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Strong and tough magnesium-MAX phase
composites with nacre-like lamellar and brick-and-
mortar architectures
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Zhefeng Zhang"2®, Rui Yang?4™ & Robert O. Ritchie® 3

Bioinspired nacre-like structures are effective in toughening materials, yet are difficult to
construct in magnesium-ceramic systems. Here, a set of magnesium-MAX phase composites
with nacre-like lamellar and brick-and-mortar architectures are fabricated by pressureless
infiltration of the magnesium melt into ice-templated TisAIC, ceramic scaffolds. The struc-
ture and mechanical properties of the composites are elucidated with a special focus on the
effects of the types of architectures (lamellar or brick-and-mortar) and matrices (pure
magnesium or AZ91D alloy) on the toughening mechanisms. The nacre-like architectures are
found to play a role in blunting the cracks via plastic deformation and microcracking, and
shielding the cracks from applied stress by promoting crack deflection and uncracked-
ligament bridging mechanisms. These composites achieve a good combination of specific
strength and fracture toughness, which are superior to many other reported magnesium-
ceramic and nacre-like metal-ceramic composite materials.
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critical structural applications owing to their low den-

sity, high specific stiffness and specific strength, i.e,
stiffness and strength normalized by density, and good damping
capacity!. However, when compared to other common structural
metals, e.g., steels and aluminum alloys, Mg and Mg alloys are
inferior in their stiffness and strength in terms of the absolute
values at ambient to elevated temperatures; moreover, they
exhibit relatively low fracture toughness at room temperature. A
feasible approach to strengthening Mg and Mg alloys is through
the introduction of a reinforcement phase into the Mg matrix, in
particular by making Mg-ceramic composites?>~%. In this regard,
the MAX phase ceramics appear to be an ideal choice. These
ceramics, having the general formula of M, ,;AX, (M: early
transition metal; A: group A element; X: C and/or N; n =1-3),
are a family of ternary carbides or nitrides with mixed metallic-
covalent-ionic atomic bonds. Their characteristics are essentially
a combination of the property advantages from both metals, e.g.,
good thermal/electrical conductivity and thermal shock resis-
tance, and ceramics, e.g., high hardness and stiffness, high
strength at ambient to elevated temperatures and high corrosion
resistance;”~8 also, they display a good damage tolerance owing to
their layered atomic structure®. Moreover, the MAX phase cera-
mics of Ti-Al-C system have been shown to exhibit good wett-
ability with Mg to form strong interfacial bonding!%-12. They
therefore represent an attractive reinforcement phase for Mg and
Mg alloys.

There are reports in the literature on the fabrication of such
Mg-MAX phase composites to achieve high mechanical strength
and good damping properties!0-14. Nevertheless, despite the lack
of data on their fracture toughness, these composites, especially
those with relatively high ceramic content exceeding 20 vol.%,
were found to fracture in a brittle manner without undergoing
visible plastic deformation!?-14. Indeed, it is a general compro-
mise for metal-ceramic composites that the strength is improved
at a cost of fracture toughness!®. In the case of Mg-ceramic
composites (in bulk form), their fracture toughness normally
cannot even reach 10 MPa m®%> when the specific flexural
strength exceeds 150 MPa (g cm~3)~1; toughnesses above 10 MPa
m0> have only been attained in lower-strength composites!®-18.

Natural nacre, which features a layered structure comprising
~95vol.% aragonite platelets with ~5vol.% organic matter,
exhibits much more superior combination of strength and frac-
ture toughness than its constituents!'® 20. Taking the inspiration
from nacre offers an effective approach for developing new high-
performance composite materials?!~23. The so-called lamellar and
brick-and-mortar architectures are two of the most common
structural arrangements mimicking nacre?1:?4-29. The stiff and
soft constituents are alternately arranged in a layered fashion for
the former; whereas the stiff platelets (bricks) are more closely
stacked and staggered between each other at adjacent layers
within the soft matrix (mortar) for the latter. These two archi-
tectures also show a large difference in their phase constitution,
i.e., the stiff constituent accounts for a larger volume fraction in
the brick-and-mortar architecture than in the lamellar one.

Nature-inspired nacre-like architectures have been constructed
in a variety of composite materials, including those of ceramic-
polymer212425 metal-ceramic?%?’, and  metal-graphene
systems3%-31. Such architectural designs have been proven to be
effective in activating a series of toughening mechanisms2!1-28-30,
such as crack deflection, uncracked-ligament bridging and fric-
tional sliding between crack faces, thereby playing an effective
role in toughening materials. In particular, the ice templating
technique, based on the assembly of particles in the slurry driven
by the growth of ice crystals3%33, offers a viable means for fab-
ricating porous scaffolds with preferentially aligned structures.

M agnesium (Mg) and Mg alloys are promising for weight-

Nacre-like lamellar architectures can be constructed by infiltrat-
ing a second phase into the ice-templated porous scaffolds,
whereas the densification of the scaffolds before infiltration
results in nacre-like brick-and-mortar architectures?!. A series of
nacre-like composites have been developed in different combi-
nations of metal-ceramic systems using such methods!7-26:27:32,
However, it is not easy to construct nacre-like architectures,
especially the brick-and-mortar architectures, in Mg-based com-
posites. This is largely due to that the Mg melt exhibits a high
reactivity and tends to react at high temperatures with many of
the possible reinforcement phases to form brittle intermetallics, or
otherwise displays a poor wettability with them334. On the other
hand, the mechanical properties of nacre-like composites are
closely associated with the type of architectures and the char-
acteristics of matrices;212>26 nevertheless, these factors and their
effects remain to be explored for Mg-based composites.

Here, nacre-like lamellar and brick-and-mortar architectures
were constructed in a set of bioinspired Mg-MAX phase com-
posites by pressureless infiltration of the melt of pure Mg or
AZ91D alloy into ice-templated TizAlC, porous scaffolds. The
mechanical properties of the resultant composites are investigated
and correlated to the types of their architectures (lamellar or
brick-and-mortar) and matrices (pure Mg or AZ91D alloy). The
nacre-like architectures play a role in toughening the composites
by promoting crack bifurcation and blunting and inducing crack-
tip shielding, thereby endow the composites with high fracture
toughness in addition to high specific strength.

Results

Composite formation. Nacre-like architectures were constructed
by employing the ice templating technique. As illustrated in
Supplementary Fig. 1, during the freezing process of slurry, the
Ti;AlC, platelets and additives contained in the slurry were
gradually expelled by the growing ice crystals into their inter-
spaces, and as such were assembled into an ordered lamellar
architecture. The subsequent sublimation of ice led to the for-
mation of well-aligned pores as the replica of ice crystals in the
bulk. Porous TizAlC, scaffolds with lamellar architecture were
then obtained by sintering the freeze-dried samples. In order to
construct the brick-and-mortar architecture, the sintered scaf-
folds were densified by uniaxially pressing along the normal
direction of ceramic lamellae to break the lamellae into small
fragments (bricks) that were closely stacked. The densified scaf-
folds were then re-sintered to form interconnections between
adjacent bricks at their contacts. As shown in the Supplementary
Fig. 2, the bricks were closely stacked, staggered between adjacent
layers, and interconnected through overlapping or via bridges.
Finally, nacre-like Mg-MAX phase composites with lamellar and
brick-and-mortar architectures were obtained by infiltrating the
metal melt respectively into the ice-templated and densified
scaffolds. In this process, the spatial arrangement of ceramic
phase was retained into the infiltrated composites. The Ti;AlC,
powders were delaminated into ultrafine platelets by controlled
ball-milling before ice templating procedure. This helped refine
the structure of resultant composites to generate a high
strengthening efficiency. It also acted to reduce the relatively weak
interlayers in the MAX phase, which is beneficial for avoiding the
easy delamination of ceramic phase in the composites.

Microstructural characteristics. Figure 1 shows the micro-
structures and chemical characteristics of the infiltrated Mg-MAX
phase composites. The metal and ceramic-rich constituents
showed an alternate arrangement in a layered fashion in the
composites (Fig. la, b). The frequency distributions of the
thicknesses of metal and ceramic-rich constituent layers in the
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Fig. 1 Microstructures and chemical characteristics of the nacre-like Mg-MAX phase composites. SEM micrographs and XRT volume renderings of the
Mg-MAX phase composites with nacre-like lamellar (@) and brick-and-mortar (b) architectures. Magnified SEM (¢) and STEM (d) micrographs of the
ceramic-rich constituent in the composites showing its ultrafine composite structure (¢: pure Mg composite with lamellar architecture; d: AZ91D alloy
composite with brick-and-mortar architecture). e Distribution of elements measured by EDS in the AZ91D alloy composite with lamellar architecture.

composites are shown in Supplementary Fig. 3. The ceramic-rich
constituents were interconnected in three-dimensional (3D) space
between layers, via bridges for the lamellar architecture and by
overlapping for the brick-and-mortar one. Both architectures
were qualitatively similar with that of natural nacre, specifically in
terms of the alternating arrangement of relatively soft and hard
constituents in a layered fashion and the interconnection between
layers. Specifically for the brick-and-mortar architecture, the
ceramic-rich constituents were more closely stacked (i.e., with
smaller thickness of metal layer), staggered between layers, and
accounted for a larger volume fraction in the composites as
compared to the lamellar one. Such architecture has been widely
referred to as the “brick-and-mortar” architecture to distinguish it
from the lamellar one?!1:2>26, In both architectures, the ceramic-
rich constituents were indeed composed of both metal and
ceramic phases (Fig. 1¢), instead of monolithic ceramics, showing
an ultrafine composite structure where the metal phase filled the
interspaces between ceramic platelets (Fig. 1d). This is different
from the common case in other nacre-like metal-ceramic com-
posites made by ice templating technique where constituents are
mixed only at one specific length scale. The grain size of metal
phase within the layer was typically smaller than 1 pm (Fig. 1d).
Such structure was formed because of the filling of metal melt
into the layer during melt infiltration and the constraint of
ceramic phase on the growth of metal grains during the sub-
sequent solidification process.

The volume fractions of pores were determined by X-ray
tomography (XRT) imaging to be ~2.5x107* vol% and
~8.5x 1073 vol.%, respectively, in the composites with lamellar
and brick-and-mortar architectures (Supplementary Fig. 4). Such
tiny porosities indicated an almost complete filling of the ceramic
scaffolds with metal during the melt infiltration process. By
neglecting the pores, the respective volume fractions of ceramic
and metal phases in the composites, V., and V., can be
assessed based on the measured densities of composites using the
Archimedes method, p, according to p = p_., Vet + Pret Viner With

met

Vieer + Vinet = L. p, is the density of the Ti;AIC, MAX phase as
421gem=3, and p,, denotes the density of the metal phase
which is 1.74 gecm™> and 1.82 gem—3 for pure Mg and AZ91D
alloy, respectively. For the composites with pure Mg and AZ91D
alloy as the metal component, V_, was calculated to be
~11.3vol.% and ~14.0vol.% for the lamellar architecture, and
~32.6 vol.% and ~32.5vol.% for the brick-and-mortar architec-
ture, respectively. The volume fractions of the metal and ceramic-
rich constituent layers in the composites, V% and V% , can be
determined by image analysis (with V% + VL = 1). Then, the
volume fractions of the metal and ceramic phases within the
ceramic-rich constituents, V . and V., can be obtained
according to V. =V, /VL, and V. =1-V,,, respec-
tively. By such means, V . was derived to be ~63.5% and
~54.1% for the pure Mg and AZ91D alloy composites with the
lamellar architecture, and to be ~36.5% and ~37.4% for those
with the brick-and-mortar architecture, respectively. The detailed
phase constitutions of the nacre-like composites are presented in
Supplementary Table 1.

Energy dispersive X-ray spectroscopy (EDS) analysis revealed
that the Mg element and the elemental Ti, Al and C were
principally concentrated in the metal and ceramic-rich constituents
(Fig. 1e and Supplementary Fig. 5), respectively. This, combined
with the X-ray diffraction (XRD) results (Supplementary Fig. 6),
clearly indicated that the composites largely retained the pre-
designed phase constitution of Mg and Ti;AlC, phases after melt
infiltration. In addition, a small amount of MgO and Mg;,Al;,
phases were also recognized in the XRD patterns. They should be
the product of the interfacial reaction between the Mg melt and the
Ti;AlC, phase (along with its surface oxides) during the melt
infiltration process. As shown in Supplementary Fig. 7, oxides,
which were identified mainly as Al,O3 and TiO, and can react with
molten Mg to form MgO3> 36, were formed on the surfaces of ball-
milled Ti;AIC, platelets (the oxygen content in the platelets was
measured to be ~4.2wt.%). It has been established that the
interfacial reactions between ceramic and metal phases generally
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Fig. 2 Mechanical properties of the nacre-like Mg-MAX phase composites. Representative load-displacement curves (a) and the hardness and elastic
modulus (b) measured by nanoindentation testing for the metal (inter-lamellar) and ceramic-rich (lamella) constituents in the pure Mg and AZ91D alloy
composites with lamellar architecture. ¢ Flexural strength and ductility of the Mg-MAX phase composites with different architectures and metal
components. SEM micrographs of the fracture surfaces for the pure Mg (d, ) and AZ91D alloy (f) composites with lamellar architecture after bending. e is
a magnified view of the yellow dashed box in d. Error bars represent standard deviation from the mean.

play a role in promoting their wettability, thereby facilitating the
infiltration. For metal (such as Mg and Ag)-MAX phase systems,
interfacial reactions have been revealed to improve the interfacial
bonding strength between ceramic and metal phases3’-39. A strong
interface is beneficial for enhancing the strength of composites and
ensuring the toughening effect of bioinspired architectures by
avoiding easy interfacial cracking.

Mechanical properties. The nacre-like Mg-MAX phase compo-
sites exhibited large differences in their local mechanical prop-
erties. As shown in Fig. 2a, for the lamellar architecture subject to
an equal load under nanoindentation condition, relatively larger
displacements were obtained: (i) in the metal constituent (inter-
lamellar region) than in the ceramic-rich constituent (lamella) for
the same type of metal component, or (ii) in the composites with
pure Mg than AZ91D alloy than in the metal component for the
same regions. The local mechanical properties measured by
nanoindentation testing are presented in Supplementary Table 2.
Specifically, the nanoindentation hardness of the ceramic-rich
constituents was markedly higher than that of the inter-lamellar
region respectively by ~1.7 and ~2.1 times in the pure Mg and
AZ91D alloy composites (Fig. 2b). Additionally, the lamella and
inter-lamellar regions of the AZ91D alloy composites were harder
by ~1.4 and ~1.1 times, respectively, than in the pure Mg com-
posites. However, the local elastic moduli were similar between
the composites containing the two types of metal components,
both measured to be ~91.4 GPa and ~61.9 GPa, respectively, for
the lamella and inter-lamellar regions.

The global mechanical properties of the composites were also
related to the types of nacre-like architectures and metal
components. For the same type of metal component, the brick-
and-mortar architecture with larger volume fraction of MAX
phase exhibited higher flexural strengths than the lamellar one,
respectively up to 491.1 + 27.4 MPa and 652.4 + 45.9 MPa for the

pure Mg and AZ91D alloy composites (Fig. 2c¢ and Supplemen-
tary Fig. 8). Nevertheless, this was accompanied by an obvious
compromise in the ductility for both metal components. With
respect to the effects of metal component, the AZ91D alloy
composites invariably displayed relatively higher flexural
strengths when considering the same type of architecture,
whereas the pure Mg composites displayed better ductility. Such
trend is qualitatively consistent with that for their metal
components (Supplementary Fig. 9). All these composites showed
microscopically staircase-like morphologies on their fracture
surfaces, which conformed to their layered structure (Fig. 2d-f).
No obvious pores were discerned on the fracture surfaces of the
composites, implicating that the tiny pores may not severely
deteriorate their mechanical properties. Apparent dimples that
are indicative of plastic deformation were formed in the metal
constituent for the pure Mg composites with lamellar architecture
(Fig. 2d, e). Such feature became much less evident in the AZ91D
alloy composites (Fig. 2f), consistent with their reduced ductility.

Fracture toughness. Under single-edge notched bending condi-
tions, instantaneous fracture occurred at the maximum bending
load without stable crack propagation in the AZ91D alloy com-
posites with brick-and-mortar architecture, as shown in Supple-
mentary Fig. 8. In comparison, the bending load decreased with
increasing displacement after reaching its maximum in the other
composites. In particular, the pure Mg composites with the
lamellar architecture showed gradual load drop along with a large
displacement, indicating a stable cracking process. The fracture
resistance of the composites in terms of J-integral and equivalent
stress intensity K; as a function of crack extension (Aa) are
shown in Fig. 3a, b. The AZ91D alloy composites with brick-and-
mortar architecture fractured abruptly at the onset of crack
propagation, giving J and K of 21+07kjm™2 and
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Fig. 3 Fracture toughness of the nacre-like Mg-MAX phase composites. Variation in the J-integral (a) and equivalent K-based fracture resistance K; (b)
as a function of the crack extension Aa for the composites. The solid curves were obtained by data fitting according to the ASTM Standard E182040. SEM
micrographs showing the cracking paths in the composites with lamellar (¢) and brick-and-mortar (d) architectures (by taking the AZ91D alloy composites
as examples). SEM micrographs showing the damage characteristics near the primary cracks in pure Mg (e) and AZ91D alloy (f) composites with lamellar

architecture.

144 +2.7 MPa m%>, respectively. However, all the other com-
posites, ie., the AZ91D alloy composites with lamellar archi-
tecture and the pure Mg composites, displayed a stable increase in
J and K; with crack extension, showing rising crack resistance-
curve (R-curve) behavior. Higher fracture toughness was gener-
ated in the lamellar architecture for both types of metal compo-
nents, or in the pure Mg composites for a given type of
architecture. In particular, the pure Mg composites with lamellar
architecture exhibited the highest fracture toughness, with the
critical J and K; up to respectively 159+2.5km~2 and
32.5+2.6 MPa m%>, which were determined by the maximum
crack extension of ~0.5mm according to the ASTM Standard
E182040 (as indicated by the dashed lines).

The nacre-like architectures have been proven to be effective in
activating a series of extrinsic toughening mechanisms for
toughening materials, such as crack deflection, uncracked-
ligament bridging and frictional sliding between crack faces!™
21, These mechanisms were clearly introduced into the Mg-MAX
phase composites by the lamellar architecture, as manifested by
the obviously tortuous cracking paths (Fig. 3¢ and Supplementary
Fig. 10); nevertheless, such behavior became much less evident for
the brick-and-mortar architecture (Fig. 3d). With regard to the
effects of the type of metal component, obvious plastic
deformation occurred in the inter-lamellar region near the
primary crack in the pure Mg composites with lamellar
architecture; whereas microcracks were formed in the ceramic-
rich constituents (Fig. 3e). In comparison, for the AZ91D alloy
composites, both lamella and inter-lamellar regions exhibited
apparent microcracking without visible plastic deformation
(Fig. 3f).

Discussion

Both plastic deformation and microcracking in the vicinity of the
crack tip, which are dominant respectively in pure Mg and
AZ91D alloy composites, offer a means for dissipating mechan-
ical energy and can promote crack bifurcation. These mechan-
isms, which can be termed intrinsic toughening mechanisms!>41,
are principally active ahead of the crack tip to blunt the crack tip.
In addition, they play a role in promoting the crack deflection
following the slip bands in inter-lamellar regions or along the
microcracks and inducing the formation of uncracked-ligament
bridges, i.e., between the main cracks and voids or microcracks.
These mechanisms, which can be termed extrinsic toughening
mechanisms!>#!, are principally active at or behind the crack tip
to reduce the crack-driving force actually experienced at the crack
tip, thereby shielding the crack tip from applied stress.

The effectiveness of the above toughening mechanisms in the
nacre-like Mg-MAX phase composites is associated with the types
of architectures (lamellar or brick-and-mortar) and metal com-
ponents (pure Mg or AZ91D alloy). The composites with brick-
and-mortar architecture contain much larger volume fraction of
ceramic phase compared to the lamellar one, and exhibit higher
strength but lower ductility. However, the lamellar architecture,
which features a larger volume fraction of metal phase than the
brick-and-mortar one, enables a more stable crack extension via
crack defection, bifurcation and uncracked-ligament bridging
mechanisms, leading to higher crack-growth toughness after the
onset of cracking. Such trend is opposite to that found in nacre-
like composites of ceramic-polymer (polymethylmethacrylate or
epoxy resin)21-2> and alumina-metallic glass2® systems where the
brick-and-mortar architecture is tougher than the lamellar one.
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The interfaces between hard and soft constituents play an
important role in toughening the bioinspired nacre-like compo-
sites. Crack deflection tends to occur along relatively weak
interfaces or soft phases, and additionally induces the formation
of uncracked-ligament bridges behind the crack tip. These
extrinsic toughening mechanisms are particularly effective in the
brick-and-mortar architecture owing to its higher density of
interfaces and bridges than in the lamellar one. They act as the
main sources of fracture resistance in the composites where the
soft phases (polymethylmethacrylate, epoxy resin, or metallic
glass) are brittle and can hardly undergo large plastic
deformation.

For the current Mg-MAX phase composites, the relatively hard
phase (i.e., ceramic-rich constituent) is composed of both ceramic
and metal phases, rather than merely ceramics. The metal phase
exhibits relatively good plastic deformability and demonstrates a
strong interfacial bonding with the ceramic phase. Obvious
plastic deformation occurs in the metal layer near the primary
crack in the pure Mg composites with lamellar architecture;
whereas microcracks are formed in the ceramic-rich constituent
probably preferentially at the interfaces between metal and
ceramic phases within the constituent. In comparison, for the
AZ91D alloy composites, both metal and ceramic-rich con-
stituents exhibit apparent microcracking without visible plastic
deformation. With respect to the effects of the metal component,
pure Mg exhibits much lower strength but better ductility than
the AZ91D alloy in the as-cast state, and thereby can be more
easily deformed to blunt the cracks in the Mg-MAX phase
composites. Such easy inelastic deformation of the soft phase, as
compared to the fracture of stiff constituents, is essential for
ensuring the toughening effects of the nacre-like architectures in
promoting both the intrinsic and extrinsic mechanisms!>21. As
such, for the same type of architecture (i.e., with similar volume
fraction of ceramic phase), the pure Mg composites invariably
exhibit higher ductility and fracture toughness but lower strength
than the AZ91D alloy composites.

Figure 4a presents a comparison of the fracture toughness and
flexural strength for the Mg-MAX phase composites with their
component materials of pure Mg, AZ91 series alloys and bulk
TizAIC, ceramics>®16:17:42-45 Most MAX phase ceramics were

reported to exhibit a flexural strength of less than 560 MPa
(although they can be strengthened by fine modulation of their
microstructures#0). The fracture toughness for crack initiation
(Kic) typically ranges from 4 MPa m%> to 10 MPa m%* for most
of MAX phase ceramics, even though higher toughness may be
obtained after some crack growth or by designing coarse-grained
or textured structures’~. Specifically with respect to the TizAlC,
ceramics, the fracture toughness rarely exceeds 10 MPa m0->>0,
Pure Mg and AZ91 series alloys generally exhibit a flexural
strength below 400 MPa and a fracture toughness of lower than
22 MPa m0>42-45 (an exception exists for an AZ91 alloy after T4
treatment where the Kjc derived from ] was reported to be
around 30 MPa m%>%7). In comparison, the flexural strength of
the nacre-like Mg-MAX phase composites is comparable to, or
even higher than, those of monolithic Ti;AIC, ceramics, while
their fracture toughness is comparable to that of the metal phase.
This indicates the achievement of a good combination of property
advantages in the composites from their constituent materials.
Figure 4b shows the variation in the flexural strength as a
function of the ceramic content in Mg-based composites rein-
forced by different types of ceramics!® 17:43:4448-50 The current
Mg-MAX phase composites exhibit relatively higher flexural
strength than most other materials at equal ceramic contents.
Figure 4c shows a comparison of the specific fracture toughness
and specific flexural strength, i.e., fracture toughness (Kic) and
flexural strength normalized by density, for the nacre-like com-
posites of different metal-ceramic systems fabricated by ice
templating and subsequent melt infiltration
procedures!7-263451-54 The current Mg-MAX phase composites
show a high specific flexural strength ranging from ~200 MPa (g
cm—3)~1 to over 250 MPa (g cm—3)~! combined with a high
specific fracture toughness. In particular, owing to the relatively
low densities, their specific fracture toughness exceeds those of
most other nacre-like metal-ceramic composites with the same
level of specific flexural strength, even though their fracture
toughness and strength are not such superior considering the
absolute values. It is worth noting that recently we have devel-
oped a Mg-MAX phase composite with high strength over 1 GPa
by infiltrating a Mg alloy melt into Ti;AIC, scaffold where the
platelets are preferentially aligned by vacuum filtration®.
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Subscript sf: short fiber

Subscript W: whisker

WCMs: wood-ceramics

BMG: bulk metallic glass

MRS: Mg with 2.5% Ag, 2.0% rare earth and 0.6% Zr

Fig. 4 Comparison of mechanical properties for the nacre-like Mg-MAX phase composites with other materials. a Fracture toughness versus flexural
strength for the Mg-MAX phase composites and their component materials of bulk TisAIC, ceramics, pure Mg and AZ91 series alloys>61617.42-45 K .,
denotes the critical K, determined by the maximum crack extension of ~0.5 mm according to the ASTM Standard E182040. The toughness range for pure
Mg and AZ91 alloys is defined using both Kic and Kjc (which is derived from J) values. b Variation in the flexural strength as a function of the ceramic
content in the Mg and Mg alloy composites reinforced with different types of ceramic phases!®17:4344,48-50 ¢ Specific fracture toughness (in terms of Kic)
versus specific flexural strength, i.e., normalized by density, for the nacre-like composites of different metal-ceramic systems fabricated by ice templating
and subsequent melt infiltration procedures!’.26.3451-54 Error bars represent standard deviation from the mean.
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Nevertheless, this composite tends to fracture catastrophically
once cracks are initiated. In comparison, the current nacre-like
Mg-MAX phase composites exhibit much higher damage toler-
ance at a moderate compromise of strength, and particularly
demonstrate stable crack propagation featured by rising R-curve
behavior. The good combination of properties makes these
composites appealing for many lightweight structural
applications.

Conclusions

In summary, a set of Mg-MAX phase composites with nacre-like
lamellar and brick-and-mortar architectures were fabricated by
pressureless infiltration of pure Mg and AZ91D alloy melt into
ice-templated porous Ti;AIC, scaffolds. The ceramic-rich con-
stituents had an ultrafine structure comprising both ceramic and
metal phases, were alternately arranged with metals in a layered
fashion and interconnected between adjacent layers, but were
more densely stacked in the brick-and-mortar architecture than
in the lamellar one. The mechanical properties of the composites
were associated with the types of architectures and metal com-
ponents. Specifically, higher flexural strength, yet accompanied
with inferior ductility, was generated in the AZ91D (Mg-Al-Zn-
Mn) magnesium alloy composites for a given architecture or in
the brick-and-mortar architecture for a given metal component.
Apart from the AZ91D alloy composites with brick-and-mortar
architecture, the Mg-MAX phase composites displayed rising
R-curve behavior with stable crack propagation process. Crack
advance involved bifurcation with crack blunting via plastic
deformation and microcracking, which were respectively domi-
nant in pure Mg and AZ91D alloy composites. Additionally, these
materials were extrinsically toughened by crack deflection and
uncracked-ligament bridging, resulting in significant crack-tip
shielding - these mechanisms were more evident in the lamellar
than in the brick-and-mortar architectures. The composites
achieved an effective combination of the property advantages
from their component materials. They were stronger than most
other Mg-ceramic composites at equal ceramic contents and
exhibited a good combination of specific fracture toughness and
specific flexural strength among nacre-like metal-ceramic com-
posites, thereby demonstrating a potential for lightweight struc-
tural applications. We believe that this study may further give
insights for the design of new high-performance Mg-based
composites.

Methods

Preparation of ultrafine TizAIC, platelets. Commercial Ti;AlC, powders (400
mesh, Haixin metal, China) 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. The
MAX phase ceramics display a relatively weak bonding between MX and A layers.
During the ball milling process, shearing and delamination tend to occur along the
MX/A interfaces, leading to the separation of Ti;AlC, powders into ultrafine
platelets®®>7, as shown in Supplementary Fig. 11. Oxygen-containing environment
was employed as the newly formed surfaces of powders can be stabilized by
forming surface oxides via oxidation reactions, thereby promoting the delamina-
tion process.

The ball-milled powders were examined by X-ray diffraction (XRD) using a
powder diffractometer (Rigaku Smartlab, Japan) and X-ray photoelectron
spectroscopy (XPS) analysis using ESCALAB Xi+ (Thermo Fisher Scientific, USA)
with Al-Ka radiation and a pass energy of 50 eV. The XRD results revealed that the
platelets mainly consisted of Ti3AlC, phase with the oxides almost indiscernible
because of their small amount (Supplementary Fig. 7). The XPS results revealed
that oxides, which were identified mainly as Al,O; and TiO,, were formed on the
surfaces of MAX phase. The oxygen contents in the platelets as well as in the raw
Ti;AlC, powders were measured using a TCH-600 N/H/O analyzer (LECO, USA).
The equivalent particle size of the platelets was measured to be 100-300 nm using
laser diffraction granulometry with a Mastersizer 2000 laser diffractometer
(Malvern Instrument, UK) equipped with a Hydro 2000MU accessory (Malvern
Instrument, UK).

Fabrication of Mg-MAX phase composites. The platelets were dried in air for
2 days and then were dispersed in deionized water at a mass ratio of 1:2 (i.e., giving
a volume fraction of MAX phase as ~10.6%) under ultrasonic treatment at 50 W
for 0.5 h. The slurry was mixed with an ammonium polymethacrylate anionic
dispersant (Darvan CN, R.T. Vanderbilt, USA), polyvinyl alcohol (Meryer, China)
and hydroxypropyl methylcellulose (Meryer, China), which accounted, respec-
tively, for 0.2 wt.%, 1.5 wt.% and 0.5 wt.% of the platelets. These additives were used
for promoting dispersion, increasing the viscosity of slurry to mitigate gravitational
sedimentation, and binding the platelets after the removal of water.

The slurry was ball milled at a speed of 25 rpm for 24 h, and then was poured
into a cuboid Teflon mold with an inner square cross-section of 30 mm x 30 mm
which was fixed onto a customized freezing apparatus. The mold was designed to
have non-uniform lateral walls which was thinner at one side (3 mm) than the
other three sides (20 mm), and was sealed using a wedge with a slope angle of 25° at
its bottom with the thinner end of the wedge conforming to the thinner wall of the
mold. Such designs were implemented to create a horizontal temperature gradient
in addition to the vertical one in the slurry during the freezing process®®>%. The
mold was descended at a constant rate of 0.6 mm min~! to immerse into an
insulated box containing liquid nitrogen until the slurry was fully frozen. The
frozen body was demolded and freeze-dried in a vacuum below 5 Pa for at least
72 h using a Scientz-10ND freeze drier (Scientz Biotechnology, China). Porous
Ti;AlC, scaffolds with lamellar architecture were obtained by sintering the freeze-
dried samples in flowing argon gas at 900 °C for 1 h. Some of the scaffolds were
infiltrated with paraffin wax and then uniaxially pressed along the normal direction
of lamellae at 75 °C (~15 °C higher than the melting point of paraffin wax) under a
pressure of 20-35 MPa for 2 h for densification. These scaffolds were re-sintered in
flowing argon gas at 950 °C for 1 h to create interconnections between adjacent
lamellae or bricks.

Pure Mg with a purity of 99.99 wt.% and a widely used AZ91D cast Mg alloy
(with ~8.5-9.5 wt.% Al, ~0.45-0.9 wt.% Zn and ~0.17-0.5 wt.% Mn) were used for
fabricating the Mg-MAX phase composites. The sintered Ti;AIC, scaffolds were
infiltrated with the melt of pure Mg or AZ91D alloy in flowing argon gas at 850 °C,
some 250 °C higher than their melting points, for 1.5 h.

Microstructural characterization. The densities of the infiltrated composites were
measured using the Archimedes’ method®. The phase constitution was determined
by XRD using a Bruker D8 Advance X-ray diffractometer (Bruker AXS, Germany)
with Cu-Ka radiation. Scanning electron microscopy (SEM) imaging was con-
ducted using an Inspect F50 field-emission scanning electron microscope (FEL,
USA) operating at an accelerating voltage of 20 kV. The SEM images were analyzed
using the Image-Pro Plus software (Media Cybernetics, USA). Images with a total
area over 1.5 x 10° um? were analyzed for each group of composites. Energy dis-
persive X-ray spectroscopy (EDS) measurements were carried out using a Bruker
EDS system attached to the microscope. Scanning transmission electron micro-
scopy (STEM) imaging was performed using a Tecnai-G2 F30 transmission elec-
tron microscope (FEI, USA) operating at an accelerating voltage of 300 kV. 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 and then reconstructed to 3D
volume renderings based on the Fourier back-projection algorithm. The spatial
resolution of the obtained XRT images was ~0.96 um per pixel.

Mechanical tests. Nanoindentation tests were performed using a G200 nano
indenter (KLA, USA) with a Berkovich diamond tip at a constant loading rate of
0.67 mN s~! to a peak load of 10 mN with a holding time of 10 s followed by
unloading.The size of indent, which can be approximated based on the maximum
indentation displacements in light of the geometrical characteristics of the Ber-
kovich indenter, was smaller than the thickness of most of the metal and ceramic-
rich layers in the composites with lamellar architecture. By selecting relatively thick
layers for indentation, the indents can be completely located within the layers, as
verified by the SEM images of one indent after unloading shown in Supplementary
Fig. 12. Three-point bending tests were conducted using an Instron E1000 testing
system (Instron, USA) at room temperature with a constant displacement rate of
0.1 mm min~! on beam samples with dimensions of 2 mm x 1.5 mm x 25 mm and
a loading span of 20 mm, in line with the ASTM Standard C1161°!. Single-edge
notched bending tests were performed on a JEOL MicroTest stage inside the
chamber of a JEOL JSM-6510 scanning electron microscope (JEOL, Japan) at a
displacement rate of 5 um min~!. Samples with a width of 4 mm, thickness of
2mm and loading span of 16 mm were side notched to ~2 mm in depth using a
low-speed diamond wire saw with the notch sharpened to a tip radius of 5-10 pum
using a razor blade with 1 um diamond paste, in general accordance with the
ASTM Standard E1820%0. The loads in both three-point and singe-edge notched
bending tests were perpendicular to the layered structure of the composites, which
is consistent with the general loading configuration for natural nacre. The fracture
morphologies of samples were characterized by SEM imaging.

Nonlinear-elastic fracture mechanics methods were used to evaluate the fracture
toughness of the composites in terms of their J-integral. The J values were
calculated from the applied load and instantaneous crack length by considering the
elastic (J) and plastic (J,;) components, i.e., ] = J + ], according to the ASTM
Standard E1820%0. ], was formulated using the linear-elastic stress intensity factor
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Kaccording to J; = Kl(?vz)) where E is the Young’s modulus and v is the Poisson’s
ratio. The elastic constants of the composites were assessed using those of the
constituent phases based on their volume fractions. The E values were
approximated using the averages of those calculated following the rule-of-mixtures
under the iso-strain (Voigt model) and iso-stress (Reuss model) conditions®2. In
the case of single-edge notched bending tests, the mode I stress was principally
parallel to the preferential alignment of nacre-like architectures, which is more
similar with the iso-strain (Voigt model) loading configuration. Therefore, such
approach was expected to give a conservative approximation for the Young’s
modulus and therefore for the fracture toughness. The Poisson’s ratio v of the
composites was approximated in a similar fashion to be 0.27 and 0.22, respectively,
for the lamellar and brick-and-mortar architectures. The plastic component J,,; was
calculated from the plastic area (A;) under the load-displacement curve according
to J, = 1',93:"‘40, where B is the thickness of sample and b is the length of the
uncracked ligament. The equivalent K-based stress intensity was obtained from the

0.5
J-integral based on the standard J-K equivalence as K; = ( ) in the case of

JE
T
mode I fracture®?,
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