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Materials that exhibit very small dimensional changes with temperature, i.e., near-zero
thermal expansion (NZTE) properties, find attractive prospects in fields such as precision
instrumentation and aerospace. However, how to manually design and synthesize NZTE
materials with high performance instead of laboriously exploring composition has been a
long-standing challenge. In this study, based on the excellent bonding and forming abilities
of metallic glass (MG), a composite with continuous regulation of thermal expansion was
obtained by combining different volume ratios of MG with beta-LiAlSiO4 (beta-LAS) pos-
sessing negative thermal expansion (NTE). Interestingly, excellent NZTE performance of
0.693 and 1.587 ppm/K was achieved over the 150—700 K temperature range when the
volume ratio of MG was 40% and 50%, respectively. In addition, the compressive strength of
the NZTE composite reached 320 and 436 MPa for the above two ratios, respectively. The
thermal shock resistance results show that the composite can withstand thermal cycling
tests of not less than 80 times. The proposed strategy not only provides new NZTE mate-
rials with high performance but also facilitates a shift in the preparation of high-
performance NZTE composites from laborious search to customizable design.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

there were materials that contract when heated and expand
when cooled; these were known as negative thermal expan-
sion (NTE) materials [3]. The rapid development of society

Most objects in nature will expand when heated and contract
when cooled, which is also known as positive thermal
expansion (PTE) behavior [1,2]. Later, it was discovered that

today in the fields of microelectronics, aerospace, and preci-
sion instrumentation requires functional components and
other materials to face a complex temperature environment;
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thus, the coefficient of thermal expansion (CTE) of a material
is particularly critical [4,5]. For example, the Change 5 probe
that China launched in 2020 is subject to temperatures on the
moon that range from 123 to 453 K (AT = 330 K) [6,7], where
materials for critical components need to offset the effect of
thermal expansion in order to ensure high accuracy and
durability. There has been significant effort to investigate the
mechanisms of thermal expansion as well as to acquire ma-
terials with lower or even near-zero CTE by various means
[8—10]. In 1896, C.E. Guialme first discovered the Invar alloy
(Feo.64Nig 36), which exhibits a low CTE near room temperature
(RT) and thus remains dimensionally stable over a range of
temperatures, as indicated by Kainuma et al. [11] and Shiga
[12]. The property is also known as near-zero thermal expan-
sion (NZTE) or zero thermal expansion (ZTE) [9]. Moreover,
materials exhibiting low or even near-zero CTE can ensure the
stability of components and precision equipment as well as
substantially extend the durability of materials, which shows
great promise for applications in microelectronics, aerospace,
and precision instrumentation [4,5,13]. Unfortunately, NZTE
materials are extremely rare in nature, and most of the
existing NZTE materials possess high density, poor mechani-
cal properties, and a narrow temperature range [9,14].
Developing a simple and effective method to successfully
obtain NZTE materials showing excellent overall performance
is important for solving the above-mentioned problems. The
fabrication of the NZTE materials by combining NTE materials
with PTE materials is considered a feasible method [15,16].
Materials used in the fabrication of NZTE processes with NTE
properties, such as zirconium tungstate (Zrw,Og) and beta-
LiAlSiO, (beta-LAS), function to offset PTE and are thus also
known as swelling inhibitors. These selected PTE materials
usually enhance certain properties of this NZTE composite;
they are also known as reinforcement materials [17,18]. How-
ever, one of the major disadvantages of NTE materials is that
they tend to undergo phase changes or decomposition when
exposed to temperatures or pressures at relatively higher
levels [19]. For instance, substantial articles on the fabrication
of NZTE materials where ZrW,0g is used as an expansion in-
hibitor can undergo transition from « to B phase at 428 K
[19—22]. In addition, ZrW,0g exhibits low pressure resistance,
resulting in a significant decrease in the NTE coefficient due to
the transition from cubic phase « to orthogonal phase y when a
pressure of 0.21 GPa is imposed [23—26]. Moreover, the present
method of preparation of NTZE typically involves sintering, but
the temperature of sintering is usually extremely high and the
process is lengthy, which leads to an increased possibility of
ineffective swelling inhibitors as well as poor interfacial
bonding quality [26—28]. It is noteworthy that previous work on
the fabrication of NZTE materials has rarely reported on the
mechanical properties and the ability to modulate CTE over a
range of temperatures [10,29—34]. Duwez et al. [35] discovered
in 1960 a material known as metallic glass (MG), which pos-
sesses superior mechanical properties, a relatively low CTE, as
well as excellent bonding and molding capabilities [36,37,38].
The MG's unique thermoplastic forming capability allows it to
be molded into various complex structures by loading at a
certain pressure level in the subcooled liquid region (SLR),
where the SLR temperature is usually significantly lower than
conventional metals [39—44]. As a result, MG can be bonded

with NTE materials at moderate temperatures [36,45], which
will reduce the possibility of failure of swelling inhibitors
during the fabrication of NZTE composites and thereby obtain
better properties of NZTE composites.

In this work, a universal and effective strategy was provided
to successfully fabricate MG matrix composites that exhibit
high compressive strength and NZTE over a very wide tem-
perature region while achieving regulation of CTE and
compressive strength. To obtain the above NZTE composites,
the Zr-based MG powders possessing PTE properties for the
reinforcement and adhesive were mixed in various volume
ratios with the beta-LAS powders possessing NTE properties. In
the whole fabrication process, it benefits from the relatively
lower fabrication temperature (~760 K) as well as the faster
pressing step (under 1 min), which assures excellent stability of
beta-LAS and thus high-performance NZTE composites. By
varying the volume ratio of MG and beta-LAS addition, control
of CTE and compressive strength for the composites was ach-
ieved. When MG was added at volumes of 20%, 40%, and 50%,
the composites acquired NZTE properties in the very broad
temperature region (150—700 K), showing linear CTE of 0.221,
0.693, and 1.587 ppm/K, respectively. Besides, the compressive
strengths of the above three ratios of NZTE composites with
increasing ratios of added MG reached 191, 320, and 436 MPa,
respectively. Interestingly, the NZTE composites exhibit stable
thermal expansion and excellent thermal shock resistance.
Benefiting from the excellent thermoforming ability of MGs,
various NZTE components were fabricated to demonstrate the
excellent shape flexibility and processing capabilities of the
NZTE composites obtained from this work.

2. Experimental section
2.1. Materials preparation

The Zr-based MG ZrssCusoNisAlyg (at.%) has been chosen as
the PTE material in the fabrication of NZTE composites owing
to its wide SLR, excellent flow and molding ability, as well as
its mechanical properties at moderate temperatures. The
fabrication of Zr-based MG powders can be roughly divided
into three steps. The first step was the fabrication of as-cast
MG by the traditional water-cooled copper mold casting
method; the second step was the fabrication of MG strips by
the classical melt-spinning technology; and finally, the MG
strips were cut into average-sized particles of about 70 um.
Based on the strategy of preparing NZTE composites by
combining NTE materials with PTE materials, the beta-LAS
powder possessing NTE (—6.1 ppm/K) has been selected for
the swelling inhibitor [18]. The above beta-LAS powders were
purchased directly from Zibo Chendong New Material Co., Ltd.
in China, with an average particle size of about 1 pm.
Furthermore, the MG and beta-LAS powders were placed in a
grinding bowl and repetitively shaken and stirred at RT in
order to obtain a homogeneous mixing of both.

2.2. Manufacture of composites

With the purpose of acquiring composites possessing sched-
uled behaviors of thermal expansion, the MG powders
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Fig. 1 — Characterization of the bonding quality of composites. (a) The diagram of the process for preparing composites with
MG and beta-LAS. (b) A picture of MG particles in SEM. (c) A picture of beta-LAS powder in SEM. (d) A photo of the composite
prepared by MG and beta-LAS in an equal volume ratio. (¢) The SEM morphology of the fractured surface of MG/beta-LAS
composites. (f—g) Morphology of polished surfaces of MG/beta-LAS composites in SEM using various magnifications. (h—j)
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Fig. 2 — Mechanical properties regulation of MG/beta-LAS composites. (a) The result of XRD tests performed on MG/beta-LAS
composites that were fabricated from 0 to 100% beta-LAS by volume proportion. (b) Compressive stress and strain results of
MG/beta-LAS composites that were fabricated by various beta-LAS volume proportions. (c) The results of high-resolution
CT, which were counterparts for MG/beta-LAS composites fabricated from 20% to 80% MG volume proportion.

exhibiting PTE were homogenously mixed with the additive Once the temperature reached the SLR of the Zr-based MG

beta-LAS featuring NTE in a calculated volume ratio and then (~750 K), 10 kN of stress was imposed at a strain rate of
put into a mold cavity. Next, the mold cavity was vacuumed, 0.1 mm/s and held down for approximately 1 min. Benefiting
and the mixture was subjected to a pre-pressure of 0.8 kN. from the excellent flow and forming ability of MG, the mixture

Result of high-resolution TEM in the MG area, interface area, and beta-LAS area, respectively, from the composites. (k—m)
The patterns of diffraction corresponding to the R1, R2, and R3 areas in the high-resolution TEM results. (n) The results of
elemental distribution at the interface of this MG/beta-LAS composite.
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forms a dense solid under pressure, which is then rapidly
cooled down to RT.

2.3. Characterization of multi-scale structures

The amorphous and crystalline analysis of the MG and beta-
LAS powders, along with the presently fabricated compos-
ites, has been performed using copper Ka radiation in X-ray
diffraction (XRD; Rigaku MiniFlex600). All these XRD tests
were performed using a 5°/min scan speed and 0.02° scan
intervals over the range for scan angles 26 from 20° to 80°. The
glass transition temperature (Tg) and crystallization temper-
ature (Tx) of the Zr-based MG particles were measured at a
20 K/min heating rate with differential scanning calorimetry
(DSC; PerkinElmer DSC-8000). Moreover, the measurements
were performed in an extremely pure argon gas atmosphere.
Characteristics of the bonding quality as well as the distribu-
tion of elements in this fabricated composite were performed
via instrumentation with scanning electron microscopy (SEM;
FEI QUANTA FEG 450) in field emission. Composites were first
prepared as transmission electron microscopy (TEM) samples
at the FEI Scios SEM/FIB dual-beam system and then charac-
terized for atomic structure using TEM with energy dispersive
spectroscopy (EDS/TEM; JEM-2100F). Possible various flaws
existing inside this composite due to bonding quality were
detected by a high-resolution computed laminography scan-
ner (CT, China Sanying Precision Devices, Nano Voxel 3000d).
After the samples had been polished until the ends became
mutually parallel, they were subjected to CTE and compres-
sion properties tests. Testing of the CTE has been performed
via a thermodynamic analyzer (TMA; 402 F3, NETZSCH, Ger-
many) in the temperature analysis range of 140—760 K, con-
ducted at a speed of 5 K/min, and filled with high-purity N,
gas. The sample was a cylinder that measured 5 and 10 mm in
diameter and length, respectively. A Zwick electronic multi-
functional machine (Z050 TEW) that exhibits a rate of strain of
0.001 s~ has been utilized to conduct compression tests under
RT for cylinders meeting ASTM standards [46]. Where the
length and diameter of the cylinders were 7.5 and 5 mm,
respectively. The compression stress at 223, 493, and 693 K
was measured using a high and low temperature universal
mechanical testing machine (UTM5105GD) with a loading rate
of 0.06 mm/min.

3. Results and discussion
3.1 Bonding of the NZTE composite

The fabrication of NZTE composites via beta-LAS and MG
powder is graphically shown in Fig. 1a, where the prepared
NZTE is formed into dense, homogenous cylinders. From this
schematic diagram, it can be seen that the whole preparation
process was relatively simple. The results of MG as well as
beta-LAS powders observed using SEM are displayed, respec-
tively, in Fig. 1b and c. A DSC test of Zr-based MG showed that
Tg and Ty were 685 and 765 K, respectively (see Fig. S1). A photo
of NZTE composites made from MG and beta-LAS powders
with equal volume fractions is shown in Fig. 1d. As seen in the
photo, a dense solid has been successfully prepared with MG

and beta-LAS powder. The quality of combination in com-
posites exerts a significant effect on their own mechanical
properties [36], so the quality as well as the mechanism of
combination were studied. The SEM morphology of the frac-
ture surface for the MG/beta-LAS composite is presented in
Fig. le. There were extremely uniform distributions of MG
(bright phase) and beta-LAS (dark phase), and the MG flow
filled the gaps between the beta-LAS particles, which indicates
that the MG/beta-LAS composites were well dense. Next, the
backscattering mode of SEM has been applied to study the
polished surfaces of MG/beta-LAS composites at various
magnifications, which are shown in Fig. 1f—g. It was again
evidence that MG (bright phase) as well as beta-LAS (dark
phase) were evenly distributed inside the composite, while
beta-LAS were strongly wrapped around the flowing MG.
There is no crack observed at the interface, as well as the
presence of obvious wrapping in Fig. 1g. Above these, SEM
results demonstrate that excellent bonding between MG and
beta-LAS was achieved. A TEM has been employed for char-
acterizing interfaces among MG and beta-LAS of the com-
posites in order to further investigate the composite bonding
mechanisms. The high-resolution structures obtained via
high-resolution TEM for the combined regions (MG zone,
interface zones, and beta-LAS zone) are shown in Fig. 1h—j.
There were clear indications for the three zones revealing
various atomic structures, with the MG and beta-LAS zones,
respectively, being typical of amorphous as well as crystalline
structures, while the interface zone was a combination of the
two former structures. Additionally, the results of selected
area electron diffraction (SAED) for the three marked zones
R1, R2, and R3in the high-resolution TEM results are displayed
in Fig. 1k-m. Corresponding to this MG, there was a pure
diffraction ring in the zone of R1, thus evidencing that the MG
remains amorphous in nature. A combination of crystal dots
as well as a halo ring were displayed in the R2 zone on the
interface. Moreover, the diffraction results of the R3 zone
display a typical crystalline state, which corresponds to beta-
LAS.

Fig. 1n illustrates the results obtained using EDS to inves-
tigate the elemental distribution of composite interfaces.
There were reasons to believe that the mechanical and ther-
mal properties of this composite would certainly benefit from
the excellent combination of MG and beta-LAS.

3.2 Mechanical properties
Composites fabricated from beta-LAS containing 20%—80% by

volume of XRD test results are shown in Fig. 2a, and results of
XRD tests for pure MG as well as beta-LAS are also shown here.

Table 1 — Comparison of the density of composites with

different MG addition ratios.

MG Actual density Theoretical density  Relative
(vol%) (g/cm?) (g/cm?) density (%)
20 3.0283 3.17 95.53

40 3.5074 3.67 95.56

50 3.7608 89 95.94

60 3.9873 4.17 95.62

80 4.4729 4.67 95.78
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Fig. 3 — Thermal expansion properties and regulation of MG/beta-LAS composites. (a) Testing of CTE for MG/beta-LAS
composites prepared from MG volume rates of 20%—80% as well as pure MG. (b) Investigation of CTE hysteresis in heated
and cooled cycles of NZTE composites fabricated by MG at a 50% volume ratio. (c) The compressive stress of composites with
a MG volume ratio of 50% at different temperatures. (d) Comparison between the temperature required for the fabrication of
different NZTE materials as well as their corresponding range of NTZE temperatures.
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Different peaks in these XRD results verify that beta-LAS and
Zr-based MG were, respectively, crystalline and amorphous.
There were two kinds of peaks assembled in the XRD results
for the presently fabricated composites, and they exhibit the
trend that the amorphous as well as crystalline peaks,
respectively, increase and decrease due to the lowering beta-
LAS ratio. Materials that apply to practical engineering nor-
mally require certain mechanical capabilities [5]. Therefore,
the compressive stress and strain tests were performed on
MG/beta-LAS composites that were fabricated from various
volume ratios of beta-LAS, as shown in Fig. 2b. Benefiting from
the MG strengthening, the composites present a superior
compressive stress. As the volume ratio of beta-LAS decreases
or the volume ratio of Zr-based MG increases, there is a clear
trend towards increasing compressive stress for the compos-
ites. The compressive stresses of the composites with a 20%,
40%, 50%, 60%, and 80% volume ratio of beta-LAS were,
respectively, 673, 500, 436, 320, and 191 MPa. These results
suggest that the mechanical properties of the composite can
be regulated to meet various situations.

Those composites were scanned using high-resolution CT
in order to investigate internal uniformity as well as various
defects that may be present inside the composites. The results
of intermediate cross-sectional scans for the composites that
were fabricated from 20%, 40%, 50%, 60%, and 80% MG by

[t T g

volume ratio are shown in Fig. 2c. All of the MG (blue zone) as
well as beta-LAS (white zone) were evenly distributed inside
the composites, where no visible cracks exist. Subsequently,
the actual densities of MG, beta-LAS, and composites were
measured based on the theory of the Archimedes drainage
method. Each specimen's actual density can be calculated
based on the following equation:

Pactual = (wl X pl) / (0)1 - 0)2) (1)

Within equation (1) above, at chamber temperature,
distilled aqueous density was replaced with p,, and the
measured weight of the subject under air as well as distilled
aqueous conditions was replaced with w; and w, accordingly.
After the MG and beta-LAS were tested, the actual densities
were 5.17 and 2.67 g/cm?®, respectively. The following formula
is applied to calculate the theoretical density of the
composites:

n
Ptheoretical = Zleuxpx (2)

The v, and p, in Eq. (2), respectively, mean the content of
the volume fraction and density for various admixtures
among the composites. Composites' actual as well as theo-
retical densities have been calculated from Egs. (1) and (2),
whose results are displayed in the following Table 1.

Fig. 4 — Interfacial bonding morphology for the MG/beta-LAS compound after thermal cycling. (a—c) The SEM morphology at
different magnifications for MG/beta-LAS composites after 50, 80, and 110 thermal cycles. (d) Schematic diagram of the MG/

beta-LAS composites after 50, 80, and 110 thermal cycles.
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Obviously, there was almost consistency between the actual
and theoretical densities in the composite, and the minimum
of the relative density exceeds 95.5%. All the above results
demonstrate an effective approach to fabricating compact
solids as well as modulating the properties of composites by
utilizing the excellent properties of MG.

3.3.  Composites with near-zero thermal expansion

The composites possessing NZTE properties were successfully
fabricated according to the mentioned strategy. Linear CTE
was —6.1 ppm/K for beta-LAS, which has been chosen to be
the swelling inhibitor in the fabrication of NZTE composites,
where the mean particle size was 1 pm. The MG/beta-LAS
composites that contained MG at 20, 40, 50, 60, and 80% of
the volume ratio had been CTE analyzed, as indicated in
Fig. 3a. According to those CTE results, there was a marked
decline in the CTE of the composites along with a lower ratio
of MG content. Equations for calculating the linear CTE of a
material are presented below [4]:

AL
4T LAT

(3)

where Lo, 4L, and 4T from Eq. (3), respectively, mean the initial
length, elongation, and variation of temperatures among the
samples. When the linear CTE in absolute value is smaller
than 2 ppm/K, it is known as the NZTE property. After calcu-
lation utilizing Eq. (3), it was found that the linear CTE for

composites with MG volume ratios of 20%, 40%, and 50% was
0.221, 0.693, and 1.587 ppm/K in a very extensive range of
temperatures (150—700 K), respectively. When 60 vol% of MG
was added in the range of temperatures from 150 to 523 K, the
linear CTE of the composite was 1.94 ppm/K. But the curve had
avery steep trend when 80 vol% MG was added, which was not
NZTE. The MG in the range of temperatures from 150 to 700 K
exhibits a linear CTE of 8.94 ppm/K. Two interesting things are
the following: 1. The linear CTE of the composites fabricated
by MG with a 40% volume ratio within 150-573 K was
0.247 ppm/K 2. The linear CTE of the composites prepared by
the MG with a 50% volume ratio within 283—483 K was
0.461 ppm/K. Briefly, NZTE composites possessing an
extremely wide range of temperatures have been fabricated
successfully.

Because most NZTE materials suffer from hysteresis in
thermal expansion properties and poor overall mechanical
properties due to undesirable microstructure or weak inter-
facial bonding [14], the MG/beta-LAS composites prepared in
equal volume ratios were chosen for testing the hysteresis in
thermal expansion properties. Both the red and blue lines of
Fig. 3b illustrate the results of CTE testing during heating and
cooling, respectively, for this composite. It can be found that
the trends of the four hot and cold cycles performed within
the 150—700 K range of test temperatures as well as at a 5 K/
min rate of heating were nearly identical, revealing an
extremely slight hysteresis phenomenon. As shown in Fig. 3c,
the compressive strengths of this composite were 427, 431,

Fig. 5 — Various NZTE components and corresponding SEM images. (a—f) Gear, gasket without round hole, seal ring, gasket,
micron-level matrix, and cylindrical pins of different sizes fabricated by the present NZTE composite with its corresponding
SEM morphology. (g) The group photo of various components fabricated by the present NZTE composites.
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and 418 MPa at 223, 493, and 693 K, respectively. There were
some differences in the compressive strength for varying
temperatures, as well as a lowering of the compressive
strength at high and low temperatures compared to RT (293 K),
which were consistent with the traditional results. Signifi-
cantly, the amount of change in compressive stress at varying
temperatures was closely related to the CTE. The CTE for MG
volume ratio 50% composites was 0.265, 1.557, and 1.958 ppm/
K, respectively, during 293—473 K, 293—673 K, and 223—-293 K.
The compressive stresses of this composite at 293, 473, and
673 K were, respectively, decreased by about 5, 18, and 9 MPa
compared to RT. With the increase in temperature, the
compressive stress would be reduced more. Combining the
effects of temperature and CTE, it is normal for the
compressive stress at 223 K to be slightly higher than at 697 K.
Overall, it was found that smaller CTE showed a more obvious
effect on suppressing the variation of compression strength
with temperature; hence, the mechanical properties of NZTE
composites in this work were relatively stable at different
temperatures.

Summaries of fabrication temperatures as well as the
temperature range for NZTE materials from references
(available in Table S1) are shown in Fig. 3d. As can be seen, the
present composites exhibit significant advantages compared
to most NZTE materials with respect to preparation temper-
ature as well as temperature range. As a result, the strategy
proposed in this work for the fabrication of NZTE composites
was universal as well as efficient. This strategy not only re-
duces costs but also stimulates the fabrication of high-
performance NZTE materials from hard searching towards
manually designable.

The thermal shock resistance under thermal cycling for
NZTE composite in practical field applications has significant
value. To check how many thermal cycles the NZTE com-
posites fabricated from MG and beta-LAS at equal volume
ratios can sustain without degradation, they were placed in-
side a vacuum stove and subjected to 50, 80, and 110 cycles of
heating and cooling, respectively. After undergoing heated
and cooled cycles, as shown in Fig. 4a—c, the results of pol-
ished morphology for this NZTE composite were studied at
various magnifications by applying backscattering mode.

It can be found that microcracks were observed inside the
MG/beta-LAS composite after 50 cycles. In addition, cracks
appeared in the composite after 80 cycles, and apparent
fractures occurred after 110 cycles. Fig. 4d shows a schematic
diagram of the MG/beta-LAS composite after 50, 80, and 110
thermal cycles. It can be seen more clearly that the internal
cracks become gradually larger and increase as the number of
thermal cycles increases; moreover, the cracks appeared only
at the interfaces of the two materials as well as in the beta-LAS
region. According to those results, one can conclude that the
MG/beta-LAS composite with a 50% MG volume ratio exhibits
superior thermal shock resistance and can withstand thermal
cycling tests of not less than 80 times.

Materials that can be applied to engineering require certain
shape flexibility and processing capabilities; thus, this work
utilizes the presently obtained NZTE composites to fabricate
various components. Fig. 5a shows the gear fabricated from
the present NZTE composites and the gear with the number of

teeth 33, the normal modulus 0.2 mm, and the top circle
diameter 6.98 mm. The partial magnification of the gear in the
SEM of the backscattering mode showed a very clear tooth
profile and a uniform distribution of the two-phase material.
To further verify the excellent shape flexibility of the present
NZTE composites, gaskets of 8 mm in diameter with structures
around and without circular holes in the middle were pre-
pared, as shown in Fig. 5b. The physical picture of this non-
round hole gasket as well as the SEM morphology once again
demonstrate the excellent shape flexibility of the present NZTE
composite. In addition, sealing rings and gaskets were suc-
cessfully prepared by drilling and wire-cutting processes in
cylinders of 5 and 8 mm of diameter fabricated from this NZTE
composite, as shown in Fig. 5c and d. The outer diameter of the
seal ring was 5 mm, and the diameter of the middle hole was
2 mm. The outer diameter of the gasket was 8 mm, the
diameter of the middle hole was 3 mm, and there was a
structure around it. Fig. 5c—d verify that the present NZTE
composites possess certain processing capabilities. Fig. Se
shows the micron-level matrix prepared from the present
NZTE composites, and this result indicates that the composites
possess certain micron-level shape flexibility. Fig. 5f shows
different sizes of cylindrical pins prepared from the present
NZTE composite. The different diameters and heights fully
demonstrate the adjustability of the dimensions of this com-
posite molding. The components prepared from the present
NZTE composites in this work are summarized together in
Fig. 5g. Various NZTE components were fabricated to demon-
strate that the NZTE composites prepared from MG/beta-LAS
composites possess excellent shape flexibility and processing
capabilities with great promise for engineering applications.

4, Conclusion

Overall, this study devised a universal and effective strategy to
fabricate metallic glass matrix composites that exhibit high
compressive strength and NZTE in a very wide temperature
region while achieving regulation towards CTE and compres-
sive stress. Due to the excellent bonding and forming abilities
of MG in SLR, the relative density of the composite prepared by
beta-LAS and MG exceeds 95.5%. Benefiting from this strategy,
the NZTE properties were acquired in the temperature region
from 150 to 700 K (4T = 550 K) by adding MG with 20, 40, and
50 vol% and exhibited linear CTE of 0.221, 0.693, and
1.587 ppm/K, respectively. These three ratios of NZTE com-
posites exhibit respective compressive stresses of 191, 320,
and 436 MPa. Regulation of CTE and compressive stress was
achieved through changing the volume ratio content of MG
and beta-LAS, which showed the prospect that the prepara-
tion of well-performing NZTE composites can be transformed
from a laborious search to a customizable process. In addition,
the thermal shock resistance results showed that the com-
posite can withstand thermal cycling tests of not less than 80
times, and the various NZTE components fabricated demon-
strate the flexibility of the proposed strategy. As a result, this
study provided well-integrated NZTE composites that will
exhibit significant prospects for satellite communications,
microelectronics, and precision instrumentation applications.
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