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In this study,we use the coextrusion process tomake high volume-fraction, nacre-like brick-and-mortar alumina
structures with b10% nickel between the ceramic bricks. We perform strength and toughness tests on these
compliant-phase aluminas at temperatures up to 900 °C, both to explore the evolution of toughening with
changes in the mortar plasticity and to evaluate the viability of these materials at elevated temperatures. We
find that temperature plays an important role in the mechanical performance of these materials. Specifically,
we observe that crack-growth resistance can be improved at higher temperatures due to enhanced ductility in
the metallic mortar.
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In the search for the next-generation lightweight structural mate-
rials, ceramics are of interest for industrial applications involving ex-
treme environments and elevated temperatures, owing to their high
specific strength, creep resistance and elastic stiffness, as well as low
thermal expansion andgood corrosion resistance. However, their strong
atomic bonding andhigh Peierls-Nabarro stress act to confer brittleness,
resulting in severely compromised ductility and toughness. While ad-
vances have been made to improve their toughness, the development
of ceramics with significant crack-growth resistance is still limited. Na-
ture, however, is adept at creating lightweight damage-tolerant mate-
rials using brittle minerals and soft biopolymers with relatively
meagre mechanical properties [1–3]. Nacre (“Mother-of-Pearl” in aba-
lone shells) provides a notable example of a ceramic (~95 vol% arago-
nite) with exceptional strength, toughness and wear resistance,
despite having the composition of chalk [4–9].

Nature's design invariably involves hierarchical structures [1,2] with
ingenious gradients [10]. Indeed, nacre displays energetic toughness
values that are over two orders ofmagnitude higher than its constituent
n, Lawrence Berkeley National
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materials through the formation of a “brick-and-mortar” microstruc-
ture, where aragonite “bricks” are bonded together with a protein
biopolymeric “mortar” [4–9]. Here, strength derives from the hard-
ceramic bricks, while the mortar induces ductility through limited
brick sliding; combined, these properties generate crack-growth resis-
tance through multiple toughening mechanisms, principally crack de-
flection and brick pull-out leading to crack bridging [9].

Nacre's brick-and-mortar structure has been the subject of signifi-
cant modeling [8,9,11–15], which has confirmed that high aspect-
ratio, micrometer-sized bricks with b10 vol% of a ductile mortar phase
can provide optimal mechanical performance [11,12]. Although most
synthetic nacre-like ceramics have been processedwith polymericmor-
tars, modeling suggests that the higher shear/tensile resistance of a me-
tallic mortar can further enhance the strength and toughness of these
materials, provided the mortar strength does not exceed that of the ce-
ramic bricks (whereupon the bricks fracture and damage-tolerance is
lost) [11].

There have been numerous studies to develop synthetic nacre. Of
the “top-down” approaches, freeze-casting has shown most promise
as a highly-tunable, bulk-processing, method which produces layered
ceramic lamellae through the directional freezing of aqueously-
dispersed powder that eventually becomes the bricks, while the mortar
phase is infiltrated afterwards [16–23]. However, while the mechanical
properties of freeze-cast structures have been good, achieving N80 vol%
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of ceramic has been exceedingly difficult, particularly when infiltrating
metallic mortars because they generally cannot wet ceramics. “Bot-
tom-up” processing has also been used where the mortar is included
throughout the consolidation [24–29]. Many such techniques use plate-
let phases and functionalized mortar surfaces, with self-assembly
methods such as sedimentation, slip casting and tape casting, but sam-
ple volumes made by such techniques are small; moreover, there have
been few attempts to incorporate metallic mortars [19,29]. One excep-
tion has been processingusing coextrusion,which appears to be a viable
alternative method for processing nacre mimetic structures with high
ceramic volume-fractions exceeding ~90 vol% [30,31].

Coextrusion permits the manipulation of ceramic powders in a
thermoplastic suspension to produce a core/shell architecture that
can be formed into a brick-and-mortar structure. Our previous stud-
ies [30,31] on this processing method have shown that brick-and-
mortar structures containing a low (b10 vol%) metallic mortar con-
tent can be made, which display many of the extrinsic toughening
mechanisms (induced by crack-tip shielding [32]) seen in nacre.
The brick size achievable with coextrusion is still much coarser
than natural nacre, and fracture occurs along the mortar/brick inter-
face instead of within the mortar itself. This means that although the
structure can still induce inter-brick displacements to confer tough-
ness, the beneficial effect of the higher strength of metallic mortars
[11] is not exploited; moreover, failure at weak mortar/brick inter-
faces can cause low material strength. Accordingly, the full potential
of nacre-like toughening in bioinspired ceramic brick-and-mortar
structures has still yet to be realized.

Here we examine the effects of elevated temperatures on the
mechanical properties of coextruded, nacre-like, alumina nickel
compliant-phase ceramics from ambient temperature to 900 °C in air.
We find that the fracture-toughness behavior of these brick-and-
mortar aluminas progressively improves up to 800 °C, in part because
at high temperature, inter-brick failure occurs within themetallic inter-
phase rather than along the nickel/ceramic interfaces. Interfacial failure
Fig. 1. (A) Schematic of the coextrusion assembly consisting of awater-cooled feedrod chamber
The core to shell ratio ismaintained through the extrusion process, producing a filament of the s
the resulting Al2O3/10Ni brick-and-mortar structure. The nickelmortar is highly continuous, and
head to produce an optimal compliant-phase ceramic.
at lower temperatures results from the strength of the nickel mortar
being higher than the interfacial strength, whereas for optimal proper-
ties, this interfacial strength should exceed the mortar strength but re-
main below the fracture strength of the ceramic. Increasingly higher
temperatures provide an effective means to tailor these properties, spe-
cifically to reduce the mortar strength [33,34] so that it can plastically
deform before interfacial failure. Therefore, a rationale for this study is
to discernwhether these alumina compliant-phase ceramics containing
a metallic Ni mortar can be tuned to operate at high temperatures with
optimal mechanical properties by confining the vital inter-brick dis-
placements to be within the mortar phase. As such, it would represent
the first study to observe ductile failure in a nacre-like high volume-
fraction ceramic within the metallic compliant phase.

Alumina nickel brick-and-mortar ceramics were produced using
a coextrusion assembly (Fig. 1A) in conjunction with hot-drawing
to produce 200-μm Al2O3/NiO core/shell filaments which were sub-
sequently laminated into oriented sheets using the process de-
scribed in ref. [31]. These oriented sheets were then layered,
offsetting each layer by 45°, to produce the microstructure shown
in Fig. 1B. Following the build-up of oriented sheets into a brick-
and-mortar structure, the thermoplastic binder was burnt-off to
leave a ceramic green body that was heated in argon to 1400 °C,
hot-pressed at 32MPa for 30min, before cooling to 25 °C. The NiO re-
duced to Ni during hot pressing leaving a final microstructure of alu-
mina bricks bound with 10.2 vol% metallic nickel mortar.

The microstructure was characterized with scanning electron mi-
croscopy (SEM), using secondary and backscatter electron imaging at
20 keV, by a well-formed brick-and-mortar architecture normal to the
hot-pressing direction (Fig. 1B); the ceramic “bricks” were ~185-μm
wide and ~75-μm thick, joined by ~6.9-μm thick nickel mortar with an
interconnectivity, measured using a contiguity-based approach
[30,31], of ~89%.

To evaluate mechanical properties, flexural strength and crack-
growth resistance-curve (R-curve) toughness tests were performed
with a reducing conewhich is heated to improve the plasticity of the thermoplastic binder.
pecified diameter determined by the outlet diameter. (B) Scanning electronmicrograph of
the brick size has beenminimized through the hot drawing of filament from the extruder
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in air on the Al2O3/10Ni ceramic between ambient temperature
and 900 °C. For strength tests, flexural beams were machined from
identical billets to the B-type specification (3 × 4 × 45mm), in accor-
dancewith ASTM Standard C1211-18 [35], and polished to a 1-μmdi-
amond finish with chamfered long edges. These specimens tested in
four-point bending (four tests at each temperature) in an open-air
furnace on an Instron 5881 electro-mechanical testing machine
(Instron Corp., Norwood MA) at a crosshead speed of 0.1 mm/min
at 25°, 600°, 700°, 800° and 900 °C. A high-temperature linear-
variable-differential transformer (LVDT), in contact with the tensile
surface, was used to measure displacement.

Elevated temperature R-curve testswere performed at the same five
temperatures in the same open-air furnace and testing machine in
three-point bending at a displacement rate of 0.05 mm/min, using
four single-edge-notched bend SE(B) bars at each temperature. The SE
(B) bars (4 × 4 mm) were first polished and micro-notched (using a
razor blade immersed in 2-μm diamond paste) to a ~15 μm notch-root
radius at a crack length of half the width. Samples were loaded until
cracking commenced, denoted by small (~2%) load drops, and then par-
tially unloaded periodically to assess crack extension, Δa, from
specimen-compliance measurements using the LVDT in contact with
the bottom of the bar.

The fracture toughness was evaluated using nonlinear-elastic
fracture-mechanics using the J-integral, in general accordance
with ASTM Standard E1820 [36]. Specifically, JR crack-resistance
curves under plane-strain conditions were determined from the sum
of the elastic contribution, KIc

2 /E′, where KIc is the linear-elastic
fracture-toughness and E′ = E/(1 − ν2) (E is Young's modulus, ν is
Poisson's ratio), and nonlinear-elastic contribution, 1.9Atot/Bb, where
Atot is area under the load vs. load-line displacement curve, B is the spec-
imen thickness, and b is the uncracked ligament length. ASTM Standard
E1820 specifies that for strictly valid results, themaximum crack exten-
sion is Δamax = 0.25b0, where b0 is the initial uncracked ligament
length.

To quote toughness in terms of the stress-intensity, K, themode-I J-K
equivalence, KJ = (J E′)1/2, was used to convert JIc to KJIc. Valid J-
dominance was maintained as the size-requirement of b N 10 J/σflow

(σflow was equated to the flexural strength) was met for all R-curves.
No data were collected where the R-curves took a “concave-up”
appearance; this is an indication of large-scale bridging where tough-
ness values become distinctly size- and geometry-dependent [17].

The elastic modulus E was determined using impulse excitation
and calculated with a modified long-bar approximation using
ASTM Standard C1259-15 [37]. Poisson's ratio for alumina was taken
as ν ~ 0.23.

The flexural strength of the Al2O3/10Ni microstructure as a function
of temperature is shown in Fig. 2A. Tests revealed that after crack initi-
ation, stable cracking ensued with no evidence of catastrophic fracture.
The strength levels remain essentially constant between 25° and 800°C.
Specifically, we see a marginal increase (~11%) between 25°C (158 ±
24 MPa) and 700 °C (175 ± 15 MPa), probably due to relaxation of re-
sidual stresses on cooling from 1400 °C resulting from the thermal-
Fig. 2.Mechanical properties of the Al2O3/10Ni ceramic as a function of temperature (25°
to 900 °C). (A) Flexural strength, measured in four-point bend tests, shows a marginal
increase (~17 MPa) from 25° to 600 °C, possibly due to a reduction in residual stresses,
with a decrease at 700 °C and a marked drop above 800 °C. Fracture toughness R-curves
based on (B) J-integral measurements and (C) back-calculated K values, generated using
a multi-specimen approach involving a minimum of four separate experiments. Essen-
tially identical R-curves are seen between 25° and 600 °C, with a small increase at 700
°C, followed by amarked increase at 800 °Cwhere inter-(ceramic) brick displacements in-
volve ductile tearing within the mortar phase occurs instead of interfacial mortar/brick
failure. The toughness decreases at 900 °C, associated with a significant loss in strength.
Solid lines represent data that is considered strictly valid (Δamax = 0.25b0), according to
ASTM Standard E1820 [36], while dashed lines indicate when Δa has exceeded this con-
servative maximum crack-extension limit.



Fig. 3.Mechanistic aspects of rising R-curve toughness behavior in the Al2O3/10Ni ceramic. SEMmicrographs of the crack paths fromR-curve specimens seen at each temperature. Fracture
trajectories between 25° and 700 °C were virtually identical, with the crack either fracturing bricks or propagating along the brick-mortar interfaces. Although such interfacial inter-brick
displacements are not optimal, they can still result in brick pull-out and resultant crack bridging, At 800° and 900 °C, considerably more crack deflection is apparent, with cracking
following a path within the nickel mortar (Fig. 4); this corresponds to the larger increase in R-curve behavior at 800 °C, although softening (Fig. 2A) and oxidation of the Ni mortar to
NiO at higher temperatures, shown by the white scale in the vicinity of the notch, causes the toughness to drop at 900 °C.
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expansion mismatch between Ni and Al2O3,1 and a marginal decrease
(~10%) at 800 °C (158 ± 21 MPa). At 900°C, however, a ~30% decrease
(111 ± 15MPa) occurs. As pure alumina does not display much reduc-
tion in strength between 25° and 900 °C [31], any strength changes for
the Al2O3/10Ni ceramic is ascribed to softening of the interphase Ni
(nickel's yield strength at 900 °C is some 75% lower than its room-
temperature strength [34]). These results indicate that this material's
maximum operable temperature is ~800 °C before properties start to
deteriorate.

Based on fracture-toughness tests between ambient and 900 °C for
the Al2O3/10Ni ceramic, the J-based and back-calculated KJ-based R-
curves are presented in Fig. 2B,C, and notably show that this nacre-
like structure does not fracture catastrophically but rather sustains sta-
ble cracking for extensions of ~1 mm or more. In terms of crack-
initiation (4 ± 0.5 MPa·m1/2) and crack-growth toughness values,
there is little to no change in properties between 25° and 600 °C, with
a maximum ASTM “valid” toughness value of 8 MPa·m1/2. At 700 °C,
the R-curve rises to 9 MPa·m1/2 and even further at 800 °C to
~13 MPa·m1/2, after which it drops to ~9 MPa·m1/2 at 900 °C. It should
be noted that although these values are strictly valid in terms of the
maximum crack extension allowed by ASTM Standard E1820 for our
specimen sizes (Δamax = 0.25b0 = 550 μm), the R-curve data continue
to trend upwards beyond that, notably with the Al2O3/10Ni ceramic
displaying a maximum toughness of 10 MPa·m1/2 between 25° and
1 Similar effects are seen in nuclear graphite,which becomes stronger and tougherwith
increasing temperature up to 1000°C from relaxation of processing-induced residual ten-
sile stresses [38].
700 °C, as high as 16 MPa·m1/2 at 800 °C, before falling to
13 MPa·m1/2 at 900 °C.2

Images of the corresponding crack trajectories are largely consistent
with these results (Fig. 3). Samples fractured at 600° and 700 °C
displayed similar crack paths that were essentially identical to those at
25 °C, with the cracks fracturing bricks or propagating along the brick-
mortar interfaces. The observation that the cracks pass through the
brick phasewith inter-brick displacements and subsequent cracking oc-
curring not within the metallic mortar phase but along the Al2O3/Ni in-
terface at 700 °C and below is not ideal for properties; as noted above,
the interface failure does provide the inter-brick sliding essential for
toughness in these structures – brick pull-out and resultant crack bridg-
ing by interlocking bricks is evident – but the optimal effect for strength
and toughness from the higher shear/tensile resistance of the metallic
mortar is short-circuited, as the mortar provides little effect outside of
offering a weak interface to direct the crack path. To date, this problem
has plagued most brick-and-mortar ceramic structures containing a
metallic mortar, as the ceramic-brick/metallic mortar interfaces are
simply too weak. This not only limits toughening by crack bridging,
but further acts to severely compromise the strength. However, this
issue appears to be alleviated in the present structures at higher tem-
peratures, where the strength of the nickel mortar is lower. At 800 °C,
considerably more crack deflection is apparent, with further evidence
2 R-curve at 25 °C is ~30% lower than those in previous studies [31] on earlier batches of
material. Thismay be associatedwith small differences in theprocessing or in the different
compliance-basedmethod tomeasure crack extensions; due to possiblemicrocracking on
unloading, the current results may bemore conservative in the form of slightly shallower
R-curves.
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of brick pull-out and consequent crack bridging; however, most impor-
tantly, the cracking now follows a pathwithin the nickel mortar and not
along the interface, which was confirmed using x-ray diffraction of
matching fracture surfaces in the SEM to see nickel on both sides of
the interfacial crack (this was not the case at lower temperatures).
The fact that the inter-brick sliding is now accommodated within the
mortar, with the associated plastic deformation and ductile damage of
themetallic phase (Fig. 4), i.e., the interface strength exceeds themortar
strength, is responsible for the large increase in R-curve toughness at
800 °C. Indeed, the measured toughness at this temperature rises to
~16 MPa·m1/2, which is almost an order of magnitude tougher than
nanocrystalline alumina [39] and roughly twice that of alumina, grain-
oriented to promote grain bridging [40]. However, the strength of our
nacre-like ceramic is still not optimum due to the coarse nature of the
coextruded structure.
Fig. 4. SEM images taken in the backscatter electron (BSE) imaging mode to enhance the contra
fractured at room temperature (A,C,E) and 800 °C (B,D,F) atmatchingmagnifications. It can be
cracking being containedwithin themortar at high temperatures, and interfacial failure along th
the metallic mortar phase, behavior that is unique to high-temperature failure in this material
At 900 °C, there is a significant degradation in strength and tough-
ness, as this is clearly too high a temperature for the nickel to operate
[34]. Indeed, this is consistent with observations of significant oxide
scale, consisting primarily of NiO, on the 900 °C specimens (seen near
the crack in Fig. 3).

However, R-curve behavior was observed at all temperatures be-
tween ambient and 900 °C, which results from the prime function of
nacre-like structures, to induce stable cracking and avoid sudden cata-
strophic fracture. With increasingly steep R-curves and toughness
values rising from ~10 to 16MPa·m1/2 between 25° and 800 °C, the cur-
rentmaterials are among the toughest alumina ceramics on record. This
is unusual as most ceramics, including alumina [33], generally display
lower toughness at increasing temperature. Here, however, a major
contribution to the higher elevated-temperature toughness results
from the inter-(ceramic) brick displacements being localized within
st between the Al2O3 bricks and Ni mortar of the coextruded Al2O3/10Ni ceramic samples
clearly seen how the fracturemode changes between ambient and high temperature, with
eAl2O3/Ni interface at room temperature. In particular,D and F showductile tearingwithin
.
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the nickel mortar leading to ductile failure of the metallic phase,
rather than involving the ceramic-metal interface failure observed at
lower temperatures. Moreover, unlike the similar nacre-like alumina
structures containing a polymeric mortar, the current brick-and-
mortar aluminas with a Ni mortar clearly becomemore viable for struc-
tural applications with increasing temperature up to 800 °C.

We conclude that:

1. Coextrusion is a viable method of making nacre-like brick-and-
mortar microstructures consisting of ceramic bricks and low quanti-
ties of a metallic mortar.

2. Our ~90-vol% alumina containing a nickel mortar showed flexural
strengths of 150–200 MPa between 25° and 800 °C, with fracture-
toughness values rising to ~16 MPa·m1/2 at 800 °C.

3. Rising R-curves were observed at all temperatures with evidence of
stable cracking, resulting from crack deflection, brick pull-out and
crack bridging in the brick-and-mortar structure.

4. Whereas inter-brick displacements are critical to prevent a loss in
damage-tolerance, the superior toughness at 800°C results from
these displacements being contained within the metallic mortar,
rather than involving metal/ceramic interface failure.

Data availability

The data that support the findings of this study are available fromDr.
Wilkerson (email: rwilkerson@berkeley.edu) upon reasonable request.
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