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Abstract: 

The goal of this work is to create and characterize a novel class of invar composite materials 

with nearly zero thermal expansion and useful functional characteristics. Particles of Al/TiC, an 

intermediate valence system with negative thermal conductivity, are used to achieve this 

expansion contained within an Al matrix. After hot pressing the Al/TiC -21 vol% composite, it 

was characterized using X-ray computed tomography, capacitive dilatometry, optical and 

electron microscopy, and XRD. The sample shows invariant behavior up to about 60 K, with a 

zero coefficient of thermal expansion value close to 45 K, according to the thermal expansion 

study. The Turner model's temperature range has expanded by roughly 20 K when compared to 

pure aluminum. Based on commonly used theoretical models, a quantitative analysis of 

dilatometric experimental data revealed that the Turner model accurately captured the thermal 

expansion of the Al/TiC composite. 

 
 Introduction  

The discovery of invar alloys has led to significant progress in the development of high precision 

instruments such as mechanical chronometers, metrology devices, valves in engines, etc. 

Although invar is a registered trade name of Fe-Ni36 alloy, invar behaviour, i.e. extremely low 

coefficient of thermal expansion (CTE), is not bound to that system alone [1–3]. Classical Fe-

based invar alloys exhibit reduced thermal expansion in the magnetically ordered domain below 

Curie-temperature, while in the paramagnetic state “normal” thermal expansion is recovered [2]. 

Using ab initio calculations, Schilfgaarde et al. showed that the anomalous contribution to 

thermal expansion of iron-nickel alloys results from the relaxation of magnetic structures, in 

which spins may be canted with respect to the average magnetization direction [4]. Despite the 

low CTE, Fe-Ni36 alloy does not possess many physical properties essential for applications [5]. 

At the same time, relatively high CTE values are a common property of the majority of metallic 

functional materials [6]. To reduce the high thermal expansion  
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 of functional materials, metal matrix composites (MMCs) reinforced with various ceramic 

particles were developed [7–10]. Reinforcement materials include carbides (e.g., SiC, B4C), 

nitrides (e.g., Si3N4), oxides (e.g., A2O3, SiO2) and several others [11]. A major step towards 

controllable thermal expansion in MMCs was made by the discovery of isotropic negative 

thermal expansion (NTE) over a wide temperature range in ZrW2O8 [12]. NTE fillers such as 

ZrW2O8, Sc2W3O12, Y2W3O12, which contract upon heating, have been promising candidates 

for the materials intended to compensate for the positive thermal expansion of functional 

materials [13–15]. Anomalous NTE in zirconium tungstate and related compounds is driven by 

coupled rotations of rigid polyhedral units ZrO6 and WO4 [12,16]. In the meantime, a large 

number of NTE materials, in which the underlying reasons for this anomalous behaviour are 

fundamentally different, have been found. All principal mechanisms of NTE have been well 

described in the review articles [17–20]. In searching for compounds with a highly anomalous 

contribution to thermal expansion we should explore the systems, in which the lattice class of 

materials includes intermediate valence (IV) systems – unique chemical compounds based on the 

4f-elements with partially filled, almost localized configurations that are nearly degenerate [21]. 

The effective size of rare earth ions is strongly affected by the temperature-induced changes in 

the partial delocalization of the 4f electron shell. Thus, NTE is observed in IV systems, in which 

the thermally excited state of rare earth ions has a lower atomic volume. Samarium-based IV 

compounds, such as SmB6, Sm1-x(Yx)S, Sm2.75C60, may serve as illustrative examples [22–

24]. In these systems samarium has two competing electronic configurations: a non-magnetic 

Sm2+ with the 4f6 configuration (J = 0, the main term is 7F0) and magnetic Sm3+ with the 4f5 

configuration (J = 5/2, the main term is 6H5/2). Since the appearance of an additional electron on 

the 4f shell effectively shields nuclear charge for outer electrons, the effective size of Sm2+ is 

much larger than that of Sm3+. The greater the partial charge transfer between the two electronic 

configurations, the larger the anomalous contribution to thermal expansion is. This specific 

feature may be a key to controllable thermal expansion. It is possible to tune the overall thermal 

expansion of the material, provided that there is a way to adjust the magnitude and the 

temperature scale of the charge transfer between the two electronic states in the system. Sm-

based IV systems are prone to demonstrate tunable effective valence of samarium ions caused 

either by introducing vacancies in the rare-earth sublattice or by partial chemical substitution of 

Sm ions by non-magnetic trivalent ions (e. g. Y3+, La3+) [22,23]. The X-ray absorption near 
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edge structure (XANES) measurements revealed that the introduction of vacancies in rare-earth 

sublattice increases the effective Sm valence while the lanthanum doping produces the opposite 

effect [25]. In terms of thermal expansion, a variation of effective Sm valence results in a shift of 

CTE minimum on the temperature scale and a change of its depth [22,23,26,27]. Summarizing 

the above, NTE of the IV systems can be adjusted using several methods. CTE of MMCs 

reinforced with the particles of IV compounds can be precisely tailored to a specific value 

depending upon the functional material in use and conditions of application. It should be 

emphasized that the flexibility in CTE control of the proposed MMCs is much higher than in the 

classical MMCs, in which the thermal expansion is only defined by the ratio of constituents 

volume fractions. The fundamental difference between composites based on IV systems and 

previously studied MMCs is the metallic nature of some IV NTE compounds, which appear 

better suited for modifying the properties of a metal matrix compared to ceramic NTE materials. 

The values of NTE in IV systems vary widely although the variation in temperature is limited. 

NTE values of selected IV systems are listed in Table 1 [28–32]. The temperature range over 

which the IV systems based on Sm and Yb display NTE imposes restrictions on the invar region 

of composites. Namely, one should expect operation at temperatures below room temperature. 

This limitation is not dramatic, since the operating temperatures of many applications, for 

example the aerospace or cryogenic technologies, lie mainly within the range of low 

temperatures. Simple structural materials whose only advantages are mechanical properties and 

dimensional stability when heated or cooled are out of discussion. In turn we are trying to 

contribute to the progress in the development of materials with unique combinations of 

functional properties (electronic/ magnetic/ thermodynamic/ transport/ optical) with a specified 

limit on the CTE value. This research explored the characterization of microstructure and 

thermal expansion behaviour of the first developed MMCs reinforced with the particles of an IV 

system. We aimed to decrease the CTE of Al, a widely used functional material, to near zero 

value at certain temperature by adding particles of classical IV system with NTE – SmB6. 

Although the contraction of SmB6 is not the highest among IV systems and is limited by low 

temperatures, the use of this compound as NTE filler can be beneficial due to its high chemical 

stability and high melting point, which prevent chemical reaction with the metal matrix. Another 

important point is the commercial availability of samarium hexaboride. Readers who are 
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interested in higher temperatures or need larger NTE values can refer to Table I or review 

articles [17,19]. 

 

 

 

 

 

 

 

 

 

 

                                                                      

 

 

   

                                                                             Fig. 1. SEM image of Al (a) and SmB6 (b) powders 
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                                                                                          Fig. 2. Sm L3-edge absorption spectra of SmB6 at 300 K. 

In this article, we would like to present the results of the study of Al/ SmB6 composite fabricated 

by hot pressing powder blends. The sample has been examined by optical and electron 

microscopy, X-ray tomography, and X-ray diffraction. Thermal expansion of Al/SmB6 

composite has been measured by capacitive dilatometry and analyzed using various theoretical 

models to single out the best model for CTE description in novel metal/metal composite. 

 

 

Experimental methods and techniques  

Composite preparation 

Commercially available Al powder (UC Rusal, 99.5% purity, size < 0.5 mm) and SmB6 powder 

(Haihang Industry Co., Ltd, 99.9% purity, size < 20 μm) were used for the study (Fig. 1a and b 

respectively). In the beginning, Al powder was ball milled in a PULVERISETTE 6 (Fritsch, 

Germany) planetary ball-mill through the use of ceramic ZrO2 milling balls with a diameter of 8 

mm and a ball-to-powder weight ratio of 15:1. Ball milling was carried out for 15 min with the 

revolving speed 400 rpm. After that SmB6 powder were weighed and mixed with finely 

powdered aluminum with the mass ratios of 1:2, which corresponding to SmB6-21 vol%. 

According to the Turner model this mass ratio meet a requirement of near zero CTE of Al/SmB6 

composite at T = 40 K, i.e. the temperature at which SmB6 exhibits the largest NTE. Powder 

blend were then high-energy ball milled for 10 min under the same conditions. The resulting 

mixture of Al/SmB6 powders was hot pressed in a special heated steel die at 450 ◦C under an 

applied pressure of 350 MPa to obtain a compact with a diameter of 17 mm and a height of 10 

mm. 
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Characterization 

The surface morphology of initial Al and SmB6 powders, Al/SmB6 powder blend and bulk 

composite was imaged using a JEOL JSM- 6390LV scanning electron microscope (SEM). The 

X-ray absorption near edge structure (XANES) measurements near the Sm L3-edge were carried 

out for SmB6 at the STM beam line of Kurchatov synchrotron radiation source KISI at room 

temperature to experimentally confirm the IV state of Sm ions. The Al and SmB6 powders, 

Al/SmB6 powder blend and Al/SmB6 bulk composite were characterized by X-ray diffraction 

(XRD) using synchrotron-generated X-Ray beam with E = 15.2 keV (λ = 0.826 Å) at STM 

beamline of KISI source and using laboratory X-ray source BRUKER D8 ADVANCE with E = 

8.04 keV (λ = 1.541 Å). The distribution of SmB6 particles within an Al matrix in the fabricated 

Al/SmB6 composite was analyzed by optical microscopy (Leica DM ILM) on the polished 

surfaces. The microstructure of the entire volume of the sample was studied by X-ray computed 

tomography (Y. Cheetah YXLON X-ray inspection system). In contrast to classical methods for 

microstructure characterization, such as optical or electron microscopy, which require 

preliminary sample cutting, etching and polishing, X-ray tomography is a non-destructive tool 

for internal structure diagnostic of the entire volume of the sample. Using slice-to-slice 

technology X-ray computed tomography reconstructs 3D models from a set of 2D X-ray images 

with a high resolution (up to 2 μm). Thermal expansion measurements of Al/SmB6 composite 

were carried out at Kirensky Institute of Physics by capacitive dilatometry using a hand-made 

measuring cell/option installed in the PPMS (Quantum Design) system (for more details see 

[33]) in the temperature range 10–210 K. 

Experimental results 

XANES 

The experimental spectrum in Fig. 2 displays two characteristic peaks corresponding to the 

integer valent states: divalent 4f6 state and trivalent 4f5 state of Sm atom. The absorption line 

shapes were analyzed using a deconvolution technique presented in [34]. Using a set of 

Lorentzian and arctangent functions representing the core–hole lifetime width and the transitions 

into the continuum states respectively, we fit the following expression to the experimental 

spectrum: 
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Fig. 3. SEM images of TiC powder blend (a, b) and EDS elemental mapping (c, d). 

Microstructure and XRD 

Fig. 3 shows the SEM images of Al/SmB6 powder blend and EDS 
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           Fig. 3. SEM images of Al/SmB6 powder blend (a, b) and EDS elemental mapping (c, d). 

Here E is the photon energy, B0 and B1 denote linear background. The strengths of the 

individual Lorentzian line shapes are given by p1 and p2, while a half-width at full maximum Г 

denotes the lifetime of electron excitation from 2p-core level to an empty 5d-states. The δ value 

corresponds to a shift of the continuum of � 1.6 eV as observed in Sm-based compounds [35]. 

As a result of fitting procedure we extracted the independent parameters p1 = 0.67, p2 = 1.09 and 

Г = 3.2 eV. The ratio of amplitudes p1/p2, expressing the effective intermediate valence 

Sm+2.61, is in a good agreement with that reported earlier for SmB6 [36]. 

Microstructure and XRD 

Fig. 3 shows the SEM images of Al/TiC powder blend and EDS elemental mapping (the map for 

light B atoms is omitted since it’s less indicative than the map for Sm atoms with high Z 

number). As can be seen from the Fig. 3a, the size of the particles doesn’t exceed 150 μm. The 

resulting mixture consists of Al + SmB6 agglomerates and SmB6 particles (Fig. 3b,c,d). 

Agglomerates present micro- and sub-micron particles of samarium hexaboride embedded in 

aluminum matrix. Agglomerates are characterized by an irregular shape with a developed surface 

morphology. In contrast, SmB6 particles can be identified by the smooth chipping surfaces, 

typical of brittle materials. Typical optical micrographs of Al/SmB6 bulk composite are depicted 

in Fig. 4a,b. The results indicate that samarium hexaboride particles are dispersed 

homogeneously within the aluminum matrix and their size doesn’t exceed 20 μm. Negligible 

pores with a size less than 5 μm are also observed in Fig. 4a, formation of which usually 

accompanies the polishing procedure. It should be noted that some pores may have remained 
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after the pressing process, nevertheless their size and volume fraction are negligible and can’t 

affect the thermodynamic properties of the sample significantly. The XRD patterns of Al and 

SmB6 powders, Al/SmB6 powder blend and Al/SmB6 bulk composite are presented in Fig. 5. 

The XRD study confirms Fm-3 m (N◦ 225) space group of Al and Pm-3 m (N◦ 221) space group 

of SmB6 and indicates the absence of any other crystal structures. In turn, XRD patterns of 

Al/SmB6 powder blend and bulk composite are fully defined by peaks attributed to Al and 

SmB6 thereby indicating that no chemical reactions occurred to form novel phases. Fig. 6 shows 

3D model of Al/SmB6 composite reconstructed based on the results of X-ray computed 

tomography. In addition, Fig. 6 includes X-ray 2D-sections in three basic planes indicated in a 

3D model. A full scan along the pressing axis (a set of 2D-images at different lengths) is 

available in Supplementary materials. X-ray tomographic analysis revealed a homogeneous 

structure of the composite at the macro scale, while a uniform distribution of SmB6 particles 

within an Al matrix at the micro scale was confirmed by optical microscopy (Fig. 4). For 

comparison, we present X-ray cross-section of other composite manufactured using a different 

technology (Fig. 7). As can be seen from the image, a granular structure has formed near one of 

the two plane-parallel faces of the sample probably due to powders segregation at the mixing 

stage. From the above, it can be inferred that the manufacturing route and the process conditions 

for a fabrication of the composite under consideration were selected properly. 
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                                       Fig. 4. Optical micrographs of Al/SmB6 composite. 

 

 

 

 

 

 

 

 

 

  Fig. 5. XRD patterns of Al and SmB6 powders, Al/SmB6 powder blend and Al/ SmB6 

composite 

Coefficient of thermal expansion  

The relative thermal expansion of Al/SmB6 composite measured by capacitive dilatometry using 

a hand-made measuring cell/option installed in the PPMS (Quantum Design) system is shown in 

Fig. 8a. Since the cell material also expands upon heating, this contribution to thermal expansion 

was defined and extracted through the capacitance measurements of silver with 99.99% purity, 

the CTE values of which are well known [37,38]. It’s worth noting that we performed repeated 

measurements, which showed identical results, to make sure that a 
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Fig. 6. X-ray 2D-sections in three basic planes and a 3D X-ray micro tomographic reconstruction 

of Al/SmB6 composite. Color palette is inverted, i.e. the black color indicates the regions 

without absorption of X-rays. 

 

 

 

 

Fig. 7. X-ray cross-sections at varying heights of the second Al/SmB6 composite manufactured 

using a different technology. 

 

 

 

 

 

 

Fig. 8. Relative thermal expansion (a) and linear CTE (b) of Al/SmB6 composite in the 

temperature range 10–210 K. The inset indicates a spread of values. 

probable stress relaxation doesn’t affect the experimental curve (such physical picture was 

observed in [13] for example). In Fig. 8b we show the experimental results of the linear CTE of 

Al/ SmB6 composite obtained by taking derivatives dλ/dT. To prevent oscillations of the CTE 
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function, the dependence λ(T) were preliminarily smoothed using the spline function. Below ~45 

K, α is negative, while at higher temperatures α then becomes positive. Filled area on Fig. 8b 

indicates that the sample exhibits invar behaviour, i.e. CTE values less than |2| × 10� 6 K� 1, at 

temperatures up to ~60 K. In comparison to pure aluminum, the temperature range has increased 

by about 20 K. The temperature range of invar-like behaviour (0–60 K) may seem rather narrow 

for practical applications. In particular, it is lower than the boiling point of liquid nitrogen T = 77 

K, which closes many potential niches for the developed material. In our case, we are not trying 

to compete with classical Fe-Ni alloys in their well-known application. On the contrary, the 

motivation was to develop invar materials of a new type and test the principle. For instance, the 

thermal conductivity of classic Fe-Ni36 invar alloy is almost 20 times lower comparing to p 

aluminum [39]. In this way, the developed Al/SmB6 composite may possesses a unique 

combination of useful functional properties inherent in the matrix material, and a specified limit 

on the CTE value.  

Discussion To develop composites with predetermined properties, such as the thermal 

expansion, it is very important to base on a reliable model capable of predicting CTE of the 

composite. Those models that worked well for ceramic-based MMCs may be less efficient for 

the systems under study. The point is that SmB6, the compound that belongs to the class of 

higher borides, differs greatly in its physical properties from complex oxides and ceramic 

materials. The composites studied in this work can be considered as systems based on metal 

components excepting the region of the lowest temperatures. Pure SmB6 is a narrow-gap 

insulator (Kondo insulator), but at temperatures above several tens of degrees, the electrical 

conductivity becomes metallic. Any inhomogeneities and impurities reduce the size of the gap in 

the density of the electronic states of 
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Fig. 9. Plot of experimental CTE values (black solid line) along with curves representing CTE 

values calculated using thermo-elastic models for the Al/ SmB6 composite. Green filled circles – 

CTE of Al; red open circles – CTE of SmB6; dashed line – results of the ROM model assuming 

SmB6-21 vol%; blue open squares – results of the ROM, Terner and Kerner models assuming 

various volume fractions, see text for details. (For interpretation of the references to color in this 

figure legend, the reader is referred to the web version of this article.) 
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Fig. 10. Plot of experimental CTE values (black solid line) along with curves representing CTE 

values calculated using the EROM model for the Al/SmB6 composite N◦1. Dashed line – results 

of the classic ROM model assuming SmB6-21 vol%. Symbols – results of the EROM model 

assuming: αin = αAl/3 and Δ = 2 μm (green squares), αin = αAl/10 and Δ = 2 μm (red filled 

circles), αin = αAl/10 and Δ = 4 μm (blue open circles). (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this article.) 

As shown in this section, the Turner model is well-suited for CTE description of Al/SmB6 

composite over a very wide temperature range. We assume that it will remain reliable for the 

composites based on doped (modified) samarium hexaboride. However, this assumption should 

be confirmed by the forthcoming studies. It should be noted that we relied on literature data on 

the elastic properties of SmB6. In the case of doped borides, in order to use the Turner model one 

should either measure the elastic properties of the IV component or use model assumptions on 

the value of the bulk modulus. 



JuniKhyat                                                                                                ( UGC Care Group I Listed Journal)  
ISSN: 2278-4632                                                                                                Vol-10 Issue-02 Dec 2020 
 

Conclusions 

This study represents the first experimental investigation of the metal matrix composite's 

microstructure and thermal expansion behavior based on the intermediate valence system. We 

created a composite using the hotpressing method that included SmB6-21 vol%, a traditional 

intermediate valence system with negative thermal expansion, and Al-79 vol%, a functional 

material that is widely used. The values of negative thermal expansion in intermediate valence 

systems can be changed, in contrast to ceramic NTE fillers like ZrW2O8, by adding vacancies to 

the rare-earth sublattice or by partially substituting 4f-elements with partially From this 

perspective, intermediate valence systems with NTE are better suited for modifying the thermal 

expansion of a metal matrix compared to ceramics with strictly specified NTE values 

The Al/SmB6 composite was evaluated using optical, XRD, andX-ray computed tomography 

and electron microscopy. The latter method produces a 3D volumetric model that displays the 

distribution of SmB6 particles.was rebuilt within an Al matrix. Capacitive dilatometry 

measurements of the sample's thermal expansion showed that it exhibited invar behavior, with 

CTE values less than |2| × 10π 6 K 1 up to ~60 K and a zero coefficient of thermal expansion 

value close to 45 K. There has been a 20 K increase in temperature range when compared to pure 

aluminum. The thermal expansion of the Al/SmB6 composite was accurately simulated by the 

Turner model, according to a quantitative study of dilatometric experimental data conducted 

using commonly used theoretical models. 
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