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a b s t r a c t

Developing metal matrix composites with low thermal expansion yet high thermal conductivity (λ) has

been an ongoing effort in electronic packaging materials due to the growing demand for high-power

applications. However, progress has been hindered by the insufficient thermal expansion suppression

of conventional low thermal expansion reinforcements or the low λ of negative thermal expansion

reinforcements. In this study, this challenge is overcome via a multiphase design strategy using ZrW2O8

and SiC to co-reinforce the aluminum matrix composites. This approach simultaneously combines the

advantages of the ZrW2O8 for controlling the coefficient of thermal expansion (CTE) and SiC for im-

proving λ. A controlled CTE-λ balance (6.22–9.7×10–6 K-1, 63.1–131.1W/mK) can be obtained by varying

the volume ratio of ZrW2O8 to SiC. The CTE of this composite is significantly lower than that of the 50

vol% SiC/Al composite, while its CTE is approximately equal to that of the 45 vol% ZrW2O8/Al composite

but with a twofold increase in λ. The good thermal performance of this composite can be attributed

to the strong interfacial interactions of SiC and the tailored variation in CTE. Furthermore, simulation

and experimental results revealed that the residual stress can be effectively relieved through this

strategy. This work presents a straightforward structural design and an effective pathway to manufacture

composites with excellent integrated properties.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the rapid growth of electronic technology in the direc-

tion of high density, high speed, high power and miniaturization,

the heat dissipation of electronic components has become one of

the technical bottlenecks in the development of the electronic in-

formation industry [1–3]. Metal matrix composites, having a high

thermal conductivity (λ) and controlled coefficient of thermal ex-

pansion (CTE), perform an important role in electronic devices.

Nonetheless, due to the high CTE of the high λ metal matrices

such as Al (23×10–6 K-1) and Cu (16×10–6 K-1), it is difficult to

obtain composites by using conventional low thermal expansion

(LTE) reinforcements (e.g., SiC, AlN) matching the CTE of chip semi-

conductors (e.g., Si, GaAs) even at high ceramic content [4–7]. Al-

ternatively, negative thermal expansion (NTE) reinforcements (e.g.,
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ZrW2O8, PbTiO3) can effectively compensate for the positive ther-

mal expansion of the matrix, thus realizing low or even zero ther-

mal expansion composites [8–15]. Unfortunately, these NTE rein-

forcements generally have a low λ (<15W/mK), which results in

a dramatic decrease in the λ of composites along with a decrease

in their CTE [16–22]. To date, most of the studies have mainly fo-

cused on improving the performances of λ and CTE in the com-

posites through regulation of the reinforcement distribution and

optimization of the preparation process [16–25]. Although these

strategies achieve good λ, it is still a great challenge to simultane-

ously achieve a high level of λ and maintain a low CTE. Therefore,

a new design strategy is urgently needed to develop composites

with both low thermal expansion and high thermal conductivity

for applications requiring high heat dissipation.

The design of multiphase reinforced composites is an effective

way to overcome the property trade-off paradox [26–33]. The syn-

ergistic combination of multiphase properties has the potential to
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realize composites with excellent integrated properties. For exam-

ple, due to the unique stress distribution mechanism of differ-

ent phases, the introduction of high-modulus nanoparticles into

NTE/Al composites can significantly reduce residual stress and im-

prove mechanical properties [29]. This means that if the intro-

duced phase has a high λ, the λ of the NTE/Al composite is also

expected to be significantly improved. In addition, the strong elas-

tic interaction of high-stiffness phases at the interface has been

demonstrated to further decrease the CTE of composites [7,34]. For

instance, in the diamond/Al composite, the expansion of the Al ma-

trix is strongly limited by the surrounding ultra-stiff diamond par-

ticles, and the composite achieves an ultra-low CTE [34]. There-

fore, a multiphase design strategy by simultaneously introducing

NTE phase and conventional LTE phase into composites is expected

to maintain low thermal expansion while achieving a high thermal

conductivity.

Here, we use ZrW2O8 and SiC to co-reinforce the aluminum

matrix composites to show this multiphase design strategy. The

effects of different volume ratios of ZrW2O8 to SiC on the phase

constitution, residual thermal stress, CTE, λ and compressive prop-

erties of the composites are investigated. Meanwhile, the low ther-

mal expansion mechanism of the composite is analyzed in detail

based on in situ temperature-dependent XRD and finite element

method. Among them, an aluminum matrix composite with both

low CTE (7.10×10–6 K-1) and high λ (87.2W/mK) was achieved by

a multiphase design of 30 vol% ZrW2O8 and 20 vol% SiC. This strat-

egy provides an effective framework for the design of materials

with low thermal expansion and high thermal conductivity perfor-

mances.

Owing to the isotropic NTE effect in a wide temperature re-

gion caused by low-energy atomic thermal vibrations, ZrW2O8

is selected to regulate the thermal expansion of the compos-

ites [35–37]. Meanwhile, SiC with LTE, high modulus, and high

λ characteristics was selected to regulate the λ of the compos-

ites. In this work, the Al matrix content was fixed at 50 vol%

to explore the effect of different volume ratios of ZrW2O8 to SiC

(50:0, 40:10, 30:20, 20:30, 10:40, 0:50) on the thermal perfor-

mances of the 50 vol% (ZrW2O8+SiC)/AlSi composite. These sam-

ples are subsequently denoted as "50ZWO-50AlSi", "40ZWO-10SiC-

50AlSi", "30ZWO-20SiC-50AlSi", "20ZWO-30SiC-50AlSi", "10ZWO-

40SiC-50AlSi", and "50SiC-50AlSi" composites, respectively. Mean-

while, a series of SiC/Al composites and ZrW2O8/Al composites

were also fabricated in the same process for comparing the ther-

mal properties with the multiphase composites. The XRD patterns

of the composites show that the diffraction peak intensity of SiC

gradually increases with the rise in SiC content, while that of

ZrW2O8 gradually decreases (Fig. 1a). In addition, the absence of

detectable peaks for the other phases indicates the well-controlled

interface structure. This is due to the low temperature rapid sin-

tering process, which avoids damage to the structure of ZrW2O8

[16,18,38].

The ZrW2O8 generally shows two structures, the low-

temperature phase α-ZrW2O8 (αl =−8.9×10–6 K-1, ∼448K, P213)

and the high-temperature phase β-ZrW2O8 (αl = −4.9×10–6 K-1,

>448K, Pa-3) [35,36]. The raw ZrW2O8 powders are com-

posed of a single α-ZrW2O8 (Fig. 1b). However, the diffraction

peaks of ZrW2O8 are split notably in the composites and the

diffraction peaks of the γ -ZrW2O8 are observed. The γ -ZrW2O8

(αl =1.0×10–6 K-1, P2121) is formed from α-ZrW2O8 under pres-

sure of more than 200MPa [8]. And the existence of γ -ZrW2O8

not only weakens the NTE effect of ZrW2O8, but also causes a

drastic fluctuation in the thermal expansion curve of the com-

posite [37,38]. Interestingly, the relative diffraction intensity of

γ -ZrW2O8 decreases after the introduction of SiC. The weight

fraction of the γ -phase can be determined from Fig. 1b by fγ =1

- W(γ )/W(ZWO). Here, the W(γ ) represents the diffraction intensity

value of (210)γ and the W(ZWO) represents the intensity value of

the sum of (210)γ and (012)α . As shown in Fig. 1c, the content

of γ -phase in ZrW2O8 gradually decreases with the increase in

SiC content. In particular, the relative content of γ -ZrW2O8 in the

20ZWO-30SiC-50AlSi composite is less than half of that in the

50ZWO-50AlSi composite. Furthermore, it should be noted that the

sintering pressure is only 40MPa in this work, which is far below

the stress threshold for the formation of γ -ZrW2O8. Nevertheless,

due to the significant CTE difference between the ZrW2O8 and the

Al matrix, huge thermal mismatch stresses (∼1GPa) are generated

during the preparation process [8,29]. As a result, the formation

of γ -ZrW2O8 is caused by thermal mismatch stress. The lower

content of γ -ZrW2O8 indicates that the residual stresses generated

in the composites during the preparation process are relatively

low. More details will be discussed in the following section.

To explore the morphology and phase distribution of the multi-

phase composites, scanning electron microscope measurement was

carried out. Due to the similarity of these composites, the mi-

crostructure of the 20ZWO-30SiC-50AlSi composite was only stud-

ied in detail (Fig. 1d). The particle sizes of ZrW2O8 (52.47μm)

and SiC (35.75μm) show a uniform distribution (Fig. S1 in Sup-

porting information). Moreover, a good spacing (63.65μm) be-

tween particles was maintained. This suggests that the particles

are homogeneously distributed in the aluminum matrix. To gain a

deeper insight into the interface, a detailed transmission electron

microscopy (TEM) characterization was carried out. A smooth and

continuous interface in the ceramic/matrix is present in the bright-

field TEM image of the SiC/Al interface (Fig. 1e). The enrichment

of the elements was not found at the interface (Fig. S2 in Sup-

porting information). Furthermore, a clear interface without micro-

cracks, impurities, and porosity is observed in a high-resolution

TEM (HR-TEM) image, suggesting that a good interfacial bonding

is formed. For the ZrW2O8/Al interface, a smooth and continuous

interface can also be observed in Fig. 1f. Nevertheless, the elements

Zr, W, O, and Al exhibit a gradient distribution at the interface, and

the thickness of the interfacial atomic diffusion layer was approx-

imately 70nm (Fig. S2 in Supporting information). Meanwhile, no

obvious diffraction fringes were observed at the interface in the

HR-TEM image and an amorphous interface formed, which may

stem from the TEM sample preparation [18]. The good interfacial

bonding between the Al matrix and the reinforcement not only re-

duces interfacial scattering, but also enhances the advantages of

the reinforcements for achieving a good CTE-λ balance.

Known as an optimal NTE material, ZrW2O8 exhibits its

strengths in regulating thermal expansion over a wide temperature

region. As shown in Fig. 2a, the sintered 50ZWO-50AlSi composite

exhibits uniform low expansion behavior below 400K and above

420K. Unfortunately, a dramatic fluctuation from 400K to 420K

can be found in the thermal expansion curve. Interestingly, this

dramatic fluctuation gradually decreases with the rise in SiC con-

tent. Furthermore, a stable and smooth thermal expansion behav-

ior can be obtained with a SiC content of up to 30 vol%. To further

investigate the effect of SiC content on the CTE of the composites,

a heat treatment of 473K for 6h was performed to eliminate the

γ -ZrW2O8 [39,40]. As shown in Fig. 2b, all composites display sta-

ble and smooth thermal expansion curves after annealing. Among

these, the 20ZWO-30SiC-50AlSi and 10ZWO-40SiC-50AlSi compos-

ites exhibit a similar thermal expansion behavior before and after

annealing. Therefore, the abnormal expansion in γ -ZrW2O8 can be

limited by this multiphase design strategy, which is meaningful for

the design and preparation of pressure-induced phase transition

materials.

Due to the main suppression of the thermal expansion for the

aluminum matrix originating from ZrW2O8, the introduction of SiC

leads to an increase in the CTE (175–325K) of the composites, as

shown in Fig. 2c. Furthermore, a noticeable decrease in CTE can
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Fig. 1. (a) Room-temperature XRD patterns of the (ZrW2O8+SiC)/AlSi composites. (b) Enlargement of the XRD pattern in ZrW2O8 from 21° to 25°. (c) γ -Phase content in

ZrW2O8. (d) SEM image of the 20ZWO-30SiC-50AlSi composite. Bright-field TEM image of the region near the interface of (e) SiC/Al and (f) ZrW2O8/Al.

Fig. 2. The linear thermal expansion of the (a) sintered and (b) annealed

(ZrW2O8+SiC)/AlSi composites. (c) Comparison of CTE for composites before and

after heat treatment. (d) The λ of composites.

be observed after annealing, which results from a decrease in the

content of γ -ZrW2O8 (Fig. 1c). Meanwhile, the CTE of composites

cannot be significantly affected by the γ -ZrW2O8 phase transfor-

mation when the SiC content reaches 30 vol%. Notably, the CTE of

the annealed composites shows a progressive upward movement

with the rise in SiC content. This unique CTE-increasing trend of

the multiphase composites was quite different from previous re-

ports, which may stem from the strong elastic interaction of high-

modulus SiC [1,8,12,13,18,20,21]. A detailed discussion is presented

in the subsequent sections.

Thermal conductivity is recognized as a measure of the capac-

ity for thermal diffusion, and it carries equal significance to ther-

mal expansion. Due to the aluminum content being limited to 50

vol%, the content of SiC is the key to regulating the λ of the com-

posites. As shown in Fig. 2d, the 50ZWO-50AlSi composite has at-

tractive LTE properties (5.85×10–6 K-1), but the low λ (0.51W/mK)

of ZrW2O8 causes a dramatic deterioration in its λ (40.7W/mK)

[22,41]. This significantly limits its application requiring high heat

dissipation. Interestingly, the λ of the composites increases linearly

with the rise in SiC content. Furthermore, this composite also has

a good compressive property due to the good interfacial bonding

(Fig. S3 in Supporting information). The CTE and λ in the multi-

phase composites with LTE aluminum matrix composites are com-

pared to show a unique advantage in this strategy [17–19,42–44].

It can be further seen from Fig. S4 (Supporting information) that

the CTE of 30ZWO-20SiC-50AlSi composite is similar to that of 45

vol% ZrW2O8/Al composite (6.94×10–6 K-1), but the λ of the lat-

ter (47.3W/mK) is only half of the former. Meanwhile, the CTE

of this composite is far from that of the 50SiC-50AlSi compos-

ite (10.87×10–6 K-1). And the thermal performance of other ZWO-

SiC-AlSi composites also presents a good advantage compared to

SiC/Al or ZrW2O8/Al composites. Thus, the good CTE-λ balance in

the (ZrW2O8+SiC)/AlSi composites well demonstrates the feasibil-

ity and effectiveness of the multiphase design strategy in the field

of electronic packaging materials.

To reveal the regulation of SiC on the thermal expansion of

the composites, numerical simulations and experiments were per-

formed to investigate the residual stresses in the composites. The

50ZWO-50AlSi and 20ZWO-30SiC-50AlSi composites (as-sintered)

were selected to study the effect of SiC introduction on the stress

dispersion mechanism. The residual stresses were analyzed using

a micro-zone X-ray residual stress measurement system. When

there are residual stresses in the test, the crystal plane spacing is

changed and the diffraction angle 2θ varies with the crystal plane

azimuth angle (ψ). The (510) plane of ZrW2O8 at 118.7° was se-

lected for strain analysis due to its higher diffraction angle and

high multiplicity. As shown in Fig. 3a, the diffraction peak shifts to

the higher angle with the increase of the ψ value in the 50ZWO-

50AlSi composite. This suggests a decrease in crystal plane distance

d(510) and the formation of compressive strain in the composite.

Intriguingly, the shift of diffraction peak can hardly be observed in

the 20ZWO-30SiC-50AlSi composite (Fig. 3b), suggesting the lower

residual thermal stress.
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Fig. 3. XRD patterns with ψ values of ZrW2O8 in the (a) 50ZWO-50AlSi and

(b) 20ZWO-30SiC-50AlSi composites. Raman spectra of (c) 50ZWO-50AlSi and (d)

20ZWO-30SiC-50AlSi composites.

Raman was sensitive to the local atomic environment and tran-

sition, which was another way to characterize the thermal resid-

ual stress and γ -ZrW2O8 content in the ZrW2O8/Al composites

[45–49]. The line scanning Raman spectra at room temperature of

ZrW2O8 particles in the composites are depicted in Figs. 3c and

d. In the 50ZWO-50AlSi composite (Fig. 3c), the modes of α-phase

and γ -phase can be observed in the center of the particle [8]. Ad-

ditionally, the intensity of α-phase decreases while that of γ -phase

gradually enhances as the distance increases (compositionally from

the center to the edge in the particle), suggesting the formation of

compositional gradients in this particle. In particular, the edges of

the particles show nearly complete Raman peaks of the γ -phase.

Interestingly, a similar trend but a relatively lower intensity for γ -

phase modes at the particle edge can be observed in the 20ZWO-

30SiC-50AlSi composite (Fig. 3d). This indicates that the residual

stresses are not enough to induce significant γ -ZrW2O8 formation,

which is in good agreement with the content of γ -ZrW2O8 mea-

sured by XRD (Fig. 1c).

The residual stress was also calculated by numerical simula-

tion in the 50ZWO-50AlSi and 20ZWO-30SiC-50AlSi composites, as

shown in Fig. S5 (Supporting information). In the 50ZWO-50AlSi

composite, the giant stress (400MPa) concentration appears at the

edge of ZrW2O8 particle, which is consistent with the previous

study [8]. Interestingly, the residual stress in the 20ZWO-30SiC-

50AlSi composite reduces to 200MPa. This can be attributed to the

fact that the difference in CTE between SiC and the aluminum ma-

trix is only half of that between ZrW2O8 and the aluminum matrix.

Furthermore, the stress concentration on the SiC surface (300MPa)

is very significant, which is higher than that of ZrW2O8 (200MPa).

This is mainly due to the high modulus characteristics of SiC that

make it bear more residual stresses during the preparation. Thus,

the above numerical simulation and experiments show that the SiC

not only reduces the CTE difference between ZrW2O8 and the Al

matrix, but also bears more residual stress. The synergistic effect

of these two factors reduces the residual stress acting on ZrW2O8,

thus decreasing the formation of γ -ZrW2O8.

To reveal the LTE mechanism of (ZrW2O8+SiC)/AlSi composites,

the structural evolution of the sintered 40ZWO-10SiC-50AlSi com-

posite (as-sintered) during heating was systematically studied by

means of in situ temperature-dependent XRD (Fig. 4a and Fig. S6

in Supporting information) [50]. As shown in Fig. 4a, the diffrac-

tion peaks of ZrW2O8 show significant shifts and variations during

heating. From the partial enlargement in Fig. 4b, the XRD spec-

tra of ZrW2O8 can be divided into four parts. Firstly, the coex-

isting α-phase and γ -phase can be observed at 173K. And the

diffraction peaks of α-phase gradually shift to higher angles from

173K to 413K, suggesting that the volume shrinkage accompanied

by the low-energy atomic thermal vibrations occurs. From 413K

to 433K, the diffraction peak intensity of γ -phase gradually de-

creases. Moreover, the diffraction peaks of γ -phase are hardly ob-

served at 433K, suggesting that the γ →α phase transition has

occurred. From 433K to 453K, the diffraction peak intensity of

α-phase gradually decreases, while that of β-phase gradually in-

creases. Besides, the diffraction peaks of α-phase can hardly be ob-

served at 453K, indicating that the α →β phase transition has oc-

curred. Finally, as the temperature increases from 453K to 473K,

a single diffraction peak of the β-phase is observed, which grad-

ually shifts to a higher angle. Furthermore, the diffraction peaks

of SiC and Al matrix gradually shift to lower angles from 173K

to 473K, suggesting that a persistent volume expand during heat-

ing. Compared with the linear thermal expansion data in Fig. 2a,

the change of the diffraction peaks of ZrW2O8 is consistent with

the change trend of the thermal expansion curves. Therefore, the

abnormal expansion of the composites at 400K results from the

phase transition of γ -ZrW2O8 to α-ZrW2O8. The gradual decrease

of this abnormal expansion with the rise in SiC content originates

from the decrease in γ -ZrW2O8 content.

The intrinsic CTE of each phase was obtained by Rietveld refine-

ments based on the in situ temperature-dependent XRD data (Fig.

S6 in Supporting information). The results show that the AlSi, SiC,

and ZrW2O8 from 173K to 323K show a CTE of 21.01, 4.50, and

−8.10×10–6 K-1, respectively (Fig. 4c). Meanwhile, the CTE of the

40ZWO-10SiC-50AlSi composite is calculated to be 8.81×10–6 K-1

by the Rule of Mixture. Thus, the lattice shrinkage of ZrW2O8 and

the lattice expansion of SiC and AlSi synergistically contribute to

the formation of LTE aluminum matrix composites.

The LTE mechanism of the composites was further analyzed by

using ROM and Turner models (Fig. 4d). The ROM model assumes

that thermal stresses are uniformly distributed in the composite

without considering interfacial effects [51]. Thus, the CTE increases

linearly in the ROM model with the rise in SiC content. How-

ever, the Turner model assumes that thermal strain in the com-

posite is uniform, which requires a consideration of the modulus

of each phase [52]. The CTE in the Turner model shows a progres-

sive upward movement, consistent with the trend in this study.

This originates from the fact that the modulus of SiC (400GPa) is

substantially higher than that of ZrW2O8 (90GPa) and Al (70GPa).

Meanwhile, this also explains why the calculated intrinsic CTE (Fig.

4c, 8.81×10–6 K-1) is higher than the experimental value (Fig. 2c,

6.22×10–6 K-1) for the 40ZWO-10SiC-50AlSi composite. Notably,

the stronger interfacial interactions inhibited the increase of CTE

of the composites at lower SiC content. This structural advantage

gradually decreases with further increase in SiC content, result-

ing in insufficient interfacial interactions to suppress the sharp in-

crease in CTE. Therefore, the volume ratio of a small amount of

SiC and more ZrW2O8 is the promising solution to significantly im-

prove the λ and maintain the low CTE.

In summary, a multiphase design strategy is adopted to achieve

both low thermal expansion and high thermal conductivity. This

strategy exhibits a unique advantage in terms of thermal expansion
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Fig. 4. (a) XRD pattern of the 40ZWO-10SiC-50AlSi composite from 173K to 473K. (b) enlargement of the XRD patterns from 21° to 25°, 29° to 32°, 34° to 35°, and 38° to
40°. (c) Relative evolution of lattice parameter. (d) CTE of the (ZrW2O8+SiC)/AlSi composites and the theoretical values estimated by the ROM and Turner models.

and thermal conductivity compared to ZrW2O8/Al and SiC/Al com-

posites. The low thermal expansion originates not only from the

NTE ZrW2O8 and LTE SiC, but also from the additional expansion

hindrance provided by the stiff SiC within the Al matrix. Mean-

while, the high thermal conductivity of SiC significantly enhances

the overall thermal conductivity of the composites. Additionally, fi-

nite element simulations and experimental results show that the

introduction of SiC reduces the formation of γ -ZrW2O8 by mitigat-

ing residual stress generation during preparation. This multiphase

design strategy and the associated mechanisms that enhance ther-

mal conductivity without significantly increasing the coefficient of

thermal expansion are promising for developing metal matrix com-

posites with excellent integrated properties.
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