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While materials that are light, strong, tough and simultaneously damping are highly attractive for a
range of applications, it remains a challenge to achieve a combination of all these properties in a single
material as these properties are oftenmutually exclusive. Here we present a cermet material comprising
an ultrafine-grainedMg-Al-Znmagnesium alloy with ultrafine Ti3AlC2 ceramic platelets, where the two
phases are bi-continuous and interpenetrated in 3D space yet are alternately arranged in a layered
fashion as in natural nacre. Such an architecture was constructed by infiltrating the alloy into the
porous ceramic scaffold where the Ti3AlC2 platelets were preferentially aligned by vacuum filtration
and partially sintered. The resulting cermet exhibits a high flexural strength exceeding 1 GPa and a
high specific flexural strength (strength normalized by density) of over 350 MPa/(g cm�3) – both
exceeding those of most other bulk magnesium (andmagnesium alloys), ceramics, and their composite
materials – as well as high damping capacities and good fracture toughness. The architectural design
strategy and the robust fabrication approach may prove to be effective for developing new high-
performance cermet materials.
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Introduction
There is an omnipresent need to develop new structural materials
that are strong yet lightweight, i.e., with a high strength-to-
density ratio, but which additionally are resistant to fracture, i.
e., less sensitive to flaws, to ensure a safe service life. Damping
capacity can also be a key property as it is critical to reduce vibra-
tions and noise while maintaining structural stability. Unfortu-
nately, the major challenge to creating materials that exhibit
all these characteristics, namely high specific strength, toughness
and damping capacity, is that these properties are generally
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mutually exclusive, the tradeoffs between strength and tough-
ness [1,2] and between strength and damping capacity [3,4]
being well-known examples. However, the question that we pose
here is whether this can be overcome by combining different
classes of materials.

Ceramics and metals are two of the most common categories
of materials in engineering applications. Ceramics generally dis-
play high melting temperatures, high modulus, high hardness
and good thermal stability owing to their strong covalent (and
sometimes ionic) atomic bonding; however, the resulting limited
atomic mobility and dislocation activity invariably result in poor
fracture toughness, low damping capacity, along with high flaw
sensitivity. As such, ceramics tend to exhibit far inferior strength
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where tensile stresses are present, compared to their mechanical
performance in compression [5,6]. By comparison, metals gener-
ally have much superior ductility, fracture toughness and damp-
ing capacity owing to their more compliant metallic bonding.
Magnesium and magnesium alloys are particularly attractive in
this regard as they have low density and high specific strengths
and damping capacity that exceed the majority of other metals
[7,8]. However, they display relatively low strengths, stiffness
and hardness (in terms of the absolute values) especially at ele-
vated temperatures, which limits their range of application.

A feasible approach to combine the property advantages of
ceramics (“cer”) and metals (“met”) is to make hybrid or compos-
itematerials consisting of these two constituents; these have been
termed “cermets” [9–13]. The properties of cermet materials are
mainly determined by two factors, i.e., the types of components
and the composite architectures. Accordingly, the exploitation
of high-performance magnesium-ceramic cermet materials prin-
cipally involves: i) the selection of a ceramic component that
has attractive properties yet strongly bonds with magnesium,
and ii) themodulation of their architectural (or structural) charac-
teristics, including spatial arrangement, dimensions and orienta-
tion of the components. In general, cermet materials have been
developed in terms of a structure where ceramic particles acting
as a reinforcement phase are dispersed, but are not continuous,
within a continuous metal matrix [10–12]. This is represented,
for example, by the well-known tungsten carbide-cobalt compos-
ites widely used in cutting tools where cobalt plays a role as a bin-
der to bond tungsten carbide particles together [13]. However, it is
not easy to construct and process complex architectures, e.g., with
special orientations, in cermet materials while ensuring the con-
tinuity and fine dimensions of both the ceramic and metal com-
ponents; indeed, these limitations have served to curtail the
extent to which the property advantages of the two phases can
be realized. For magnesium-ceramic systems (in bulk form) [14–
22], the flexural strength has never reached 1 GPa with a specific
flexural strength less than 200 MPa/(g cm�3).

Here we propose a strategy for developing new lightweight,
strong and damping magnesium-ceramic cermet materials. First,
a Ti3AlC2 ceramic was selected as one constituent; this is one of
the known MAX phases where a mixed metallic-covalent-ionic
atomic bonding state exists [23,24]. MAX phases exhibit a high
modulus, hardness and thermal stability like ceramics, yet can
conduct heat and electricity like metals, and to some extent are
resistant to crack propagation owing to their layered structure
[25,26]. In particular, the Ti3AlC2 ceramic has been reported to
have a high damping capacity among ceramic materials and dis-
play a strong interfacial bonding with magnesium [14,23,27].
Second, ultrafine ceramic platelets, obtained by controlled ball-
milling, were preferentially aligned by vacuum filtration, and
then partially sintered to create interconnections between them,
forming an open porous scaffold. Subsequent infiltration of the
scaffold with a magnesium melt led to the formation of a cermet
material where the metal and ceramic phases are bi-continuous,
interpenetrated in 3D space, and alternately arranged in a layered
fashion (akin to natural nacre [28–30]). Third, the growth of
magnesium grains was constrained within the narrow inter-
spaces between ceramic platelets during the solidification process
after infiltration, endowing the magnesium phase with an
ultrafine-grained structure. This, along with the ultrafine dimen-
sions of ceramic platelets, further resulted in a high density of
interfaces in the composite. Based on these compositional and
architectural designs, the resultant cermet material achieved a
remarkable combination of properties, including a high flexural
strength over 1 GPa and a high specific flexural strength over
350 MPa/(g cm�3), both exceeding those of most other bulk met-
als, ceramics and their composites, along with good toughness
and damping capacity.
Results
As shown in Fig. 1(a), the ceramic platelets are partially intercon-
nected between each other and are interpenetrated with the con-
tinuous metal phase in the cermet material. Their width and
thickness are in a range of 0.2 to 2 lm and 100 to 300 nm, respec-
tively. The existence of interconnections between the ceramic
platelets can be seen in the micrographs of the ceramic scaffold
before infiltration and can be verified by the good integrity of
the scaffolds shown by their high compressive strength of
�30 MPa, as shown in Fig. S1 in the Supplementary Materials.
These platelets are preferentially aligned along the horizontal
direction, i.e., normal to the thickness of the composite material,
and are alternately arranged with the metal phase filling the
interspace between them. Such an architecture is qualitatively
similar to the well-known “brick-and-mortar” structure of natu-
ral nacre in abalone shells, although not as regular or well orga-
nized [28]. However, the ceramic platelets and metal phase in our
composite play the respective roles of the “bricks” and the “mor-
tar”, as in nacre. Indeed, the mineral bricks in nacre are also
interconnected through mineral bridges and are interpenetrated
with an organic mortar [29].

The volume fraction of the ceramic phase in the cermet mate-
rial was determined to be �44.2 vol.% by analyzing transmission
electron microscopy (TEM) images. This is consistent with the
measured porosity of the ceramic scaffold before infiltration as
�54.1 vol.% (i.e., corresponding to a ceramic content of �45.9
vol.%). Only a limited number of tiny pores with an equivalent
diameter smaller than 7 lm were detected (in a volume of
�3.1 � 107 lm3) in the cermet material, as shown in the X-ray
tomography (XRT) images in Fig. S2. These pores have a negligi-
ble volume fraction (determined by XRT to be �2 � 10�4 vol.%),
indicating a nearly complete filling of the ceramic scaffold with
magnesium alloy by melt infiltration. The metal phase has an
ultrafine-grained structure typically with a grain size smaller than
1 lm, despite the slow solidification process after melt infiltra-
tion (Fig. 1(b)). This results from the constraint on the growth
of the metal grains by the ceramic platelets within their inter-
spaces. Additionally, micro defects, such as cracks between the
atomic layers, are easily introduced into the ceramic platelets
by kinking or delamination during mechanical ball milling due
to the relatively weak inter-layer bonding of the layered structure
[31,32]. These defects can be largely eliminated during the melt
infiltration process and thereby prevented from being inherited
in the cermet material. Two possible means to achieve this are
to fill the cracks with the metal phase and/or to separate the pla-
telets into smaller ones at the defects, as shown in Fig. 1(c) and
Fig. S3.
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FIGURE 1

Microstructure and phase constitution of the cermet material. (a) TEM micrograph of the through-thickness section of the cermet material showing the
ultrafine 3D interpenetrated architecture with the ceramic platelets preferentially aligned and alternately arranged with the metal phase as in natural nacre.
(b, c) Scanning TEM micrographs showing (b) the ultrafine-grained structure of the metal phase and (c) the separation of ceramic platelet into smaller ones in
the composite. (d) XRD patterns of the cermet material on the horizontal (k) and vertical (\) sections which are respectively perpendicular and parallel to its
thickness direction.
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X-ray diffraction (XRD) results indicated that the cermet
material is mainly composed of Ti3AlC2 and Mg phases (Fig. 1
(d)), although a small amount of MgO can be detected from
the reaction of magnesium with the surface oxides of the ceramic
platelets during the melt infiltration process. These oxides,
which were determined to be alumina [32], are formed during
the ball milling of the ceramic powders to ultrafine dimensions
(the oxygen contents in the ceramic powders before and after
ball milling were respectively measured to be �0.75 wt.% and
�4.2 wt.%). The diffraction peaks of the Ti3AlC2 phase showed
a marked difference in their relative intensities for the horizontal
and vertical sections of the cermet material, which are respec-
tively perpendicular and parallel to its thickness direction, indi-
FIGURE 2

Compressive and flexural properties of the cermet material. (a) Representative e
along the horizontal (k) and vertical (\) directions and measured at room tempe
the loading configurations with respect to its architecture. (b) SEM micrograph o
the representative flexural stress–strain curve (upper) and fracture mechanisms
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cating a clear anisotropy of architecture. Specifically, the (004)
peak appears stronger on the horizontal plane than on the verti-
cal one, which is opposite for the (110) peak, conforming well to
the preferential alignment of the ceramic platelets.

The anisotropic architecture of the cermet material leads to an
apparent difference in mechanical properties along different
directions. As shown in Fig. 2(a), the material exhibits a high
compressive strength up to 1006 ± 14 MPa in the horizontal
direction at room temperature, but with only limited plastic
deformation prior to fracture. In comparison, in the vertical
direction the compressive strength is lower at 779 ± 13 MPa,
but accompanied by an improvement in plasticity. Thermal anal-
ysis results indicated that significant oxidation, as manifested by
ngineering compressive stress–strain curves of the cermet material, loaded
rature and elevated temperatures of 200 �C and 350 �C. The inset illustrates
f the fracture surface of the cermet material after bending. The insets show
(lower) of the material.
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the weight increase or an exothermic event, does not occur in
the cermet material in air until heating above �560 �C, i.e.,
�36 �C lower than the melting point of the Mg-Al-Zn AZ91D
Mg-alloy (Fig. S4). At 200 �C, the compressive stress in the cermet
material reaches a peak value of 693 ± 22 MPa along the horizon-
tal direction, followed by a decrease to �160–300 MPa, before
progressively increasing again once the compressive strain
exceeds �40%. Along the vertical direction, the material exhibits
a smaller peak stress of 321 ± 29 MPa, and then displays a rela-
tively stable stress plateau at �200–270 MPa – this is a typical fea-
ture observed in cellular materials for energy absorption [4,33]) –
until the final increase of stress at a strain above �50%. With an
increase in temperature to 350 �C, the stress plateau behavior
appears more stable (with a strain over 60% needed for the final
stress increase), but the plateau stresses are reduced to �100 MPa
and �70 MPa respectively along the horizontal and vertical
directions. Unlike the catastrophic fracture at room temperature,
more uniform deformation was seen over the entire material at
elevated temperatures, leading to gradual compressive flattening
of the sample without complete rupture (Fig. S5). In contrast,
monolithic magnesium and magnesium alloys generally exhibit
much lower strengths at elevated temperatures [34,35], e.g., with
(0.2% offset) compressive yield strengths for the AZ91DMg-alloy
respectively on the order of �54 MPa at 200 �C and �28 MPa at
350 �C (Fig. S6).

The flexural strength of the cermet material also reaches 1 GPa
(1002 ± 68 MPa) at room temperature when loaded along the ver-
tical direction, i.e., with the tensile stress parallel to the preferen-
tial alignment of ceramic platelets (Fig. 2(b)). This is markedly
higher than the flexural strength of the monolithic AZ91D Mg-
alloy, which was measured to be 251 ± 13 MPa, and that of the
Ti3AlC2 ceramic which is typically 330–550 MPa (although it
FIGURE 3

Energy dissipation and damping properties of the cermet material. (a) Cyclic
horizontal (k) and vertical (\) directions at room temperature. (b) Variations in
Eelastic, as a function of the unloading stress for the horizontal and vertical dire
characteristic energies at each loading–unloading cycle. (c) Variations in the
Edissipated and Estored denoting respectively the dissipated energy and the maximu
a function of the test temperature for the cermet material and AZ91D Mg-alloy a
Q�1 with increasing strain amplitude, De, from 1.7 � 10�5 to 4.3 � 10�4 at roo
has been reported that this can be enhanced with specific designs
of micro- and nano-structures [36,37]). The fracture surface after
bending displays obvious roughness at micro- to nano-scale
levels. Such features, which confirm the material’s architecture
at characteristic dimensions, are caused by the much easier fail-
ure of the relatively weak metal phase and the pull-out of the
ceramic platelets from the fracture surfaces, as illustrated in the
inset in Fig. 2(b).

As shown in Fig. 3(a), the cermet material exhibits apparent
hysteresis loops on the stress–strain curves under cyclic load-
ing–unloading conditions at room temperature. This indicates
the material’s ability for dissipating mechanical energy from
applied load by internal friction [4,38,39]. The dissipated energy
at each loading–unloading cycle Edissipated, as expressed by the
area of hysteresis loop (inset in Fig. 3(b)), increases monotoni-
cally as the unloading stress increases. The ratio of Edissipated to
the elastically restored energy Eelastic, i.e., Edissipated/Eelastic, for
both the horizontal and vertical directions also demonstrates
an increasing trend up to a value of�0.4, provided the unloading
stress exceeds 150 MPa. With respect to anisotropy, the Edissipated/
Eelastic ratio is consistently higher along the vertical direction
than along the horizontal direction for unloading stresses over
250 MPa.

Dynamic mechanical analysis (DMA) revealed that the cermet
material shows superior internal friction Q�1 than the AZ91D
Mg-alloy for all temperatures from ambient to 350 �C at a fre-
quency of 1 Hz and strain amplitude of 1 � 10�4 (Fig. 3(c)). As
the temperature is increased though, the Q�1 value of the cermet
material increases more rapidly than that of the AZ91DMg-alloy.
At increasing strain amplitude from 1.7 � 10�5 to 4.3 � 10�4 at
room temperature, the Q�1 of the cermet material becomes com-
parable to, or even higher than, that of the AZ91D Mg-alloy, and
compressive stress–strain curves of the cermet material loaded along the
the ratio of dissipated energy, Edissipated, to the elastically restored energy,
ctions of the cermet material. The inset illustrates the hysteresis loop and
internal friction, Q�1, which can be described as Edissipated=2pEstored with
m stored energy during the cyclic loading for DMA measurement [38,39], as
t a constant strain amplitude of 1 � 10�4. The inset shows the variations in
m temperature (RT).
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can be further increased with an increase in strain amplitude (in-
set in Fig. 3(c)). As such, the damping capacities of the cermet
remain unchanged, or can even be further improved, as com-
pared to AZ91D Mg-alloy despite the notable enhancement in
its strength. Additionally, the cermet exhibits a reasonably sound
fracture toughness of 16.4 ± 1.5 MPa m1/2, although it is still
prone to catastrophic fracture when tested in notched bending
(Fig. S7). However, this toughness is comparable to that of mag-
nesium and magnesium alloys, which generally ranges from �5
to 33 MPa m1/2, and significantly exceeds that of the Ti3AlC2

ceramic (typically of �3.3–9.1 MPa m1/2) [23,32,40]. As these
KIc toughness values are primarily a function of the resistance
to crack initiation, stable crack extension does not occur in the
material, as is evident by the absence of any rising crack-
resistance curve behavior.

Discussion
Materials may exhibit different strengths under different loading
conditions. Specifically, uniaxial compression features a more
confined stress state than bending with a larger ratio between
the maximum values of shear stress to principal stress [41]. Nev-
ertheless, the flexural strength is determined by the maximum
tensile stress at the section with the highest bending moment,
to some extent like in uniaxial tension. As such, bulk materials
FIGURE 4

Comparison of mechanical properties for the cermet material with other material
(and magnesium alloys), and the composite materials composed of them [
normalized by density, versus fracture toughness for ceramics and the cermet
magnesium [10,15,19–21,32,40,43–45]. CNT: carbon nanotube; Mg2B2O5w: mag
ternary nano-laminated borides..
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usually exhibit inferior strengths under bending than under
compression – this is particularly pertinent for brittle materials
which are more sensitive to defects [5,42]. Fig. 4(a) shows a com-
parison of the flexural strength versus compressive strength for
magnesium (and magnesium alloys), ceramics, and the compos-
ite materials composed of them [10,14–16,18–20,32,40]. The
flexural strengths are only comparable to the compressive
strengths for materials with relatively low strengths where the
compressive strength does not exceed 600 MPa. These materials
mainly include monolithic magnesium and magnesium alloys
and their composites reinforced by ceramics. However, the flex-
ural strengths tend to be lower than the compressive strengths
for relatively strong materials with compressive strength over
600 MPa, even by up to one order of magnitude for some ceram-
ics. The current cermet material exhibits a comparatively high
strength in excess of 1 GPa under both compressive and bending
conditions, when the stress is parallel to the preferential align-
ment of ceramic platelets. Its flexural strength markedly sur-
passes that of its constituents, which is typically �80 to
550 MPa for magnesium and magnesium alloys and 330–
550 MPa for the Ti3AlC2 ceramic; it is also superior to the major-
ity of other materials based on the magnesium-ceramic system.

The high flexural strength combined with a low density of
2.79 g cm�3, which is comparable to that of aluminum alloys,
s. (a) Flexural strength versus compressive strength for ceramics, magnesium
10,14–16,18–20,32,40]. (b) Specific flexural strength, i.e., flexural strength
materials composed of ceramics and different types of metals other than
nesium borate whisker; HA: hydroxyapatite; BMG: bulk metallic glass; MAB:
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endows the cermet material with an outstanding specific flexural
strength of 358 ± 24 MPa/(g cm�3). As shown in Fig. 4(b), such a
high specific flexural strength surpasses that of magnesium and
most other magnesium alloys, ceramics, and cermet materials
composed of ceramics and different types of metals other than
magnesium [10,15,19–21,32,40,43–45]. With respect to tough-
ness, it is difficult to realize both high specific flexural strength
and good fracture toughness simultaneously in the above mate-
rial systems. Specifically, their fracture toughness rarely exceeds
10 MPa m1/2 once their specific flexural strength reaches
300 MPa/(g cm�3) (exceptions have only been realized in Ti-
TiB and 2024 Al alloy-SiC systems) [10,15,19–21,32,40,43–45].
In contrast, the current cermet material exhibits a reasonably
good fracture toughness of 16.4 ± 1.5 MPa m1/2 in addition to
its high specific flexural strength and good damping capacity.

The high strength of the cermet material is closely related to
its ultrafine 3D interpenetrated architecture. First, in line with
the well-known Hall-Petch relationship [46], the metal phase is
markedly strengthened by its ultrafine-grained structure, which
is formed because of the constrained crystal growth within the
narrow interspaces between ceramic platelets. Second, the num-
ber of relatively weak inter-layer bonds and in particular the large
defects in the Ti3AlC2 ceramic can be largely reduced by ball
milling the ceramic to ultrafine platelets. The micro-defects in
the platelets introduced by ball milling can also be diminished
during melt infiltration (Fig. S3). Third, the Ti3AlC2 phase devel-
ops strong interfacial bonding with magnesium and additionally
exhibits a good wettability with the magnesium melt, which
serves to minimize the formation of pores during infiltration
(Fig. S2) [14,27]. The bi-continuous 3D interpenetrated architec-
ture has also been shown to be beneficial for promoting an effec-
tive stress transfer in materials [4,35,47–49]. The obvious
strength reduction of the cermet material at 200 �C and 350 �C
is mainly caused by the creep behavior of the metal phase
because of easy dislocation motion and grain boundary sliding
[50,51], as shown in Fig. S6. Nevertheless, the strengths of the
cermet at elevated temperatures still surpass those of most other
magnesium alloys and their matrix composites [4,14,35,51,52].

Compared to monolithic ceramics and other cermet materials,
the attainment of high strength in bending and under compres-
sion in the current cermet material can mainly be attributed to
its lower sensitivity to defects resulting from its higher fracture
toughness. The alternate arrangement of stiff (ceramic) and soft
(metal) phases in a layered fashion, which is similar to the struc-
tural design of natural nacre, has been proved to be effective in
toughening materials [1,2,28,29], e.g., by deviating the cracks
from straight propagation paths and bridging the crack faces to
inhibit crack opening (inset in Fig. 2(b)). The good damping
capacities of the cermet material are principally associated with
the types of its components considering that both magnesium
and Ti3AlC2 phase exhibit superior damping behavior respec-
tively among metallic and ceramic systems [23,27]. The cermet’s
3D interpenetrated structure is also critical as such architectures
in composite materials have been revealed to be beneficial for
retaining good damping characteristics [4,47].

Additionally, the ultrafine dimensions of both the metal and
ceramic phases in the cermet provide abundant interfaces
between them. Specifically, by assuming each platelet as a disk
with a �1 lm diameter and �150 nm thickness, the number of
platelets per unit volume (of 1 mm3) in the cermet can be calcu-
lated to be �3.7 � 109 considering the measured volume fraction
of ceramic phase (�44.2 vol.%). The density of metal/ceramic
interfaces can be roughly estimated using the surface area of pla-
telets as �7.5 � 103 mm�1 by ignoring the interconnections
between them. Indeed, provided that the pores within the cera-
mic scaffold are fully infiltrated by the metal phase (Fig. S2),
the density of metal/ceramic interfaces in the infiltrated compos-
ite can also be approximated using the specific surface area (i.e.,
internal surface area per unit volume) of the scaffold before infil-
tration which was measured to be �2.3 � 104 mm�1 using the
mercury porosimetry method. This was of a similar order but
somewhat higher than the calculated value, possibly because of
the irregular shapes and rough surfaces of the ceramic platelets.
A high fraction of interfaces has been well recognized to promote
internal friction during vibration through a mechanism of
enhanced dislocation nucleation at such interfaces due to the
elastic and thermal mismatch between the constituents [38].

It is known that 3D interpenetrating-phase composites can be
fabricated in different material systems (ceramic/polymer, cera-
mic/metal, metal/polymer, and metal/metal) by infiltrating the
relatively soft phase into the porous scaffolds of hard phase
[4,27,48,49,53–55]. In particular, the architectures can be con-
structed down to submicrometer- or even nano-scale dimen-
sions, e.g., in case of scaffolds made by interference lithography
or 3D printing [48,49]. The micropillars of these composites
(with diameter smaller than 10 lm) exhibit a high strength along
with large plasticity under compression. Nevertheless, it is
known that the mechanical properties of materials tend to show
apparent improvement as the sample size decreases to such small
dimensions [56,57]. By comparison, the current cermet material
in its bulk form exhibits a high strength in excess of 1 GPa under
both compressive and bending conditions, which markedly sur-
passes those of its counterparts in similar systems. Moreover, the
current fabrication approach, by infiltrating the alloy melt into
partially sintered ceramic scaffolds, is effective in constructing
ultrafine 3D interpenetrated architectures in bulk cermet materi-
als. The ceramic and metal contents in the cermet material,
which were not modified in this study, can also be regulated dur-
ing processing, for example, by adjusting the porosity of the cera-
mic scaffolds before infiltration via control of the sintering
parameters.
Conclusions
In summary, a lightweight, strong, and damping cermet material
comprising an ultrafine-grained AZ91D Mg-alloy and Ti3AlC2

ultrafine platelets was fabricated by infiltrating the alloy melt
into a partially sintered ceramic scaffold. The metal and ceramic
phases are bi-continuous and interpenetrated in 3D space in the
cermet material, and are alternately arranged in a layered fashion
as in natural nacre. The cermet material exhibits high strength in
excess of 1 GPa under both compressive and bending conditions
at room temperature, with a high specific flexural strength of
358 ± 24 MPa/(g cm�3). In fact, its flexural strength and specific
flexural strength surpass those of most other magnesium and
magnesium alloys, ceramics and cermet materials. This is accom-
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panied by improved strength at elevated temperatures, reason-
ably good fracture toughness, and enhanced damping capacities
at ambient to elevated temperatures, as compared to the AZ91D
Mg-alloy. Such a sound combination of properties makes this
cermet an appealing candidate material for many structural
applications, such as load-bearing applications where light-
weight materials are required and for reducing vibrations at high
stress levels. Additionally, the design strategy of the architecture
utilized here, which encompasses the ultrafine dimensions of
constituents combined with the nacre-like arrangement of metal
and ceramic phases and their interpenetration in 3D space, may
afford insights for the development of new high-performance
cermet materials.

Methods
Materials preparation
Ti3AlC2 MAX phase was synthesized by sintering the mixed pow-
ders of TiAl (99.5 wt.%, �300 mesh) and TiC (99 wt.%, 2–4 lm)
with a molar ratio of 1:1.9 in vacuo at 1500 �C under a pressure of
30 MPa for 2 h. The sintered bulk was crushed to coarse powders,
and then were ball milled in an ethanol dispersant in a mixed gas
of 20 vol.% oxygen and 80 vol.% argon at a speed of 500 rpm for
48 h, followed by drying in air for 2 days. The MAX phase was
delaminated into ultrafine platelets during ball milling due to
the relatively weak inter-layer bonding of the layered structure,
as shown in Fig. S8. The equivalent particle size of the resulting
Ti3AlC2 platelets was measured using laser diffraction granulom-
etry to be mostly in the range of 100 to 300 nm. The oxygen con-
tents of the MAX phase before and after ball milling were
measured using a TCH-600 N/H/O analyzer (LECO, USA).

The Ti3AlC2 platelets were dispersed into ethanol at a mass
ratio of 3:40 by ultrasonic treatment at 50 W for 0.5 h and then
ball milled at a speed of 25 rpm for 24 h. The suspension was
poured into a funnel of 55 mm in diameter and filtrated through
a nylonmembrane filter with pore size of 0.1 lmunder a vacuum
of �0.06 MPa. The platelets were driven to deposit on the mem-
brane and be preferentially aligned along the horizontal direc-
tion during this process. The deposited bulk was dried and
pressed along the vertical direction at 72 MPa for 1 h, and then
partially sintered in flowing argon gas at 900 �C for 1 h to form
interconnections between adjacent platelets. This produced an
open porous scaffold of the Ti3AlC2 phase where the pores and
ceramic platelets were preferentially aligned and interpenetrated
in 3D space (Fig. S1). The porosity and specific surface area of the
scaffolds were measured using the mercury porosimetry method
with an AutoPore IV 9500 porosimeter (Micromeritics, USA). The
Ti3AlC2 scaffold was then infiltrated with a melt of commercial
AZ91D Mg-Al-Zn alloy (Mg with �8.5–9.5 wt.% Al, �0.45–0.9
wt.% Zn and �0.17–0.5 wt.% Mn) in flowing argon gas at
850 �C, i.e., �250 �C higher than the melting point of the alloy,
for 1.5 h using a SRYL-2300/9 graphite resistance furnace (Jvjing
Instrument, China), and then cooled with the furnace. The orig-
inal AZ91D Mg-alloy was in an as-cast state and had a grain size
of 50–150 lm.

Microstructure and phase analysis
The density of the infiltrated cermet material was measured using
the Archimedes’ method. The phase constitution was deter-
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mined by X-ray diffraction (XRD) using a Bruker D8 Advance
diffractometer (Bruker AXS, Germany) with Cu-Ka radiation.
Scanning electron microscopy (SEM) imaging was conducted
using an Inspect F50 field-emission scanning electron micro-
scope (FEI, USA) at an accelerating voltage of 20 kV. Transmis-
sion electron microscopy (TEM) and scanning TEM imaging
was performed using a Tacnai-G2 F30 transmission electron
microscope (FEI, USA) at an accelerating voltage of 300 kV. The
TEM samples were prepared by cutting thin slices from the cer-
met material through its thickness, i.e., along the vertical direc-
tion. The slices were manually ground and polished to a
thickness of �30 lm, dimpled to a thickness of �15 lm, and
then ionmilled using a Gatan 695 precision ion polishing system
(Gatan, USA). The TEM images were analyzed using the Image-
Pro Plus software (Media Cybernetics, USA). The element distri-
bution was characterized by energy-dispersive X-ray spec-
troscopy (EDS) using the microscope. X-ray tomography (XRT)
imaging was performed using an Xradia Versa XRM-500 3D X-
ray microscope (Xradia, USA) operating at an accelerating voltage
of 80 kV. A total of 1600 slices of 2D projections were acquired
for the XRT imaging, and then were reconstructed to 3D volume
renderings based on the Fourier back-projection algorithm. The
spatial resolution of the obtained XRT images was �0.89 lm
per pixel.

Mechanical testing
Uniaxial compression tests were performed at room temperature,
200 �C and 350 �C using an Instron 5982 testing system (Instron,
USA) with a constant strain rate of 10�3 s�1 on cuboid samples
with dimensions of 2 mm � 2 mm � 4 mm. The compressive
loads were applied along the horizontal and vertical directions
of the cermet material, i.e., respectively parallel and perpendicu-
lar to the preferential alignment of the ceramic platelets. The
ceramic scaffold before infiltration and AZ91D Mg-alloy were
also tested for comparison. Additionally, the samples of the cer-
met material were repeatedly loaded and unloaded at room tem-
perature with a constant stress increase of 50 MPa at each cycle
until fracture. The compressive deformation of samples at room
temperature was measured using an Instron 2601–92 linear vari-
able differential transformer position sensor. Three-point bend-
ing tests were performed using an Instron E1000 testing system
(Instron, USA) at room temperature with a constant displace-
ment rate of 0.1 mm/min on beam samples with dimensions
of 2 mm � 1.5 mm � 25 mm and a loading span of 20 mm, in
line with the ASTM Standard C1161 [58]. The loads were applied
along the vertical direction, i.e., perpendicular to the preferential
alignment of ceramic platelets in the cermet material, which is
consistent with the general loading configuration for natural
nacre.

Single-edge notched three-point bending tests were per-
formed on a JEOL MicroTest stage inside the chamber of a JEOL
JSM-6510 scanning electron microscope (JEOL, Japan) at a dis-
placement rate of 0.005 mm/min using beam samples with a
width of 4 mm, thickness of 2 mm and loading span of
16 mm. The loading direction was also perpendicular to the pref-
erential alignment of the ceramic platelets. The side notch was
cut to �2 mm in depth using a low-speed diamond wire saw,
and then sharpened to a tip radius of 5–10 lm using a razor blade
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with 1 lm diamond paste. The testing methods and sample
dimensions were generally in accordance with the ASTM Stan-
dard E1820 [59]. The fracture morphologies of samples were
characterized by SEM imaging.

Thermal and dynamic mechanical analysis
Thermogravimetry (TG) and differential thermal analysis (DTA)
experiments were performed by heating samples at 10 �C/min
to 600 �C in flowing air with a flow rate of 50 mL/min using a
STA 449F5 thermal analyzer (NETZSCH, Germany). The room-
temperature damping capacities of the cermet material and the
AZ91D Mg-alloy were measured by dynamic mechanical analysis
(DMA) under a single cantilever bending mode on beam samples
with dimensions of 3 mm � 2 mm � 35 mm using a DMA Q800
dynamic mechanical analyzer (TA Instrument, USA). The mea-
surement was conducted at a frequency of 1 Hz with the strain
amplitude ranging from 1.7 � 10�5 to 4.3 � 10�4. The applied
load was perpendicular to the preferential alignment of ceramic
platelets for the cermet material. The damping capacities at ele-
vated temperatures up to 350 �C were also measured at a con-
stant strain amplitude of 1 � 10�4 and a frequency of 1 Hz
with the same loading configuration.
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