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Abstract: Structurally and functionally integrated materials usually face the problem of serious func-
tional degradation after large deformation or fracture, such as load-bearing and thermal insulation
integrated lattice. In this work, the lattice with a big width-thickness ratio, which empowered the flexi-
bility of the lattice by reducing the rod deformation during compression, was proposed. The structure
of the lattice almost kept integrality after large deformation or fracture, and the decay of thermal
insulation performance was less. Compared with the conventional lattice, the big width-thickness
ratio lattice obtained favorable thermal insulation performance. On this basis, two kinds of flexible
load-bearing and thermal insulation integrated hourglass lattices with big width-thickness ratios
(BWR lattice) were prepared by SLM, and the thermal insulation and compressive performances were
measured. The thermal insulation efficiency could reach 83% at 700 °C. The lattice would recover
after large deformation or fracture, and the thermal insulation efficiency of the fracture lattice was
75%. This work provides a new way of designing load-bearing and thermal insulation integrated
lattice and achieves the functionality preservation of load-bearing and thermal insulation integrated
lattice after large deformations and fractures.

Keywords: additive manufacturing; SLM; lattice structures; thermal insulation performance;
compressive performance

1. Introduction

With the development of the aerospace industry, aircrafts face more and more ex-
treme external environments. New challenges to the thermal insulation and load-bearing
performance of the aircraft were posed by the complex temperature and mechanical load
variations [1-3]. Common load-bearing and thermal insulation integrated structures in-
clude metal foams, sandwich structures, metal lattices, etc. [4-7]. Among them, metal
lattices obtain the advantages of lightweight, high specific strength, and buffered energy
absorption [8-10], and attract the interest of more and more scholars. However, when
encountering sudden situations such as collision and extrusion, the aircraft is prone to incur
large deformation, which results in the buckling and fracture of the rods [11]. The lattices
are compacted, and thermal short circuits occur [12]. This problem of severe degradation
of thermal insulation performance when the lattice is destroyed seriously affects the flight
safety of the aircraft.

To solve this problem, scholars have carried out relevant research work, which is
currently focused on improving the stiffness of the lattice and suppressing structural
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deformation by adding support structures [13,14]. It usually leads to a mass increase. In
addition, the existing metal lattice has limitations in thermal insulation performance and is
used with additional thermal insulation materials such as ceramic fiber and aerogel [15].
It increases the manufacturing cost and process complexity, and the additional thermal
insulation materials are susceptible to fracture during deformation, which is the important
reason for the decline in thermal insulation performance.

Improving the flexibility of the lattice could effectively inhibit the destructive frac-
ture occurring under the condition of large deformation, and the common methods are
using flexible materials and designing flexible structures [16-18]. Some scholars have
prepared flexible ceramic aerogel material to solve the problem of serious thermal insula-
tion performance degradation which is caused by the destruction of rigid ceramic aerogel
material after thermal shock [19]. However, the flexibility of metals is too low to meet the
requirement, hence the structural design is required.

The main reason for compressive failure in the existing metal lattice is the deformation
along the rod direction exceeding the material yield limitation [20]. By reducing the rotation
angle of the rod in the compressive direction during loading, the deformation along the
rod could be effectively reduced. If the rod deformation is always less than the material
yield limit, the lattice will not be a destructive fracture and will recover after load release. It
shows the flexibility along the thickness direction. By increasing the width-thickness ratio
of the core in the lattice, the angle of rod rotation during compression can be effectively
reduced, thus improving the flexibility of the dot matrix.

In addition, increasing the width-thickness ratio could also improve the thermal
insulation performance of the lattice. Generally, thermal conduction is the most important
thermal transfer way of metal lattice [21,22]. According to Fourier’s law [23], the thermal
flow generated by thermal conduction is inversely proportional to the transfer distance.
Increasing the length of the rod in a single core can extend the thermal transfer distance
and reduce the thermal transfer while keeping thickness constant.

In summary, this work proposes a flexible metal lattice that mainly relies on the
structure to achieve high thermal insulation performance. It solves the problem of serious
thermal insulation performance degradation after the destruction of the lattice. In this
work, two kinds of flexible load-bearing and thermal insulation integrated hourglass lattice
with a big width-thickness ratio (hereinafter referred to as “BWR lattice”) were designed by
considering the deformation and thermal transfer capability of TC4, and then they were
manufactured by SLM. The thermal insulation and compressive performances of the BWR
lattices were studied. The thermal transfer model was established, and the thermal transfer
process was analyzed. The resilient and cycle resilient performances of the lattice were
also discussed. This work provides a new way of designing load-bearing and thermal
insulation integrated lattice and achieves the functionality preservation of load-bearing and
thermal insulation integrated lattice after large deformations and fractures. It is expected
to promote further development and application in the field of thermal protection.

2. Materials and Methods
2.1. BWR Lattice Structures

As shown in Figure 1, the width and thickness of the BRW lattice were L/mm and
H/mm, respectively. The width-thickness ratio k was equal to L/H. The specimens with
the k of 6 and 8 were printed (S-1 and S-2) because larger or lower k would lead to poor
mechanical performance or thermal insulation performance. To facilitate the measurements,
panels with a thickness of 2 mm were added at both the top and bottom of the BWR lattice,
and other dimensions were shown in Table 1.
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Figure 1. Design and 3D printing of the BWR lattice. (a) Core of the BWR lattice; (b) Vertical
placement for specimen.

Table 1. Parameters of the BWR lattices.

k Designed Structure Printed Structure Truss Diameter Cell Size Lattice Size

/mm /mm /mm
S-1 6 0.75 15 x 15 x 2.5 45 x 45 x 10
S-2 8 0.75 20 x 20 x 2.5 40 x 40 x 20

2.2. Materials

The TC4 powders were provided by Avimetal Powder Metallurgy Technology (Beijing,
China) Co., Ltd. The particle size of the powder was 15-53 pm and the components were
shown in Table 2. Butane was used for the combustion experiments in this work.

Table 2. Components of TC4 powders.

Element Al A% Fe (0] N Ti
Component 6.16 43 0.163 0.0924 0.0104 Bal.
(Wt.%)

2.3. Additive Manufacturing Process

The SLM printer (SLM100) was provided by Guangdong Hanbang 3D Tech Co., Ltd
(Zhongshan, China). The BWR lattice was performed using a vertical placement as shown
in Figure 1b, owing to the short projection of the core rod in the XY plane. It had good
self-supporting properties and therefore improved the quality of the printing. The process
parameters were shown in Table 3.

Table 3. Process parameters of 3D printing.

Scan Scan Speed  Laser Power  Hatch Spacing  Layer Thickness
Strategy /mm-s—1 W /um /um
Parameters S type 900 95 60 30

2.4. Characterizations

As shown in Figure 2a, the test platform was built and the thermal insulation per-
formance of the BWR lattice was measured by a combustion experiment. The lattice was
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placed vertically on the asbestos felt to minimize bottom contact surface thermal dissi-
pation. Thermocouples were used to measure the real-time temperature of the heated
surface (directly exposed to the flame jet) and the insulated surface (insulated by lattice
structure). A flame gun was used for heating, and the flame temperature was controlled by
adjusting the flame size and the distance between the gun and the heated surface. The time
of heating was 10 min. The thermocouple of the heated surface was placed at the center of
the flame. In addition, the temperature of the heated surface was maintained above 700 °C.
The thermocouple of the insulated surface was facing the center of the flame to eliminate
the experimental error introduced by the deviation of the thermocouple position, as shown
in Figure 2b.

Fa) Lattice structure (b)

\Wd/ B

Flame gun

l hel mocouple

A

Figure 2. Measurement of thermal insulation performance for the BWR lattice: (a) Image of thermal
insulation performance test platform; (b) Positions of thermocouples.

According to ASTM C365/C365M-2011 standard, a multifunctional mechanical prop-
erty testing machine was used to measure the compressive performance of the lattice
structures at the rate of 2 mm/min.

3. Results
3.1. Relative Density

Relative density was the key factor for evaluating the lightweight qualification of
the lattice. According to the definition, relative density pg could be calculated by the
equation below:

00 = PL % 100% 1)
PTi

where pr;/g-mm~3 was the density of TC4, p; /g-mm ™2 was the real density of lattice.
According to the two calculation methods for lattice mass my /g, p;, could be calculated
by Equation (3):

my = p1i-Vp = pr-Vr )
Vi rwd?\/2L2+H?
oL :PTz"vT =0T 2 3)

where d/mm was the diameter of the core rod, V/ mm? was the volume of the single core,
and Vi /mm? was the real volume of the lattice.

As shown in Figure 3, pg of the BWR lattices were calculated by Equations (1) and (3),
and it was obvious that the lightweight level of S-2 was higher. There was less impact for
po on the mechanical and thermal insulation performances for both the two lattices because
of the low values. Hence, the influence taken from the difference of py was ignored in
this work.
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Figure 3. Relative density of the BWR lattices.

3.2. Thermal Insulation Performance

The curve of heated surface temperature (T, /°C) with heating time was shown in
Figure 4a. T, would reach and stabilize around the aimed temperature in 30 s, which was
700 °C. To simplify the calculations, T, was taken as 700 °C in the subsequent discussions.

1200 300

Figure 4. Thermal insulation performance of the BWR lattices: (a) Curve of T, with heating time;
(b) Curve of Ty with heating time; (c) Image of S-1 after heating; (d) Image of S-2 after heating.

The curve of insulated surface temperature (T;/°C) with heating time was shown in
Figure 4b. There were four stages, which were preheated, high speed rising, low speed
rising, and stability, in the curve of T; for 5-1 (T1571). T;571 reached the maximum (230 °C)
at the time of 6 min and then stayed constant. Different from S-1, there were only three
stages, which were preheated, low speed rising, and stability, in the curve of Ty for S-2
(T15~2). This might be due to the difference in thermal conductivity between S-1 and S-2.
This is a topic for further research, as the balance temperature was in the focus of this paper.
Generally, the thermal insulation performance could be evaluated by thermal insulation
efficiency. It was calculated by dividing the temperature difference between T7 and T, by
T. At 700 °C, the thermal insulation efficiency of S-2 reached 83% and that of S-1 was 67%.
S-2 showed favorable thermal insulation performance.

By comparison with the published data [24], it was found that the thermal insulation
performance of S-2 was close to that of Ni honeycomb laminate, which was commonly
used in aerospace and achieved a thermal insulation efficiency of 84.6% at 650 °C. It was
worth noting that the Ni honeycomb laminate had an additional 25 mm ceramic insulation
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layer (the total thickness was 32 mm), while S-2 was an all-metal structure with a smaller
total thickness.

The images of S-1 and S-2 (after heating) were shown in Figure 4c,d. The oxidation
of the rod close to the heated surface was intense and the color was changed. With the
increasing distance between the rod and the heated surface, the oxidation was weakened.
In addition, it could be observed that the oxidation of some rod connection positions
was intense, while that of the adjacent rods was weak (Supplementary Figure S1). It
indicated that the oxidative discoloration at the rod connection position was caused by
thermal radiation rather than thermal conduction. Therefore, thermal radiation also had an
important effect on T7 in the BWR lattice. This will be discussed in Section 4.1 in detail.

3.3. Compressive Performance

The force—distance curves of the BWR lattices are shown in Figure 5a. The compressive
process could be divided into three stages. In the first stage, only elastic deformation
occurred, and the curve was approximately a straight line. In the second stage, the lattice
deformed plastically, and the slope of the curve increased. The load-bearing capacity of
the lattice rose rapidly and reached its extreme value. In the third stage, owing to the
compressive failure of the lattice under excessive load, the curve fell rapidly, as shown
in Figure 5b.

(@)

32+ s
-~ , —s-2
241 i
|
< 20- ',i
e |
5 .
S 16- s
(o] .
L

I
12 4 |
| |

- { H
- > - o= -
Flexible compression Plastic compression Deformation and failure

Figure 5. Compressive performance of the BWR lattice: (a) Force-Displacement curve of the BWR
lattice; (b) Compressive process of S5-2.

Different from the traditional rigid lattice, the load-bearing capacity of the flexible
lattice should be characterized by not only the ultimate compressive force but also the
strength during elastic deformation. The former indicated the maximum load of the lattice
in case of large deformation, and the latter indicated the load-bearing capacity of the
lattice with the complete thermal insulation capacity. Compared with S-2, S-1 obtained a
better ultimate compressive force. It was attributed to the smaller cores of S-1 which were
distributed more in the same cross-section. S-2 obtained the greater elastic deformation
performance. It was attributed to a bigger width-thickness ratio which could reduce the
deformation of the rod connection positions during deformation. In addition, the flexible
lattices had a certain load-bearing capacity when only elastic deformation occurred.
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All above, S-1 could bear more loads, while S-2 was highly flexible and had more
favorable insulation performance. The two lattices could be applied to different application
scenarios, respectively.

3.4. Cycle Resilient Performance

The resilient rate # was used to characterize the recovery properties of the BWR lattice
(after compressive failure). It was the ratio of the difference between the lattice recovery
thickness H,/mm and the broken thickness Hj,/mm and could be calculated by Equation (4).
The deformation and recovery ability of the lattice were both taken into account. Compared
with the recovery rate, it provided a more intuitive representation of the lattice flexibility.

H, — H,

I @

17 =
The thickness and resilient rate of the BWR lattices were shown in Figure 6a. It was
obvious that the recovery properties of S-2 were favorable. The 77 of S-2 reached 105.07%,
which was far beyond the # of S5-1 (41.86%). It indicated that 5-2 was still highly flexible
after compressive failure. The morphologies of the recovered S-1 and S-2 were shown
in Figure 6¢c,d. The deformation of S-1 was more serious, and the rods showed obvious
misalignment, while the deformation of S-2 was smaller, and the lattice basically kept the
original structure. The resilient rate was closely related to the lattice structure and the
positions of compressive failure, and it would be discussed in Section 4.2 in detail.

(@) (b),

S-1 S-2 0 200 400 600 800 1000

Lattice structure Number of compressions

()

Figure 6. Resilient and cycle resilient performance of the BWR lattices: (a) Resilient performance;
(b) Cycle resilient performance of S-2; (c) Image of the recovered S-1; (d) Image of the recovered S-2.

To further research the cycle resilient performance of the lattice, the recovery thickness
of compressive failure S-2 continued for 0-1000 deformation cycles was tested in this work,
and the results were shown in Figure 6b. It was worth noting that the H, did not decay.
The BWR lattice exhibited favorable resilient properties after compressive failure and cyclic
deformation, which played a key role in maintaining thermal insulation performance. It
would be discussed in Section 4.2 in detail.

4. Discussions
4.1. Thermal Transfer Process of the BWR Lattice
4.1.1. Calculations of Thermal Flow and Equivalent Coefficient of Thermal Conductivity

Generally, there are three ways of thermal transfer: thermal conduction, heat radiation,
and heat convection. Since the air inside the BWR lattices hardly flowed, the thermal
convection was not significant [25]. Only the influences of thermal conduction and thermal
radiation (from the panels) on the thermal transfer process of the lattice were considered
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in this work. The thermal flow from thermal conduction and thermal radiation would be
calculated below.

First, the thermal flow generated by thermal conduction /W was calculated. Since
the thermal transfer process achieved a steady state after the temperature reached equilib-
rium, according to Fourier’s law [23] (Equation (5)), & was calculated.

Hh—T

Po= Aoko

©)

where Ay/mm? was the area of thermal conduction, Ay/W-m~1-°C~1 was the coefficient
of thermal conductivity (CTC), and S/mm was the distance of thermal conduction. Based
on the geometry of the lattice, Ag and S could be calculated.

A= nmd? (6)

S= my/2L2 + H2 @)

where 1 was the product of the lattice repetitions in the width and length directions, and m
was the lattice repetitions in the thickness directions.
In addition, the lattice could be equated to a thick panel. The equivalent thermal flow
&1 /W was calculated.
-1
mH
where A;/mm? was the cross-section of the equivalent panel, A,/ W-m~1.°C~1 was the

equivalent coefficient of thermal conductivity (ECTC) of the lattice. Since @, and @ were
equal, the formula for A, could be obtained by associating Equation (5) with Equation (8).

®)

. nd’A0H  md®Ag
, = -
V2R HE g2 a2

The parameters in Table 4, T, and T; were brought into Equations (8) and (9) to
calculate A, and @; for S-1 and 5-2, and the results were shown in Figure 7.

©)

Table 4. Parameters of the single core.

Ao H L D
/W-m~-1.°C-1  /mm /mm /mm " m
S-1 7.96 2.5 15 0.75 9 4
S-2 7.96 25 20 0.75 4

From Equation (9), A, was closely related to the L, H, and k, and was independent of m
and n. Hence, the ECTC of the lattice was equal to that of the core. To improve the thermal
insulation performance of the lattice, it was necessary to increase the width-thickness ratio
as much as possible.

In this work, the ECTC of lattices with different sizes were calculated and the results
were shown in Figure 7a. Compared with the common cubic lattice, the BWR lattice
obtained a much smaller ECTC when the width was the same.
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Figure 7. Calculation of lattice thermal conduction performance: (a) Equivalent coefficient of thermal
conductivity; (b) Schematic diagram of thermal radiation; (c) Thermal flow of the lattices; (d) Ratio of
@1 in thermal flow.

Secondly, the thermal flow generated by thermal radiation ®,/W was calculated,
assuming that the radiation occurred only through the panel along the thickness direction
and was not generated by the rods. To the thermal radiative transfer model between
infinitely large flat panels [23], Equation (10) could be obtained.

4 4
&b, — U(Tl — TZ) (10)
2= 1—¢gq +L+ 1—¢p
ElAj Af £2Af

where ¢ was Stefan-Boltzmann constant 5.67 x 1078 W/(m?.°C%), ¢; was the IR emissivity
of the heated surface, e; was the IR emissivity of the insulated surface, Af/ mm? was
the radiation area of the lattice. The degree of oxidation had a great influence on the IR
emissivity of the metal surface. According to the references, £; and &, were taken as 0.8 and
0.2, respectively [26,27]. The formula for Ar was obtained by the geometric relationship of
the lattice, as shown in Figure 7b.

A= n(L - ﬁd)z (11)

Hence, @, of S-1 and S-2 could be calculated by Equations (10) and (11), and the results
were shown in Figure 7c. It was noted the influence of lattice on &, was taken by the
blocking for IR. It was consistent with the experimental phenomenon in Section 3.2.

According to the constitutive relationship in the thermal transfer process, the total
thermal flow @ of the lattice was equal to the sum of @; and ®;. As shown in Figure 7d,
P, was a relatively low percentage of @, and thermal radiation was the main way of
the thermal transfer for the BWR lattice. It differed from the experience that the main
thermal transfer way of the conventional lattice at 700 °C was thermal conduction. The
reason was that the thermal conduction of the lattice was suppressed by the big width-
thickness ratio structure. It explained why the BWR lattice obtained favorable thermal
insulation performance.
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4.1.2. Analysis of Thermal Insulation Performance

When the thermal transfer process reached a steady state, the lower the T, was, the
higher the thermal insulation efficiency. T, at a steady state was related to the thermal flux
@' /W-m~2 of the insulated surface, hence the thermal insulation performance of the lattice
could be improved by decreasing @'

According to the definition, ¢’ consisted of thermal conduction flux ®;;/W and
thermal radiation flux @, /W, and the calculations were performed by the equations below:

P md*Ag(Ty — T»)

o) Rl et AN 12
YTA T m2V2l2 T H2 (12)
2
oy (1-Y2) . i=T) (13)
27T A L 1—g 1-&
€1 + 1 + [h)
P = P| + D) (14)

It was obvious that @’ was closely related to the lattice size. The thermal insulation
performance could be further improved by structural design. In order to verify the conclu-
sion, the thermal fluxes of S-1 and S-2 were calculated, as shown in Figure 8. The results
showed that @’ of 5-2 was smaller and the thermal insulation was better. It was consistent
with the experimental result.

2.7
2.6
2.56
T
E 2.54
z
. i
5
23
22 >
S-1 S-2

Lattice structure

Figure 8. Thermal flux of 5-1 and S-2.

In addition, the structure could be redesigned to improve the mechanical properties,
lightweight, and manufacturing performance of the lattice, under the condition that ¢’
remained unchanged. It is worth noting that the change of lattice structure would lead
to the variation of thermal dissipation in practical conditions. Therefore, the variation of
thermal dissipation also needed to be considered when redesigning the lattice structure,
and the related research was still in progress and will not be discussed in this work.

4.2. Resilient Performance of the BWR Lattice
4.2.1. Resilient Mechanism

The BWR lattice proposed in this work could be resilient after large deformation and
fracture. It had a favorable cycle resilient performance. It was shown that both the lattice
structure and the fracture form would affect the resilient performance by analyzing the
press-resilient process.

On the one hand, owing to the big width-thickness ratio, the lattice underwent inward
rotation along the rod connection point when it was stressed, and the compressive defor-
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mation perpendicular to the cross-section of the rod occurred, as shown in Figure 9. The
strain € could be calculated below:

(15)

Figure 9. Force analysis of rods.

According to Equation (15), the larger the k, the smaller the . The lattice could recover
completely to its original thickness after the load was released when & was less than the
elastic deformation limit of the rod. Since the lattice was fractured in the compressive
process, the rod underwent not only elastic deformation, but also a certain plastic defor-
mation, and the lattice could not recover completely. Compared with S-1, S-2 obtained the
smaller k, and the plastic deformation was lighter. As shown in Figure 10a,b, the resilient
performance of S-2 was favorable. As the compressive cycle continued, the lattice no longer
suffered plastic deformation, so the resilient thickness remained constant.

(b)

Figure 10. Morphology of lattice after compressive failure: (a) Morphology of rods in S-1; (b) Mor-
phology of rods in S-2; (c) Morphology of rod connection positions in S-2; (d) Morphology of rod
deformation in S-2.

On the other hand, the fracture of the BWR lattice occurred at the rod connection
positions, and only a small amount of bending deformation formed on the rods, as shown
in Figure 10c,d. The internal structure of the lattice retained integrity and buckle or fracture
did not occur. Hence, the lattice obtained a resilient performance.

4.2.2. Influence of Compressive Failure on Thermal Insulation

Partial deformations, which were caused by compressive failure, would affect the
thermal insulation performance. The thermal insulation performances of S-1 and S-2 after
compressive failure and resilience were measured, as shown in Figure 11. The results
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showed that the thermal insulation efficiency of S-1 and S-2 were 58% and 75%, respectively.
Although the thermal insulation performance of the fracture lattice decayed slightly (8-9%)
compared with that of the original lattice, the thermal insulation performance of the fracture
lattice still remains favorable.

350 ——S-1
——S-2

Time / min

Figure 11. Thermal insulation performance of the lattices after compressive failure.

The reasons for the thermal insulation performance decay of the fracture lattice were
analyzed. It was found that the plastic deformation caused by compressive failure increased
the contact area between adjacent rods and shortened the path of thermal conduction, which
would lead to an increase in thermal flow, as shown in Figure 10a. In addition, the reduction
of thermal dissipation caused by the deformation might be a reason for the decay of the
thermal insulation performance.

5. Conclusions

This work shows that the BWR lattices obtain favorable flexibility and thermal in-
sulation performance. The thermal insulation efficiency of the BWR lattice reaches 83%
with any additional thermal insulation materials. It is basically the same as the thermal
insulation performance of Ni honeycomb laminate with an additional 25 mm ceramic
insulation layer. The main way to the thermal transfer of the BWR lattice was thermal
radiation. The integrated regulation of load-bearing and thermal insulation performance
can be achieved by designing the core distributions and the width-thickness ratio.

The lattice structure obtained the thermal insulation and resilient performance si-
multaneously. Hence, the fracture BWR lattice still retains favorable thermal insulation
performance. It benefits from the character of the big wight-thickness ratio, which could
suppress the broken and buckling of the rod during compressive failure. This work achieves
the preservation of material functionality in load-bearing and functional integrated materi-
als during large deformations and fractures. It provides a new way of designing advanced
structural and functional integrated materials.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ma15238625/s1, Figure S1. Magnified image of S-2 after heating.
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