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Advanced materials consist of several materials systems that exhibit

complementary properties for multi-purpose applications. Joining of dissimi-

lar materials is a critical and challenging advanced manufacturing technique

to develop novel hybrid materials with properties fully transferred. The

“bonding strength” of a joint is crucial for its integrity and performance. The

bonding strength is affected by a range of parameters that can be better

understood, controlled, and optimized via both experimental and analytical

approaches. In this paper, the authors review the theoretical and experimen-

tal studies of the interface inside several metal based composites. The scope

includes interface bonding’s critical parameters, characterization techniques

of joining processes, potential applications, and their future perspectives. The

review is significant to develop advanced manufacturing techniques for

heterogeneous materials and to design innovative heterogeneous systems for

various medical, electrical, electronics, industrial, and other daily life

applications that involve the broad range of “joining” processes.

1. Introduction

The evolution of human civilization has been driven by the
invention of novel dissimilar materials with improved overall
properties in a wide range of applications in aerospace,
automotive, robotics, and energy. Metals have played an
important role in society since the Bronze Age. Joining metal

based hybrid materials to achieve improved
properties is a challenge, due to a lack of
available technologies.

Therefore, devising novel techniques to
join materials is a cornerstone for many
advanced manufacturing techniques and is
critical to fabricate advanced hybrid mate-
rials with unique properties.

Hybrid materials, consisting of at least
two constituents that interact at the
nanometer scale, are essential for indus-
trial applications where a single material
cannot meet the requirements.[1,2] A clear
advantage of hybrid materials is the
integration of the dissimilar properties of
their individual components into a single
material. They are the most exciting
material systems for technological innova-
tions due to the emergent new properties
arising from the interaction of two con-
stituents. As the interaction transitions
from microscopic to nanoscale, the physi-

cal and chemical properties of these materials change
substantially with respect to their individual constituents. They
are classified based on their structure as composite, lattice,
sandwich, and segments, or by their chemical interactions, such
as van der Waals, hydrogen bonding, coordination bonding, or
covalent bonding. Hybrid materials are fabricated by combining
a wide range of material types, including metals, ceramics,
polymers, elastomers, and glass, to form composites. Specific
examples include metal matrix composite (MMC)[3–6], carbon
nanotube polymer/ceramic/metal composite[7–11], and cermet
(ceramic and metal).

Hybrid metals can be classified into metallic alloys and
metallic composites. Alloys are typically made by melting the
mixture of two or more elements or mechanical ball milling of
two metallic elemental powders to form a solid solution alloy
phase. Metallic composites are formed by solid state techniques,
such as metal joining processes, powder metallurgy[12] and
deformation processes (i.e., extrusion), cladding process of two
metals,[13] advanced additive manufacturing technology,[14]

liquid state stir or squeeze casting and spray deposition
techniques; and vapor deposition techniques. Bimetallic hybrid
materials contain the desired desirable properties of the two
metallic materials.[15] For example, these composite materials
offer many different excellent properties, such as high specific
strength, good corrosion resistance, and high electrical and
thermal conductivity.[16] Nowadays, cladded materials are used
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widely in many industries, including automotive,[17] medical,[18]

aerospace,[19] chemical and oil refinery.[20] The hybrid metals can
be joined using a third medium (e.g., a polystyrene foam) to
make a wire-dielectric.[21]

The economic, high yielding, energy efficient, and environ-
mentally benign manufacturing techniques used to create these
composite materials are attracting widespread attention and
being actively researched. The challenges of joining metals-
based materials primarily lies in maintaining atomic contact at
the macroscopic level and clean surfaces free of contami-
nants.[22]Metals tend to attract contaminants such as oxygen and
moisture during processing. For example, Al powders easily
absorb moisture and oxygen onto their surface to form thin
hydroxide layers, which prevent atomic contact and suppress
atomic diffusion. This hinders formation of the metallurgical
bonds with other Al powders during powder metallurgy
processes.

This review focuses on “metal-composites”; that is, hybrids
with at least two constituent parts, one being a metal necessarily. The
scope of this review is to present two approaches to model the
bond strength and to review selected fabrication and joining
methods and their characterization, applications and future
trends.

2. Structural Modeling of Metal-Composites

For ametal-composite to be utilized as a structural component, it
has to satisfy the minimum requirements of service conditions
such as yield strength, fatigue, creep resistance and excellent
corrosion resistance. For non-structural applications, the service
conditions include thermal (extreme temperature), electrical
(high voltage), electromagnetic condition (strong electromag-
netic radiation), and radiation condition (high radiation), which
require these composites to exhibit the necessary damage
resistance to these extreme environments.[23,24] In the case of a
metal–metal composite, “plastic deformation induced joining”
can improve properties of the individual metals by locally
engineering their microstructure.

Deformation processing of metal–metal-composites
(DMMCs)[25] is a common method of effective joining.[26]

From a design perspective of structural materials, it is
desirable to model the bonding strength and evaluate various
parameters that can affect the bonding strength in the metal
composite to guide the design of advanced metal composites
with effective joining to achieve fully optimized properties.
Developing such models needs a detailed and mechanistic
understanding of the mechanical behavior of both constituent
components and their interfaces. Models of two common
bonding types are reviewed here, including “nano-mechanical”
and “micro-mechanical” models.[27]

2.1. Nano-Mechanical Approach

Nano-mechanical models are defined as models that try to
explain the bonding between crystallites by the micro or
nanoscale constituents of a metal–metal composite and
especially the significant area of interfaces. The interfacial

bonding strength is primarily determined by how the individual
constituent mechanically interacts with the interfaces. In the
Nano-mechanical modeling approach, models of two bonding
types, that is, bonding between two different metal phases
(heterophase interface) and bonding between the same metal
crystallites, are reviewed.

2.1.1. Heterophase Interface in a Metal-Composite

Interfaces of crystalline materials can be homophase (i.e., grain
boundary separating the same crystals but with different
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orientation) or heterophase (i.e., interphase boundary separating
different crystals with different atomic structure and/or
chemistry as well as orientation). The properties of interfaces
are primarily determined by their interactions with the defects
such as zero-dimensional point defects (i.e., interstitials and
vacancies), one-dimensional dislocations or two-dimensional
twin boundaries.[28,29]

The interphase boundary is of great interest in metal–metal
composites due to its extraordinary properties in improving
strength and transport properties and absorbing radiation
damage. Interfaces, acting as a strong barrier to dislocation
motion and transmission, can substantially strengthen metallic
composites above the level estimated by the rule of mix-
tures.[26,30] This is especially true when the interface spacing
decreases to the nanometer scale so that the interface area per
unit volume increases dramatically. For example, Bevk et al.[30]

studied Cu–18 vol% Nb composites with a reported ultimate
tensile strength of 2200MPa. This strength is four times higher
than that predicted by rule of mixtures of Cu and Nb. Tian
et al.[13,16,31] studied the microstructure strength relation in
Al–Ca composites and found that the strength value 476MPa of
Al–20 vol% Ca composite is four times higher than the predicted
strength by the rule of mixtures of pure Al and Ca.[32,33] The
Al–Ca composite processed by power metallurgy[34] and severe
plastic deformation (as demonstrated in Figure 1), has a high
strength,[25] high electrical conductivity[16,35] that is ideal for a
high voltage power transmission electrical conductor.[36,37]

Trybus and Spitzig[38] studied a rolled and wire-drawn Cu–Nb
composite. The strength in the rolled and wire drawn Cu–Nb
both increased with deformation. Rolled Cu–Nb showed a
weaker strength dependence on filament spacing than that of the
wire-drawn Cu–Nb though both followed the Hall–Petch
relationship. This weaker dependence could be a consequence
of the well-aligned planar filaments being less effective barriers
to lattice dislocation motion than the convoluted filaments of
wire drawn Cu–Nb. Similar strengthening effects were observed
in a series of Cu matrix refractory metal composites studied by
Verhoeven, Spitzig, and their colleagues[39] and Cu–Fe

composites studied by Hong et al.[40] Cu matrix based
composites and Al matrix composites were extensively investi-
gated by Russell et al.[41] The composites, such as Al–Ti,[42]

Al–Mg,[43] and Al–Sn,[44] are particularly important due to their
lightweight, high strength and high electrical conductivity. Yu
et al.[45] studied a Ti2AlC reinforced magnesium composite
processed by a hot extrusion method to align the Ti2AlC
particles’ basal planes with the extrusion direction. The ultimate
compressive strengths of composite were 510MPa parallel to
extrusion direction, whereas the corresponding value was
396MPa in an extruded magnesium alloy matrix phase.

Models for interfacial strength: Various “empirical interfacial
strengthening” models have been proposed to explain the
anomalously high strength of metal–metal composites under-
estimated by the rule of mixtures. Early developments of the
models focused on empirical fitting in a qualitative way. Bevk
et al.[30] first proposed a Hall–Petch relation between the
anomalous strength of Cu–Nb composites and the filament
spacing. Despite the low volume fraction of Nb filaments, the
Cu–Nb composite can still achieve a strength close to that of
copper whiskers. Spitzig et al.[47] proposed a Hall–Petch barrier
model that explains the strengthening effect as a result of the
interface acting as a barrier to dislocation motion. The model
assumed the Hall–Petch dependence of the composite strength
on the filamentary spacing. Another model was proposed by
Funkenbusch and Courtney[48] as a work hardening model. This
model attributed the extra strength above the rule of mixtures
prediction to the “geometrically necessary dislocations” (GND)
that are emitted from the interface to accommodate the strain
incompatibility across the interphase boundary. These GNDs
have the same strengthening effect as those of “statistically
stored dislocations” (SSDs) obeying Taylor’s hardening law. The
density of GND is proportional to the strain incompatibility by a
geometrical constant, which serves as a fitting parameter. Both of
these models have limitations. The Hall–Petch barrier model
cannot explain the high strength of cold-deformed two metallic

phase materials relative to single phase
material with similar filament spacing (i.e.,
grain size for single phase materials). The
work-hardening model cannot explain the
relatively low dislocation density in heavily
deformed Cu–N composite.[49] However, the
models may be complementary: one mecha-
nism can be favored over the other depending
on the amount of deformation processing and
metal phases’ crystal structure. Interface
barrier effect appears to be the dominating
strengthening mechanism at a large deforma-
tion true strain (usually larger than 10), at
which interfaces begin to act as sinks for
dislocations and hinder the generation of new
dislocations from Frank-Read dislocation
sources under the confinement of fine inter-
phase spacing.[48] The GNDs predominantly
lead to extra strength when two different
crystal structure metallic phases are deformed
to a moderate true strain. Raabe et al.[50]

Figure 1. The production of a novel lightweight, high strength, high electrical conductivity Al

matrix Ca nanofilamentary composite processed by power metallurgy and severe plastic

deformation.[16,31,46]
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proposed a model using modified linear rule of mixture to
simulate the strength of a general fcc matrix bcc filaments type
composite. However, this model needs mathematical assump-
tions about the origin of the interface dominated Hall–Petch
contribution. Without a description of the physical mechanism,
the universality of the model is limited. All three models are
semi-quantitative since they contain many empirical fitting
parameters. Therefore, a new type of model was proposed to
explain the anomalously high strength of metal–metal compo-
sites. These interface models can be classified as “physical
mechanisms”. Examples of such models will be presented next.

Strain gradient theories and models: Strain gradient theories are
physics based theories that explain the size dependent
deformation behavior of metallic materials at the micrometer
scale. These models interpret the interfaces as the source of
GNDs to accommodate strain incompatibility on a characteris-
tic microstructural length scale.[51] Generally, the “size effect” is
used as a term to describe dependence of various properties of
materials on the microstructure length scale (e.g., grain and
secondary filament sizes). For example, Fleck et al.[52] observed
that the shear strength of thin copper wires increased more
than threefold as the diameter of copper wire was reduced from
170 to 12 μm. Stolken and Evans[53] observed a similar
strengthening effect during bending tests as the Ni foil
thickness reduced from 50 to 12.5 μm. De Guzmana et al.[54]

demonstrated that the microhardness of Ni and Cu samples
increased as penetration depth decreased from 2000 to 200 nm.
Lloyd[55] observed a similar increase in the strength of SiC-
particle-reinforced composite as the particle diameter was
reduced from 16 to 7.5 μm under a 15% constant particle
volume fraction. The size effect cannot be explained by the
conventional plasticity theories as these do not include any
intrinsic material length scale.[56] To overcome the limitation, a
material length scale was introduced in strain gradient plasticity
theories to be compared with the characteristic microstructure
dimension.[57] The concept of strain gradient has also been
adopted to explain the dependence of yield stress of
polycrystalline materials on grain size—the Hall–Petch rela-
tion. Strain gradients in small dimension materials are
produced by the GNDs to disrupt the crystalline lattice
structure to improve the lattice structural continuity across
the interface.[58] A high density of GNDs will also strengthen
crystals by Taylor’s hardening law, similar to the role of
statistically stored dislocations (SSDs). This demonstrates how
the strain gradient affects the plasticity behavior of metals.

To explain the size dependent mechanical properties,
various continuum models have been developed using the
concept of strain gradient plasticity. Fleck and Hutchinson[52]

proposed a higher order couple stress theory to use an effective
measure of a curvature tensor to represent strain gradients
with rotation. Later, the stretch gradients were incorporated in
the model.[59] A higher order stress is defined as the work
conjugate of strain gradient so that the Clausius–Duhem
thermodynamic inequality can be satisfied. Many fitting
parameters are needed in Fleck-Hutchison theories due to
their phenomenological nature. Gao et al.[57] proposed a
mechanism based strain gradient theory to distinguish the

microscale, at which the interactions of dislocations follow the
Taylor’s hardening law, from the mesoscale, where high order
strain gradient plasticity is built upon. They used three
deformation modes to derive an effective strain gradient
measure linked with GNDs. Taylor’s hardening law served as
the founding principle to predict the linear relationship
between the square of yield stress and strain gradient. This
relationship was observed experimentally by Nix and Gao.[60]

This model has less adjustable parameters than Fleck-
Hutchison theory, and can predict the size effect experiments
very well. Gao and Huang[61] provided an alternative way to
incorporate Taylor’s hardening law into continuum theories
without using the concept of high order stresses of mechanism
based strain gradient theory. Their main idea was to obtain
GNDs density by the nonlocal variables as a function of plastic
strain by representing strain gradients as integrals of strains.
The constitutive equations of this theory resemble those of
conventional plasticity theory. Based on the concept of strain
gradient plasticity, Tian et al.[62] developed a dislocation density
based strain gradient model for predicting the high strength in
deformation processed metal–metal-composites. The idea to
incorporate the strain gradient effect into modeling the yield
stress of metal–metal-composites originated from the fact that
the filamentary microstructure in the composite is in the sub-
micron scale (as low as 20 nm) and is obviously comparable
with a typical material length scale � from a fraction of a
micron to tens of microns. The fiber matrix interfaces can be a
realistic source to generate the GNDs to create a strain
gradient. They used a simple non-continuum formulation
based on the assumption that effective strain gradient is
directly proportional to the deformation true strain of severe
plastic deformation and inversely proportional to the charac-
teristic microstructure length (e.g., filament thickness) for
uniaxial deformation mode. The average effect of different
orientations of the slip systems is implemented as a material
related parameter. For each metal phase, a modified yield stress
is considered. This accounts for the work hardening effects
from both statistically stored dislocations and GNDs whose
densities can be determined by strain hardening curve and
effective strain gradient, respectively. The yield strength of the
composite would be the volumetric weighted average of
modified yield strength of two metal phases. A comparison
between this physical mechanism strengthening model and
the previously empirical strengthening model developed by
Funkenbusch and Courtney[48] is demonstrated in Figure 2.

In addition to acting as the barrier and source of defects, the
other interactions of interfaces with defects can be: sinks for
defects due to absorption and annihilation and storage sites
for defects.[28,63] The strengthening models therefore can be
developed based on the relation between strength and defects,
where density evolution is controlled by interaction with
interfaces.[64] For example, the interaction of interface with
radiation induced point defect, that is, a vacancy, can be
described by a one-dimensional linear partial differential
equation that governs the evolution of vacancy concentration.

Interface stability: Considering the important role of interphase
boundaries, the interface stability can be critical to the interface

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2018, 20, 1800048 © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800048 (4 of 26)

http://www.advancedsciencenews.com
http://www.aem-journal.com


properties. For example, in Cu–Nb composite, the Nb filaments
tend to break up into segments under elevated temperature.[65]

This spheroidization phenomena decreases the interface area
and weakens the interfaces’ barrier effect to lattice dislocation

motion. The stability and evolution of inter-
faces have been studied in detail for two metal
phase composites under elevated tempera-
ture[66] and radiation.[67] Tian et al.[66] used
phase field approach to study the interfacial
morphological change at elevated tempera-
ture. Their results suggested that the stability
of interface obeys Rayleigh’s instability crite-
rion. Rayleigh’s criteria were originally derived
from the jets of fluid,[68] that is, the interface
will be stable when the periodic interface
perturbation wavelength is less than the initial
rod circumference. Otherwise, it is unstable
against these interface perturbations and
evolves into segments (i.e., when the pertur-
bation wavelength is larger than initial rod
circumference). This interface stability crite-
rion is demonstrated in Figure 3. This model
was investigated by Tian et al. using a phase
field approach.[66] Figure 3a–c demonstrate the
effect of interfacial perturbation wavelength λ

on the interfacial stability and morphological evolution. The left
part of each figure is the initial composition distribution with the
only difference being the interfacial perturbation wavelength λ.
The right part of each figure is the spatial composition

Figure 2. A comparison between empirical dislocation based strengthening model developed

by Funkenbusch and Courtney[48] and physical mechanism dislocation based strengthening

model developed by Tian et al.[62] for metal-metal composites (in the left figure, unshaded

region is phase A and shaded region is phase B). Both models are dislocation density

based models building upon Taylor’s hardening law, where the total dislocation density was

assumed to be a simple summation of two types of dislocations, that is, (SSDs) and (GNDs).

The empirical model has many fitting parameters to be determined from the experimental

results, while the physical mechanism model has much fewer physical parameters that can be

justified from physical principles. The final strength of metal-metal composites in both models

is the rule of mixtures of modified strength of each phase.

Figure 3. The spatial and temporal evolution of composition in a two-phase composite system was investigated by Tian et al. using phase field

approach.[66]
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distribution after 3000 time steps with each time step 4� 10�3. It
is clear that the two phase composite with perturbation
wavelength 12.5 in (a) is stable against the interface perturbation
while the composite with perturbation wavelength 25 in (c) is
unstable against interface perturbation and break up into
segments. The numerical simulations were conducted in a 100
by 100 two dimensional square lattice (grid size 1) using the
finite difference method. In all figures, the initial unperturbed
rod radius RA and RB are both 10 so that the circumference of
unperturbed rod for each phase in two dimensional simulations
is 20 and the volume fraction of each phase is 50%. The red
phase A and blue phase B are separated by a single harmonic
interface, whose perturbation amplitude δ ¼ 2. The color bars
show the magnitude of composition with 1 representing phase A
and �1 representing phase B.

Zhang et al.[67] studied the stability of Cu–Nb interface under
radiation and suggested that the interface is morphologically
stable when its individual layer thickness is between 2 and 4nm.
They used molecular dynamics to generate the initial concen-
tration mapping for phase field simulations. Their results
suggest that most of the interfaces survived and were stable
during radiation except one Nb layer pinched off.

Misfit dislocations and coherency at the interface: Interfaces usually
contain internal structures comprised of misfit dislocations,
which in turn control interface properties. When two crystalline
solids form an interface, the crystalline lattices of two phases will
have to accommodate two forms of distinct interface structures
parallel to the interface. The extent of the difference between
their lattice parameters determines the misfit strain which, in
turn, can be accommodated in different ways. When the misfit
strain between two crystalline phases is small (usually less than
5%), the interphase boundaries form coherent interfaces that are
perfectly aligned atomic planes. The mechanism involves any
elastic straining of the atomic planes for both crystal lattices to
either increase or decrease the separation between atomic planes
by a small amount from their equilibrium positions. In this case,
the resultant lattice planes of coherent interfaces are continuous
across two phases. Coherent interfaces may form between
two phases with distinctive crystal structures, as long as the
lattice parameters of atomic planes perpendicular to interfaces
are sufficiently close. When the misfit strain is intermediate, the
resultant interface is “semi-coherent”. The interface in this case
usually comprises an ordered array of misfit dislocations
separating coherent regions. The lattice planes of coherent
regions are continuous while some lattice planes are not
continuous due to the extra misfit dislocations. This type of
interface is considered very important since it occurs frequently
in bimetallic composite.[69] The misfit dislocation density
determines the spacing between misfit dislocations, which acts
as forest obstacles for the plasticity-carrying dislocations to
transmit through. Themisfit dislocation arraymodels are invalid
when the misfit dislocation spacing is small enough to cause the
dislocation core overlap. Yao et al.[70] proposed a model to treat
the interfacial misfit dislocation array by introducing Peierls-
Nabarro’s ideas. They derived a simple yet effective analytical
solution as an extension of Peierls-Nabarro’s model by
incorporating the core structure and energy of misfit

dislocations. They found the condition at which the interface
structure can be described by an ordered array of singular
Volterra dislocations. When the misfit strain exceeds 25%, the
lattice planes fail to maintain continuity across the interfaces
completely. This misfit strain is too large to be accommodated by
the misfit dislocations that require at least some coherency in
lattice planes. The interface energy generally increases when the
level of coherency decreases.

Coherency can be considered as a measure of the ability to
maintain the crystal structure of each phase when the phases
have to “glue” together to form an interface. Vattre et al.[69b]

developed a computational method to design interfaces with
desired misfit dislocation patterns. This was accomplished by
tailoring the crystal structure and composition at the interface.
They used a mesoscale reduced order model built on anisotropic
elasticity theory, instead of an expensive atomistic simulation, to
predict the misfit dislocations pattern. The model determines
the interface properties (e.g., point defect mobility and shearing
resistance) with an accuracy comparable to atomistic simulation
predictions. In this “reduced order model”, they used less than
15 variables to define the misfit dislocations in the design space.
To solve the same problem using an atomistic simulation, one
would need millions of variables to represent the atomic
positions.

2.1.2. Homophase Interface in a Metal–Metal-Composite

Homophase interface and contact bond between grain bound-
aries separating the crystals with different orientation in a single
phase polycrystalline material are of great interest to a wide
range of researchers due to their potentials in manufacturing of
advanced materials. An interesting example is the homophase
interface in a nano-crystalline material; as the material exhibits
unusual properties due to its grain structure. Depending on the
grain size spectrum in the composite, its role in the bonding
strength of material can be defined; the classical Hall–Petch
model does not apply to the entire spectrum.

Microscale polycrystalline: The homophase interface between
microscale polycrystalline, that is, grain boundaries, has a direct
impact on the strength of a homophase material that can be
predicted by a Hall–Petch model.[71] The primary role of grain
boundary in this model is to resist the lattice dislocation motion.
This usually happens when the grain size is above 1 μm so that
the lattice dislocation motion inside the grain interior is the
carrier of plastic deformation. When the grain size is between
1 μm and 1nm, the Hall–Petch relation holds approximately, but
differs from the classical �0.5 exponent to a value close to zero.
However, the Hall–Petch model becomes invalid when the grain
size reduces further to the nanoscale regime.[71] For grain sizes
below 100 nm, the material is classified as nano-crystalline.[71,72]

When the grain size decreases below a critical size (e.g., around
ten nanometers), the grain boundaries become the dominating
phase, and the grain boundary mediated deformation mecha-
nism is responsible for the plastic deformation. In this regime,
the dependence of strength on grain size becomes unusual, that
is, the strength decreases with reducing grain size. This behavior
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is generally known as inverse Hall–Petch relation.[73] This
transition from a dislocation mediated to a grain boundary
mediated deformationmechanism leads to amaximum strength
at a critical grain size that strongly depends on the stacking fault
energy of fcc metals, the elastic properties, and the applied
stress, as demonstrated in Figure 4.[74] The properties of nano-
crystalline materials are largely controlled by their grain size and
the interaction of their defects.[75]

Since the strength of microscale polycrystalline materials can
be well described by the Hall–Petch model, we will focus more
on the strengtheningmodels of nano-crystalline materials due to
their unconventional properties, including “grain boundary
mediated plastic deformation mechanism”.

Nanoscale polycrystalline: Various theoretical models have been
developed to predict the strength in nano-crystalline materials
based on their distinctive nanoscale grain size. Two common
models are those based on physical mechanisms of plastic
deformation and their recent developments are based on the
concept of the rule of mixtures.

The rule of mixtures: This types of model takes the nano-
crystalline material as a multi-phase composite with grain
interiors and grain boundaries as the primary constituent
phases. This approach predicts mechanical properties of the
nano-crystalline materials using averaged mechanical properties
and volume fractions of the constituent phases. The predicted
strength of nano-crystalline materials takes the volumetric
weighted sum of strength for each phase component. The
downside of this model is the complexity of extracting the

mechanical properties of grain boundary phase. Kock et al.[76]

first proposed to treat grain boundary layers of thickness t as a
separate phase beside grain interior bulk phase. They obtained
an inverse relation between yield strength of a polycrystalline
solid and grain size under the assumption that strength of grain
boundary and grain interior are independent of the grain size.
Based on this idea, Gryaznov et al.[77] extended Kocks’ work to
obtain a generalized empirical model resembling the Hall–Petch
law at large grain size and predicting the existence of a critical
grain size below which the Hall–Petch relation breaks down. In
their model, the critical grain size at which deviation from the
Hall–Petch law begins was predicted by the interface atomic
density. Similar studies[78] based on the rule of mixtures were
performed to treat the grain boundary phase as an amorphous
counterpart with similar chemical composition. This is since the
atoms in the grain boundary of nano-crystalline materials are in
a totally disordered state that resembles an amorphous material.
Wang et al.[79] proposed a composite model with the grain
interior, grain boundaries, their triple junctions and quadruple
nodes as the constituent phases. Their model can explain the
grain size dependent on the yield stress for each constituent
phase. They also argued that the grain size dependence of creep
rate is higher for triple line diffusion than that of the bulk and
grain boundary diffusion. The aforementioned rule of mixtures
basedmodels overlook the role of physical mechanisms of plastic
deformation.

Physical mechanism based strengthening models: This type of
model focuses on the evolution of defects and grain boundary
structures in terms of different physical mechanisms of plastic
deformation, such as crystalline dislocation motion, grain
boundary sliding, and diffusion based mechanisms.[80] Various
deformation mechanisms can simultaneously operate inside
nano-crystalline materials. The model assumes that these
mechanisms are responsible for the strength of the deformed
composite. The effect of nanoscale grain size on the strength of
nano-crystalline materials is reflected by the competition
between various deformation mechanisms with the grain size,
or the co-operation of multiple deformation mechanisms due to
a grain size distribution. This approach allows the simultaneous
operation of different deformation mechanisms in various local
areas of nano-crystalline material with different grain size
distributions to estimate the averaged mechanical properties of
nano-crystalline materials.

Hahn et al.[81] proposed a strengthening model based on the
grain boundary sliding mechanism. The model assumes a
negative inverse square root dependence of hardness on grain
size. Hahn et al.[73b] also proposed a model to describe the nano-
crystalline materials’ yield strength based on the grain boundary
sliding mechanism. They assumed that the work needed to
create the extra grain boundaries is equal to the work done by the
external force which is responsible for the grain boundary
sliding. Gutkin et al.[82] attributed the strengthening of nano-
crystalline materials to the role of triple junctions of grain
boundaries acting as obstacles for grain boundary sliding. They
assumed that the dependence of the yield stress on grain size
and triple junction angles is determined by a competition
between dislocation slip and grain boundary sliding. They also

Figure 4. An illustration of the deformation mechanism map of nano-

crystalline metals proposed by Yamakov et al.[74] The x axis is the inverse

of grain size and y axis is the applied stress. This map shows three

distinctive regions for deformation behavior of nano-crystalline fcc

metals, demonstrating a transition of deformation mechanism from

dislocation mediated deformation to grain boundary mediated deforma-

tion. The normalization parameters depend on the material parameters,

that is, stacking fault energy and the elastic properties. (Reproduced with

permission.[74] 2003, Springer Nature).
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assumed that a competition exists between conventional
dislocation slip and Coble creep in a heat treated nano-crystalline
material. They proposed a distribution for the grain sizes and
triple junction angles that mimics those in the real specimens.
Figure 5 illustrates the difference in treating grain boundary
structure of nanocrystalline materials by the previous rule of
mixtures approach and the current physical mechanism based
approach.

The models discussed above do not provide a universal
relation between strength and grain size over a wide range of
grain sizes. Masumura et al.[83] proposed a model and developed
an analytical expression for the yield shearing strength, τ, as a
function of the inverse square root of the grain diameter, d, in a
simple and approximate manner. This enables comparison of
the model’s predictions with the corresponding experimental
data over a wide range of grain sizes. There are also a number of
models which incorporate both “the rule of mixture” and “the
physical mechanism based” approaches. Kim et al.[84] proposed a
rule of mixtures model that takes the plasticity and deformation
mechanism into consideration. They used the unified visco-
plastic constitutive relations to represent the mechanical
properties of the crystalline phase by incorporating dislocation
density evolution and diffusion creep. The deformation
mechanism for the grain-boundary phase was modelled as a
diffusional flow through the grain boundary. This polycrystalline
material model can account for both the grain size dependence
of the overall plastic deformation and its rate effects. Li et al.[85]

developed a quantized crystal plasticity model that incorporates
the grain-size effect by discrete jump of grain averaged plastic
strain. The jump magnitude is inversely proportional to the
grain size due to the stochastic nature of dislocation nucleation
at grain boundaries.

Given the limitations of themicro-mechanical models and the
large number of parameters involved, further experiments and
observations are essential to develop more meaningful theories
in support of the universal models, which eventually can reliably

predict the bonding strength. The “micro-mechanical” analytical
models are reviewed next.

2.2. Micro-Mechanical Approach

Increasing the length scale, one might consider a bulk approach
to describe the bonding. This is when an intermediate length
scale, such as particle size, is considered to describe the hybrid
metal bonding. An example of this is the composites fabricated
by cold powder compaction. Such metal-composites belong to a
larger category known as architectured metal-composites. A
strength model for this case depends on several other
parameters including the geometry and sizes of “deformed
particles” (or splats). Due to complexity of their geometry and
inaccessibility of the interfaces, modeling and characterization
of such metal-composites are not simple and typically rely on
average properties.

2.2.1. Homophase Interface between Compacted Powders

The homophase interface between powder particles is an
interesting example of the contact bond between powder
particles after they have been deformed and compacted. The
bonding strength of this type of interface is generally attributed
to the compaction pressure, the green density and the inter-
particle contact area.[86] The formation ofmetallurgical/chemical
bonding between particles is critical to the strength of green
powder compact, which is affected by the properties of
the powders (e.g., compact density, particle size and shape,
internal pores in the particles, oxidation, and powder material
properties) and the processing conditions (e.g., compaction
pressure, temperature, dwell time, friction condition like
lubrication, and the binding additives).[86c] Anderson et al.[87]

investigated the effect of oxides and/or hydroxide films on the
typical powder surfaces on the inter-particle bonding, densifica-
tion behavior and sintering ability. They studied how the surface
oxide coating, consolidation and sintering behavior can benefit
from an advanced powder production technique called gas
atomization reaction synthesis (GARS). An obvious reduction in
the surface oxide/hydroxide film thickness and the level of
absorbed moisture were observed in the powders produced by
the GARS process, which favor the sintering response. Lefebvre
et al.[88] verified that the surface modification of iron powder can
strongly influence the green strength of the powder compact.

2.2.2. Contact Bond Formation Mechanisms

Different hypotheses and models exist to explain the contact
bond mechanisms of metallic materials. Melting is generally
excluded in such models due to the complexity of physicochem-
ical processes in the contact area, such as recrystallization,
diffusion, dislocations, and deformation.[86a] Three stages are
generally proposed for the formation of chemical bonding
between contacted powders, that is, formation of physical contact
at which the van der Waals forces are operative, formation of
active nuclei at the contact interface and formation of strong

Figure 5. A schematic to compare the difference in treating grain

boundary structure in nano-crystalline materials by the rule of mixtures

approach and physical mechanism based approach. The rule of mixtures

approach demonstrated in a) treated the grain boundary as a separate

phase resembling grain interior, while the physical mechanism based

approach in b) take the sliding of grain boundary as the physical

mechanism for plastic deformation.
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chemical bonds at contact area for the whole volume.[86a]

Sintering of green compact is usually necessary to enhance the
bond strength between powders and to reduce the porosity
before the compact can be handled by other processingmethods.
The thermodynamics of densification due to sintering has been
studied by Kellett et al.,[89] who found the existence of a critical
pore coordination number, below which the pores are
thermodynamically unstable to sinter, so that subsequent pore
shrinkage and densification occurs. Castro et al.[90] investigated
the effect of dopants on interfacial energy and the subsequent
sintering response. Hirata et al. established the necessary
thermodynamic condition to achieve the full densification of
sintered powder compact.[91]

2.2.3. Cold Compactions Process

Understanding the mechanisms that occur during cold
compaction is extremely important to correlate the compaction
pressure, density, and strength. A cold compaction process can
generally be divided into three distinct stages. In the first stage,
particles restack and slide past each other without any
deformation.[92] The second stage involves both elastic and
plastic deformation to form necks between the particles to
increase their contact area. This stage results in welding of
powders and an increase in the compact strength. The third
stage involves the bulk compression of compacted powder. A
linear relation between compressive strength and the density of
green compact has been found in the latter two stages. In
addition, the particle fracture mechanism could also contribute
to the densification and compaction behavior under a large
compaction pressure.[93] It was found that a combined use of
pressure and shear deformation is beneficial to the formation of
splat-shaped deformed particles and eventually contributes to an
improvement in their mechanical bonding.[94]

2.2.4. Models of Green Strength to Describe the Powder
Compacts

There is a lack of general quantitative theories to formulate a
universal relationship between green compact strength and
various parameters affecting the bonding strength. This can be
explained by the empirical nature of the existing correlations
whose parameters typically cover only a narrow spectrum of
the entire feasible range.[86c] The complex problem becomes
more challenging when the interactions between the param-
eters and the key process invariances in the experiments are
considered.

Various models have been developed to correlate the green
strength for powder compacts to the powder properties and
processing parameters. Bal’shin first proposed a simple linear
relationship between the ultimate strength of green compact
and the forming pressure based on experimental study of lead
powders.[95] Radchenko studied the strength of green compact
made up of iron, nickel and its alloys, copper, tin, and zinc
powders and suggested a dependence of green compact
strength on compact porosity based on Bal’shin equation
assuming a linear relationship with powder’s relative bulk

density.[86a] Moon et al.[86d] reported an increase in the strength
of Cu compact with increasing green density and compacting
pressure. They attributed this phenomenon to the directly
proportional increase of the contact area between powder
particles. Farley et al.[96] later incorporated the concept of
the contact cross-section to suggest a linear dependence of the
green compact’s ultimate strength in compression on the
fraction of total pressed cross-section that was in contact.
Easterling et al.[97] proposed that the driving force to keep the
particles together, that is, adhesion, comes from the reduction
in energy when forming a grain boundary from two surfaces in
the contact zone. They further concluded that the bonding
strength was directly proportional to the adhesion, and
inversely proportional to the radius of metallic particle.[97]

They also proposed a formula for the stresses due to
interatomic bonding at the interface between two equal size
spherical metallic particles. Bortzmeyer[98] derived a similar
inverse relation between the particle size and the tensile
strength of ceramic compact with a random packing of equal
size powders. Nikolakakis et al.[99] proposed a model to predict
the tensile strength of green compact as a function of particle
shape, particle diameter, and packing fraction for both fine
powders (less than 10 μm) and coarse powders (18–28 μm).
Golubev et al.[100] proposed a green strength model for lithium
hydride powder compact that predicted a negative logarithm
dependence on particle size and linear dependence on the
compact density. Another type of model relating green strength
to porosity and/or the features of pores was proposed by
Ryshkewitch.[101] Khoddam et al.[94] developed a dimensional
analysis to establish a correlation in the compacted samples
which was calibrated using the strength measurements
obtained using dedicated micro-shear punch tests. Though
these models are applicable to their material systems and
experimental settings, they cannot be generalized as a universal
formula to estimate the green strength of powder compacts.
This indicates the need for future research in this area to
investigate this relationship for various powder compaction
processes.

2.2.5. Presence of an Intermediate Layer

Presence of an “intermediate layer” or a “medium” between the
constituents is another common feature in many such metal-
composites. The intermediate layer can be intentionally placed
between the constituents, via a dedicated manufacturing
process, to provide a given functionality for the composite.
Examples of this case include the application of a layer of glue,
foam or insulator. Alternatively, the intermediate layer can be
produced unintentionally when it can weaken the bonding
strength of the composite. Examples of the latter include
the presence of rust, oxide, and chemical residuals between the
constituents. In either case, the intermediate layer dictates
the bonding strength of the composite structure.

There are many cases in the literature describing how the
strength of individual components is evaluated or changed due
to the processing conditions. However, it should be noted that
the bonding strength can be seriously limited in the presence of
an intermediate layer and become the weakest zone in the
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structure. If this is the case, the failure of the structure occurs at
the interface before each component reaches its yield limit.

3. Fabrication and Joining Methods

Various joining processes are used to join similar and dissimilar
materials. A few examples, which are commonly used to produce
metal-composites, are briefly discussed in this review.

3.1. Diffusion Based Welding (DBW) Methods

Metallic materials are commonly joined by Oxy-fuel gas arc
welding, solid state welding, brazing, and soldering. When
joining metals and non-metals, a wider range of processes are
available. Solid state welding processes can be performed using
the processingmethods of forge, inertia friction, friction stirring,
diffusion, high speed impact (e.g., magnetic pulse, explosive,
laser shock impulse, vaporizing foil actuator) and ultrasonic
means. Diffusion based welding (DBW) process is performed at
elevated temperatures. The diffusion bonding process is mainly
suitable for joining dissimilar metals. It is particularly suitable
for joining highly reactive metals such as titanium, beryllium,
zirconium and other composite metals by diffusion bonding.[102]

In recent years, researchers have developed many new efficient
DBW methods to join dissimilar materials and to obtain
materials with a specific combination of properties. Particular
attention to diffusion based joining is given in this review since
interface diffusion can commonly occur during metal joining.
Typically, interface diffusion requires a high temperature
(50–80% of melting temperature), pressure and sufficient
processing time. However, a significant increase of pressure
or any other input, such as strain rate, may significantly reduce
the requirement in another area, such as temperature or
processing time.[103] Another key development in diffusion
based joining is “additive manufacturing” which will be
reviewed later in the following sections.

3.2. Metal Cladding Processes

Deposit of a material on another material is generally known as
coating when a depositingmaterial is in the form of liquid or gas.
The term “cladding” is used when the deposition is carried out in
a solid form. Based on this classification, roll bonding, explosive
welding and extrusion processes are considered as cladding
processes.[104] A cladding process laminates a layer over the
parent material. This adds another new functionality to the
resulting metal–composite. Examples of this include corrosion
resistance, wear resistance, electrical conductivity, thermal
conductivity and improved appearance.

Chen et al.[105] investigated a laser cladding of an alloy steel to
improve the fatigue strength. They found that the process
increased the fatigue life of the parent metal by 2–5 times
compared with un-cladded specimens. However, they found that
defects such as voids in the cladding layer can affect the fatigue
strength and cause large variations in the fatigue life of
manufactured parts.[105] They reported that the specimens
without large defects were notably stronger.

3.3. Joining by Bulk Forming Processes

Several bulk metal forming operations have been adopted or
modified to perform “plastic deformation induced joining”, also
known as deformation-joining of metal–metal-composites
(DMMCs).[25] These operations mainly involve a significant
deformation in metals whose initial form is bulk. The wide
spectrum ranges from traditional bulk operations to their
modified versions. Typical examples of the former are forging,
rolling, drawing, and extrusion.

3.4. Extrusion Based Bonding

One of the early attempts to bond Cu–Al by hydrostatic extrusion
process was that invented by Nilsson in 1973.[106] The process
proved to be successful with other base metals.[107] This study
aimed to fabricate a hard core with a soft clad material as an
alternative coating method. It was expected that the hard core
would not undergo a significant shape change or deformation in
the project. However, various core failures with different
extrusion ratios were noticed. Osakada et al derived a
mathematical model to describe the failure modes, such as
necking under tension at the exit or irregular non-steady
deformation of the core material.[107] They assumed a
proportional ratio of material flow behavior when deriving their
mathematical models. They suggested the same extrusion ratio
and reduction for both core and clad.[107] Ahmed[108] investigated
parameters of copper clad aluminum for some fabrication
processes such as die design. The parameters included extrusion
ratio, extrusion velocity, extrusion pressure, and percentage of
copper for an axisymmetric hydrostatic extrusion. Ahmed
developed analytical solutions to calculate the required hydro-
static pressure at various extrusion ratios for aluminum hybrid
rods with 15% copper cladding.[108]

Sliwa examined plastic flow behavior for a co-extrusion of two
metals for a number of scenarios.[109] In the study, the researcher
quantified the total plastic strain of the composite and the
individual plastic strain of each material. In order to understand
the plastic flow, micro structural properties of the co-extruded
materials were investigated.[109] This work indicated that the
material flow of a composite rod depends on individual
deduction ratios of the core and clad. Sliwa concluded that
use of a global extrusion ratio for the deduction ratios of the core
and clad materials was not suiTable Sliwa also studied the plastic
zone and dead zone in a simultaneous extrusion process for non-
proportional and proportional flow, and suggested that the
extrusion ratios depend on the interfacial bonding between the
materials.[110] However, the research did not include the role of
the core-clad extrusion ratios on the formation of bimetallic
bonding.

An industrial scale experiment was conducted to fabricate
Cu-clad Al composite samples at 320 �C using a horizontal
hydrostatic extruder with 1.5MN capacity.[111] The process
parameters including stroke, pressure and different extrusion
die angles (30�, 45�, and 60�) for three different extrusion ratios
(8.5, 19, and 49) were investigated.[111] They also analyzed the
bond using Scanning Electron Microscopy (SEM) and Energy-
dispersive X-ray spectroscopy (EDX). They recommended the
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parameters of an extrusion ratio equal to 19 with a die angle of
45� to achieve a good quality bonding.

The high purity (99.99%) Al powders with particle size
between 45 and 106mm were produced by the Ames Laboratory
unique gas atomization reaction synthesis (GARS) process.
These coarse Al powders with a wide particle size distribution are
very beneficial formaking high quality green compacts with high
green density during the powder compaction process due to the
substantially reduced surface oxides and hydroxides, and the
tendency to fill in more gaps.[87] The high purity (99.5%) Ca
metal powders (106–212mm) were produced by a unique
centrifugal atomization system with rotating quench bath
developed at Ames Laboratory.[34] The powders (80 vol%,
157 g Al powders and 20 vol%, 22.4 g Ca powders) were mixed
in a TURBULA Shaker-Mixer and then die pressed into
cylindrical powder compacts with a relative density of 65%
under 40.6MPa pressure. This compaction pressure and green
density matched the compressibility curve for gas atomized Al
powders.[112] These cylindrical powder compacts were then
loaded into a pure Al (1100-H14) extrusion can and degassed
under vacuum (2.7� 10�5Pa) to eliminate gases and moisture
adsorbed on the powder surfaces before backfilling with Ar gas.
The end cap of the extrusion can was then welded by the electron
beam. The welded extrusion cans were then extruded under
285 �C at an extrusion force 1.9MN, an extrusion ratio 10.6, a
ram speed 1.5mms�1 to convert spherical Ca metal powders to
co-axial filaments. The as-extruded Al/Ca composite rods were
covered by a layer of pure Al which originated from the pure Al
extrusion can. This surface Al layer was then removed with a
lathe. Further deformation processes at room temperature were
then conducted by swaging and wire drawing to achieve the
maximum deformation true strain 12.9, which should produce
Ca filaments with average diameter around 200 nm that would
strengthen the composite to sufficient strength while minimiz-
ing their detrimental effect to electrical conductivity due to
interface scattering.[16,35]

An interesting sub-class of the bulk forming processes is
“architectured joining” which has been regarded as a paradigm
change in materials design. To demonstrate some of the recent
developments in modeling and characterization of the metal-
composite joints, a few architectured joining techniques will be
reviewed next.

3.5. Architectured Joining

Some modern processing techniques such as Severe Plastic
Deformation (SPD) processes, typically used to process single
materials, have recently been applied to fabricate “architectured
hybrid materials”. In the last decade, SPD processes became an
attractive method in material processing, resulting in improved
specific characteristics. This enables the manufacture of a new
class of hybrid materials. Architectured joining was introduced
by Bouaziz et al.[113] as a paradigm change in fabrication of
metal-composites. The technique employs both “plastic defor-
mation induced joining” and “severe plastic deformation” (SPD)
processes (e.g.,[114–117]). This justifies the need to study “process
deformation” as a parameter to model the bond-strength for the
architectured joining processes.

SPD processes have the potential to produce bulk ultra-fine
grained materials.[118] The combined bulk “grain refining” and
“inner architecturing” of a metal- composite introduces a new
avenue in materials design.[113,119–121] Formation of the ultra-
fine-grained micro-structure in the metal-composite contributes
to the ultra-high strength of the fabricated material (i.e.,
“architectured hybrid material”). Mechanisms of strengthening
and property changes during SPD processing have been studied
extensively. However, the parameters and phenomena that
govern the bonding strength of an “architectured metal-
composite” are less known and need further investigation. A
brief review of some selected SPD processes, that have been used
recently in the architectured joining, will be presented next.

3.5.1. SPD Processes

Severe Plastic Deformation (SPD) processes mainly induce high
shear deformation in their sample at a relatively low temperature
under a large hydrostatic pressure.[118,122] The deformation is
imposed in a near zero shape change fashion. SPD processes are
considered mainly to enhance the material property using
various strengthening mechanisms. In general, SPD processes
increase the number of dislocations to accommodate the strain
energy due to the plastic deformation.[123] The dislocation
density in an annealed metal (without stored residual stresses) is
about 104 to 106 dislocations per square millimeter while a metal
processed using an SPD process contains about 1010 dislocations
per square millimeter.[123]

According to Valiev et al.,[122e] a “true” UFG can be defined as
having a size of less than 1 μm and more than 70% high
angle grain boundaries with a disorientation angle of greater
than 15�. SPD processes can produce submicron grains (grains
< 1μm) at temperatures lower than 0.4Tm and nano-crystalline
grains at temperatures below 0.2Tm.

[124] However, a large
hydrostatic pressure is needed to successfully produce nano-
crystalline grains in most metals when the operating tempera-
ture is below 0.2Tm.

[124]

Examples of SPD techniques include high pressure torsion
(HPT) and equal channel angle extrusion (ECAE),[125] multi-
directional forging (MDF), sandglass extrusion (SE), repetitive
corrugation and straightening (RCS), twist extrusion (TE),[126]

constrained groove pressing (CGP), accumulated roll-bonding
(ARB), additive roll bonding (ARB), and forward or direct
extrusion (FE/DE). The most commonly used SPD techniques
are HPT and ECAE, which are the earliest SPD techniques
invented during the 19th century. HPT and ECAE were
developed by Bridgman[127] in 1946 and Segal[125] in 1970,
respectively.

There are many extended versions of ECAE, such as
equal channel multi-angular pressing (ECMAP),[128] rotary-
die ECAP,[129] cross-ECAP,[130] T-shaped ECAP,[131] multi-pass
ECAP,[132] torsional- equal channel angular pressing
(T-ECAP),[133] and incremental ECAP (I-ECAP).[134]

The ECAE process was considered for fabricating composite
aluminum/copper clad rods.[135] Metal forming techniques,
such as forward extrusion, ECAE and hydrostatic extrusion, were
also used to create a bonding which involves solid state diffusion
mechanism at the interface.
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In addition to the traditional ECAP/ECAEmethods, a number
of relatively modern architectured joining operations have also
been used to fabricate metal-composites. Examples of these
are confined high pressure torsion, “axisymmetric forward spiral
composite extrusion” (AFSCE) and fiber reinforcedmetal-matrix
composite fabrication.

3.5.2. High Pressure Torsion Process (HPT)

The prospect and potentials of HPT have intrigued various
researchers to understand the changes in bulk and powder
material properties on the HPTprocessed samples.[136] Zhilyaev
and Langdon[136a] explained the HPTprocess and its parameters
while other researchers investigated the homogeneous defor-
mation during the HPT process.[136b–d]

The HPT process has been widely studied for aluminum
powder compaction and grain refinement[117,137–141] and for
metal bonding[142] at room temperature. The process parameters
include the number of revolutions, pressure, rotation direction
and rotation speed for the lower punch while the upper punch is
fixed. The bottom punch rotation and longitudinal pressure are
applied simultaneously. This develops a combined large
compressive and shearing stress in the material.

It is highly desirable that powder fabrication is performed at
ambient temperature to avoid the heating effects caused by
sintering on the green compact. Use of HPT for powder

processing at ambient temperature eliminates an additional
sintering step, to obtain a high strength and near full density
metal-composite.

Moreover, HPT enhances the strength of material due to
the cold working at room temperature, which is below the
re-crystallization temperature of the metal particles. Powder
processing has been performed using HPT by several
researchers. Some examples of the processing conditions are
summarized in Table 1.

The deformed particles’ morphology and heterogeneity of
properties have not been studied adequately in these examples.

Confined high pressure torsion (CHPT), a variation of HPT,
was utilized by Sapanathan et al. to produce composite metals by
“powder compaction”[94] and “sheathed powder compac-
tion”.[144] The latter included two types of metal-composites:
powder–powder bonds between Al particles and powder-metal
bonds between Al-particles and a copper sheath. The CHPT
process requires low–moderate processing conditions (e.g., 2
rotations and only 1.5GPa applied pressure[94]) compared to
conventional HPT technique. Moreover, it fabricates a final
product with “near zero external shape change” due to the
confined nature of the process.[94] Initial experiments were
performed using 16mm nominal size punches and dies to
process the material. The test rig assembly press is shown in
Figure 6. A longitudinal perspective view of the CHPTassembly
is shown in Figure 6b. The bottom punch facilitates the rotation
of the material about the vertical axis. To avoid un-wanted flash

Table 1. A summary of aluminum alloy powders processed using the HPT process. D: diameter and T: thickness (inmm).

Source

Kaneko et al.[143] Botta et al.[137]
Yavari

et al.[138]
Bachmaier

et al.[139]
Lee

et al.[140]

Tokunaga

et al.[141]

Details Case 1 Case 2 Case 1 Case 2 Case 1 Case 2

Purity (%) Al with 5%

of (Mg)

Al with 20%

Mg

Al90Fe7Z3 Al84Y3Ni8Co4Zr1þ SiC Al90Fe5Nd5
(90 at% Al

powder)

99.5% purity of Al

powder

Al–7.5%Mg 99.99% purity

Al with 5%

mass of

fullerenes

99.99%

purity Al

only

Powder size (μm) 75 in

diameter

(spherical

form)

75 in

diameter

(spherical

form)

5–20

(mechanical

alloying)

5–20

(spherical form)

25 or less in

diameter

(spherical

form)

Mean particle size

of 90 & 1.3

N/A N/A N/A

Initial dimensions

of sample

D¼ 10

T¼ 0.25

D¼ 10

T¼ 0.25

N/A N/A D¼ 10

T¼ 0.3

D¼ 8 T¼ 0.8 N/A D¼ 10 T¼ 0.25 D¼ 10

T¼ 0.25

Pressure (GPa) 2.5 6 5 5 5 4 6 2.5� 2.5

Rotations, N. and

speed rpm, ω

N¼ 40 N¼ 60 N¼ 5

ω¼ 1

N¼ 5,

ω¼ 1

N/A N¼ 25,

ω¼ 0.2

N¼ 5 N¼ 15,

ω¼ 1

N¼ 15,

ω¼ 1

Final dimensions

of sample

D¼ 10

T¼ 0.7

D¼ 10

T¼ 0.7 mm

D¼ 7

T¼ 0.3

D¼ 7

T¼ 0.3

N/A N/A D¼ 10

T¼ 0.5

N/A N/A

Grain size after

compaction (nm)

80 nm 45 nm N/A N/A N/A 145 nm for 90 μm,

104 nm for 1.3 μm

particles

19 nm

(þ/–2 nm)

80 nm 500 nm

Micro-hardness

(Hv) or yield

strength (MPa)

202 Hv 288 Hv 3580MPa

(þ/–150

MPa)

4600 MPa

(þ/–100 MPa)

3100 MPa

(þ/–50 MPa)

880 MPa for 90 μm

and 1300 MPa for

1.3 μm particles

3400 MPa at

center, 3800

MPa at

r¼ 5mm

382.5 MPa at

center, 1157

MPa at

r¼ 3mm

�382.5

MPa. at

center

�Does not damage the structure of fullerenes
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out of materials through the punches � die clearances, and to
trap the loose powder in place, small, thin, and dome-shaped
aluminum disks were placed on the top and bottom of the
sample (Figure 6d, e).[145]

3.5.3. AFSCE Joining

“Axisymmetric Forward Spiral Composite Extrusion”
(AFSCE)[145] is an extrusion based process to fabricate round
cylindrical metal-composites. Details on Cu cladding of Al
samples can be found in Sapanathan et al.[144,145] The
longitudinal cross-section of the AFSCE assembly is illustrated
in Figure 7a. It shows the AFSCE die with the punch positioned
at the beginning of the extrusion process. The die (No.3) is
shown near the middle region of the assembly. The assembly

includes a chamber (No.1). A backpressure
punch (No.6) is placed opposite the extrusion
punch (No.9). This allows provision of a large
hydrostatic pressure and is guided by part
No.5. A heating jacket (No.7) facilitates the
conductive heat transfer to the die assembly,
which is heated using heating cartridges
(No.8) and encloses the die assembly. Back
pressure is applied using a hydraulic system.
To prevent the backpressure punch causing
any damage to the groove features in the die, a
stepped punch was used to apply the back
pressure. A composite core-clad type bimetal-
lic sample (No.10) is fitted with a slide fit
tolerance at the beginning of the process. To
avoid longitudinal relative movement between
the core and clad during the process and to
prevent the flash out, small steel disks
were placed on the top and bottom of each
sample. A dummy sample was also placed on
top of the main sample inside the chamber
to avoid any damage to the punch and die

during the process.
In the ECAE process, the extrusion ratio is almost zero.

Contrary to AFSCE, the ECAE process is one of homogeneous
deformation; in the AFSCE the tangential component of
material flow changes from zero at along the center line to its
maximum at the periphery of the sample. The tangential velocity
component is responsible for a non-homogenous component of
shear deformation in the sample that increases in the radial
direction.

The main aim of AFSCE processing is to facilitate diffusion of
materials at the interface, at an elevated temperature and a large
hydrostatic pressure.[147] The back pressure increases the
hydrostatic pressure at their interface. In the existing literature,
two possible mechanisms are considered to explain the bond
formation between dissimilar metals, including 1) mechanical
interlocking and 2) metallurgical bonding. The former is

facilitated by a large pressure at the interface
and the latter is enabled by a diffusion
mechanism under the required processing
conditions. A high pressure compensates
for the requirement of holding time and
facilitates the diffusion mechanism at the
interface.[104,148]

The AFSCE extrusion rig and its “back
pressure” setup are shown in Figure 8. Back
pressure is applied to the system using a
separate hydraulic unit which consists of a
hand pump, needle valve, pressure relief valve
and a pressure gauge, as shown in Figure 8c.
Prior to the processing, the back pressure is
set (typically about the yield strength of softer
material) and applied via a hydraulic plunger
(Figure 8d) bellow the AFSCE processing unit.
The interior assembly of the die with spiral
grooves and containers is shown in Figure 8e.

The composite Al/Cu samples (Figure 8f)
were obtained after AFSCE processing at

Figure 6. The CHPT test rig a) The process on the hydraulic press, b) Schematic presentation of

the CHPT process with copper annular and aluminum powder materials to make a metal-

composite, c) CHPT process assembly prior to the processing, d) aluminum dome shaped cap,

and e) confined die-sample assembly after the process.[145]

Figure 7. Schematic of the AFSCE process: a) The AFSCE die set with heating unit assembly, 1

and 5 punch guides, 2 and 4 containers and 3 is the AFSCE die. and b) two detailed views of

AFSCE die 3. (Adopted with permission.[146] 2013, Elsevier).
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300 �C with a back pressure of 200MPa. The lower punch is
responsible for the back pressure (Figure 8d) and prevents Al
flowing before Cu in a longitudinal direction due to the lower
flow stress of Al compared to Cu and a higher friction between
die-wall and the Cu clad compared to that between the clad and
the Al core.

The die includes eight helical grooves with a depth of 0.15mm
and helix pitch of 305mm (Figure 8e). The AFSCE die is 20mm
in length with a helix rotation angle of 23� and a root diameter of
13mm. The material flow inside the grooves is facilitated by a
chamfer of 0.15mm� 45� which is located at the entrance of
the die. To measure the bond strength of the metal–composite
samples, composite slices with different thicknesses were
prepared from the fabricated sample (sliced sample in
Figure 8g) for a subsequent blanking test that will be explained
in Section 4.5 of this article.

3.5.4. Fiber Reinforced Metal Matrix Composite (FRMMC)

An interesting case of metal-composites, “fiber reinforced metal
matrix composite” (FRMMC), is shown in Figure 9.[149] The
process involves geometric locking of the wires to the deformed
matrix by plastically twisting a pre-assembled composite sample.
FRMMC processing prevents the sliding between wires and
matrix when the fabricated composite is loaded or twisted axially.
This situation eliminates the need for a bond between the matrix
and its reinforcing wires. As a result, the intermediate layer does
not introduce any weakening mechanism under a torsional or
compressive loading of the composite metal. Khoddam et al.[150]

developed two solutions to estimate the torsional and compres-
sive strengths of the metal-composite and verified the

derivations experimentally. The locking, either due to geometri-
cal or metallurgical (e.g., welding), does not change the
presented derivations. However, in a more realistic model, the
details of the interfacial metallurgical bonding (see, e.g.,[150])
needs to be considered.

3.6. Joining during Additive and Subtractive Manufacturing

Additive Manufacturing (AM) employs single or multiple
materials in layers. In both cases, integrity of the layers and
their bonding together are key elements to determine the final
strength of the manufactured part. With the recent increase in
additive manufacturing technologies, traditional machining has
been reclassified, in theory and terminology, as subtractive
manufacturing (SM). Delicate SMs such as lithography are
indirectly linked to the metal-composites as they allow
fabrication of micro-channels which are commonly used to
create an in situ liquid metal layer. This enables production of
metal-composites with a range of non-metal constituents, which
are very popular for medical and electrical applications.

The potential of cold gas dynamic spray, also known as cold
spray (CS), for AM technology was investigated by Sova
et al.[151,152] They demonstrated fabrication of a new multi-
material deposition using a micro-nozzle device. “Steel–bronze
bimetal samples” were produced by shaped metal deposition[153]

where a metal arc welding technology was employed to bond
single pass multi-layers of mild steel and silicon bronze.

Ultrasonic additive manufacturing (UAM) was employed for
dissimilar materials and complex geometries[154] using very high
power ultrasound waves with an increase in the amplitude (from
26 to 52 μm). It provided the required normal force (from 2.5 to

Figure 8. AFSCE process rig a): full view photo, b) assembly of the AFSCE processing unit c) hydraulic pump used to apply the back pressure via the

lower plunger, d) hydraulic plunger to provide back pressure via lower punch, e)AFSCE die showing the arrangement of the helical grooves, f) fabricated

aluminum-copper sample, and g) sliced sample used for bond strength measurement. (Insets g and f are adopted with permission.[146] 2013, Elsevier).
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33 kN) to join dissimilar materials. The UAM joined Al3003 and
Cu100 and produced intermetallic phases at the interface.

Commonly used alloys for AM include Ti, Al, tool steels, super
alloys, stainless steel, and refractory metals. Due to a strong
demand for complex and low production volume titanium parts,
Ti–6Al–4V alloy has been extensively studied by various
researchers.

4. Characterization of Bonding

A direct approach to measure the “bonding strength” relies on
the geometry of the interface and the loading while a bulk
approach employs the law of mixtures and volume fraction of
each component. When the strength and toughness of the
composites are studied carefully, we shall notice that the strength
of the interfacial bond may be responsible for all the differences
between a satisfactory metal-composite and an inadequate one.
Interestingly, the interface is the natural place to accommodate
the impurities, residuals, external materials, or layers produced
by uncleaned contact surfaces at the interface. Although this can
be minimized, it is practically inevitable for many existing
fabrication processes. Consequently, the interface could become
the weakest zone for the fabricated hybrid struc-
ture.[144,145,150,155] The layer makes modeling of the interface
even more complex.

4.1. Degrees of Freedom to Identify Joining Modes

While the interface geometry could be quite complex, some
primitive contact types can be used to demonstrate the modes of
joining, to develop simple modeling of the composite’s strength
and to identify the failure modes of a metal-composites
in-service. The basic contact types include: revolute, spiral,

prismatic, cylindrical, planar, and spherical. Figure 10 shows the
contact types, components of the metal-composite (red and blue)
and degrees of freedom (DOF) for each type. Also, a thin
intermediate layer might exist between the components which is
not shown here. A DOF is defined as a direction in which an
independent motion can potentially occur between the compo-
nents (see, e.g.,[156]).

The classifications shown in Figure 10 are useful to identify
the composite’s critical modes of loading, failure, and the
bonding strength. Examples of these will be given in the
following sections when they are employed to design an
experimental setup to measure the response of the composite to
a given loading and to calculate the bonding strength
corresponding to each critical load. For the translational DOFs,
when the loading is normal or parallel to the interface, a uniaxial
test (tension or compression) or a shear test may be utilized,
respectively, to identify the corresponding bonding strength.
When material is subjected to bending, the strength depends on
an equivalent moment of inertia. To develop an analysis based on
the contact interaction, it is also necessary to know the loading
types and the likelihood that they are part of the composite’s
working conditions.

4.2. Mechanical Tests of Diffusion Based Welded Joints

Generally, diffusion based joints produce all the contact
interaction type shown in Figure 10. Typically, the weld strength
is measured using a dedicated shear lap test[157] or a uniaxial test.

An example of DBW joining is the fabrication of a three ply
clad sheet of Cu, Al and stainless steel using a hot rolling process
at 350 �C.[158] After the fabrication of the 3ply clad sheet, the
samples were annealed at 100, 200, 300, and 400 �C and the
mechanical properties of the sample and its interfacial
properties[159] investigated using a tensile test. Moreover, Al2Cu,

Figure 9. Fiber reinforced metal matrix composite; a) FBMC’s fabrication, b) reinforcement steel fibers, c) processed Cu matrix, d) processed Al matrix,

and e) experimental verification of the composite’s strength model (Adopted with permission.[149] 2015, Elsevier).
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a copper aluminum intermetallic compound
(IMC) was formed at the interface of the
400 �C annealed sample, and it was identified
using Scanning Electron Microscopy
(SEM).[158] The Vickers indentation test was
used in this study to confirm brittleness of the
Al2Cu and its reduced ductility.[158]

One of the main advantages of DBW
techniques is their applicability in AM
operations. Liu et al.[153] demonstrated this
(shaped metal deposition) to fabricate steel-
bronze hybrid-metal samples. The interface’s
tensile strength was characterized and the
tensile strength of the bimetal reached
305MPa; the fracture occurred near the
middle of bronze side. The results showed
a good adhesion at the interface between steel
and bronze, “metallurgical based bonding”,
without cracks or pores. The results showed
no Cu element on the steel side, while Fe
element entered the bronze side in the form
of large particles.[153]

4.3. Sheathed Powder Compaction

Metal–composite samples fabricated by
“sheathed powder compaction” by CHPT[143]

produced two types of metal–composite bonds:
powder–powder and powder–solid bonds. The
DOF approach presented in Section 4.1 is not
suitable to characterize the bonding strength of
the compacted powder due to the particles’
complex geometry, their extremely small size

(typically 5–20 μm) and the heterogeneous
distribution of the particles in the fabricated
sample.[144] Instead, small specimen techni-
ques[159] (e.g., micro-shear punch) were used to
characterize a range of mechanical properties
such as strength and ductility in a relatively
small zone (e.g.,[160] and[161]) with limited
availability of the fabricated materials.

“Cylindrical interaction” (Figure 10d) can
be used to model the metal-powder interface
developed by the cylindrical “sheathed powder
compaction technique” samples.[144] The sim-
plified model ignores the intermediate layer
between powder particles and a solid sheath.
Given the bond’s “translational degree of
freedom”, the ratio of critical shearing load
to the interface area represents the bonding
strength.

Experimental setup for the micro shear
punch and a typical distribution of the
“particle–particle bonding strength” for a
sheathed powder compacted sample are
shown in Figure 11. The micro shear punch
measurements[144] were used to interpret

Figure 10. Types and degrees of freedom for simple contact interactions between the

components; a) Revolute (1 DOF, 1 rotational), b) Screw/Spiral (1 DOF, 1 rotational),

c) Prismatic (1 DOF, 1 translational), d) Cylindrical (2 DOF, 1 translationalþ 1 rotational),

e) Planar (3 DOF, 2 translationalþ 1 rotational), and f) Spherical (3 DOF, 3 rotational).

Figure 11. Characterizing compacted powder bonding using a micro shear punch (MSP)

a) MSP exploded view: 1) linear bearing (guide), 2) stripper, 3) die, 4) anvil, and 5) punch

holder, b) schematic assembly of sliced composite sample and MSP, c) 4 sampling points for

MSP test of the compacted aluminum powder, d) experimental rig for MSP’s load displacement

measurement, and e) post processed bonding strength for the sampling points and

comparison with reference values [it also includes the reference MSP curves obtained for the

same thickness of commercially pure aluminum alloy indicated by CP–Al solid, and two test

cases on 5xxx series aluminum]. (Insets b, c and e are reproduced from.[144]).
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bonding strength within a metal–composite’s powder com-
pacted zone. This provided the bonding strength in an average
sense for a small footprint of 0.5–1mm diameter. Also, the
morphology of the compacted powder and their deformed
configurations (splats) were examined in three dimensions
within the sample.[144]

The bonding between powder and its sheath metal can be
characterized using a dedicated blanking test[145] considering a
failure mode of the “cylindrical contact” in Figure 10d and
choosing the punch diameter to be equal and concentric to inner
diameter of the sheath.

4.4. Extrusion Based Bonding and ECAE

Al/Cu clad rods were fabricated using an indirect extrusion and
drawing process.[161] Kwon et al. performed a sensitivity
analysis on the bonding strength of the Al/Cu clad interface
and recommended a temperature range between 573 and 623K
with an extrusion ratio of 21.39 to achieve the optimum
extrusion conditions.[161] They noticed a fracture of the Cu clad
during the extrusion when temperature increased above
623 K.[161] In their experiments below 523K, on an initial Cu
thickness of 6mm with an extrusion ratio of 6.68, the bonding
strength was approximately 10MPa.[161] At the same extrusion
ratio of 6.68 with a temperature of 623 K, they observed a
diffusion layer thickness (DLT) of 1.6mm while the bonding
strength of the fabricated sample increased to 60MPa.[161] They
reported an increase in the bonding strength, respectively, to
1.8mm and 65MPa at a given extrusion ratio of 21.39.[161] The
DLTand the bonding strength were also, respectively, increased
to 3mm and 75MPa after annealing the sample for 1 h at
573 K.[161]

Eivani and Taheri[136c] employed ECAE to fabricate metal–
composite samples of Al/Cu clad rod at 350 �C. They tested the
bonding strength of their “as extruded sample” using a blanking
test. This was carried out using a sliced sample of 5mm
thickness.[136c] The samples were annealed at 300� for 1 h
before the test, which identified the increase in bonding
strength. It was suggested that multiple passes of ECAE
processing increased the bonding strength.[136c]

Similarly, Eslami, and Taheri investigated the diffusion
bonding of Cu clad Al rod using the ECAE process[136b] under
different conditions. Temperature was varied from 100 to
225 �C in steps of 25 �C and the shear strength of the bonding
was tested at holding times of 20, 40, 60, 80, and 100min at each
temperature.[136b] A good bonding was reported for processing
temperature of 200 �Cwith a holding time of 60 to 80min.[136b] It
was also suggested that the bonding strength was adversely
affected by increasing the temperature above 120 �C, due to
formation of brittle intermetallic compound in a vacuum free
processing environment.[136b]

Another study reported that Al welded with Cu in ambient
conditions using the ECAE process.[136a] The bonding strength
of the Al/Cu clad sample was found to be 33MPa using a
blanking test, which is comparable with yield strength of
aluminum.[136a] For a composite ECAE sample with a rectangu-
lar section, the “prismatic interaction” in Figure 10c was used as
the failure mode to characterize the metal–composite’s bonding

strength. Although the experiment was performed under
ambient conditions, the bonding strength was tested after
annealing the final product at 250 �C for 1 h.[136a]

In addition to the experimental investigations, researchers
have developed some analytical frameworks on the bimetallic
extrusion processes. Hartley developed an upper bound
solution for composite rod extrusion process[162] and in this
theoretical formulation assumed a piecewise homogeneous
process.[162] However, a homogeneous material flow is
unrealistic in a non-proportional bimetallic forming process
with dissimilar materials.[109] Metal flow of bimetallic extrusion
was characterized for combinations of “a soft sleeve with a hard
core” and “a hard sleeve with a soft core” by Tokuno and Ikeda
using analytical and experimental studies.[163] Their formula-
tion included a velocity field in which the material flow planes
were not considered as parallel.[163] In their analytical
formulation, they assumed a velocity field similar to that of a
typical extrusion process with no tangential velocity compo-
nent. Avitzur et al. investigated a core fracture behavior and a
sleeve fracture behavior using a velocity field analysis in various
composite extrusion processes.[164]

Another study provided a theory for an axisymmetric
bimetallic tube extrusion using the slab method.[165] Berski
et al. presented a theoretical formulation for a bimetallic rod in
a double reduction die with two extrusion ratios. They
presented case studies using “FORGE2” commercial soft-
ware.[166] Haghighat and Asgari developed a generalized
spherical velocity field for a bimetallic extrusion.[167] However,
they did not provide a complete theoretical stress analysis
solution for their solid bimetallic extrusion. The extrusion
ratio for a composite sample depends on several variables,
including the geometrical parameters, materials properties
and the process parameters. Rhee et al. performed bimetallic
extrusion with the extrusion ratios of 8.5, 19, and 49, while
Kwon et al. considered a forward extrusion with an extrusion
ratio of 6.98 to 21.39.[111,161] Sliwa argued that the single
material extrusion ratios are not necessarily applicable to both
the extrusion ratios of core and sleeve.[109] Neither of these
works provided a sensitivity analysis to support their chosen
extrusion ratios.

A parametric optimization study of bimetallic rod extrusion
was conducted for Al alloy2014 (core) and Al alloy6063
(sleeve).[168] To optimize the extrusion length of the bimetallic
rod, the researchers used a coupled physical and numerical
modeling using “DeformTM 3D” software package[168] in which
the lengths of the core and sleeve were varied to optimize the
sample length by comparing the free end of the extruded
samples.[168] Khosravifard and Ebrahimi conducted a numerical
study for a bimetallic extrusion of composite Al/Cu clad rods[169]

using the LS-DYNA commercial package. They investigated the
force–displacement, radial strain and interfacial strength[169] in
their fabricated sample and showed a uniform radial strain in a
bimetal extrusion.

Contrary to the above cases, both “twist extrusion”[170] and
“axisymmetric forward extrusion”[171] include a tangential
velocity in their velocity field. The latter process has been
employed to bondmetals and to produce bimetallic rods.[155] The
mechanical characterization AFSCE samples, will be reviewed
next.
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4.5. Bond Strength Measurement of AFSCE Samples

Composite samples with a commercially pure copper (C11000
with 99.90% Cu) clad and a pure cast Al core were fabricated
using AFSCE experiments at 300 �C and an applied back-
pressure.[155] Dimensions for Cu clad (sleeve) and Al core are
shown in Figure 12. A low clearance slide fit tolerance of H7g6
(ISO 286–2) was chosen for the diameters of the core and the
clad. The slide fit minimized trapped air between the core and
clad during the process, thus it minimized the risk of oxide
formation at the interface. More detail of the processing
parameters is available in ref. [150].

To investigate the effective bond formation between copper
and the aluminum samples, five different combinations of
samples were produced by varying D, the inner diameter,
(Figure 12b), equal to 11.0, 10.5, 10.0, 9.5, and 9.0mm.

AlthoughbothAFSCEandECAEjoiningmethodsareextrusion
based, their bond types are different. The contact between the two
metals in AFSCE resembles that of the clad metal contact with
AFSCE die. Therefore, the contact between the core and clad
metals after the process can be represented by the screw/spiral
contact in Figure 10b. The only DOF for the screw type interaction
is the rotational one.However, it is unlikely that thisDOFbecomes
a failure mode due to the high torque required to overcome the
friction at the contact.[172] Therefore, AFSCE
develops amechanical interlockingbetween the
components.

The screw/spiral bonding by AFSCE is
complex. Simplifying the contact interaction
type to a cylindrical one, a blanking test can
be used to characterize the bonding strength
in an average sense due to a longitudinal
failure mode.[150] Thus, a modified axisym-
metric dedicated blanking test (DBT) was
developed and completed for this experiment
(Figure 10d with longitudinal DOF).

The extruded composite samples were
sliced, normal to the extrusion axis, by “wire
cutting” in preparation for the blanking test
(Figure 13a, loaded with the AFSCE’s sliced
sample). The extruded composite specimen
with 10.5mm Al core was sliced to obtain 1,

1.5, and 2mm thickness specimens. The slices were tested
subsequently by blanking using DBT to measure their bonding
strength. The results of the blanking were interpreted with a
numerical assisted inverse identification modeling due to
complexities of strain and stress development at the metal-
composite sample and the ambiguities caused by the blanking’s
clearance.

To obtain a reference stiffness curve, anAl disk sample of 1mm
thickness was machined from an identically extruded section and
blanked using the corresponding 10.5mm DBT set. The solid
1mmAl sample required themaximum shear load of Fr¼ 1950N
to fail and exhibited a typical elastic-plastic behavior as shown in
Figure 13b. Similar measurements for composite samples with
various thicknesses revealed that the maximum blanking load
increased with an increase of thickness of AFSCE specimens. It
can also be seen in Figure 13b that the correlation between the
thickness and maximum required force is non-linear. This is
because theDBTsampleswith higher thicknesses experienceboth
simple shear and bending failure modes. Further to this, the
composite sample with 1mm thickness required 1289N shear
load to fail at the interface. This is below the force requirement to
causea fullymature failureof theAl referencesample,Fr¼ 1950N.
The lower than expected strength of the composite sample ismost
likely due to the presence of an intermediate interfacial layer

Figure 12. Composite sample before processing a) manufacturing drawings to show the main dimensions of the composite sample b) the sample’s

image with Cu clad and Al core.[155] (Adopted with permission.[146] 2013, Elsevier).

Figure 13. The dedicated blanking test, a) Section view of DBT rig to measure bonding shear

strength, b) DBT’ results plotted for shear force against the punch stroke.[150] (Adopted with

permission.[146] 2013, Elsevier).
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between Al/Cu. Moreover, the sudden drop in the DBT results,
Figure 13b, indicates the brittle nature of the interface. The lower
than expected strength for the bond was also studied numerically
using a dedicated finite element model. It explains that the stress
discontinuity and stress concentration at the interface were due to
sudden variation of the composite specimen properties at the
boundary, suggesting a brittle failure from a continuum
mechanics point of view.

4.6. Finite Element (FE) Characterization of the Extrusion

Based Joining Processes

As far as the bonding strength is concerned, the second
constituent serves as a stress (strain)-concentrator[173] and can
reduce the bonding strength. To maintain a kinematically
compatible condition across the interface, a stress gradient
develops at the vicinity and inside the bonding zone due to
different constitutive properties of the two materials. To handle
this by a finite element model and to capture the gradient
adequately, special elements should be used.

Sapanathan et al.[174] employed a finite element model to
represent the complex interface for their AFSCE samples. In
their model, the bond was represented as an intermediate layer.
To characterize the bond strength, an experimental setup was
used with the DBT to measure the loading behavior of the sliced
AFSCE sample.

An axisymmetric 2D schematic for the assembly of the DBT
test configuration, including a test sample, is shown in
Figure 14a. It includes three major components; the blank
holder punch and die. An axisymmetric model was used to
perform the numerical modeling using Abaqus/explicit module.
Figure 14b shows the mesh employed in the numerical model
for the longitudinally sliced composite sample at the beginning
of DBT. The numerical model simulates the blanking process to
investigate the role of each test parameter. The parameters
included sample thickness, clearance between punch and die
and fillet diameter of the tools.

2D, axisymmetric, bi-linear solid elements with 4 nodes
(CAX4R with 2 degree of freedom per node), were used to model
the bimetallic material. The blank holder, punch and die were

treated as rigid in the simulation. A sufficiently fine mesh was
chosen to capture the large gradient of the stress at the interface.

A key input to the FE model is the flow stress of the two
materials; pure copper C11000 (99.90% Cu) and pure cast Al
which were obtained experimentally and used in the simula-
tion.[145] The experiment included torsion testing of the samples
for which the test rig is shown in Figure 15. To obtain the
appropriate stress–strain behavior of the materials, a room
temperature torsion test was performed after a similar thermal
cycle of AFSCE process (Figure 15c) and the torque-twist data
were converted to the stress–strain curve using the technique
presented by Khoddam et al.[175] The torsion test sample and its
heat treatment enclosure are shown in Figure 15a. The flow
behaviors were also represented using the following analytical
expressions for aluminum and copper, respectively:

Aluminium σ ¼ 100:5e0:2097e � 107:1e �10:96eð Þ ð1Þ

Copper σ ¼ 359:1e0:0463e � 250e �1:316eð Þ ð2Þ

Where, σ (Mpa) and e are flow stress and strain, respectively, in a
uniaxial loading. The mathematical models and experimental
constitutive data are shown in Figure 15b.

Using the DBT’s FE model, a large and uniform effective
plastic strain was found at the interface with 1mm sample
thickness, 0.6mm clearance between die and the punch and
0.1mm fillet radii of the tools.[150] Thus a setup made with these
parameters was used to design the experiment and to measure
the strength of the bonding while a cohesive zone model was
used to inversely estimate the shear stresses during the failure at
the interface.[151]

4.7. FE Characterization of FRMMC

An important feature of “fiber reinforced metal matrix
composite” (FRMMC) is that the fabricated metal–composite
has zero degrees of freedom. The composite components are
mechanically interlocked together. Obviously, adding other
modes of bonding (e.g., gluing, metallurgical, welding, etc.)
would increase the integrity of the composite. A closed form

Figure 14. a) Schematics of DBT model b) meshed 2D axisymmetric numerical model with applied boundary condition. (Reproduced with

permission.[150] 2015, Elsevier).
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derivation was developed by Khoddam et al.[149] to analyze
FRMMC.The closed formsolution canbeused to characterize the
average work hardening in each component of the composite.
Another numerical model was also employed to investigate the
heterogeneous properties of the components in more detail,
stress and frictiondevelopment at the interface and to evaluate the
process requirements, such as the required torque-twist to
fabricate a given composite. Kim et al. developed a detailed FE
model to characterize a stainless steel-copper (SS-Cu) FRMMC
sample and to study the parameters of the hybrid-metal.[177]

Typical results obtained from the simulations using the dedicated
finite element model are shown in Figure 16.[177]

4.8. AM Based Alloy–Alloy Bond

AM is commonly used to bond alloys to produce all the contact
types shown in Figure 10. Despite the manufacturing category
used (i.e., powder bed, powder feed, or wire feed), modeling of
the bond is complex due to the multi-physics nature of the
processing conditions. The complexity of the challenging task
may be better understood by considering the phenomenological
formation of heterogeneous pores, non-uniform thermal
distributions, multiphysics behavior, induced residual stresses,
resulting heterogeneous material properties etc.

5. Applications in Various Fields

There is a growing demand for hybrid and composite metals for
many industrial, electrical, electronics, medical and daily life

applications where the properties of one material alone are not
adequate to fulfil the requirements.[1a] Examples of these are
aerospace industry, chemical/petroleum processing plants,
wearable and medical equipment, electric cables, heat exchang-
ers, and cooking utensils. For many cases of metal–composite
joining, the effective bond between the constituents can be
fulfilled by either a traditional or an innovative manufacturing
technique (e.g., cold welding, diffusion welding, explosive
welding, and friction stir welding or using an appropriate type
of additive manufacturing). For many applications, the joining
processes are considered as secondary manufacturing methods.
A number of selected applications for metal-composites will be
presented next.

5.1. Diffusion Bonding

Use of diffusion bonded parts in military aircraft includes
fuselage frames, outboard and inboard actuator fittings,
bulkhead, main landing gear trunnion and nacelle frames which
are made of titanium and super alloys. The process reduces the
required amount of rare materials.[102] However, diffusion
bonding is an expensive process, which requires a vacuum
furnace to perform the welding and to be sufficiently large to
include the whole part inside the furnace. Moreover, a careful
surface preparation is required that is still challenging for
certain materials such as aluminum alloys. In recent years, new
metal joining techniques and their applications have been
increased in medical, electronics, aerospace, chemical processing
plants and structural applications.

Figure 15. Warm torsion test a) an aluminum torsion test sample inside the heating conduction enclosure, b) estimated and measured stress-strain of

copper and aluminum of this study at 300 �C, and c) thermal cycle of the sample prior to torsion (Inset c reproduced with permission from ref. [150],

2015, Elsevier) and d) torsion rig.[176]
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5.2. Additive Manufacturing

Both cold and thermal spray techniques have been used to
incorporate metal–composite deposition in AM processes. Cold
spray deposition enables non-thermal freeform to fabrication of
metal–composites and can be regarded as a type of additive
manufacturing. It eliminates high-temperature processing,
which is needed for similar methods such as sintering based
AM. It also eliminates the ecologically unfriendly chemicals
which are used for electroplating.

Ultrasonic Additive Manufacturing (UAM) is currently
available as a commercial technology.[154] Thanks to its solid-
state nature, UAM is suitable for joining dissimilar metals
without the formation of brittle intermetallics as seen in fusion
processes. UAM has been used successfully to bond several
combinations of metals, most commonly Al/Cu, Al/Fe, and
Al/Ti. Less common types with combinations such as Ta/Fe,
Ag/Au, and Ni/stainless steel are also achievable using UAM.
From a purely theoretical perspective, given enough ultrasonic
power, the process should be able to bond any dissimilar
metals.

Samples fabricated by UAM are shown in Figure 17. Bonding
of the 3D “radio frequency” sensor to the catheter, shown in
Figure 17c, enables its smarter use for medical applications.

5.3. Intense Pulsed Light Sintering

An intense pulsed light (IPL) process employs a xenon flash
lamp to sinter copper nano-ink printed on low-temperature

Figure 16. ABAQUS simulations of FRMMC sample by Kim et al.

a) top and bottom insets are effective stress distribution in Cu

matrix and SS fiber, respectively, subjected to simple torsion,

b) velocity distribution in the Cu matrix and SS wires, c) effective stress

distribution in Cu matrix and SS wires, and d) effective stress distribution

in a cross-section of the FRMMC sample (Reproduced with permission

from Kim et al.,[177] personal communication).

Figure 17. Sample metal-composites fabricated by, a) UAM Laminate

Copper; 50x and b). UAM printing of parts that include embedded

sensors/electronics, dissimilar metals, and/or complex internal geometry

(Photos courtesy of Fabrisonic LLC) and c) printing a 3D radio frequency

sensor on catheter (Photo courtesy of OPTOMEC).
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polymer substrates at room temperature and ambient con-
ditions.[178] An extremely short duration of IPL (2ms) is enough
to sinter copper nano-ink without damaging the polymer
substrates. This is potentially ideal for several “printed
electronics” systems and many multi-disciplinary applications
such as smart tags for “internet of things”,[179,180] and is also
feasible for inkjet printing. Kang et al.[181] demonstrated
intense pulsed light (IPL) sintering of inkjet-printed CuO layers
on a primer-coated porous PET substrate to convert the
electrically insulating CuO into conductive Cu by adding
conductive layers in less than 1 s after the printing process. The
lowest resistivity of IPL sintered Cu layers was �55.4 nΩm
which is �30% of bulk Cu conductivity. They reported a sheet
resistance of 0.132Ωm�2 and a layer thickness of 420 nm
which was IPL-sintered at 8 J cm�2. To verify
the applicability of the proposed IPL sintering
method, a RFID coil pattern was inkjet-
printed and sintered as shown in Figure 18
(using a single pulse of 4.5 J cm�2).

5.4. Conductive Metal Based Inks

Based on the printed electronics technology, a
number of innovative solutions have been
developed which rely on bonding of nano-
silver inks (Ag� DDA and Ag� PVP) and
liquid metal inks (EGaIn and Bi35In48:6

Sn16Zn0:4) to their substrate.[182] The conduc-
tivity for the nano-silver and the liquid metal
inks is typically between 6:25� 106 to
3:45� 107and 3:4� 106 to 7:3� 106S=m,
respectively.[183] Examples of these include
tissue engineering, implantable devices and
wearable bioelectronics.[182] Wang and Liu[182]

have presented interesting new applications
for “printed electronics” using liquid metal
technologies. Images of a “liquid metal roller-

ball pen” (LMRP) and its sample conductive tracks[184] are shown
in Figure 19.

5.5. Stretchable Electronics for Wearable and

Body-Implantable Devices

For many applications of a metal-composite, such as electrical
systems, the stability of the mechanical and electrical properties
is essential. Typical examples of the case are stretchable and
wearable sensors, actuators, energy storage and energy harvest-
ing devices. Jin et al.[185] developed a “stretchable loudspeaker”
using Liquid Metal Microchannel. Their system employed a
liquid metal coil of Galinstan which operates by the electromag-
netic interaction between the liquidmetal coil and a Neodymium
(Nd) magnet. A key parameter for the device’s consistent
performance is the stability of the metal–composite’s electrical
resistivity during a two dimensional stretch. The system
demonstrated a mechanical stability under 50% uniaxial and
30% biaxial strains. Fabrication and components of the acoustic
device are shown in Figure 20.

5.6. Turbine Parts in Aerospace Industries

Specific parts of a turbine are required to stand for a very high
temperature of approximately 1500 to 1800�C.[186] The high
temperature melting super alloys are expensive but by studying
the temperature variation in a single part, it is possible to
manufacture a hybrid metal with a combination of high
temperature and low temperature melting materials. The hybrid
turbine router[187] and hybrid gas turbine blade[186b] were
invented to increase the fuel economy in aerospace applications.
They save a large amount of operational costs since they allow an
increase in the turbine operating temperature, which varies

Figure 18. An inkjet-printed “radio frequency identification” (RFID) tag as

a coil pattern (Reproduced with permission.[181] 2014, American Chemical

Society ACS).

Figure 19. a) A roller-ball pen with liquid metal ink. b) and c) two views of the pen nib. d) the

conductive tracks produced by the LMRP, containing lines, shapes, fold line and scripts.

(Reproduced witpermission of authors: Y. Zheng, Q. Zhang, J. Liu, AIP Advances 2013, 3,

112117, AIP Publishing[184]).
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throughout the turbine. Therefore, hybrid metals are an
economically viable solution to manufacture effective gas
turbine parts.[186b,187]

6. Conclusions and Future Outlook for Metal
Based Hybrid Materials

In practice, the innovative joining methods start at a bench scale
in research labs and need to fulfil several criteria before they can
be adopted at a production level. A large combination of metals,
materials and properties exist in a metal–composite design
context which can be employed to develop new metal–
composites for novel applications. The barriers to achieve these
include our limited understanding of the multi-disciplinary
interactions between the materials and properties. In a narrow
spectrum of properties such as bonding strength, a small
number of models exist with limited predictability. The gap is
much wider when it comes to other properties, which are needed
to produce functional materials.

An interesting example is the use of AM to bond “functional
circuits” onto both planar and non-planar substrates, although
3D printing is commonly perceived as a “complete part builder”

for a planar substrate. This key paradigm shift extends the scope
of AM solutions to include the ability to print conformal
electronics, including sensors, antennas and flexible circuits
onto substrates produced by traditional manufacturing
techniques.

The promises of metal–composites can be fulfilled only when
effective bonding is established. The bonding strength could
govern the overall strength of the composite. However, other
properties, such as electrical and thermal conductivity, are the
primary objective for several applications. In either case, it is
important to understand the parameters of the bonding, both
theoretically and experimentally.

This review has presented a number of experimental and
analytical models for several bonding types and techniques and
discussed their characterization methods and applications.

Examples were presented for some bonding methods, such as
Additive Manufacturing, that can co-exist with conventional
manufacturing techniques to enhance existing 2D and 3D
substrates with conformal electronics and to open new doors for
“printed electronics”.

In the absence of a reliable predictive bond model, several
process parameters should be identified experimentally to create
an effective bonding at the interface. These include pressure,

Figure 20. Making of a stretchable acoustic device (reproduced with permission from.[185]). a) Schematic of the metal-composite based system. b) SEM

images of SAD’s microchannel mold. Images of c) Galinstan microchannel, d) a SAD assembly, and e) SAD manually-stretched.
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elevated temperature, time, and shear vibration. Due to the
empirical nature of the identification, the optimized parameters
are only applicable to the particular joining technique.
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