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Abstract: The brick-and-mortar Ti,Ni/TiNi composite, composed of Ti;Ni bricks distributed among TiNi mortars, was
successfully produced by hot rolling laminated Ti,Ni/TiNi composite. The rolling temperature and reduction have large
effects on brick width and brick interspacing, respectively. When the compression is carried out perpendicular to the
stacking direction, all the samples exhibit delamination fracture, which is harmful to mechanical performances. When
loading is parallel to the stacking direction, too large brick width and too small brick interspacing both boost the
delamination between brittle Ti;Ni and ductile TiNi. After 60% rolling at 700 °C, the brick-and-mortar composite
exhibits a largest strength of (1923.11470.78) MPa and a largest fracture strain of 0.190+0.017 because suitable brick
width and interspacing inhibit the delamination and promote crack deflection. Further optimization of mechanical
properties can be achieved by the adjustment of brick width and interspacing.
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1 Introduction

Laminated composite, made by alternatively
stacking a brittle and a ductile constituent, has
received much attention from engineering and
scientific aspects due to its good combination of
strength and ductility in comparison with a single
brittle or ductile constituent [1—7]. For example, a
Ti>Ni/TiNi laminated composite has a compressive
strength of (1774+15) MPa and a fracture strain
of 0.15+0.01 [8]; whereas, a single Ti>Ni exhibits
crushing fracture and a single TiNi displays a large
fracture strain of 0.40 but a much low strength of
700 MPa [9]. Various laminated composites have
been developed, such as SiC/C [1], TiC/Ti [10],
TisAVTi  [11], AlINi [12], Ti_Ni/TiNi  [13],

NiAI/Ni [14] and maraging steel/316L austenitic
stainless steel [15]. This laminated structure, in fact,
originates from the natural nacre consisting of
aragonite platelets (brick) and protein (mortar)
assembled in a brick-and-mortar way [16—22].
However, the laminated composite actually exhibits
a layer-by-layer structure, indicating that further
effort should be paid on the development of real
brick-and-mortar structure.

The brick-and-mortar structure has been firstly
attempted to develop by SELLINGER et al [23]
using continuous self-assembly silica/poly(dodecyl
methacrylate). However, this technique is
restricted to the fabrication of thin films. Freeze
casting [24-26] and co-extrusion [27-29] are
two popular ways to fabricate bulky brick-and-
mortar composite like Al,O3/PMMA (polymethyl
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methacrylate) in a small-scale, which exhibits a
double flexural strength compared to the
corresponding laminated composite. However, the
complicated procedures inhibit their mass
production in industry. For example, freeze casting
predominantly includes freezing, sintering and
filling procedures, which require careful operation
and complex instruments.

The present authors [8] have reported the
successful fabrication of Ti,Ni/TiNi brick-and-
mortar composite by hot pressing and hot rolling,
which has the potential to be capable of industrial
production. However, how to tune the brick-and-
mortar structure has not yet been investigated.
WILKERSON et al [28] have reported that when
decreasing the brick width from 430.7 to 186.4 um
in a AlO3/Ni brick-and-mortar composite, the
flexural strength increases from 110 to 158 MPa
while the fracture toughness increases from 6.6 to
12.6 MPa-m'2. In the present study, the effect of
rolling temperature and reduction on the micro-
structure evolution and mechanical performance has
been systematically investigated in the Ti»Ni/TiNi
brick-and-mortar metallic composite. This study
further proves the feasibility to fabricate different
brick-and-mortar composites in mass production by
hot rolling.

2 Experimental

2.1 Fabrication procedures

The Ti (0.020 mm) and Ni (0.045 mm) foils
firstly cut into 200 mm x 80 mm and

ultrasonically cleaned in ethanol solution, then

were

900 °C for
480 min

Temperature

Time/min

T layer
———— Ni layer

alternatively stacked and finally hot pressed. The
temperature and pressure were controlled as
illustrated in Fig. 1(a). The detailed procedures
can be referred to Ref. [13]. As a result, Ti2Ni/TiNi
laminated composite was produced, where the
light grey is TiNi and the dark grey is Ti,Ni
(Fig. 1(b)). The laminated composite was further
hot-rolled at different temperatures (600, 700
and 800 °C) and at different reductions (30%, 60%
and 70%). The nomenclature combines the
temperature and reduction, such as 700—60 sample
where 700 indicates the rolling temperature of
700 °C and 60 suggests the rolling reduction of
60%.

2.2 Microstructure and mechanical property

characterization

The samples (2 mm x 3 mm X 4 mm) were cut
from the rolled specimens, mechanically polished
but not etched. The cross-sections of rolling-
direction and transverse-direction, transverse-
direction and normal direction, rolling-direction
and normal-directions are all characterized and
assembled. The microstructures were characterized
using a Zeiss Supra 55 scanning electron micro-
scope (SEM) in back-scattering (BS) mode.

The cylinder samples (d4 mm x 6 mm) for

uniaxial compression were cut both parallel and
perpendicular to the stacking direction (Fig. 2). The
top and bottom were both polished in order to
remove the oxidation and keep parallel. The
uniaxial compression was carried out using an
electronic universal testing machine at an initial
strain rate of 1x107* s

-1

Fig. 1 Schematic of stacking and hot-pressing (a) and microstructure of TioNi/TiNi laminated composite (b)
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Fig.2 Uniaxial compression parallel (a) and

perpendicular (b) to stacking direction
3 Results

3.1 Effect of rolling temperature
3.1.1 Effect of rolling temperature on micro-
structure

Figure 3 shows the three-dimensional micro-
structures after rolling by 60% at different
temperatures. The light grey is TiNi phase while the
dark grey is Ti;Ni phase in the SEM-BSE mode.
When rolling at 600 °C, the laminated Ti,Ni layers
in the laminated composite (Fig. 1) are broken. As a
result, the normal—rolling cross-section exhibits
a brick-and-mortar structure. Namely, the TiNi
mortar is continuous, among which the Ti,Ni brick
is distributed in a brick-and-mortar way. The
normal—transverse cross-section also displays the
broken TiNi phase distributed among the TiNi
mortar, but the brick is not homogeneous compared
to the normal—rolling cross-section. Here, the
rolling—normal microstructure is carefully analyzed.
As can be seen in Fig. 3(a), the interface parallel to
the rolling direction between TiNi and Ti,Ni is clear
and well bonded; whereas, the voids are observed
along the interface perpendicular to the rolling
direction.

With decreasing rolling temperature from 800
to 600 °C, the brick width significantly decreases
from (87.73+45.35) to (28.18+9.85) um, the brick
thickness moderately decreases from (18.27£2.51)

Interspacing

RD
|<TD
© ND

Fig. 3 Three-dimensional SEM images after hot rolling
by 60% reduction at different temperatures: (a) 600 °C;
(b) 700 °C; (c) 800 °C

to (12.3542.19) um, and the interspacing between
neighboring bricks in the rolling direction
moderately decreases from (46.94+£24.94) to
(28.86+13.64) um (Table 1). All these suggest that
the Ti,Ni layer in the laminated composite (Fig. 1)
is broken more seriously when the rolling
temperature is decreased. As a result, number of
TixNi brick increases (Fig. 3) and thus, the rolling
temperature has a large impact on the brick width.
However, decreasing rolling temperature from 800
to 600 °C introduces more voids along the interface
between TiNi and Ti;Ni, leading to an increase in
the void density from (161£29) to (729+92) mm .
When rolling at 800 °C, the width of Ti;Ni brick
deviates from the rolling direction (Fig. 3(c));
decreasing rolling temperature down to 600 °C, the
width of TiNi brick becomes along the rolling
direction (Fig. 3(a)).
3.1.2 Effect of rolling temperature on mechanical
properties

Figures 4(a, b) shows compressive engineering
stress—engineering strain curves after 60% rolling
at different temperatures when deformed parallel
and perpendicular to the stacking direction. All

Table 1 Statistical analysis of microstructural characteristics after rolling by 60% reduction at different temperatures

(At least five SEM-BSE images are analyzed for each condition using Image J software)

Rolling temperature/°C  Brick thickness/um Brick width/um Width/thickness Interspacing/um Void density/mm

600 12.35+£2.19 28.1849.85
700 14.07+2.40 37.28+12.17
800 18.27+£2.51 87.73+45.35

2.28 28.86+13.64 729492
2.65 38.79+14.75 629+106
4.80 46.94+24.94 161£29
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Fig. 4 Uniaxial compression test results after hot rolling by 60% reduction at 600, 700 and 800 °C: (a, b) Compressive

engineering stress—engineering strain curves after loading parallel (a) and perpendicular (b) to stacking direction;

(c, d) Evolution of compressive strength (c) and fracture strain (d) with rolling temperature

these curves exhibit the similar shape of a spoon,
indicating the similar deformation mechanism. This
is because all the samples consist of the same
fractions of TiNi and Ti,Ni phases. However, the
distribution of TixNi bricks is different and it
affects the mechanical response during uniaxial
compression. After rolling at 700 °C, the 700-60
sample displays the largest strength and ductility
during parallel and perpendicular compression;
exceptionally, the 700-60 sample exhibits a similar
compressive strength to the 800-60 sample during
perpendicular compression. When increasing or
decreasing rolling temperature, the strength and
ductility are both decreased (Figs. 4(c, d)).

Figure 5 shows the crack propagation during
the uniaxial compression parallel to the stacking
direction. After rolling at 600 °C, the 600-60
sample exhibits a main crack 45° deviated from the
compression direction, which is generally straight
with few deflections (Fig. 5(a)). This straight main
crack is formed due to a small brick width of
(28.184¢9.85) um and in turn, a small crack

deflection. After rolling at 700 °C, a 45° main crack
also induces the fracture, but it is not straight and
many defections can be observed (Fig. 5(c)). Based
on the short fiber reinforcement [30], a larger brick
width of (37.28+£12.17) um in the 700-60 sample
can sustain more load than the 600-60 sample
having a brick width of (28.18+13.64) pum. This
can delay the fracture, leading to both larger
compressive strength and ductility in the 700-60
sample. In addition, many cracks are formed inside
the Ti>Ni brick and their propagation is inhibited by
the TiNi matrix (Fig. 5(d) vs Fig. 5(b)). However,
further increasing the brick width in the 800-60
sample ((87.73+45.35) um) boosts the crack
propagation along the interface between TiNi
and TioNi, resulting in the delamination. This
delamination makes parts of the sample shatter and
thus, the forced area is reduced and the stress is
increased, which boots the formation of a straight
45° main crack (Figs. 5(e, f)). As a result, the
strength and ductility are simultaneously decreased
(Figs. 4(c, d)).
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Fig. 5§ Crack propagation after rolling by 60% reduction at 600 °C (a, b), 700 °C (c, d) and 800 °C (e, f) with uniaxial

compression parallel to stacking direction

Figure 6 shows the crack propagation after
deformation perpendicular to the stacking direction.
All the samples are fractured by delamination,
which boosts the catastrophe [8,31]. As a result, the
compressive strength fluctuates around 1600 MPa
while the fracture strain fluctuates around 0.16
(Figs. 4(c, d)). Noticeably, this delamination failure
is similar to the laminated composite [31,32], but
totally different from the rupture when deformed
parallel to the stacking direction (Fig. 5 vs Fig. 6).
As a result, the strength and ductility after
perpendicular compression are both smaller than
those after parallel compression (Figs. 4(c, d)).

3.2 Effect of rolling reduction

3.2.1 Effect of rolling reduction on microstructure
According to the above analysis of mechanical

behaviors, the deformation temperature of 700 °C

is selected. Similar to the microstructures after

rolling at different temperatures (Fig.3), after
rolling at different reductions, Fig. 7 also shows the
brick-and-mortar structures where dark grey TirNi
bricks homogenously distribute among the light
grey TiNi mortars. When rolling at a reduction of
30%, many voids (629 mm2) are formed at the
interface perpendicular to the rolling direction
(Fig. 7(a)). Increasing the rolling reduction can
eliminate the voids by the flow of soft TiNi phase,
leading to a decrease in the void density from
(686=x17) to (141+48) mm 2 (Table 2).

Increasing the rolling reduction from 30% to
60%, the width of Ti>Ni brick moderately decreases
from (48.14+£21.07) to (33.52+13.48) um, the
thickness of Ti;Ni brick moderately decreases
from (17.72+1.70) to (13.35£3.40) um and
correspondingly, the interspacing between Ti,Ni
bricks along the rolling direction significantly
increases from (22.55+7.69) to (42.14+18.27) um
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Fig. 6 Crack propagation after rolling by 60% reduction at 600 °C (a, b), 700 °C (c, d) and 800 °C (e, f) with uniaxial

compression perpendicular to stacking direction

Fig. 7 Three-dimensional SEM images after 700 °C hot
rolling at reductions of 30% (a), 60% (b) and 70% (c)

(Table 2). All these suggest that the Ti;Ni layer in
the laminated composite (Fig. 1) is broken more
seriously when increasing the rolling reduction. As
can be concluded, the rolling reduction has a large
influence on the brick interspacing. Additionally,
increasing rolling reduction makes the brick deviate
from the rolling direction (Fig. 7(a) vs Fig. 7(c)).
3.2.2 Effect of rolling reduction on mechanical
properties

Similar to the samples after rolling by 60% at
different temperatures, the samples after 700 °C
rolling at different reductions also exhibit a
spoon shape of compressive engineering strain—
engineering stress curves. This suggests that all the
brick-and-mortar Ti>Ni/TiNi samples have similar
deformation mechanisms and the difference in
deformation behavior is induced by the brick Ti>Ni
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distribution. After rolling at a reduction of 60%, the
700-60 sample has the largest strength and fracture
strain after both parallel and perpendicular
compression.

Figures 8(a,b) show the compressive
engineering stress—engineering strain curves after
rolling at 700 °C by different reductions. Figure 9
shows the crack propagation after deformation
parallel to the stacking direction after 700 °C
rolling by different reductions. After rolling at a
reduction of 30%, the 700-30 sample exhibits a
straight main crack which deviates 45° from the
compression direction (Fig. 9(a)), leading to the
lowest compressive strength and fracture strain
(Figs. 8(c, d)). This main crack is formed due to a

Chen JIA, et al/Trans. Nonferrous Met. Soc. China 33(2023) 2064-2075

small brick interspacing of (22.55+£7.69) um and,
in turn, the sample shatter by easy delamination
(Fig. 9(b)). Increasing rolling reduction increases
the brick interspacing and this can increase the
crack deflection during its propagation in the TiNi
matrix, resulting in the formation of a deflected
main crack (Fig.9(c)). This delays the sample
fracture and increases both strength and ductility in
the 700-60 sample. However, further increasing the
rolling reduction up to 70% increases the brick
interspacing up to (42.14+18.27) um. This large
interspacing can fully inhibit the delamination and
deflection, and thus, boost the 45° main crack
formation (Fig. 9(e)), leading to a decrease in the
both strength and ductility (Figs. 8(c, d)).

Table 2 Statistical analysis of microstructural characteristics after rolling at 700 °C by different reductions (At least five

SEM-BSE images are analyzed for each condition using Image J software)

Rolling reduction/% Brick thickness/um Brick width/um Width/Thickness Interspacing/um Void density/mm >

30 17.72+1.70 48.14+21.07 2.80 22.55+7.69 686+17
60 14.07+2.40 37.28+12.17 2.65 38.79+14.75 629+106
70 13.35+3.40 33.52+13.48 2.51 42.14+18.27 141+48
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Fig. 8 Uniaxial compression test results after hot rolling at 700 °C by reductions of 30%, 60% and 70%: (a, b) Compressive

engineering stress—engineering strain curves after loading parallel (a) and perpendicular (b) to stacking direction;

(c, d) Evolution of compressive strength (c) and fracture strain (d) with rolling reduction
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Fig. 9 Crack propagation with uniaxial compression parallel to stacking direction after hot rolling at 700 °C by

reduction of 30% (a, b), 60% (c, d) and 70% (e, f)

Figure 10 shows the crack propagation when
deformed perpendicular to the stacking direction
after 700 °C rolling by different reductions. After
rolling at a reduction of 30%, the brick interspacing
is only (22.55+£7.69) um, leading to the flexure
(Fig. 10(a)) similar to laminated composite [8,32].
Increasing rolling reduction increases the brick
interspacing and avoids flexure, which increases the
ductility and strength. But still, the delamination
between TiNi and Ti,Ni occurs (Figs. 10(c, d)). This
delamination is the reason why the strength and
ductility when deformed perpendicular to the
stacking direction are lower than those when
deformed parallel to stack direction (Figs. 8(c, d)).
Unexpectedly, a large brick interspacing ((42.14+
18.27) um) after rolling at a reduction of 70%
leads to an early fracture and a corresponding

small strength. This is probably because TiNi
burdens a large plastic deformation (can be seen in
Fig. 10(f)), leading to Ti,Ni rotation and easy crack
connection.

4 Discussion

The brick-and-mortar structure has been
successfully produced in the present investigation
by hot rolling Ti>Ni/TiNi laminated composite and
this Ti,Ni/TiNi laminated composite is fabricated
using hot pressing. Due to the usage of hot pressing
and hot rolling, a large-scale sample has been
produced up to 200 mm % 80 mm x 6 mm in the
laboratory and these procedures can be easily scaled
in the industry for mass production. Contrarily, only
small size samples (like 25 mm x 10 mm % 10 mm)
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Fig. 10 Crack propagation with uniaxial compression perpendicular to stacking direction after hot rolling at 700 °C by

reduction of 30% (a, b), 60% (c, d) and 70% (e, f)

can be produced using freeze casting [25] or
co-extrusion [27]. In addition, these two methods
have very complicated procedures, which are not
suitable for mass production in industry; for
example, co-extrusion needs a long-time for
tube-shaped materials preparation, such as
extrusion, cutting, stacking and sintering [27].

In addition, it is easy to tune the micro-
structures of the brick-and-mortar Ti>Ni/TiNi
intermetallic composite by the adjustment of rolling
temperature (Fig. 3) and rolling reduction (Fig. 7).
As illustrated in Fig. 11, when laminated composite
is deformed, cracks are formed in the brittle TioNi
layer due to its intrinsic brittleness [32]. Decreasing
temperature makes more cracks formed in the Ti,Ni
layer, leading to a decrease in the Ti>Ni brick width.
This is because a higher temperature can boost the
co-deformation between ductile TiNi and brittle

Ti,Ni and as a result, less cracks are formed in the
Ti,Ni layer. Thus, rolling temperature has a large
effect on the Ti,Ni brick width (Table 1) by
affecting the crack formation in the brittle Ti,Ni
layer. Following the crack formation, the TiNi
matrix fills in the cracks under the plastic
deformation (Fig. 11). Increasing rolling reduction
enhances the plastic deformation of ductile TiNi
matrix, leading to an increase in the brick
interspacing along the rolling direction (Table 2) by
filling more TiNi into the cracks. Therefore, the
rolling reduction has a significant influence on
the brick interspacing by affecting the plastic
deformation in the TiNi matrix.

The mechanical behaviors are affected by the
deformation mode [33], which is determined by the
structure of Ti;Ni/TiNi brick-and-mortar composite.
When deformed perpendicular to the stacking
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Fig. 11 Schematic diagram of brick-and-mortar formation

direction, the delamination between brittle Ti;Ni
and ductile TiNi is the main failure way (Figs. 6 and
10), which deteriorates the mechanical properties.
Thus, the mechanical behavior is significantly
concerned when the loading direction is parallel to
the stacking direction. The cracks prefer to nucleate
and propagate along the interfaces between ductile
TiNi and brittle Ti:Ni due to uncoordinated
deformation resulting from their different strengths.
Similar phenomenon has been reported in the
TiC/Ti [34], TiNV/TiNi [31] and ALTi/Ti [32]
laminated composites. Therefore, the brick width is
a much more important parameter than the brick
thickness. The 800-60 sample has a pretty large
brick width of (87.73+45.35) um, which boots the
formation of long cracks along the brick width
during the deformation. This promotes the
delamination along the previous Ti,Ni layer before
hot rolling (Fig. 5(f)), leading to the occurrence of
fragment from the whole sample. In turn, the forced
area is reduced and the stress is increased, which
accelerates the fracture by the formation of 45°
main crack (Fig. 5(e)). However, the brick width
also cannot be too small. The 600-60 sample has a
too small width of (28.86+13.64) um to lose the
advantage of brick-and-mortar structure; instead, it
is fractured in a way of 45° shear failure, which is
similar to the single constituent [35]. Despite the
brick width, the brick interspacing is another
important structural parameter. The 700-30 sample
has a small brick interspacing of (22.55+7.69) pm,
which boosts the crack connection between the
neighboring cracks in the rolling direction. This
leads to the early delamination and the fragment of
the sample (Fig. 9(b)).

It can be concluded here that the key point is
to avoid the delamination fracture in the brick-
and-mortar composite by the adjustment of brick
width and interspacing. The avoidance of the full
delamination can delay the fracture by the crack
formation in the brick TioNi, the crack deflection,
the crack bridging and intermittent delamination
(Figs. 5 and 9). Too large width can promote the
delamination due to the crack nucleation and
propagation along the width (namely interface
between the ductile TiNi and brick TixNi). Too
small brick interspacing can also boost the
delamination because the cracks in the neighboring
bricks can be connected by the fracture process
zones ahead of the cracks [36]. Thus, the strength
does not have a clear relationship with either the
brick width (Fig. 12(a)) or the brick interspacing

(Fig. 12(b)).
5 Conclusions

(1) The microstructural characteristics can be
tuned by rolling temperature and rolling reduction,
which have large effects on brick width and brick
interspacing, respectively.

(2) When deformed perpendicular to the
stacking direction, the delamination fracture is
predominant and it deteriorates the mechanical
performance. Instead, loading parallel to the
stacking direction is concerned for application.

(3) The way to improve the mechanical
properties during parallel loading is to avoid the
delamination by adjustment of brick width and
brick interspacing. Too large Ti,Ni brick width and
too small Ti,Ni brick interspacing both can boost



2074

2000

(@)
1800

1600 -
1400 -
1200 -
= — Prallel

o — Perpendicular

800 . . .
20 40 60 80 100

Brick width/um

Compressive strength/MPa

1000 -

2000

(b)
1800

1600 |
1400

1200

u — Prallel
e — Perpendicular

Compressive strength/MPa

1000 -

800 . . . . . . .
20 24 28 32 36 40 44 48

Brick interspacing/pm

Fig. 12 Evolution of mechanical properties with brick
width (a) and interspacing (b)

the delamination. After 60% rolling at 700 °C,
the largest compressive strength of (1923.11+
70.78) MPa and the largest fracture strain of
(0.190£0.017) are achieved. Further optimization
of mechanical properties can be realized through
the design of brick-and-mortar structure using
finite-element simulation.
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