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Abstract

To obtain particular properties, metal matrix
composites, or MMCs, combine a functional
or reinforcing secondary phase into a metal
matrix. The reinforcement/matrix interface's
structure and properties are among the key
factors that can influence how mechanically
MMCs behave. With a focus on the
application of micro- and nano-mechanical
testing techniques, this article examines
recent advancements in the measurement of
the interfacial properties in advanced
MMCs. It is demonstrated that researchers
can now obtain some of the critical
interfacial properties and the effects of
reinforcement/matrix interfaces on the
deformation and failure mechanisms of the
composites that were previously
unattainable by conventional methods
thanks to the novel in situ and ex situ
experimental capability. Furthermore, it is
possible to conduct basic and applied
research on the mechanical performance of
the composites under service conditions
thanks to the micro- and nano-mechanical
testing platform, which is thought to be a
promising and developing field of study.

Introduction

In order to achieve particular mechanical
and/or functional properties not possible in
the individual constituents and/or metal
alloys, metal matrix composites, or MMCs,
are composites that incorporate hard
reinforcement—typically ceramic—into a
metal matrix. For instance, traditional
strengthening techniques like precipitate and
solid-solution strengthening can greatly
boost a metal or alloy's strength, but they
have little effect on modulus, which is a
direct indicator of the metal's chemical
bonding stiffness. However, in MMCs, the
load-bearing capacity of the reinforcing
phase upon mechanical loading effectively
improves the modulus. The
reinforcement/matrix interface's structure
and properties are among the key factors
that could influence the mechanical behavior
of MMCs. For instance, the operating failure
mechanism of long-fiber reinforced MMCs,
also known as "continuously reinforced
MMC," is dictated by the strength of the
reinforcement/matrix interfacial in relation
to the fiber and matrix strengths [1]. The
shear-lag model [7,9-11] is frequently used
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to estimate the strengthening contribution
from the reinforcement in the case of
discontinuously reinforced composites, such
as those reinforced by particles [2—7] and/or
short fibers [8]. In these cases, the load is
transferred from the matrix to the
reinforcement by shearstresses at their
interfaces. As a result, the
reinforcement/matrix  interface's  shear

strength becomes crucial.

Although the experimental methodology for
determining interfacial properties between
dissimilar  materials has been  well
established for macroscopic materials and/or
parts [for example, the ASTM standards of
A944-99 “Standard Test Method for
Comparing Bond Strength of Steel
Reinforcing Bars to Concrete Using Beam-
End Specimens” and A981-97 “Standard
Test Method for Evaluating Bond Strength
for 15.2 mm (0.6 in.) Diameter Prestressing
Steel Strand, Grade 270, Uncoated, Used in
Prestressed Ground Anchors”], direct
assessment of the interfacial shear strength
of MMCs  with micro-/nano-scale
reinforcements is sought, but rarely
obtained, as a result of the difficulty in its
experimental measurement. Rather, the
standard approach is to obtain the interfacial
strength indirectly through model fitting to

macroscopic mechanical data, presuming
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specifics about the size, shape, and

distribution of the reinforcement.

Over the past 20 years, advances in micro-
and nano-mechanical characterization of
small-scale specimens have made it possible
to examine material properties that were
unreachable

previously through

conventional  experimental  techniques,
resulting in the development of potent new
tools [13-15]. The micro-/-nano-scale test
specimens used in these investigations are
created using lithography-based techniques
[19] or focused ion beam (FIB) [16-18],
after which they undergo compression or
uniaxial tension testing using a grip/indenter
tip that is specially made for them.These
innovative methods enable the direct
assessment of interfacial qualities in MMCs
with discontinuous reinforcement. This
piece emphasizes and examines the
significant research advancements made
recently in the study of the Interfacial
characteristics and mechanical behavior
dominated by the interface in sophisticated
MMCs. There are two case studies covered
in this article: 1) isolating and characterizing
a single composite interface within a single
test specimen, as well as assessing the
combined impact of multiple interfaces
within ~ a  micro-/nano-sample.  The

modification ~ of  strengthening  and
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deformation mechanisms connected to the
interface is given particular attention. In
conclusion, viewpoints and obstacles are
highlighted and suggested for additional

development in this area.

2. Determination of properties of a single

interface

It is now possible to isolate a single interface
(or boundary) so that its structure and
properties can be identified, thanks to the
site-specific fabrication capability of FIB
systems. Ng and Ngan [20] and Kunz et al.
[21], for instance, created aluminum (Al)
micro-pillars with a single grain boundary. It
was discovered that the grain boundary
effectively lowers the magnitudes and
frequencies of the discrete strain bursts by
limiting dislocations, preventing them from
escaping at the specimen free surface (Fig.
1a [20]). But depending on the plrecise kind
and nature of the boundary, such micro-
pillar analysis also shows that the grain
boundaries may potentially act as sources of
dislocation [21]. Aitken et al. [22] followed
this line of work and further carried outin
situ compression testing of aluminum bi-
crystals (Fig. 1b) in a scanning electron
microscope  (SEM), which  revealed
frictional sliding along the boundary plane.
Specifically, the in situ test captured the
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detailed and complete  deformation
procedure and mechanism during uniaxial
compressive loading (Fig. 1c): an initial
peak of 156 MPa was reached after the
elastic regime, which corresponds to
approximately 58 MPa resolved onto the
grain boundary plane and slip direction,
being 39% less than the critical resolved
shear stress for bi-crystalline aluminum
nano-pillars with a vertically oriented grain
boundary [21]. This initial peak was
followed by a sudden softening to about 100
MPa at ~2.5% strain, correlated with the
grain boundary sliding event (Fig. 1d). The
stress then varied continuously between 79
MPa and 112 MPa for the remainder of the
compression test, all the way up to the

unloading strain of approximately 16.2%.

Despite the success in studying the

deformation mechanisms  ofinterface-
containing systems such as polycrystalline
[19,23,24]and

nanolaminates [16-18], where the interface

materials metallic
is formed betweensimilar materials (i.e.,
between two grains of the same materials
but  with  different  crystallographic
orientations) or between twometal-metal
thin films, studying the properties of
interfaces formed Dbetweentwo dissimilar
materials, such as the metal/ceramic

interface, in atypical MMC using micro-
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/nano-mechanical characterization, is
muchmore difficult. This difficulty stems
from the contrasting properties of thetwo
constituent phases, which would make the
fabrication and testing of such interfaces
more challenging. Recently, Singh et al. [25]
and Lotfian

et al. [26] fabricated and tested
polycrystalline aluminum/amorphous SiC
micro-pillars from sputter-deposited
multilayered composite thin films. However,
the sputtered composite films have
microstructures distinctly different from
those of bulk aluminum
matrixcompositesreinforced by SiC particles
(SiCp), thus their results may have
limitedimplications for the deformation and
failure mechanisms of engineering MMCs.
To determine the interfacial failure
mechanism of reinforcement/matrix in
realdiscontinuously reinforced MMCs and to
estimatethe shear strength of their interfaces,
Guo et al. [27] fabricated SiC—Alcomposite
micro-pillars containing a 45_ slanted
interface delivering the maximum resolved
shear stress upon uniaxial compressive
loading.

SiCp-Al composite is one of the most
widely used MMCs in the industryfor
structural thermal management applications

due to its high specific stiffness and
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strength, good thermal conductivity, and
light weight. Fig. 2a demonstrates a
representative as-fabricated ~1 pm-diameter
SiC-Al composite micro-pillar.
Transmission electron microscopic (TEM)
analysis revealed that the grain size in the
aluminum layer is on the order of several
microns (Fig. 2b), thus the aluminum part of
the pillar is essentially single crystalline.
The SiC/Al interfacial structure can be
tailored by various surface treatments of the
SiC  reinforcement,

hydrofluoric (HF) acid treatment (Fig. 2c).

e.g.,oxidation  or

A uniaxial compression test caused shear at
the SiC/Al interface (Fig. 2d), and the
interfacial shear strength was estimated to be
133 _ 26 MPa, which falls into the same
range as shear strengths predicted from
theoretical studies[27—29]. The most striking
change observed in the post-deformation
TEM analysis (Fig. 2d) is the clear grain
fragmentation, where thedeformed
aluminum part contains multiple grains, with
grain sizes generally in the range of a few
hundreds of nanometers. Such a grain
refinement has never been observed in
previous studies of single crystalline [30] or
bi-crystalline [21,22] aluminum pillars. As
the only difference between these studies
and the work by Guo et al. [27] is

theintroduction of the heterogeneous,
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inclined SiC/Al interface, this may indicate
that the slanted interface confers significant
strain gradient during deformation and that
the SiC/Al interface serves as an effective
barrier for dislocation motion. Guo et al.
[27] further argued that the presence of the
interface in the pillar prevents dislocation
avalanches [31], thereby leading to a

7 1(000)
»

ZA, =[011]

characteriz(:zj by a shorter (LO) andﬂ;) longer
(L1) sides. (b) Dark field TEM image of a
typical as-fabricated SiC—Al bi-layer lamella
structure taken under two beam conditions.
(c) A magnified rendition of the interfacial
structure under TEM. (d) Post-deformation
TEM image of the composite micro-pillar
[27] (reprinted with permission from Ref.

[27]).

3. Study on the effects of aggregated

interfaces
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smoother deformation. The isolation and
engineering of a single reinforcement/matrix
interface in a single micro-/nano-scale
specimen may provide insight into the
deformation mechanism of discontinuously
reinforced MMCs, thus
improvements in the design and modeling of
advanced MMCs.

enabling

(c) (d)
It is now possible to isolate a single interface

(or boundary) so that its structure and
properties can be identified, thanks to the
site-specific fabrication capability of FIB
systems. Ng and Ngan [20] and Kunz et al.
[21], for instance, created aluminum (Al)
micro-pillars with a single grain boundary. It
was discovered that the grain boundary
effectively lowers the magnitudes and
frequencies of the discrete strain bursts by
limiting dislocations, preventing them from

escaping at the specimen free surface (Fig.
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1a [20]). But depending on the plEvery time
a new MMC is developed, more
sophisticated reinforcements are always
being searched for, found, and then used. A
great deal of research has been focused on
the creation and characterization of
nanocarbon-reinforced MMCs over the last
ten years due to the emergence of
nanocarbonic  materials  like  carbon
nanotubes (CNTs), graphene, and their
derivatives [32-34]. These materials have
been reported to exhibit exceptionally high
strengths (130 GPa) and high Young's
modulus values (1 TPa) in their pristine,
single-crystalline form [35]. Additionally,
their  intrinsic  properties may  still
outperform those of conventional fiber and
particle reinforcements [8,16] even in the
presence of a certain concentration of
crystalline  defects.  Furthermore, the
property enhancement conferred by the
nanocarbonic  reinforcements can  well
exceed that predicted by the “rule-of-
mixtures”, due to the confinement of the
dislocations imposed by the interface
between the metal and the nanocarbon
phases [36-38]. The strengthening and
deformation mechanisms of
nanocarbonreinforced

MMCs are usually very complex due to the

simultaneous presence of multiple potential
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mechanisms. Kim et al. [36] fabricated
graphene/Cu and graphene/Ni
nanolaminated composite multi-layers by
alternately evaporating metal thin films and
transferring monolayer or bilayer graphene
onto the metal-deposited substrate, as
schematically illustrated in Fig. 3a. As it is
difficult to carry out macroscopic
mechanical tests on these composite thin
films, a uniaxial compression test was
conducted on nano-pillars fabricated from
the composite films. It was found that the
nanolayered  composite  pillars  have
extremely highstrengths, achieving more
than 30%-50% of the theoretical strength
ofthe respective metals, which can be
attributed to  the  obstruction  of
dislocationsby the graphene layers (Fig. 3b).
This reveals the effect ofgraphene (or, in
general, other nanocarbon-based
reinforcements) on thedeformation
mechanism of the matrix metal; however,
the fabricationroute is of low throughput, so
that the as-fabricated composites are only
applicable to thin-film-typed applications,
such as flexible electronicsand micro-
electro-mechanical systems (MEMS).

The process of powder metallurgy (usually
described as ball-milling) is characterized by
its high strain rate and would result in severe

plastic deformation in the milled materials.
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Powder metallurgy is an important approach
for the fabrication of non-equilibrium alloys
and nanocrystalline metals [39,40]. In the
past decade, numerous studies have reported
the attainment of uniformly distributed
CNTs and graphene nanosheets inside a
metal matrix through the use of ball-milling
processes. The advantages of ball-milling
include its simplicity, high efficiency and
general applicability. However, the high
energy nature of the process and the severe
deformation caused by milling may give rise
to the fracture and damage of nanocarbon as
well as introduce various defects therein.
The formation of brittle intermetallic phases
may also occur owing to the

chemical reaction at the nanocarbon/metal
interfaces during ball-milling. Thus, it has
been considered that the simple co-milling
of CNTs/graphene and metal powders does
not well demonstrate the potential of the
property enhancement of nanocarbon-
reinforced MMCs[16,32].

To minimize the damage caused by high
energy ball-milling, Li et al.[16,41]
developed a processing methodology in
which, instead of co-milling nanocarbon and

metal powders together, only the spherical
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Fig. 3. (a) Fabrication and mechanical

characterization of graphene-Cu
compositenanolaminates. (b) Obstruction of
dislocations at a graphene/Cu interface in
adeformed composite nano-pillar  [36]
(reprinted with permission from Ref. [36]).
metal powders were subjected to the milling
procedure. The initially spherical metal
powders were then converted into platelets
having thicknesses varying from hundreds
of nanometers to microns, and CNTs and
graphene were absorbed on the platelet
surfaces in an organic solvent.

Bulk composite samples suitable for
macroscopic tensile tests were subsequently
obtained by the drying and sintering of the
composite  powders and the final
deformation processing [16,41]. As high
energy milling was not used in this case, the
structural integrity was maintained,thus
rendering an excellent strengthening and
stiffening effect in the sample. To further
determine the deformation and failure
mechanism of the bulk nanolaminated
nanocarbon-metal composite, graphene (in
the form of reduced graphene oxide, RGO)-

aluminum micro-pillars of various laminate
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orientations were fabricated (Fig. 4a) [18].
The “90 pillar” corresponds to the iso-
stress configuration, under which the RGO
reinforcementlayers do not share mechanical
load upon deformation. The iso-strain (“0 ")
pillar bears the load during uniaxial
compression, while the micro-pillar with
45 -slanted RGOJ/AIl interfaces has the
maximum resolved shear stress at the
interfaces  during  deformation  (“45
pillars”), so that the interfacial shear
strength of the composite can be evaluated.
For comparison, 0_ and 90 _ pure aluminum
pillars fabricated using the same processing
parameters are produced. Compressive true
stress vs. true strain curves shown in Fig. 4b
indicate that the 0_ and 90_ pure aluminum
pillars have similar strengths (216 _ 15 MPa
vs.209 _ 28 MPa, respectively), while the
composite micro-pillars display significant
property anisotropy, i.e., the 0_ pillars have
the higheststrength of 513 _ 69 MPa, the
45 _ pillars the lowest strength of

267 _ 68 MPa, and the 90_ pillars have an
intermediate strength of322 _ 27 MPa. The
iso-strain 0_ composite pillars therefore
exhibit aclear load-sharing effect, and the
iso-stress 90_ pillars are still muchstronger
than their pure aluminum counterpart, which
can be attributedto the enhanced dislocation

pile-up resulting from the graphene
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layersincorporated at the inter-lamella
interfaces [37,42]. Post-deformationTEM
analysis  further clarifies the failure
mechanism of the composite

pillars of different orientations (Fig. 5). In
particular, the “shear angle”(the angle
between the shear fracture plane and the
pillar cross-section)in the 0_ composite
pillars is on the order of 20-30_, but it
becomes50-60  for the 90_  composite
pillars. This suggests  that  the
graphene/aluminum interfaces tend to
deviate the fracture path  towards
theorientation which parallels the interfaces,
showing an appreciable crackdeflection
mechanism. However, in the case of 45
composite pillars, no such toughening
mechanism is at work, thus quick crack
propagationdevelops after its initiation
(presumably at the voids near the
interfaceswith insufficient densifications) at
the lowest strength.

4. Perspectives and challenges

This article reviews recent developments in
measuring the interfacialproperties in
advanced MMCs, with an emphasis on the
use of micro-/ nano-mechanical testing
approaches. It is shown that, with novel in
situ conditions, including cyclic [43], high
temperature [44,45] and
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Fig. 4. Schematic of compression tests of
~1.5 um-diameter 1.50 vol % RGO-Al
composite pillars and Pure Al pillars with
different laminate orientations [18]. Samples
are denoted by the angles formed between
the laminates and the pillar axis: (a) RGO-
Al 90_ composite, (b) RGO-Al 45
composite, (¢) RGO-Al 0_ composite, (d)
Pure Al 90 _and (e) Pure Al 0_ pillars, and
(f) compressive true stress vs. true strain
responses (reprinted with permission from
Ref. [18].).

Q. Guo et al. Nano Materials Science 2
(2020) 66-7169. irradiation[46,47]. This
constitutes a promising and emerging
research direction.However, because both
mechanical strength and flow behavior may
show notable size effects when the
dimension of the material is reduced to
small scales [31,48], caution should be used
when micro-/- nano-mechanical techniques
are employed to explain the deformation
mechanisms of bulk materials with ‘‘real’’
structures. This is particularly true for bulk
MMC test specimens in which both external

and internal microstructural length scales
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would be present. Thus, to correctly
extrapolate bulk behavior from the micro-
/nano-mechanical test results and gain
insights into the deformation mechanisms of
real, engineering

MMCs, the careful design of specimen
dimensions is required, so that the micro-
/nano-scale sample is large enough to
properly reflect macroscopic materials'
properties but is still small enough to be
processed using a reasonable timeframe and

experimental effort.

Fig. 5. TEM montages of post-compression
1.50 vol % RGO-AI pillars with different
RGO orientations (90 , 45 and 0_) [18].
(a)—(c) TEM montages of the entire RGO-AI
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90, 45_

respectively; (d)—(g) magnified renditions of

and 0_ composite pillars,

the boxed regions in (a)—(c). The shear angle
(the angle between the shear fracture plane
and the pillar cross-section) estimate was
illustrated in (d), (e) and (g), where the ends
of the sheared part aided the identification of
the crack propagation path (Point A and
Point B in d) (reprinted with permission
from Ref. [18]).
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