bar. The
shear modulus and interlaminar strength of both specimens are obtained with respect
to strain rate. It was noted that increase in shear strain rate leads to higher interlam-
inar shear strength, when considered within shear strain rate range. Totry et al. [35]
conducted experiments as well as simulations for studying in-plane shear in case of
cross-ply GFRP composite. It was seen that shear deformation fracture along fibre
direction and at perpendicular to fibres is different to each other. Shear deformation
along the fibre direction leads to local matrix shear parallel to fibres. For perpendic-
ular shear deformation, plastic deformation is observed in matrix and fibre rotation.
Further, increase in the applied strain leads to increase in response between both
orientations. However, the response for the cross-ply laminate can be obtained by
averaging both the individual responses. The effect on shear behaviour due to fibre
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orientation was studied (by Almeida et al. [2]). Four different orientations of fibre
mats along with four different types of test methods were considered in the study.
The 0° fibre orientation shows better shear strength as compared to the 90° fibre
orientation. The double-notched and V-notched test methods were found to be more
useful for finding out the shear strength of a material. Godara et al. [11] investigated
influence of carbon nanotube in GFRP composites by performing the single-fibre
push-out test. The results showed better interfacial strength in the presence of carbon
nanotubes in glass-reinforced epoxy composites. Amaro et al. [3] investigated the
bending behaviour of CFRP composites both numerically and experimentally. It has
been found that the maximum load carrying capacity decreases with an increase in
delamination size but increases with a change in delamination position from middle
towards periphery along thickness direction. The influence of low shear stress is
found to be the major factor for the early failure of delaminated specimens. Aslan
and Daricik [4] studied the compression and buckling behaviour of delaminated
composite plate. Different delamination shapes like strip, circular, and peanut are
tested. It was reported that compressive load carrying is least for strip delamination,
and it is highest for peanut shape delamination. Also, it was found by the author that
influence of multiple delaminations affects compressive more compared to tensile
strength. Xie and Waas [39] used different delamination growth models for failure
prediction numerically which is later verified by experimental results. The numerical
modelling is done in ABAQUS with the use of user-subroutine. From the literature,
it is evident that Iosipescu shear test has not been performed to GFRP composite
with different geometries of delamination. Hence, this chapter discusses the shear
behaviour of GFRP composite having different shapes of delamination between the
V-notches of an Iosipescu specimen.

3 Main Focus of the Chapter

3.1 Experimental Details

3.1.1 Fabrication of Glass/Epoxy Composites

In order to fabricate the glass fibre-reinforced polymer (GFRP) composite, plain
woven E-glass fibre was used as reinforcement. The strands of E-glass fibre are
plain woven in orthogonal directions. The matrix material used for the composite
fabrication is epoxy resin (Araldite AW106). The epoxy has creamy viscous colour
which is mixed with a hardener (HV953) having golden brown colour. The ratio of
proportion in which epoxy AW106 and hardener HV953mixed was 1:1. Themixture
ofAW106/HV953does not release any volatile constituents and gives good resistance
to static and dynamic loads. The range of curing temperature for chosen resin was
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around 20°–150° and that of minimum curing time is 15 h–5 min, respectively. The
following steps have been carried out for fabricating the glass/epoxy composites:

Type A: Composite Specimen Without Delamination
A mould of cast iron having dimensions of 200 mm × 200 mm has been made
for fabricating the composite. The surface of the mould has been kept smooth by
machining process using surface grindingmachine. This is mainly done for obtaining
better surface finish on the specimen composite. The cast iron mould comprises
two different parts, namely the lower mould and the top mould. Both the top and
lower moulds have corner through holes for inserting bolts for tightening. Hence,
the composite material can be sandwiched between the two mould plates during the
curing process. This leads to uniform pressure on the composite layers, providing
better quality as well as material property of the final product. This also helps in
preventing formation of any air bubbles in the composite during curing process.
The step-by-step procedure of fabricating glass fibre-reinforced polymer using hand
layup process is explained briefly in the following section.

First of all, both the mould parts are checked for any surface roughness. If the
surface has any corrosion or dust particles, it is cleaned by the use of emery paper
followed by acetone. Subsequently, the size of theGFRP composite to be fabricated is
decided, and plain woven glass fibre is cut according to desired dimensions. Multiple
numbers of glass fibre mats are cut of same size according to number of layers
required for the GFRP. In the present work, 16 layers of glass fibre are cut as per
the required dimension. Moreover, two transparent sheets/mylar films are also cut
of dimensions more than the mould size. These films are used so that the resin does
not flow and damage the mould surface leading to rough surface of the mould after
curing. One of the mylar films is attached to the lower mould and taped at the edges.
Simultaneously, the epoxy Araldite AW106 along with hardener Araldite HV953 is
mixed in weight ratio of 1:1. The mixing ratio is as per the standard recommended by
the epoxy manufacturer. Proper care must be taken during the mixing of the epoxy
and hardener, as the mixing ratio decides the quality of the resin that is being applied
for fabricating the composite. Themixture must be stirred continuously for 5–10min
until it mixes uniformly showing a light golden creamy colour. The resin mixture
is then applied to the lower surface of the mould and spread evenly with a brush.
A cylindrical roller is used to apply uniform pressure and distribution of the epoxy
without leaving any air bubbles or voids in the epoxy layer. One glass fibre mat cut
previously is placed over the first later of resin followed by the rolling process for
applying uniform pressure over the fibre mat. This helps in proper wetting of the
glass fibre mat by the epoxy resin layer. Another layer of resin is applied over the
glass fibre mat, and the roller is used in a similar way. The process of placing a glass
fibre mat and application of resin layer is repeated as long as the desired layers are
stacked. After final stacking of all fibre mats, a last layer of epoxy is applied and is
distributed uniformly using a roller. Finally, the stacked composite layers are covered
with the second mylar film. The upper mould is then placed over the composite pile
and then screwed from all the corner using nuts and bolts. It is ensured that the bolts
are tightened uniformly so that there is no deviation in the thickness direction of
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GFRP plate. The mould is then kept at ambient temperature for 24 h to finish off the
curing process. In order to reduce the curing time, pre-heating of the mould can be
performed at a temperature as recommended by the resin manufacturer. The mould
is opened after the curing period, and the two layers of mylar films are peeled off
carefully from the glass/epoxy specimen. Finally, a 16-layered and 3.6-mm-thick
GFRP composite is obtained with good surface finish.

Type B: Composite Specimens with Delamination
In addition to the steps mentioned for type A, for creating a delamination, Teflon
tape can be used with required dimension to insert between the glass fibre layers at a
desired location. In this case, a Teflon tape cut in the required shape and dimension
was introduced at the middle layer, i.e. within the eighth and ninth layer of glass
fibre. Three different geometries of delamination have been introduced with different
dimensions. Firstly, a circular delamination is introduced with radius 5 mm. The
second specimen is provided with a square delamination of dimension 5 × 5 mm2,
and the third specimen is having a rectangular delamination with 10 × 5 mm2. The
Teflon tape does not allow adhesion between the eighth and ninth layers of glass
fibre and epoxy, thus creating a delamination in the final specimen. The fabrication
of the four types of glass/epoxy composite specimenwas followed by Iosipescu shear
testing of the specimens and analysis of the results. The above steps are represented
in the form of flowchart in Fig. 1. The cured glass/epoxy composite was taken out
of the mould and is cut using a saw in the form of a double-edged notched specimen
as recommended by Odegard and Kumosa [26] for performing the Iosipescu shear
test. The double-edged notch is created on the specimen in order to ensure maximum
shear stress in between the notches where the delamination is created. According to
ASTM D 5379-93 standard, the dimensions of the specimen are: length = 78 mm,
width= 20mm, thickness= 3.6 mm, notch angle= 90°, and notch depth= 4.4 mm.
All the four types of specimen before undergoing Iosipescu shear test are shown in
Fig. 2.

3.1.2 Experimental Setup

The setup used for carrying out the Iosipescu shear test comprises universal testing
machine (shown in Fig. 3) along with the in-house fabricated Wyoming Iosipescu
shear test attachment (as shown in Fig. 4). Iosipescu shear test has been developed
by Iosipescu [15]. A double V-notch is created on the specimen that is subjected to
a pair of force couples acting in opposite directions. This is considered as a type of
four-point load test for measuring the interlaminar shear strength of the specimen. By
considering a notch angle of 90° and notch depth of 22%of thewidth, a constant shear
stress canbeobtained. In the case offibre-reinforced composite, a stress concentration
occurs near notch tip which is directly proportional with fibre volume fraction as
well as fibre orientation. The Wyoming Iosipescu shear test attachment has been
fabricated by using mild steel blocks by performing cutting, milling, and welding
process. The attachment is placed below the movable cross-head of the universal
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Fig. 1 Flowchart of the
manufacturing process of
GFRP composites

Fig. 2 Glass/epoxy
composite specimen
a without defect; and having
b circular, c square, and
d rectangular delamination

testing machine (UTM) such that one side of the attachment is fixed with the bottom
of movable cross-head of the UTM. The other part of the Iosipescu attachment is
placed at the UTM base as shown in Fig. 4. Both the parts are aligned properly such
that the glass/epoxy specimen sits properly inside the fixture. Two wedge blocks are
inserted in the fixture which is screwed from the sides in order to hold the specimen
intact during the shear test. The wedge should be positioned carefully such that the
specimen centre falls in the junction between two parts of the Iosipescu fixture.
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Fig. 3 UTM setup

Fig. 4 Iosipescu shear test
fixture

During the test, movable cross-head applies vertically downward force to the fixture
fixed to it, leading to generation of shear stress near the centre (delamination location)
of the specimen. The specimen deforms with increasing displacement until the load
in the UTMmonitor falls. Finally, the UTM is stopped, and the force is released from
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Table 1 Properties used during numerical modelling

Material ρ (kg/m3) E (GPa) ν

Epoxy [24] 1540 70.0 0.33

E-glass [2] 2580 80.0 0.35

GFRP specimen (rule of mixture) [21] 2092 75.3 0.34

the fixture followed by removal of the specimen. The experimental data is captured,
and the required results are plotted.

3.2 Numerical Modelling

3.2.1 Selection of Materials

The modelling of the glass/epoxy specimen for performing Iosipescu shear test is
done using ABAQUS software. The reinforcement material in form of plain woven
E-glass fibre mat and matrix material in form of epoxy (Araldite AW106) is used
for assigning the properties of the numerical model. Rule of mixture for composite
materials is incorporated for calculating the properties to be assigned for the GFRP
composite during simulation (1998). This analytical method for calculating material
properties of a composite is based on the individual properties of its constituents.
Table 1 presents the properties used for modelling of the Iosipescu specimen. As
the fibre type is considered as plain woven, the properties are considered same in
orthogonal direction of fibre and hence considered isotropic. The property of the
epoxy is calculated based on themixture ratio (i.e. 1:1) of resin (AW106) andhardener
(HV953). Therefore, the final GFRP specimen properties are considered as per the
number of layers/ volume fractions of fibre and resin layers using rule of mixtures.

3.2.2 Numerical Modelling of GFRP Iosipescu Specimen Without
Delamination

A double-edged V-notch specimen is modelled using part module of ABAQUS soft-
ware. The total specimen thickness is considered as 3.6mm. The primary dimensions
of the specimen are taken as length: 78 mm, width: 20 mm, notch depth: 4.4 mm,
and notch angle: 90°. The specimen modelling in part module was followed by
assignment of material properties (mentioned in Table 1). In order to have uniform
mesh geometry, arc-shaped partition was created near the V-notch. Ten-noded tetra-
hedral element (C3D10R) is used for meshing the model with around 6982 number
of elements (as shown in Fig. 2a). The deformation scale in visualization module
is kept a constant value of 7.76 in case of all the models. Moreover, half portion of
the model was provided with clamped boundary condition, while a 0.5 and 1 mm
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Fig. 5 Schematic diagram
showing boundary and load
conditions on the GFRP
Iosipescu specimen

displacement was considered (one at a time) on other half, as shown in Fig. 5. The
displacement is provided uniformly by selecting all the surface nodes at the right top
portion of the Iosipescu specimen. This helps in generating maximum stress near
the V-notch of the specimen due to smaller cross section at that point. The stress
analysis was performed by using the static general step in ABAQUS. In the field
output history of simulation tool, the whole model was selected to get an idea of how
the stress is generated at the centre of the specimen. Parameters such as von Misses,
SX , SY , and SXY stresses were considered for the study. The field output request in
simulation helps in viewing animation of deformed state of the specimenwith respect
to undeformed one, in case of any of the selected parameters.

3.2.3 Numerical Modelling of GFRP Iosipescu Specimen
with Delamination

Three different shapes of delaminations are considered such as circular, square, and
rectangular that is modelled by providing sliding contact between the middle layers
of GFRP. The delamination ismodelled by creating partition sketch of required shape
and dimension at the middle layer of the composite specimen in between the double
notches. The first delaminated specimen is modelled using a circular partitioned
surface of 5 mm diameter acting as a circular delamination at the central layer of the
specimen. The square and rectangular delaminated specimens are also modelled in
similar way with central partitioned surfaces having dimensions of 5 mm × 5 mm
and 10mm× 5mm, respectively. Variable mesh element size of the specimen is used
as per the mesh convergence test. Mesh elements near the notch and delamination
are kept much smaller than the rest of the specimen. This is done to obtain better
precision of stress values at the defect location. Tie constraint is applied between
the fibre layers (except in the delaminated location) for preventing any sliding of
the composite layers. For imitating the case of realistic delaminations, delaminated
portion in the model is provided with sliding contact interaction properties. This
helps in simulating the rubbing and sliding action of the delamination surfaces over
each other when subjected to load, while the rest of the specimen remains intact. The
meshed model for all Iosipecu specimens is shown in Fig. 6.
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Fig. 6 Meshed model of the Iosipescu specimen a without defect and with b circular, c square,
d rectangular delamination

4 Solutions and Recommendations

4.1 Experimental Results

The properties of glass/epoxy composites depend on its composition, orientation of
the fibres, and the number of fibre layers used. In the present work, 16 layers ofwoven
glass fibremats were used to bondwith the epoxy resin. The composite properties are
also dependent on bonding between the fibre and resin. Thus, the shear properties of
composites (with andwithout delamination)were evaluated using Iosipescu shear test
fixture. Table 2 shows the maximum load and the maximum shear stress determined
for two sets of specimens. The fractured specimens after performing the Iosipescu
shear test are shown in Fig. 7.

The shear test on the glass/epoxy composite specimen with double-edge notch
shows that a maximum load value of 14.75 kN is obtained while the displacement
is around 12 mm for the specimen without delamination (Fig. 8a). The maximum

Table 2 Experimental results obtained from Iosipescu shear test

Specimen type Maximum load (kN) Maximum shear stress (MPa)

Specimen
set 1

Specimen
set 2

Average
value

Specimen set
1

Specimen
set 2

Average
value

Without
delamination

14.25 15.25 14.75 262.84 281.28 272.06

Circular
delamination

13.95 13.00 13.48 257.30 239.78 248.54

Square
delamination

13.25 14.50 13.88 244.39 267.45 255.92

Rectangular
delamination

12.50 14.50 13.50 230.56 267.45 249.01
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Fig. 7 Fractured specimens
after performing Iosipescu
shear test

Fig. 8 a Load versus displacement curve and b stress versus strain curve

shear stress for the glass/epoxy specimenwithout delamination is around 272.06MPa
(Fig. 8b). The specimen breaks drastically after the maximum shear stress is reached.
The results obtained for the glass/epoxy composite with different shapes of delam-
ination namely circular, square, and rectangular are illustrated in Fig. 8. From the
figure, it is clear that the maximum load (13.48 kN) that can be sustained is much
lower in case of circular delamination followed by rectangular (13.50 kN) and square
(13.88 kN) delamination, respectively. Similarly, the stress versus strain plot shows a
same trend where the maximum shear stress for circular delamination (248.54 MPa)
was found to be lower than that of the square (255.92 MPa) and rectangular delam-
ination (249.01 MPa). Thus, it can be suggested that glass/epoxy composite with
circular delamination is more prone to damage and crack growth as compared to
square and rectangular delamination under shear loading. Among different shapes
of delamination, the sequence of maximum shear strength in descending order was
found to be: square, rectangular, and circular delamination.
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4.2 Numerical Results

4.2.1 Mesh Convergence and Comparison with Experiment

Tetrahedral quadratic explicit elements (C3D10R) are used formeshing the Iosipescu
specimens. In case of 0.5 mm displacement, 6982 number of tetrahedral elements is
used, while, in case of 1 mm displacement, 36,853 elements are used. The reaction
force values (in case of 0.5mmdisplacement) obtained from the simulation are found
to be 7.59 kN and 6.462 kN for element size of 2 mm and 1 mm, respectively. The
error percentage calculated among two different element sizes is obtained as 14%.
Lowering the element size gives negligible change of error percentage while the
computation time increases. Hence, the mesh size is fixed at 1 mm in this case, and
it is concluded that the mesh convergence is achieved. Similarly, there is negligible
change in percentage error (found to be 16%) when the element size is lowered in
case of 1 mm displacement. The mesh convergence details are provided in Table 3.
Themesh convergence test was performed in order to select propermesh element size
such that the error % with respect to the computing time is less. The mesh element
size was also varied near the V-notch and at delamination surface to obtain better
results.

The results obtained from the load versus displacement curve for the model
without defect is validated after comparison with experimental results. Validation
of the numerical results compared to the Iosipescu test results is presented in Table
4. The load value obtained in numerical simulation is of 6.462 kN in case of 0.5 mm
displacement, which matches with the experimental results, i.e. 6 kN. Similarly,
12.92 kN was noted in case of 1 mm displacement which agrees with that of the
experimental result. Finally, the error percentage was calculated between the exper-
imental and numerical study which shows 7% and 4% error for the two load values,
respectively.

Table 3 Convergence test
showing error percentage for
variable mesh element size

Mesh size (in mm) Displacement
applied (in mm)

Load (in kN) % error

2 0.5 7.590 14

1 0.5 6.462

2 1.0 15.55 16

1 1.0 12.92

Table 4 Comparison of
experimental and numerical
results

Displacement
(mm)

Experimental
load (kN)

Numerical Load
(kN)

% error

0.5 6.00 6.462 7

1.0 12.4 12.92 4
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4.2.2 Stress Contours of Different GFRP Specimens

The visualization module of the simulation tool is used for obtaining the contour
plots corresponding to stresses values such as von Mises, SX , SY , and SXY for GFRP
composite without delamination. Figure 9 shows the enlarged view of GFRP spec-
imen where the stress concentration is high and at the central layer of the specimen.
This helps in observing the contour and profile of the delamination surface when
subjected to a shear stress. The numerical results for different stress values corre-
sponding to all the four GFRPmodels are presented in Table 5. The specimen having
no delamination has maximum shear strength when compared to specimens with
circular, square, and rectangular delamination. Hence, specimen without delamina-
tion has less chances of failure under shear load when compared to delaminated
specimens.

The deformation process of the delamination shape depicting the delamination
growth is shown in Fig. 10 for a circular delamination. The force applied on the

Fig. 9 a Undeformed, b von Mises, c SX , d SY and e SXY stress contours for GFRP Iosipescu
specimen without delamination

Table 5 Comparison of stresses for non-delaminated and delaminated Iosipescu specimen under
shear loading

Model von Mises (GPa) SX (GPa) SY (GPa) SXY (GPa)

Without delamination 9.877 10.31 6.084 0.089

Circular delamination 6.20 6.52 3.590 0.074

Square delamination 6.840 7.660 3.753 0.074

Rectangular delamination 7.127 7.422 4.687 0.439

Fig. 10 Growth of delamination in case of circular delaminated Iosipescu specimen



14 Iosipescu Shear Test of Glass Fibre/epoxy Composite … 369

specimen near the delamination zone is shown in Fig. 10a. The forces are acting
orthogonal to each other intersecting at opposite corners of the specimen. Hence, two
resultant forces are obtained which provides compressive loading in+45° directions
and tensile loading in −45° directions, as shown in Fig. 10b. As the compression
and tension are experienced from two directions that are orthogonal to each other,
the delamination growth for circular shape forms an ellipse. Higher stress concentra-
tion occurs due to elliptical delamination shape which further leads to lowest shear
strength in this case. This concept of delamination growth can be well accounted
from the case of an infinite plate having elliptical hole using fundamental theory of
fracture mechanics [19]. Therefore, composite specimens with circular delamina-
tions tend to fail faster under shear loading as compared to other shapes. The stress
contours related to all different stress values in circular delaminated specimen is
shown in Fig. 11.

The delamination growth in square delaminated GFRP specimen is illustrated in
Fig. 12. Similar to the previous case, a pair of tensile and a pair of compressive force
are experienced at the delamination region which leads to the change of delamination
shape into rhombical form, as shown in Fig. 12c. It is evident from the results that the
shear stress for square delamination is more than that of the circular case. The reason
for this is that the rhombic area has stress concentration at the notches under shear

Fig. 11 a Undeformed, b von Mises, c SX , d SY and e SXY stress contours for GFRP Iosipescu
specimen with circular delamination

Fig. 12 Growth of
delamination in case of
square delamination
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loading. Moreover, the area under shear in this case is almost analogous to that of
the circular delamination, and hence, it experiences approximately same amount of
shear stress. The square delaminated specimen with all stress contours is illustrated
in Fig. 13.

Finally, the results corresponding to rectangular delamination are presented in
similar manner, as shown in Fig. 14. In this case, the shear load leads to formation of
quadrilateral shape of delamination, as shown in Fig. 14c. As observed from Table
5, rectangular delaminated specimen has the highest strength under shear loading
among all the different delamination shapes. The primary reason for this is that the
loading area has much lower side edges as compared to the edges normal to shear
force. It helps in uniform load distribution on the delamination that is not found
in rest of the cases. Hence, it can be concluded that composite specimens having
rectangular delamination are less prone to failures as compared to other shapes when
subjected to shear. Figure 15 shows the numerical stress contours for rectangular
delaminated GFRP specimen.

Fig. 13 a Undeformed, b von Mises, c SX , d SY and e SXY stress contours for GFRP Iosipescu
specimen with square delamination

Fig. 14 Growth of
delamination in case of
rectangular delamination

Fig. 15 a Undeformed, b von Mises, c SX , d SY and e SXY stress contours for GFRP Iosipescu
specimen with rectangular delamination
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5 Conclusions

In this chapter, the process of fabrication for glass/epoxy composite is explained in
detail by using the hand layup process. Four different configurations of glass/epoxy
composite have been fabricated, one without delamination and the rest three with
different geometries of delaminations. The delaminated specimen is provided with
circular, square, and rectangular delamination that was fabricated by introducing
Teflon tape in between the glass fibre layers at the middle section. Subsequently, a
Wyoming fixture for shear test is developed for performing the Iosipescu shear test.
The Iosipescu shear tests are successfully carried out for all type of specimen, viz.
with delamination and without delamination, in order to study their behaviour under
shear loading. The load versus displacement and stress vs strain graph are plotted for
each test specimen. Moreover, numerical simulation has been performed to compare
with the experimental data. The simulated results for glass/epoxy specimen without
delamination show good agreement with the experimental data and have very less
deviation. The stress contours of all four glass/epoxy specimens generated due to
shear load are presented by using von Mises, Sx, Sy, Sxy values. It is observed that
glass/epoxy specimen without defect has the highest shear strength. The specimen
with circular delamination shows the lowest shear strength when compared with
square and rectangular delamination. This is mainly because the circular delamina-
tion grows in elliptical shape due to shear loading. Therefore, the circular delami-
nation is more prone to delamination growth that may lead to failure of glass/epoxy
composite under shear loading.

6 Future Research Directions

In future, the shear behaviour of different delamination geometries in glass/epoxy
specimen can be carried out for other types of shapes at different positions as well
as at different layers other than the middle. Subsequently, the strain developed in
the glass/epoxy specimen during Iosipescu shear test can be measured by the help
of strain gauges based on Wheatstone bridge circuit. Moreover, different types of
composites like carbon fibre-reinforced polymer (CFRP) can also be studied with
different delamination geometries. Realistic delamination created using low velocity
impactswith different shapes of indenters can also be testedusing Iosipescu shear test.
This will help in investigating shear behaviour of composites having arbitrary shapes
and sizes of real delaminations. However, numerical simulation of such realistic
defects cannot be performed due to the complexity of the delamination geometry.
Other types of shear tests such as V-notched rail shear test can also be investigated
followed by a comparison study with Iosipescu shear test described in this chapter.
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Chapter 15
Parametric Study of Dispersed
Laminated Composite Plates

Celal Cakiroglu and Gebrail Bekdaş

1 Introduction

Fiber-reinforced composite materials are increasingly used in structural engineering
because of their superior strength and stiffness properties compared to more conven-
tional structural materials. Laminated composite plates are one type of structural
members which is made of a number of layers with different fiber orientations. The
sequence of fiber angles and ply thicknesses in laminated composite plates largely
determines the performance of these structural members. There has been exten-
sive research on the optimization of laminated composite plates in order to obtain
maximum performance from these structural members while reducing their weight
as much as possible.

The research in the area of laminated composite plate optimization can be catego-
rized according to the optimization objective or according to the method of optimiza-
tion used in the research. Someof themost frequently investigated research objectives
in this field can be listed as the maximization of the fundamental frequency, maxi-
mization of the buckling load, minimization of the structural weight or cost and the
minimization of the structural deformation.

On the other hand, the methods of optimization used in this area are much more
diverse. Earlier literature in this field contains mostly gradient-based methods and
nonlinear programming techniques, whereas more recent literature contains various
genetic and metaheuristic algorithms. Among these algorithms, harmony search, ant
colony, Tabu search and scatter search were most frequently used in the literature.
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1.1 Hybrid Laminated Composite Plates

Most of the research in this area analyzes carbonfiber-reinforced composites (CFRP),
whereas boron/epoxy and glass/epoxy composites received less attention from
researchers. In addition to laminated plates made of a single type of composite mate-
rial, also hybrid laminated composite plates are increasingly being investigated in the
composites literature. In these structures, the more expensive composites with higher
stiffness are used in the surface layers of the plate while the less expensive and lower
stiffness composites are used in themiddle layers. The hybridization approachmakes
use of the fact that the surface layers with higher stiffness carry the larger portion of
the load. As a result of this structural behavior, it is possible to significantly reduce
the structural cost without compromising on the structural performance by using
hybrid laminates. The performance of hybrid laminates was extensively investigated
in the literature. Reis et al. [11] performed static and fatigue tests using a single
hemp fiber/polypropylene middle layer and two glass fiber/polypropylene surface
layers. It was shown that the hybrid laminated composites have higher specific static
stiffness and specific fatigue strength compared to the regular laminated composite
plates made of glass fiber/polypropylene layers only. In one of the earliest studies
dealing with the optimization of hybridized laminated plates [3], investigated funda-
mental frequency maximization and cost minimization of graphite–epoxy/glass–
epoxy hybrid laminates. Similarly [1, 2], investigated hybrid laminates where the
core laminae consist of glass/epoxy composite with less stiffness and the surface
laminae consist of CFRP with high stiffness. In these multi-objective optimization
studies, the fundamental frequency of the laminated platewasmaximized and the cost
of the structure was minimized using the ant colony optimization algorithm. Luersen
and Lopez [10] present the application of a genetic algorithm in material cost mini-
mization of hybrid laminated composite plates with glass–epoxy and carbon–epoxy
layers. The angles of fiber orientation, number of laminae and the material used in
each lamina were assigned as the design variables. As the optimization constraints,
an upper bound for the weight, global buckling and failure of an individual ply were
chosen. For the ply failure constraint, the maximum stress, Tsai–Wu and Puck failure
criterions were applied separately, and the optimization outcome was compared for
each one of these failure criteria. In another study dealing with the vibration behavior
of hybrid laminated composites [6], investigated the natural frequencies and buck-
ling loads of plates with glass fiber-reinforced polymer (GFRP) cores and aluminum
surface layers. Furthermore, the variation of the buckling loads and natural frequen-
cies of the hybrid plates with respect to the thickness to length ratio of the middle and
surface laminae was presented. The sensitivity of laminated composite plates with
respect to various geometric dimensions andmechanical parameters is an extensively
investigated area of research. Thakur et al. [12] carried out a sensitivity analysis of
displacement and natural frequency with changing fiber orientation angles, radius
of curvature of the shell structure, material density and external loading. In order to
identify themost important properties having an impact on the structural response, an
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importance factor was assigned to each one of these material and geometric param-
eters based on the sensitivity analysis. The elasticity and shear moduli were found
to be the most significant parameters affecting the structural response of laminated
shells. KurheNikhil et al. [9] carried out various parametric studieswith respect to the
fundamental frequency, mode shapes and deflections of laminated composite sand-
wich plates using the finite element software ANSYS. The results of these studies
showed that fiber angle orientations and boundary conditions can significantly alter
the structural response.

1.2 Thermal Buckling Analysis of Composite Laminates

In the literature concerned with the buckling analysis of laminated composite plates,
a significant amount of research is about the thermal buckling of laminated plates.
In one of the earlier works in this field [13], investigated the buckling of laminated
plates for critical temperatures. Cross-ply (fiber angles alternating between 0° and
90°) and angle-ply (fiber angles alternating between arbitrary predetermined values
−θ and + θ ) laminations with symmetric and antisymmetric stacking sequences
were investigated. It was found that the critical temperature increases with the aspect
ratio of the plate. Avcı et al. [5] investigated the buckling of glass–epoxy and boron–
epoxy plates with a hole under thermal loading. Symmetric (−60°/60°/60°/−60°)
and antisymmetric (60°/−60°/60°/−60°) fiber angle sequences were investigated.
The buckling temperature was found to increase rapidly once the d/b ratio (the ratio
of the hole diameter to the side length) exceeds 0.2.

In this parametric study, we are aiming at getting an optimal stacking sequence
for laminated composite plates (Fig. 1) made of CFRP which was chosen because
of being the most widely used composite material in structural components. Similar
to most studies dealing with hybrid laminated composite plates, the plates in this
parametric study consist of two surface layers and one core layer. Table 1 shows the
mechanical properties of the CFRP composite used in this parametric study. In Table
1, E1 and E2 are the elasticity moduli of a lamina in directions parallel and transverse
to the longitudinal fiber directions, respectively. G12 is the shear modulus, and ν12 is
Poisson’s ratio of a lamina.

Fig. 1 Angle-ply(left) and
cross-ply(right) laminations
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Table 1 Material properties
of the CFRP plates [8]

Mechanical properties Carbon fiber (CFRP)

E1 (N/mm2) 157,000

E2 (N/mm2) 8500

G12 (N/mm2) 4200

ν12 0.35

In this research, a comprehensive parametric study is conducted in order to achieve
the best possible stacking sequence for a rectangular laminated composite plate with
a given ratio of side lengths. The performance of each stacking sequence is evaluated
based on its buckling load which is computed using the eigenvalue buckling analysis
procedure of the finite element software Abaqus. The fiber orientations and ply
thicknesses are chosen to be the design variables, whereas the fiber orientations in
the literature are mostly fixed at 0°, ±45°, 90°; our research is focused on dispersed
laminated composite plates where the fiber orientation angles can take any value
between−90° and 90°. However, due to the high computational overhead simulating
all possible stacking sequences would entail, the buckling loads are only computed
at certain predetermined fiber angle combinations. In this way, a large number of
possible combinations of fiber orientations are simulated in this study. The second
design variable which is the ply thickness is varied in 0.25 mm increments. The
lowest ply thickness included in the parametric study was 0.25 mm, and the highest
ply thickness value was 1 mm. An upper bound of 2.25 mmwas set for the total plate
thickness. In this parametric study, all possible combinations of the fiber orientation
angles 0°, ±22°, ±44°, ±66, ±88° were simulated. Furthermore, for any given
fiber angle sequence, all possible combinations of 0.25, 0.5, 0.75 and 1 mm ply
thicknesses were simulated for a three-layered laminated CFRP plate. This led to
a better understanding of the significance the individual ply thicknesses and their
positions in the stack have. The visualizations of the results showed that for any
given fiber angle sequence, the distribution of the ply thicknesses can lead to more
than 50% fluctuations in the buckling load of a laminated plate.

2 Method

Rectangular laminated plates with the aspect ratio (ratio of the side lengths) of 3.2 are
simulated. All stacking sequences with a total plate thickness less than 2.25 mm have
been eliminated. This plate configuration is adopted from Führer [8]. The stacking
sequences are chosen to consist of three layers (one mid-layer and two outer layers).
The fiber angles are varied with increments of 22°. In this way, fiber angles outside of
the conventional range of (0°,±45°,±90°) are analyzed. At the same time, the total
number of analyzed stacking sequences is kept within the range of what is compu-
tationally viable. In this way, a total number of 7290 unique stacking sequences
were produced. The sample space for the stacking sequences is limited to plates with
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Fig. 2 Flowchart of the
parametric study

exclusively 2.25mm total thickness. The reason behind this limitation is that the plate
thicknesses vary with 0.25 mm steps, and the highest buckling loads are unlikely to
occur at smaller plate thicknesses. Furthermore, including a larger variation of ply
numbers and thicknesses increases the total number of stacking sequences by several
orders of magnitude so that the parametric study becomes intractable. Therefore,
optimization problems with greater numbers of variables are often addressed using
various metaheuristic or genetic algorithms. For each stacking sequence, the corre-
sponding buckling loads are computed using the eigenvalue buckling analysis proce-
dure of Abaqus. Following flowchart illustrates the entire process of this parametric
study (Fig. 2).

2.1 Eigenvalue Buckling Analysis

For anygiven loading condition, the eigenvalue buckling analysis provides uswith the
magnitude of loading that would bring about an unstable equilibrium of the structure.
This corresponds to a state of loading where the model tangent stiffness matrix (K t )
becomes singular, i.e., the equation K tv = 0 has non-trivial solutions for v. In order
to determine the critical loading level at which K t becomes singular, the applied load
is increased in small increments. The initial loading pattern is determined through
unit loads. Subsequently, these initial loads are multiplied by the load multiplier λ

which controls the magnitude of load increase at each load increment.
The tangent stiffness matrix K t is separated into a base state component K 0 and

a nonlinear component KNL the mathematical derivation of which can be found in
[7]. Following equation determines the values of λ that correspond to the load levels
at which instability can occur as follows:

det(K 0 + λKNL) = 0
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The smallest value of λ obtained from the above equation is used as the critical
loading level or the buckling load.

3 Results

Among the 7290 unique stacking sequences simulated in this parametric study, the
best performing stacking sequence was (44°/−44°/44°/0.5 mm/1mm/0.75mm)with
a buckling load of 3278.1 N. Obviously, the same performance can be obtained from
a stacking sequence (−44°/44°/−44°/0.75 mm/1 mm/0.5 mm) as well. The critical
buckling mode of this plate configuration is shown in Figs. 3 and 4.

The second highest buckling load in this study was 3185.3 kN for a stacking
sequence of (44°/−66°/44°/0.5/1/0.75). The third highest buckling load of 3096.7 N
was obtained from the stacking sequence (22°/−66°/22°/0.5/1/0.75), and the fourth
highest load of 3049.8 N was obtained from (44°/−44°/44°/0.25/1/1). This ranking
of stacking sequences shows that the best performing stacking sequences are the ones
where the core layer has the greater thickness than the surface layers. A comparison
of the best performing stacking sequence with the fourth best performing stacking
sequence shows that they have identical fiber angle sequences. However, in the latter
stacking sequence the ply thicknesses are not well balanced which leads to a 7.5%
decrease in the buckling load. We can further analyze the effect of the ply thickness
distribution on the buckling load by visualizing the variation of the buckling load for

Fig. 3 Top view of the critical buckling mode of the plate configuration with the highest buckling
load

Fig. 4 Side view of the critical buckling mode of the plate configuration with the highest buckling
load
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Table 2 Variation of the
buckling load with respect to
ply thickness sequence for the
fiber angle sequence
(44°/−44°/44°)

Thickness sequence (mm) Pbuck (N)

(0.5/1/0.75) 3277.5

(0.25/1/1) 3049.8

(0.5/0.75/1) 2693.3

(0.75/0.75/0.75) 2664.5

(0.75/0.5/1) 2274.8

(1/0.25/1) 2086.8

a fixed fiber angle sequence. We start this visualization with the fiber angle sequence
(44°/−44°/44°) which delivered the highest buckling load in our parametric study.
A list of all different ply thickness combinations and their corresponding buckling
loads for the fiber angle sequence of (44°/−44°/44°) can be found in Table 2. A
visualization of the values in Table 2 is given in Fig. 5.

Table 2 and Fig. 5 show that the ply thickness distribution (0.75/0.75/0.75) where
all plies have equal thickness is one of the least favorable distributions even though
stacking sequences with identical ply thicknesses are commonly applied in the
industry and composite laminates research [4, 8, 14]. It can be observed that there is
a 57% difference between the best performing and worst performing ply thickness
distributions in Table 2 and Fig. 5. This is a clear indication that optimization proce-
dures have the potential to significantly increase the buckling load of a laminated
composite plate. On the other hand, using the information contained in Table 2 and
Fig. 5 one can conclude that there is a correlation between the thickness of the core
layer and the buckling load of the plate. Clearly, as the core layer thickness increases
from 0.25 to 1 mm, the buckling load also increases. Furthermore, there is not a
single example of an increase in the core layer thickness which is accompanied by a
decrease in the buckling load in Table 2.

Fig. 5 Variation of the buckling load with respect to ply thickness sequence for the fiber angle
sequence (44°/−44°/44°)
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In order to better understand how the core layer thickness effects the buckling
load, the visualization in Fig. 5 is repeated for the fiber angle sequences that deliv-
ered the highest buckling load values mentioned in the beginning of this section. A
similar pattern is observed for the other two angle sequences. In case of the angle
sequence (22°/−66°/22°), the thickness sequence with the identical ply thicknesses
has a slightly greater buckling load compared to the other two angle sequences
(Figs. 6 and 7; Tables 3, 4 and 5).

Figure 8 shows the distribution of the buckling loads for a constant core layer thick-
ness of 1 mm and constant outer layer thicknesses of 0.5 mm and 0.75 mm which is
the thickness sequence that resulted in the highest buckling load. The fiber orienta-
tion angle of the core layer is fixed at 44°. In this image, the buckling loads between
2000 and 3000 N are shown with gray color, and a small number of buckling loads

Fig. 6 Variation of the buckling load with respect to ply thickness sequence for the fiber angle
sequence (44°/−66°/44°)

Fig. 7 Variation of the buckling load with respect to ply thickness sequence for the fiber angle
sequence (22°/−66°/22°)
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Table 3 Variation of the
buckling load with respect to
ply thickness sequence for the
fiber angle sequence
(44°/−66°/44°)

Thickness sequence (mm) Pbuck (N)

(1/0.25/1) 2087

(0.75/0.5/1) 2269

(0.75/0.75/0.75) 2631

(0.5/0.75/1) 2652

(0.25/1/1) 2942

(0.5/1/0.75) 3185

Table 4 Variation of the
buckling load with respect to
ply thickness sequence for the
fiber angle sequence
(22°/−66°/22°)

Thickness sequence (mm) Pbuck (N)

(1/0.25/1) 2227.8

(0.75/0.5/1) 2376.6

(0.5/0.75/1) 2653.9

(0.75/0.75/0.75) 2676.3

(0.25/1/1) 2805.1

(0.5/1/0.75) 3096.7

Table 5 Percentage
difference between the best
and worst performing ply
thickness sequences for a
given fiber angle sequence

Fiber angle sequence Difference (%)

(44°/−44°/44°) 57

(44°/−66°/44°) 53

(22°/−66°/22°) 39

Fig. 8 Core layer thickness is 1 mm, core fiber angle is 44°, thicknesses of the surface layers are
0.5 and 0.75 mm
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in the 3000–4000 N range are shown with yellow color. Clearly in Fig. 8 the higher
buckling loads are concentrated at the lower left corner where also the (−44/44/−44)
fiber angle sequence is located. The upper right portion of the image where the fiber
angles of the surface layers are close to ±90° or 0° is largely populated by lower
buckling loads. The upper side of Fig. 8 also contains the worst performing stacking
sequence of the entire parametric study which is 0°/44°/88°/1 mm/0.5 mm/0.75 mm.
Overall, the stacking sequences having ±88° degrees and 0° surface fiber angles
performed worse than the other stacking sequences with an average buckling load of
1474.9 N.

4 Conclusions

The structural performance of laminated composite plates can be significantly
affected by their stacking sequence. In this study, laminated CFRP plates consisting
of three layers were analyzedwith respect to the influence of their stacking sequences
on their buckling loads. After a parametric study of the buckling load corresponding
to 7290 different stacking sequences, it was found that the distribution of the ply
thicknesses in a laminated composite plate can have a profound effect on the struc-
tural performance. The plates with the best performance were the ones where the
core layer has greater thickness than the surface layers. Significant differences were
observed between the buckling loads of the best and worst performing thickness
sequences for any given fixed fiber angle sequence.

Furthermore, it was observed that the thickness sequence (0.75/0.75/0.75) is one
of the less favorable thickness sequences despite the fact that stacking sequences
with identical ply thicknesses are commonly used in the industry. The best result
out of a parametric study was obtained from a plate with the stacking sequence
of (44°/−44°/44°/0.5 mm/1 mm/0.75 mm) corresponding to a buckling load of
3278.1 N. The worst performing stacking sequence of this parametric study was
(0/44/88/1mm/0.5mm/0.75mm)with a buckling load of 1232.1N. This corresponds
to a 166% fluctuation in the buckling load due to changes in the stacking sequence.
This outcome elucidates the importance of choosing the right stacking sequence and
draws attention to the fact that the choice of a proper stacking sequence is a decisive
factor that can have a significant impact on the structural cost and performance.

Further research in this field can be carried out using different material types for
the core and surface layers. A limiting factor of this study was the computational
impracticality of simulating stacking sequences with a larger number of layers. In the
future, a similar study can be carried out usingmetaheuristic optimization algorithms
to maximize the structural performance as a function of the stacking sequence and
the material properties.
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Chapter 16
Modeling Fracture in Straight Fiber
and Tow-Steered Fiber Laminated
Composites—A Phase Field Approach

Hirshikesh, Ratna Kumar Annabattula, and Sundararajan Natarajan

1 Introduction

The word composite implies a material consisting of at least two distinct constituents
(phases/materials) of entirely different physical/chemical properties. They are also
referred to as engineered materials and some of them are inspired from natural
composites, viz., wood, human teeth, bone,muscle, to name a few. The salient feature
of such engineeredmaterials is that the equivalent property of composite is better than
its individual constituents. Within the composite, however, the constituent elements
can be easily identified as they do not dissolve/blend into each other [1]completely.
This is because, a composite material is manufactured by embedding the matrix
(host) material, with reinforcements, such as filaments or stacking of laminae [2].
A careful choice of constituents can lead to a composite materials that is lighter,
increased fatigue life, improved wear and corrosion resistance [3].

Of these, laminated composites are preferred as they have better mechanical char-
acteristics and are more convenient to manufacture than the particle-reinforced com-
posites; further, the volume fraction of the constituent components is easy to con-
trol [4, 5]. In addition, due to the presence of interface (matrix-fiber interface), the
mechanical properties are improved. The interfaces act as barriers to crack prop-
agation and deflect the cracks at the interface, thus enabling more fracture energy
consumption [6, 7]. The laminated composite can be categorized as: (a) constant stiff-
ness composite laminates (CSCL), and (b) tow-steered composite laminates (TSCL)
based on the stiffness variation within the laminates. The CSCL is considered as a
single domain with uniform staking sequence, fiber density, fiber orientation, and ply
thickness. Whereas, TSCL is regarded as a domain consisting of multiple elements
with different stacking sequence andmodifies the load-carrying directions within the
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laminate, such that the stress distributions are within design tolerances and uniform;
further, it improves the global response of structures in terms of failure stress, critical
buckling load, and stiffness [8]. The flexibility offered by the TSCL, i.e., it allows
the fiber to be placed at any angle, also increases the computational complexity of
adequately predicting their response. Several approaches are presented to predict
their response accurately [9–11].

In spite of the improved material properties that the composites offer, the pres-
ence of different constituents introduces interface macroscopically. The presence of
an interface can lead to stress raisers and potential region for crack initiation; fur-
ther, this can lead to failure of the structure. Typical failure processes in composite
laminates include cracking of fibers, crack formation in the matrix, and debond-
ing of matrix-fiber interface and/or delamination of plies [12, 13]. The catastrophic
collapse of the system is associated to the matrix cracking, while, loss of strength
is associated to stiffness and strength degradation [14]. Experiments have shown
that the free edges or the presence of discontinuities is the prominent region for the
delamination to start [15]. Such diverse damage mechanisms cause the composite to
lose strength gradually and eventually to catastrophic failures [16]. Brittle fracture
is the prominent failure mode of unidirectional composites and the energy release
mechanisms are by the deflection of the crack at the interface, shielding of crack by
interfaces/other discontinuities, and branching of cracks [17, 18]. The crack orien-
tation and propagation is highly influenced by the strength of the interface and the
fracture toughness [19].

Complex fracturemechanisms in composites prohibit theoretical studies and often
numerical approaches combined with experimental tests are employed. There are
various numerical approaches that have been adopted in the literature to model the
fracture characteristics in a composite laminate, some of them are: cohesive zone
models [20], discrete element method [21], the eXtended finite element method [22,
23], and diffuse crack approach [24]. Aforementioned approaches requires a priori
knowledge of the crack path, a criteria for changing crack morphology. This is cir-
cumvented by the introduction of phase field method for fracture by the seminal
work of Francfort and Marigo [25], and Bourdin et al. [26]. The phase field method
(PFM) was originally developed for interface problems and applied to the mate-
rial solidification process [27–30]. Within the PFM framework, sharp interfaces are
approximated by a scalar field variable that is continuous that distinguishes between
multiple phases within the system through a smooth transition. In the last decade, the
PFM is used by the physics andmechanics community to simulate fracture problems.
In the context of fracture, order the parameter (termed as the phase field parameter)
used to represent the fully broken and intact material phase with smooth transition
(see Fig. 1c). The physics community models are generally based on the Landau-
Ginzburg phase transition [31], and the mechanic’s community uses a model based
on Griffith’s theory. Different models used by

• physics community: Aranson et al. model [32], Karma et al. model [33], Henry
and Levine model [34],
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• mechanics community1: Francfort and Marigo model [25], Bourdin model [26],
Kuhn and Müller model [35, 36], Amor, Marigo and Maurini model [37], Miehe
model [38, 39], Borden model [40], Hybrid model [41].

Due to its attractive features, the PFM is applied to wider range of engineering
problems; some of them include: ductile fracture [42], thermal fracture [43], brittle
fracture in functionally graded materials [44, 45], failure in composites [46, 47] and
ceramics [48], crack growth in rocks [49], strength prediction infiber-reinforced com-
posite [12, 50, 51], and laminated composite [52], to name a few. Some researchers
have used the UEL feature of the commercial software Abaqus [53, 54] to implement
the phase field method, while Hirhikesh et al. [55] implemented the method in the
open source finite element software, FEniCS.

The primary objective of this chapter is to discuss the implementation aspects of
the PFMfor an orthotropicmaterial, and constant and tow-steered stiffness composite
laminates in FEniCS. The effect of different parameters, such as, the inter-matrix
spacing and the angle of the fiber on the load-carrying capacity is discussed with a
few carefully chosen examples. This will enhance the understanding of fracture in
composites.

2 Overview of Phase Field Method

A linear elastic body with a discontinuity (material and crack) occupying the domain
� ⊂ R

d , where d = 2,3, represents the dimension of the problem (See Fig. 1). The
domain is bounded by � with a unit outward normal n, accommodates the follow-
ing disjoint sets, viz., � = �D ∪ �t ∪ �c and �D ∩ �t = ∅, where on �D represents
the region over which Dirichlet boundary conditions are specified and Neumann
conditions are enforced on �t . The discontinuous surface that denotes the crack is
represented by �c, which in this study is denoted by a phase field variable φ ∈ [0, 1]
with φ = 1 represents the completely damaged state (see Fig. 1b, c).

2.1 Governing Balance Equations

The evolution of the fracture topology within PFM is captured by minimizing the
total potential energy [25]. The total potential energy is given by the sum of bulk and
surface energy as:

� = �b + �s =
∫

�

ψ(ε)d�

︸ ︷︷ ︸
bulk energy

+
∫

�

Gcd�

︸ ︷︷ ︸
surface energy

, (2.1)

1The phase-field models used by the mechanics community and further improvements will be
discussed in Sect. 2 in detail.
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Fig. 1 a A discrete representation of the interface � and a sharp crack �c in a domain �, b con-
forming representation of the interface, while a diffuse representation for the crack and c schematic
of the scalar field variable φ, used to represent crack. Note that width of the crack is controlled by
�o

where the small strain tensor is ε = 1
2

(∇euT + ∇eu
)
, Gc is the critical energy release

rate, ψ(ε) = 1
2λ (tr ε)2 + μtr(ε2) is the elastic energy density and Lamé constants

are denoted by μ and λ. where ∇eT is a vector Laplacian which is defined as

∇eT =
[

∂
∂x 0 ∂

∂y

0 ∂
∂y

∂
∂x

]
.

Upon introducing a damage variable to the strain energy, �b is modified as:

�b =
∫

�

[
(1 − φ)2 + k

]
ψ(ε)d�, (2.2)

where k < 0 is introduced for numerical stability. Further, by constructing a crack
density functional ��o using a scalar field variable (φ), �s in Eq. (2.1) can be written
as [56]:
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∫

�

Gcd� ≈
∫

�

Gc

(
1

2�o
φ2 + �o

2
|∇φ|2

)
d�. (2.3)

With these modifications to the surface and the bulk energy, � is rewritten as:

� =
∫

�

[
(1 − φ)2 + k

]
ψ(ε) + Gc

(
1

2�o
φ2 + �o

2
|∇φ|2

)
d�. (2.4)

Governing differential equations are derived by employing the variational principle
that includes the internal and the external work; δWint and δWext. The internal energy
δWint is computed by taking the variation of � as

δWint =
∫

�

[
σ δε − (2 − 2φ)δφ ψ(ε) + Gc

(
1

�o
φδφ + �o∇φ · ∇δφ

)]
d�. (2.5)

The variation of the external work δWext is obtained as

δWext =
∫

�

t̄ · δu d�, (2.6)

where t̄ is the external traction imposed on�t . In the above equation, it is assumed that
there are no body forces and inertial forces. Imposing the constraint δWint − δWext =
0, results, find (u, φ) : � → R

d such that:

∇ · σ = 0 in �, (2.7a)

−Gc�o∇2φ +
[Gc

�o
+ 2H

]
φ = 2H in �, (2.7b)

σ · n =t on �t, (2.7c)

u =u on �D, (2.7d)

∇φ · n =0 on �, (2.7e)

where H is the history variable that depends on the strain energy, ψ(ε) and is given
by:

H =
{

ψ(ε), if ψ(ε) > Hn,

Hn, otherwise,
(2.8)

where n denotes the load step and σ = [
(1 − φ)2 + k

]
∂ψ(ε)

∂ε
is the modified Cauchy

stress tensor. This model is known as an isotropic model in the literature [41]. The
shortcoming of this model is that if fails to distinguish between the crack propagation
in the tensile and compressive regions. Table 1 presents the various approaches that
been postulated in the literature to alleviate someof the difficulties associatedwith the
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Table 1 Difficulties associated with the phase field method and proposed advances

Area of concern Solution scheme

Convergence of solutions (non-convex
problem)

Staggered scheme [39]

Arc-length control method [58]

Line search assisted with monolithic approach
[59]

Unphysical crack propagation in compressive
region [41, 60]

Decomposition of strain tensor into deviatoric
and volumetric part [37]

Spectral decomposition of the strain tensor [39]

The hybrid approach [41]

Improved volumetric and deviatoric
decomposition of the strain tensor [61]

Decomposition of stress tensor [62]

Irreversible constraints Introduction of history-field variable H+ [39]

Unphysical crack propagation at the boundary Fourth order phase-field model [63, 64]

�-convergence
The scaled fracture energy [60]

Computationally expensive Adaptive PFM [63, 65–67]

Length scale sensitivity Scale insensitive phase-field damage model
[62]

Crack widening on the boundary [57] Still open to solve

Mixed mode fracture in rock Modify crack driving force [68, 69]

conventional PFM, such as: (a) prevent crack propagation in the compressive region,
(b) non-physical crack propagation at the boundary and (c) length scale sensitivity.
Readers are referred to [41, 57] that gives a comprehensive overview of different
phase field approaches.

In this chapter, we employ the hybrid formulation that has the advantages of an
isotropic model (i.e., the elastic equilibrium equation remains linear) and anisotropic
model, that ensures that the crack propagates only by the tensile elastic energy, ψ+.

−Gc�o∇2φ +
[Gc

�o
+ 2H+

]
φ = 2H+ in �, (2.9)

∀x : �+ < �− ⇒ φ :=0 (2.10)

H+ in Eq. (2.10) is give by: H+ := maxτ∈[0,t]�+(ε(x, τ )) and second constrain in
Eq. (2.10) ensures that the crack faces do not inter penetrate. and

�±(ε) = 1

2
λ〈tr(ε)〉2± + μtr(ε2

±), (2.11)

with 〈·〉± := 1
2 (· ± | · |), ε± :=

3∑
I=1

〈εI 〉±nI ⊗ nI and ε = ∑3
I=1〈εI 〉nI ⊗ nI , where

εI and nI are the principal strains and the principal strain directions, respectively.
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2.2 Numerical Implementation

A Bubnov-Galerkin procedure is adopted to develop the weak form for the coupled
Eq. (2.7). The domain is decomposed into non-overlapping regions called elements
and a polynomial representation is adopted for the unknownfield and the geometry. In
this chapter, the unknownfields (u, φ) is represented byLagrange basis functions as:

u = {u, v} =
n∑
I

NI {uI , vI } (2.12a)

φ =
n∑
I

NIφI (2.12b)

whereNI are the hat functions, n is the total number of nodes in the domain and uI , φI

denotes nodal variables. The corresponding weak form is given by: Find (u, φ) such
that:

∫

�

σ (u) : ε(v) d� =
∫

�t

t̂ · v d�, (2.13a)

∫

�

{
∇θ Gc�o∇φ + θ

[
Gc

�o
+ 2H+

]
φ

}
d� =

∫

�

2H+θ d� +
∫

�

∇φ · n θ d�

(2.13b)

The unknown field variables (u, φ) are computed by solving the coupled equations
(Eq. 2.13). Typical choices are Newton-Raphson and staggered approach. Due to the
different nature of the equations, the Newton-Raphson approach has been known to
yield converged results, and hence, the staggered approach is employed. Algorithm 1
shows the pseudo code for the staggered approach, where the unknown variables are
solved sequentially within each time step until the convergence. For convergence, a
user defined tolerance is specified and the convergence for the displacement and the
phase field variable between successive staggered iteration steps is checked using

max {
||{uhi+1−uhi }||

||{uhi+1}|| , ||{φi+1−φi}||
||{φi+1}|| } ≤ tolerance. Once the convergence is achieved, φ, H

and u is updated and then the next load increment is applied. In this work, we use
FEniCS, an open source finite element package is used to solve.

2.3 Implementation Aspects in FEniCS

The nice feature of FEniCS is that it is independent of the dimension of the problem
and takes weak form directly as an input (see Listings 16.1 and 16.2). By using the
unified form language embedded in Python, the weak from and the required finite
element discretization is specified. Upon invoking V = FunctionSpace(mesh,‘P’,m),
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Algorithm 1: Algorithm for the PFM

Initialize at step (i): {uhi }, {φh
i } and {H+

i }, ũ = �u
for ũ=�u, 2�u, ...., ntotal�u do

while max
(||{uhi+1 − uhi }||/||{uhi+1}|| & ||{φh

i+1 − φh
i ||}/||{φh

i+1}||
) ≥ tolerance do

compute phase-field variable {φh
i+1} from Eq. (16.2.13b)

compute displacement field {uhi+1} from Eq. (16.2.13a)
compute {ψ+} and {ψ−}, and {H+} from Eq. (16.2.11)

update uh and φh and history variable {H+}

the domain is discretized with 3-noded triangular or 4-noded tetrahedra elements in
two and three dimensions, respectively, ‘P’ defines the family of Lagrange elements
and ‘m’ the order of polynomial that needs to employed to represent the unknown
field variables. Listings 16.1 to 16.3 depicts the Python code for the staggered scheme
adopted in FEniCS.

Listing 16.1 FEniCS implementation for modified elasticity, Eq. (16.2.13a)
def epsilon(v):

return sym(grad(v))
def sigma(u):

return 2.0*mu*epsilon(u) + lmbda*tr(epsilon(u))* Identity(ndim)
# The weak form
W_du = (pow ((1.0 - phi_old ),2) + k)* inner(grad(v),sigma(u))*dx
u = Function(W)
# bc_disp = boundary conditions for the elasticity
problem_disp = LinearVariationalProblem (lhs(W_du),rhs(W_du),u,bc_disp)
solver_disp = LinearVariationalSolver (problem_disp)
solver_disp .solve ()

Listing 16.2 FEniCS implementation for phase-field, Eq. (16.2.13b)
# without energy decomposition
def hist(u):

str_ele = 0.5*( grad(u) + grad(u).T)
IC = tr(str_ele)
ICC = tr(str_ele * str_ele)
return (0.5* lmbda*IC**2) + mu*ICC

# The weak form
E_phi = ( Gc*lo*inner(grad(p),grad(q))+\

((Gc/lo) + 2.* hist(unew ))* inner(p,q)-\
2.* hist(unew)*q)*dx

p = Function(V)
# bc_phi = boundary conditions for the phase -field (if any)
problem_phi = LinearVariationalProblem (lhs(E_phi),rhs(E_phi),p,bc_phi)
solver_phi = LinearVariationalSolver (problem_phi )
solver_phi.solve ()

Listing 16.3 FEniCS implementation for updating history variable
def History(uold ,u_conv , Histold ):

history = conditional(lt(hist(u_old),hist(u_conv)), hist(u_conv),
Histold)
return history
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A three-dimensional domain with three holes subjected to far field tension (see
Fig. 2a is solved first to show the capability of FEniCS to handle three dimensional
problems and can also do parallel processing. The crack trajectory computed through
the phase field framework is compared against the solution available in the litera-
ture [70]. The material properties used for the analysis: Young’s modulus E = 210
×103 N/mm2, Poisson’s ratio ν = 0.3 and strain energy release rate Gc = 1.0 N/m.
Four noded tetrahedra elements are used to discretized the domain, this is done using
Gmsh. The mesh is then converted to FEniCS readable format by using the fol-
lowing command: dolfin-convert inputmesh.msh outputmesh.xml. The simulation is
performed on an Intel Core i5-4590 CPU@3.30GHz × 4 using 3 cores. Figure 2c
shows the corresponding splitting of the domain in the three parallel cores.

Figure 3 shows the crack trajectory. The crack trajectory is compared with the
work of [70] and the results showvery good agreement. The crack is initially attracted
toward the first hole and then resumes to propagate between the holes. Hence, larger
size problems can be solved using the parallel computation in FEniCS with the
same accuracy. In the following, the implementation is verified for the orthotropic
materials. For an orthotropic material, the Cauchy stress tensor in Eq. (2.13a) is
defined as: σ = [

(1 − φ)2 + k
]
Dε, where

D =
⎡
⎣cos θ − sin θ 0
sin θ cos θ 0
0 0 1

⎤
⎦

⎡
⎢⎢⎢⎣

E1

1 − ν12ν21

ν12E2

1 − ν12ν21
0

ν12E2

1 − ν12ν21

E2

1 − ν12ν21
0

0 0 G12

⎤
⎥⎥⎥⎦

⎡
⎣ cos θ sin θ 0

− sin θ cos θ 0
0 0 1

⎤
⎦ ,

(2.14)

where ν21 = E2

E1
ν12, theYoung’smodulus along the transverse and longitudinal direc-

tion is represented by E2 and E1, Shear modulus is represented by G12, ν21 and ν12
are the minor and the major Poisson’s ratio, respectively. To account for the material
orientation, we introduce A = I + β [I − n ⊗ n] with n = {cos θ, sin θ}T into Eq.
(2.10) to give:

−Gc�o∇φA∇φ +
[Gc

�o
+ 2H+

]
φ = 2H+ in �, (2.15)

The parameterβ ensures that the crack propagates perpendicular to the cleavage plane
orientation. For the current study,β = 20 is used for anisotropic case and for isotropic
case, Eq. (2.10) is employed. The domain and the boundary conditions for a plate
with circular hole subjected to tension is considered (see, Fig. 4a). Unidirectional
fibers are embedded in the plate with an angle θ with the vertical axis (see Fig.
4). The material properties are chosen as, (E1,E2,G12, ν12) = (114.8, 11.7, 9.66,
0.21GPa). Figures 4b–d show the crack propagation trajectory for different material
orientations. The crack path depends on the material orientations which agrees well
with results presented in [71, 72].
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Fig. 2 Three-dimensional edge crack specimen with holes: a domain description with boundary
conditions, b domain discretization, and c domain discretization using parallel core
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Fig. 3 Crack propagation trajectory from a final crack trajectory as reported in Msekh [70], b
FEniCS implementation

3 Laminated Composite Fracture

In this section, we study the fracture processes in a two-dimensional CSCL/TSCL
using the presented framework (see Fig. 5). The influence of the matrix thickness,
tm and fiber orientations on the crack propagation path and the maximum load for
fracture is systematically studied. In all the examples, the domain is subjected to
a far field tension, with a = 0.25mm as the initial crack length, �o = 2h (where h
denotes the diameter of the smallest element in the domain) is employed, unless
mentioned otherwise. The displacement increment is set to �u = 1×10−5 until
complete fracture. Further, a no-slip condition is assumed between the fiber-matrix
interface and the fibers inclined at an angle ϑ(x). In case of TSCL, the fiber angle is
dictated by the angle at the center of the plate, θO and angle at the free edge, θ1. The
variation of the fiber angle within the laminae is then given by [73–75]:

ϑ(x) = 2(θ1 − θ0)

2W
abs(x) + θ0, (3.1)

where W is half-width of the plate. For the present study, we assume 2W = 3mm
and 2L = 6mm.

TheTSCLwith different fiber orientations is represented as 〈θ1, θ0〉, and theCSCL
fiber orientation is represented for a particular choice of the TSCL with θ1 ≡ θ0 (see
Fig. 5a). The material properties for the individual layered constituents are given in
Table 2. In the model considered, alternate layers of fiber and matrix are arranged
and assumes absence of the interface cracking and the micro-cracking mechanisms.

Remark 1 The mode mixity at the crack tip is discussed through the fringe pattern,
which is the given: σ1 − σ2 = n fσ

t , where h is the plate thickness, fσ is the fringe
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Fig. 4 Plate with circular hole in tension: a problem description and boundary conditions, crack
trajectory for b 45◦, c 0◦, and d −45◦ fiber orientation

constant and the maximum and the minimum principal stresses are given by σ1 and
σ2, respectively. The orientation of the fringes ahead of the crack tip is an indicator
of the crack propagation direction and the fringes can be used to identify the fracture
modes [76].

The fracture characteristics of CSCL is discussed first. After the application of the
load, when G = Gc of the domain, the crack starts to propagate. For a pure far field
tension, in case of an isotropic material, the direction of the crack is perpendicular to
the loading direction. However, in case of laminates, due the presence of the matrix
and the fiber with different material properties, the crack path deviates. This depends
on the relative fracture toughness of the matrix and the fiber. In this present study,
as the fracture toughness of the fiber is less than that of the matrix, the crack easily
propagates in the fiber than the matrix. Figure 6 shows the crack path for CSCL with
different fiber orientations, 30◦, 45◦ and 60◦. In all the different cases, the crack
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Fig. 5 Schematic representation boundary value problem for: a CSCL, b TSCL

Table 2 Material parameters for the fiber and the matrix [12]

Material Young’s modulus
(N/mm2)

ν Fracture toughness
(N/mm)

Matrix Em = 70 × 103 νm = 0.34 Gm = 0.025

Fiber Ef = 300 × 103 νf = 0.14 Gf = 0.005

growth is along the interface. It is seen that for fiber orientations 45◦ and 60◦, as
the initial crack tip is inside the matrix, the crack propagates in the matrix, until it
reaches the interface and upon further increase in the load, the propagation is along
the interface. Figures 8 and 9 shows the fringe pattern for fiber orientations 45◦ and
60◦. A symmetric pattern is an indicator of mode I fracture whilst an anti-symmetric
indicates mixed mode. This is seen in Fig. 8a. It is seen that the crack growth in
the matrix is because the influence of the mode-mixity is greater than the fracture
toughness of the matrix (see Fig. 6b). Similar behavior has been observed in Fig.
6c, e, f.

Figures 7a, b shows the load-carrying capacity of CSCL for different fiber orien-
tations, viz., 30◦, 45◦ and 60◦ and for different matrix thickness, tm = 0.25, 0.5 and
0.75. The stress state experienced by the crack tip is strongly influenced by the fiber
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Fig. 6 Phase field variable
evolution for CSCL with
different fiber orientation
and for a–c tm = 0.25, d–f
tm = 0.5, g–i tm = 0.75, the
interface between the matrix
and the fiber is represented
by white line
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Fig. 7 CSCL subjected to tension: load-displacement for the various fiber orientations for different
matrix thickness: a tm = 0.25 ([the symbols (a–d) are the instances at which σmax − σmin are plotted
in Figs. 8 and 9), b tm = 0.5, c tm = 0.75

orientation. Fiber angle with θ = 60◦ experiences higher mode-mixity than other
orientations. Thus, a laminate with fiber orientation 60◦ offers higher resistance to
crack propagation for a constant matrix thickness. However, the peak load at which
the propagation starts is almost independent of the matrix thickness. This is because,
as the matrix thickness increases, the inter-matrix spacing increases and the crack
grows without the influence of the interface. The evolution of the damage variable,
an indicator of the crack propagation, is shown in Fig. 6 for different fiber orien-
tations and for different matrix thicknesses. The while line in Fig. 6 represents the
fiber-matrix interface. As seen from Fig. 6 that as the matrix thickness increases,
the crack tip is mostly in the matrix, an isotropic material. Hence, the crack grows
perpendicular to the direction of the load and independent of the fiber orientation.
The presence of the fiber offers less resistance to the crack path.
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Fig. 8 Fringe pattern for CSCLwith fibers at 45◦ at selected points on the load-displacement curve
(c.f. Fig. 7a) for the matrix thickness, tm = 0.25

As seen earlier, for particular fiber orientations andmatrix thickness, the growth of
the crack is along the matrix-fiber interface. The influence of the fiber orientation on
this is depicted in Fig. 10. From the numerical study, it is observed that the greater the
matrix thickness and fiber orientation, the longer the crack length along the interface.
The mode mixity experienced by the crack tip in case of fiber oriented at 60◦ is less
when compared to the fiber oriented at 45◦ (see Figs. 8b and 9b). It is also seen that
for a particular matrix thickness and fiber orientation 30◦, the crack first propagates
along the matrix-fiber interface before propagating further in the fiber and this is
because, Gfiber

c < Gmatrix
c .

3.1 Tow-Steered Composite Laminates (TSCL)

Next, the crack propagation in the TSCL is analyzed. The domain, the initial crack
location, and the essential conditions are shown in Fig. 11. For the analysis, two
cases are considered: the initial crack is in the matrix (see, Fig. 11a) and the initial
crack is in the fiber (see, Fig. 11b). These are referred to as case I and case II whilst
discussing the results. The aim of this is to study the influence of the initial location
on the crack trajectory and the load-carrying capacity.

For both cases, the crack growth is in the direction that minimizes mode-II stress
intensity factor, until it reaches the fiber-matrix interface (see Fig. 12. However, in
case of Case I, the crack kinks into the soft compliant material (fiber) (see, Fig. 12a).
This is because the fracture toughness of the fiber is less when compared to thematrix
and so it offers less resistance, while it propagates along the interface for case II (see
Fig. 12b). This can be attributed to the relatively higher fracture toughness of the
matrix. It is further opined that the angle of the fiber does not have a strong influence
on the crack propagation path for both cases as seen in Fig. 12.
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(a)

(b)

Fig. 9 Fringe pattern for CSCLwith fibers at 60◦ at selected points on the load-displacement curve
(c.f.Fig. 7a) for the matrix thickness, tm = 0.25

The influence of the applied displacement on the reaction force for TSCL (both
cases) with fiber orientations 〈−30◦, 0◦〉 and 〈−45◦, 0◦〉 are shown in Fig. 13. The
results for CSCL with fiber orientations 30◦ and 45◦ is also shown for comparison.
In both cases, the peak load-carrying capacity is higher and this is due to the stiffer
matrix material that resists crack propagation. It is inferred that the peak load for
TSCL is independent of the cases considered here and significantly higher than the



404 Hirshikesh et al.

Orientation of matrix-- ber
30 40 50 60

N
or
m
al
iz
ed

cr
ac
k
le
gt
h
on

i n
te
rf
ac
e

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

tm = 0.25
tm = 0.5
tm = 0.75

Fig. 10 Dependence of the fiber orientation on the crack length (on the interface) for different
matrix thickness, tm

Fig. 11 Representation of an initial crack in TSCL, a initial crack in matrix and b initial crack tip
in the fiber
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Fig. 12 Crack propagation
in TSCL with different fiber
orientations ( 〈−30◦, 0◦〉,
〈−45◦, 0◦〉, 〈−60◦, 0◦〉)
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Fig. 13 Load-displacement for CSCL and the TSCL: a 〈−30◦, 0◦〉 and b 〈−45◦, 0◦〉. In case of
TSCL, both the cases are considered

Fig. 14 a–c evolution of damage for different fiber orientations: 〈0◦, 30◦〉, 〈15◦, 45◦〉 〈30◦, 60◦〉,
respectively, and d load-displacement curve for TSCL

CSCL. Figure 14 shows the effect of the combination of center angle θ0 and θ1 on the
damage evolution and shows that the fiber orientation strongly influences the crack
path. The corresponding load-displacement is shown in Fig. 14d.
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4 Concluding Remarks

In this chapter, using the phase field method, the fracture characteristics of laminated
composites (both straight fibers and tow-steered) are studied. The open source finite
element software, FEniCS was used to solve the coupled phase field-elasticity equa-
tions. Fracture processes in the homogeneous and orthotropic material are compared
against the available results in the literature. The influence of the fiber orientation,
tow angle, inter-matrix spacing on the peak load at which the crack starts to propa-
gate and the crack morphology are systematically studied. It can be inferred that for
the cases considered, mode-mixity and the matrix material properties significantly
influence the crack propagation. The maximum load at which the fracture happens
for the CSCL is strongly influenced by the fiber angle for small fiber thickness and is
relatively less sensitive for higher inter-fiber spacing. Further, the inter-matrix spac-
ing and the fiber angle directly influences the crack length along the matrix-fiber
interface.
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Chapter 17
An Iso-Geometric Analysis
of Tow-Steered Composite Laminates:
Free Vibration, Mechanical Buckling
and Linear Flutter Analysis

S. Natarajan, S. M. Dsouza, A. L. N. Pramod, Hirshikesh, D. Adak,
and K. Kamdi

1 Introduction

Layered materials belong to a new class of engineered materials that typically con-
stitutes of two or more different phases separated by an interface. Due to different
chemical and physical properties of the constituent materials, the material properties
can be custom tailored to meet demanding low weight-to-strength ratio, improved
corrosion and wear resistance [1–4]. Of the available composite materials, fiber rein-
forced composites are widely studied. This is because, in fiber laminated composites,
the fiber volume fraction can be controlled when compared to other composites, such
as particle or filament refined composites. Until recently, fiber laminated composites
are made up of straight fibers that are homogeneously distributed within a lamina.
The macroscopic properties are improved by the constituents mechanical properties,
the stacking sequence and thickness of each ply and fiber angle within a lamina. As
the fiber angle is constant within a ply, these are also referred to as constant stiffness
laminated composites. This has led the researchers to focus on improving the effec-
tive property. Thanks to the recent advances in manufacturing, stiffness can now be
varied within a lamina [5, 6]. There are many approaches to achieve stiffness varia-
tion within a lamina. A few among them are by: (a) changing the fiber angle within
a lamina (i.e., use curvilinear fiber) [7–9]; (b) changing the volume fraction of fibers
[10, 11]; (c) addition or dropping of plies to the laminates [12, 13] and (d) attaching
discrete stiffeners to the laminates. Amongst them, lamina with spatially changing
fiber angle is advantageous because, continuous change in fiber orientation avoids
sudden change in the thickness which could be a cause for stress concentrations
[14]. As the angle of the fiber in the lamina depends on the spatial coordinate and the
tow-placement machines control the fiber placement, they are called as tow-steered
composite laminates (TSCL).
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Composite materials with varying stiffness has received considerable interest
amongst researchers and practising engineers, as they may lead to lean design [15–
18]. As early as 1990, Hyer and Lee [15] introduced a novel technique to improve the
structural response of panels with cutouts by changing the stiffness of the panel in
the lamina. Although, the concept of tailored composite was developed two decades
back, only recently there is a surge in interest in understanding the response of two-
steered composites [19–24]. This can be possible, thanks to the recent advances in
manufacturing capability that has made tow-steered composite laminates a reality
[25–27]. For TSCL plates, the stiffness coefficients are functions of spatial coordi-
nates as the angle of the fiber is continuously changing. Apart from this, they also
exhibit variable bending and coupling stiffness. This can be advantages as a varying
fiber angle within a lamina can lead to altered loading paths with improved load car-
rying capacity. Different plate theories, such as classical plate theory and other shear
deformation plate theories to study the response of tow-steered laminated composites.
Honda and Narita [28] studied the natural frequencies of laminates with curvilin-
ear paths using classical plate theory. Coburn et al. [29] used the first order shear
deformation theory numerically studied the influence of varying fiber angle on the
critical buckling load of TSCL panel by generalized Rayleigh-Ritz procedure. The
third order shear deformation theory was adopted in the work of Akhavan and co-
workers [20, 23, 24] to study both the dynamic and the static response of moderately
thick and thin tow-steered composite plates. Their study concluded that the influence
of tow-steered fibers are more pronounced in thin plates than thick plates. Afore-
mentioned studies employed either Lagrange based finite elements and/or meshfree
approaches and studied the global response of tow-steered composite plates.

In this chapter, vibration, mechanical buckling and linear flutter analysis of tow-
steered composite laminates is studied using an iso-geometric analysis framework.
Reissner-Mindlin plate theory is used for describing the displacement field and basis
splines for spatial discretization. The chapter is organized as follows: an overview of
plate theory is presented in Sect. 2, followed by a brief discussion on isogeometric
analysis framework in Sect. 3. The section also discussed a numerical procedure to
alleviate shear locking syndrome. Section4presents numerical results for tow-steered
composite laminates, followed by conclusions.

2 Theoretical Formulation

Reissner and Mindlin theory (RMT), an improvement of the CLT to model mod-
erately thick and relatively thin plate. The salient feature of this theory when com-
pared to CLPT is that the through thickness distribution is assumed to be linear.
In this section, we present an overview of the RMT and develop the corresponding
weak form based on a Galerkin procedure. Figure 1 shows a representation of a
three layered plate with a, b as in-plane dimensions and h representing the total plate

thickness. The plate aspect ratio is
a

b
and

a

h
defines the thickness ratio. Here, only
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Fig. 1 Composite Laminate plate, a, b and h represents the in-plane dimensions and the total
thickness of the plate, respectively

the midplane of the plate occupying an open domain � ⊂ R
2, with boundary � and

unit outward normal, n is considered. The boundary of plate is assumed to accom-
modate the decompositions over which Dirichlet and Neumann boundary conditions
are specified. Any point, P on the plate is represented by a triplet (x, y, z).

Let uo, vo, wo represent the midplane displacements of the plate and βx and βy the
rotations along x and y axis. The global displacements u, v, w are written in terms
of the midplane displacements and rotations as:

⎛
⎝

u(x, t)
v(x, t)
w(x, t)

⎞
⎠ =

⎛
⎝

uo(x, y, t)
vo(x, y, t)
wo(x, y, t)

⎞
⎠+ z

⎛
⎝

βx(x, y, t)
βy(x, y, t)

0

⎞
⎠ (1)

where x = (x, y, z). The small strain tensor in vector form is expressed in terms of
the displacements by:

ε =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

εxx
εyy
2εxy
2εxz
2εyz

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

=

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∂uo
∂x
∂vo

∂y
∂uo
∂y

+ ∂vo

∂x
∂wo

∂x
+ βx

∂wo

∂y
+ βy

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

+ z

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∂βx

∂x
∂βy

∂y
∂βx

∂y
+ ∂βy

∂x
0
0

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(2)
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The above strain-displacement relation in terms of the mid-plane strain εp, bending
strain εb and shear strain εs as:

ε =
{
εp

0

}
+
{
zεb

εs

}
(3)

where

εp =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

∂uo
∂x
∂vo

∂y
∂uo
∂y

+ ∂vo

∂x

⎫⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎭

, εb =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

∂β

∂x
∂β

∂y
∂β

∂y
+ ∂β

∂x

⎫⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎭

, εs =

⎧⎪⎨
⎪⎩

βx + ∂w

∂x

βy + ∂w

∂y

⎫⎪⎬
⎪⎭

(4)

The membrane stress resultants N and the bending stress resultants M can be
related to themembrane strain εp and bending strain εb through the following relation
[30]:

N =
⎧⎨
⎩
Nxx

Nyy

Nxy

⎫⎬
⎭ = Aεp + Bεb

M =
⎧⎨
⎩
Mxx

Myy

Mxy

⎫⎬
⎭ = Bεp + Dbεb (5)

where the extensional coefficientsA = Aij, bending-extensional coefficientsB = Bij

and bending coefficient Db = Dij (i, j = 1, 2, 6) are given by:

{Aij,Bij,Dij} =
h/2∫

−h/2

Qij{1, z, z2}dz (6)

The transverse shear force, {Qxz,Qyz} and the transverse shear strain, ε are related
by:

Qxz = Ks

h/2∫

−h/2

σxzdz = KsQ55(βx + w0,x)

Qyz = Ks

h/2∫

−h/2

σyzdz = KsQ44(βy + w0,y) (7)
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with Ks the shear correction factor,Qij in the above equations are called as the global
stiffness coefficients that depend on the local stiffness coefficients, which in turn
depends on the fiber orientation within the ply. The first element of Q, i.e., Q11 is
given by:

Q11 = Q11 cos(T (x))4 + Q12 sin(T (x))4 + 2(Q12 + 2Q33)
[
cos(T (x))2 sin(T (x))

]2
(8)

T (x) is the fiber angle in a lamina. In present study, angle within the fiber is a
continuous function of the position and is given by:

T (x) = T0 − (T1 − T0)

a/2
abs(x), x = ±a/2 (9)

where T0 is the angle of the fiber at the center of the plate and T1 at the edge. The
orientation of the fiber for the k th layer is then represented as < T0k |T1k > (see
Fig. 2). Theoretically, the fiber can take any value between −90◦ and 90◦, however,
manufacturing difficulties dictate that certain orientations lead to larger curvature
that can cause fiber breakage during tow placement [31]. To ensure that the local
curvature does not exceed a critical value and that is feasible from a manufacturing
guidelines, the following relation is employed:

κ(x) = − (T0 − T1)

a/2
cos

(
T0 − (T0 − T1)

x

a/2

)
<

82

25
(10)

Fig. 2 Geometry of the
plate and a representation of
tow-steered fibers. The angle
is measured in the
anti-clockwise direction
from the positive x-axis
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The local stiffness coefficients, Qij are given by:

⎡
⎣
Q11 Q12 Q16

Q12 Q22 Q26

Q16 Q26 Q66

⎤
⎦ =

⎡
⎢⎢⎢⎣

E1

1 − ν12ν21

ν12E2

1 − ν12ν21
0

ν12E2

1 − ν12ν21

E2

1 − ν12ν21
0

0 0 G12

⎤
⎥⎥⎥⎦ (11)

andQ44 = G23 andQ55 = G13. The local fiber direction and the direction perpendic-
ular to it is denoted by subscripts ‘1’ and ‘2’, respectively. This is measured within
the plane of the lamina. The local stiffness coefficients, defined at the ply (or lamina)
level are transformed to global coordinates by a simple coordinate transformation. In
the present study, due to the curvilinear fibers, the coefficient matrices are functions
of spatial direction, x. With the above definitions, the strain energy U , the kinetic
energy T , externally applied forces V of the composite plate can be written as:
Strain energy:

U (δ) = 1

2

∫

�

{εT
pN + εT

bM + εT
s Q} d�

= 1

2

∫

�

{εT
pAεp + εT

pBεb + εT
bBεp + εT

bDεb + εT
s Eεs}d� (12)

Kinetic energy:

T (δ) = 1

2

∫

�

{I0(u̇20 + v̇2
0 + ẇ2

0) + I1(θ̇
2
x + θ̇2

y )}d� (13)

Work done due to externally applied forces

V (δ) =
∫

�

Nx

(
∂uz
∂x

)2

+ Ny

(
∂uz
∂y

)2

+ 2Nxy

(
∂uz
∂x

)(
∂uz
∂y

)
d� (14)

where δ = {uo, vo, wo, βx, βy} is the nodal degrees of freedom associated to the dis-

placement field in finite element discretization, I0 = ∫ h/2
−h/2 ρdz and I1 = ∫ h/2

−h/2 z
2ρdz,

ρ is the mass density. In addition, in the case of plate immersed in a supersonic flow,
the work done by the fluid (non-conservative) should be accounted for, which is
given by:

W (δ) =
∫

�

�pw d� (15)

where �p is the aerodynamic pressure, which in this study is based on first-order
piston theory:
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�p = ρaU 2
a√

M 2∞ − 1

[
∂w

∂x
cos + ∂w

∂y
sin

]
(16)

where ρa,Ua,M∞ and are the free stream air density, velocity of air,Mach number
and flowangle, respectively. The governing equations ofmotion for: (a) free vibration
and (b) mechanical buckling are obtained by writing the Lagrange equations of
motion given by:

[
∂(−V −U + T )

∂δ̇i

]

,t

−
[
∂(−V −U + T )

∂δi

]
= 0, i = 1, 2, · · · , n (17)

Free vibration To get the finite element equation, we substitute Eqs. (12) and (13)
in Eq. (17) and follow standard Galerkin procedure to get:

Kδ + Mδ̈ = 0 (18)

where M is the consistent mass matrix and the following algebraic equation is
obtained upon replacing δ̈ = ω2δ

(−ω2M + K)δ = 0 (19)

where ω is the eigenvalue of the system, also known as the frequency.
Buckling In case of buckling, the discretized equations are obtained upon substituting
Eqs. (12) and (14) into Eq. (17):

[
K − N crKG

]
δ = 0 (20)

where N cr is the buckling load andKG is the geometric stiffness matrix that depends
on the residual stress. The residual stress state in turn depends on the ply lay-up.
To estimate the stress state, for an assumed mechanical load, a pre-buckling dis-
placement field is obtained by solving a static bending problem. Then the geometric
stiffness matrix is computed using this stress state. The critical buckling load, N cr is
then obtained by solving Eq. (20) using standard eigen routines.
Linear flutter For linear flutter analysis, the Lagrange equations of motion is rewrit-
ten after introducing the contribution due to the non-conservative load as:

[
∂(−U + W + T )

∂δ̇i

]

,t

−
[
∂(−U + W + T )

∂δi

]
= 0, i ∈ (1, n) (21)

Similar to free vibration and buckling, the finite element equations are obtained by
following the Galerkin procedure and is given by:

(K + λKaero) δ + Mδ̈ = 0 (22)
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The characteristic of the time function, δ̈ = −ω2δ is substituted to yield the following
equation: [

−ω2M +
(
K + ρaU 2

a√
M 2∞ − 1

Kaero

)]
δ = 0 (23)

where Kaero represents the contribution due to the aerodynamic force, When
ρaU 2

a√
M 2∞ − 1

= λ = 0, the system is positive definite and hence ω ∈ R. The addi-

tion of the aerodynamic matrix to the stiffness matrix, makes the resulting matrix
unsymmetric and leads to complex eigenvalue problem when λ > 0. This is because
Kareo is unsymmetric. As λ is increased monotonically, for a particular pressure,
two eigenmodes coalesce and the corresponding eigenvalue becomes complex con-
jugates. The critical value of the pressure at which the eigenvalue becomes complex
conjugates is called the critical aerodynamic pressure, λcr and upon further increase,
the system is unstable.

3 Overview of Iso-Geometric Analysis

This study employs the non-uniform rational basis spline (NURBS) as trial and test
functions to represents the geometry and to approximate the unknown field variables
within a finite element framework. This is in contrast to the conventional Lagrange
type finite elements, where Lagrange polynomials represent the unknown fields and
the domain. Introduced and coined as Iso-geometric analysis (IGA) by Hughes and
co-workers [32, 33], the IGA has been applied to wider problems. Some of the salient
features include: (a) higher continuity of the basis functions (b) exact representation
of the geometry within the FE model and (c) seamless link between the CAD and
the FEA.

The following information is required to define a B-spline basis functions:

– control points, Pi;
– knot vector, �, a set of parametric values arranged in ascending sequence, ξi ≤

ξi+1, i = 0, 1, . . . ,m − 1;
– the degree of the curve p.

With this information, the B-spline basis function, Ni,p of degree p is given by a
recurrence relation:

Ni,0(ξ) =
{
1 if ξi ≤ ξ ≤ ξi+1

0 otherwise

Ni,p(ξ) = ξ − ξi

ξi+p − ξi
Ni,p−1(ξ) + ξi+p+1 − ξ

ξi+p+1 − ξi+1
Ni+1,p−1(ξ) (24)
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Fig. 3 B-splines for order of the curve, p = 3

If each of the control point has an associated weight defined, then the B-splines are
termed as non-uniform rational B-splines. A pth degree NURBS curve is written as:

C(ξ) =
∑m

i=0 Ni,p(ξ)wiPi∑m
i=0 Ni,p(ξ)wi

(25)

Figure 3 shows the fourth order B-splines with a knot vector,

� = {0, 0, 0, 0, 0.2, 0.4, 0.4, 0.6, 0.8, 0.8, 0.8, 1, 1, 1, 1}

.
The important characteristics of NURBS basis functions is that it has all the

necessary properties that a Galerkin framework requires, i.e., (i) the basis functions
are positive everywhere within the span, (ii) sum of the basis functions is unity; (iii)
interpolatory at the end points. Further the key advantage is that the geometry is
exactly represented, as the same function is used to describe the geometry. One of
the attractive features of these functions is that the continuity can be adapted to the
specific needs of the problem. Typically, these are one-dimensional functions and
a surface is presented by a tensor product of such one-dimensional functions with
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separate knot vectors in each of the parametric dimensions (similar to the case of
Lagrange type finite elements) given by:

C(ξ, η) =
n∑

i=1

m∑
j=1

Ni,p(ξ)Mj,q(η)Pi,j (26)

where Pi,j represents the coordinates of the control net and Ni,p andMj,q are the uni-
directional B-spline basis functions defined on the knot vectors. With this definition,
a NURBS surface can be written as:

C(ξ, η) =
∑n

i=1

∑m
j=1 Ni,p(ξ)Mj,q(η)Pi,jwiwj

w(ξ, η)
(27)

where w(ξ, η) represents the weighting function. The vector of nodal unknowns δ

within the control mesh is approximated by:

δ =
∑
J

Cδ (28)

Figure 4 shows a representative geometry of the plate and a control net. As seen
earlier, the Mindlin theory includes transverse shear deformations and the following
condition must be satisfied if Mindlin plate theory is employed to study thin plates:

∇w + θ = 0 (29)

which states that the shear strain vanishes as the plate becomes thinner. However,
when applied to thin plates the NURBS basis functions suffer from shear locking. In
this chapter, we employ an artificial shear correction factor introduced by Kikuchi
and Ishii [34] originally for 4-noded bilinear element to alleviate the shear locking
syndrome, given by:

Fig. 4 a Plate represented using the NURBS basis functions p = 3, with the knot vector, � =
{0, 0, 0, 0, 1, 1, 1, 1} in both the spatial directions. b Red dots indicate the control points and the
black dashed lines represent the control mesh
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Ke
s = Ks

(
h

βle

)2

(
1 +

(
h

βle

)2n)1/n , n, β ∈ Z
+ (30)

where le is the diameter of the element.

4 Results

In this section, using the IGA framework, we numerically study the free vibration,
mechanical buckling and flutter analysis of tow-steered laminated composites. The
effect of the following parameters are considered on the output characteristics whilst
discussing the results: plate thickness, number of plies and angle of the fiber within
the lamina. For all the examples, it is assumed that all layers are of equal thickness and
the angle of the fiber ismeasurewith respect to x− axis. In all the cases, cubicNURBS
are employed, unless mentioned otherwise. The following Dirichlet conditions are
considered for the present study:
Clamped edges:

uo = vo = wo = βx = βy = 0 on x = 0, a & y = 0, b

Simply supported edges:

uo = wo = βy = 0 on x = 0, a; vo = wo = βx = 0 on y = 0, b

4.1 Free Vibration

Before presenting the results from the present framework, the results from the devel-
oped formulation is compared against results in the literature. For this study, 4-
layered cross-ply laminated compositeswithh =0.2 and straight fibers, i.e.,T1 ≡ T0
are considered. The material properties are: E1/E2 = 10, 40, G12 = G13 = 0.6E2,
G23 = 0.5E2, ν12 = 0.25, ρ = 1 and E2 = E3. Table1 compares the normalized fre-

quency, ω = ω
a2

h

√
ρ

E2
from the present framework with that of results in [35, 36].

It is inferred that with mesh refinement the solution converges and yield comparable
results. For subsequent discussions, a control mesh of 20×20 with cubic NURBS is
employed.
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Table 1 First non-dimensionalized frequency ω for a 4-layered cross-ply laminates with h = 0.2

Method Mesh size
E1

E2
10 40

IGA 3× 3 8.1286 10.4800

5 × 5 8.2355 10.7140

10 ×10 8.2823 10.8184

20 ×20 8.2942 10.8450

Ref. [36] 8.2924 10.8490

Ref. [35] 8.2982 10.8540

Table 2 First five fundamental frequency, ω (rad/s) for TSCL. The edges are simply supported

Ref. [14] IGA

10 × 10 20 × 20 30 × 30 %�30×30

309.1 315.0 309.9 309.1 0.0136

503.3 530.5 509.3 505.9 0.5245

852.1 954.0 867.4 854.3 0.2627

1143.5 1203.4 1144.0 1134.3 0.8053

1297.3 1416.1 1324.8 1296.2 0.0805

Next, the results from the present framework are compared for tow-steered com-
posite laminates. In this case, the laminated plate is consists of three layers with ply
configuration:

〈30◦, 0◦〉, 〈45◦, 90◦〉, 〈30◦, 0◦〉

The plate thickness, h = 0.01 and the material properties are: (E1, E2, G12, G13,
G23, ν12, ν13, ν23) = (173GPa, 7.2GPa, 7.2GPa, 3.76GPa, 3.76GPa, 3.76GPa, 0.29,
0.29, 0.29) and ρ = 1540 kg/m3 are used for the study. The numerical convergence
of the first five fundamental frequencies are presented in Table2.

First, the free vibration characteristics of TSCL is studied. Two-layered anti-
symmetric (〈T0,T1〉, 〈−T0,−T1〉) and three-layered symmetric (〈T0,T1〉, 〈−T0,
−T1〉, 〈T0,T1〉) TSCL is considered. In both cases, T0 ∈ [0, 90]◦ and T1 ∈
[−90, 90]◦. It is noted that, some of these angles may not be feasible due to manufac-
turing constraints discussed earlier. However, they are presented here for qualitative
discussions. The non-dimensionalized first fundamental frequency for two and three
layered composites is depicted in Fig. 5. Following observations can be made for the
two layered anti-symmetric laminate (see Fig. 5a):

→ the plate has maximum fundamental frequency when the fiber angle is in the
range T1 = −60◦ and −45◦;
→ the plate has minimum frequency when T1 > 0, irrespective of the angle at the
center T0;
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Fig. 5 Non-dimensional fundamental frequency as a function of tow-angles: a 2-layered anti-
symmetric and b 3-layered symmetric tow-steered composite laminate
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→ with increasing T0 from zero, the variation of fundamental frequency losses
its symmetric with respect to T1 = 0;
→ the dotted lines represent the range of angles for which the constraint condition
is violated.

Variation of non-dimensionalized first fundamental frequency with T1 for con-
stant T0 for a three-layered symmetric laminate is shown in Fig. 5b. It is seen that for
a particular choice of T0, the response of three-layered and two-layered are qualita-
tively similar. In this case, the maximum frequency occurs when T1 is−45◦ and 60◦
for all choices of T0. Of all the combinations, the plate has the highest first mode
frequency 〈T0,T1〉 = 〈30◦, 45◦〉. Similar to the two-layered composites, the dotted
lines represent the combination of center and edge angle for which themanufacturing
constraint on the curvature of the fiber is violated. It is noted that the value of the
edge angle T1 at which the extremum frequency occurs is reversed between two and
three layered composite laminates considered here.

4.2 Buckling

Next, for the two- and three- layered tow-steered composite laminate, themechanical
buckling characteristics is studied. In case of two-layered system, the layer configu-
ration is represented by: (〈T0,T1〉, 〈−T0,−T1〉) and for three-layered symmetric
the ply arrangement is as follows: (〈T0,T1〉, 〈−T0,−T1〉, 〈T0,T1〉). In this case,
T1 is assumed to be between −90◦ and 90◦ and T0 is varied between 0◦ and 90◦.
Figure 6a shows theN cr

xx due to mechanical forces. It is inferred thatN cr
xx is symmetric

with respect to fiber edge angle (T2 = 0), when T1 = 0◦, however, the symmetry is
lost for other values of T1. The critical buckling load is maximumwhen center angle
is 15◦ and end angle is −60◦ and the minimum when T1 > 0◦. Similarly,the influ-
ence of the spatial variation of the fiber angle (T0/T1) on the N cr

xx for a 3-layered
composite is studied. Critical buckling load numerically computed is depicted in
Fig. 6b. From Fig. 6b, it is inferred that for a particular T0, the variation of buckling
load is similar to two-layered composite. For 3-layered, the max(N cr

xx ) occurs when
T1 = ±60◦ and T0 = 0◦. The angles for which the manufacturing constraint is vio-
lated in shown with dashed lines in Fig. 6. For the three-layered composite laminate,
the range of negatively tow-steered fiber angle T1, without violating the manufac-
turing constraint is limited, similar to the two-layered case. It is concluded that the
T1 strongly influences the critical buckling load of the composite, irrespective of the
number of layers.
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Fig. 6 Critical buckling load as a function of T1 for: a 2-layered and b 3-layered tow-steered
composite laminates. Note that T0 ∈ [0, 90]◦
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4.3 Linear Flutter

Next, the aerodynamic response of tow-steered composite laminate is studied using
the iso-geometric analysis framework. The plate is immersed in a supersonic flow.
Although, the developed framework is general, the results are presented only for a
square plate. The plate is assumed to consist of three layers with following three
different ply configurations:

〈30◦, 0◦〉; 〈45◦, 90◦〉; 〈30◦, 0◦〉

〈45◦,−45◦〉, 〈−45◦,−60◦〉, 〈0◦, 45◦〉

〈90◦, 45◦〉, 〈60◦, 30◦〉, 〈90◦, 45◦〉

The influence of h and the edge conditions on the critical aerodynamic pressure
is also studied. Table3 presents the effect of orientation of the fiber, plate thickness
and the boundary condition on the critical aerodynamic pressure at which the plate
experiences flutter and the corresponding frequency. It can be inferred that decreasing
the plate thickness, the critical aerodynamic pressure increases and it is greater in
case of clamped when compared to all edges simply supported, as expected. The

Table 3 Frequency—critical aerodynamic pressure for a tow-steered composite laminated for
different boundary conditions and plate aspect ratios

Fiber
orientation

h

a
SSSS CCCC

λcr ωcr (×104) λcr ωcr (×104)

〈30◦, 0◦〉,
〈45◦, 90◦〉,
〈30◦, 0◦〉

0.01 2937.69 0.6960 4145.51 1.8503

0.02 2890.04 0.6931 3993.95 1.7842

0.10 1931.45 0.5855 2200.98 0.9994

〈45◦,−45◦〉,
〈−45◦,−60◦〉,
〈0◦, 45◦〉

0.01 3097.85 0.8779 4865.04 1.7863

0.02 3045.51 0.8699 4655.66 1.7331

0.10 2078.32 0.6986 2191.60 0.9599

〈90◦, 45◦〉,
〈60◦, 30◦〉,
〈90◦, 45◦〉

0.01 961.91 0.5692 1454.88 1.7307

0.02 947.07 0.5601 1386.91 1.6345

0.10 683.01 0.3941 515.82 1.5001
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Fig. 7 First two mode shapes for: a–b simply supported and c–d fully clamped square plate with
fiber orientation: 〈45◦,−45◦〉, 〈−45◦,−60◦〉, 〈0◦, 45◦〉 with a

h = 100

above observation is valid for the three different ply configurations considered. The
free vibration and the flutter mode shapes for the first two fundamental frequency
is shown in Figs. 7 and 8 for h = 0.01 and for clamped and simply supported edge
conditions. The flutter mode shape is supported with the variation of frequency and
critical aerodynamic pressure, depicted in Fig. 9. From Fig. 9 it is seen that with
increasing pressure, the frequency increases and for a particular pressure, which is
referred to as the critical aerodynamic pressure, the mode shape coalesce and the
frequencies becomes complex conjugate.
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Fig. 8 Square plate immersed in a supersonic flow—mode shape for a–b all edges simply supported
and c–d fully clamped plate. Plate thickness h = 0.01 and has three layers with fiber orientation:
〈45◦,−45◦〉, 〈−45◦,−60◦〉, 〈0◦, 45◦〉 with a

h = 100

5 Concluding Remarks

In this chapter, the free vibration, mechanical buckling and linear flutter characteris-
tics of tow-steered composite laminate is numerically studied using an iso-geometric
analysis. It is opined that the systematic parametric study donewill be useful for prac-
tising designers who are interested in the design and the optimization of tow-steered
laminates. Some observations are: the first fundamental frequency, buckling and flut-
ter characteristics are strongly influenced by the spatial variation of the orientation
of the fiber. The influence of increasing aspect/thickness ratio increases the funda-
mental frequency whilst it reduces the critical buckling load. Similar observations
can be derived for the case when the plate is immersed in a supersonic flow. Due
to manufacturing constraint, the practically feasible range of orientation of the fiber
depends on angle at the center.
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Fig. 9 Frequency-aerodynamic pressure plot for a–b full simply supported and c–d clamped square
plate immersed in a supersonic flow
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