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This work is focused on the fabrication and characterization of a new type of composite invar materials
combining near-zero thermal expansion and functional properties that are important for applications. This is
accomplished through the use of particles of SmBg, an intermediate valence system with negative thermal
expansion, embedded in Al matrix. The composite based on SmBe-21 vol% was fabricated by hot pressing and
was characterized by XRD, optical/electron microscopy, X-ray computed tomography and capacitive dilatom-

etry. The study of thermal expansion revealed that the sample exhibits invar behaviour up to ~60 K with a zero
value of the coefficient of thermal expansion near 45 K. In comparison to pure aluminum, the temperature range
has increased by about 20 K. A quantitative analysis of dilatometric experimental data performed on the basis of
widely used theoretical models showed that the thermal expansion of the Al/SmBg composite was well repro-

duced within the Turner model.

Introduction

The discovery of invar alloys has led to significant progress in the
development of high precision instruments such as mechanical chro-
nometers, 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 expan-
sion 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., Ax03, SiOy) 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 ZrW50g [12]. NTE fillers such as ZrW50g, ScoW3012, YoW3012,
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 poly-
hedral units ZrOg 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
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Table 1

NTE values of selected IV systems.
Materials NTE temperature Minimum CTE value, Reference

range, K x107° K1

Smo 5B 5-90 —4 [22]
SmBg 10-130 —4.2 [22]
Smg gLag 1Be 55-156 -3.1 [22]
Smoslag.22Bs  20-200 -3.1 [26]
Smy sLag sBe 10-160 -1.3 [26]
Smy 75Ce0 4-32 —400 [24]
Yb,.75Ce0 0-60 —550 [28]
Smo.67Y0.335 5-250 —-57 [23]
Smo.55Y0.455 20-250 -53 [23]
fee-Pr 575-720 —37.5 [29]
YbCusAg 0-50 -8 [30]
YbCuAl 0-240 -15 [31]
YbCus,Siz 5-55 —4 [32]

shrinkage is induced by transformations of electron configurations. This
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 SmBg, Smj(Yx)S, Smy 75Ce, may serve as illus-
trative examples [22-24]. In these systems samarium has two competing
electronic configurations: a non-magnetic Sm>* with the 4% configu-
ration (J = 0, the main term is 7 Fp) and magnetic Sm3*t with the 4f°
configuration (J = 5/2, the main term is ®Hs, ). Since the appearance of
an additional electron on the 4f shell effectively shields nuclear charge
for outer electrons, the effective size of Sm®* is much larger than that of
Sm>*. 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. Y>*, La®") [22,23]. The
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X-ray absorption near 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 rein-
forced with the particles of IV compounds can be precisely tailored to a
specific value depending upon the functional material in use and con-
ditions 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 tem-
peratures 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 tempera-
ture by adding particles of classical IV system with NTE - SmBg.
Although the contraction of SmBg 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 interested in higher temperatures or need larger NTE

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

values can refer to Table I or review articles [17,19].

In this article, we would like to present the results of the study of Al/
SmBg composite fabricated by hot pressing powder blends. The sample
has been examined by optical and electron microscopy, X-ray tomog-
raphy, and X-ray diffraction. Thermal expansion of Al/SmBg 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 SmBg powder (Haihang Industry Co., Ltd, 99.9% purity,
size < 20 pm) 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 ZrO; 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 SmBg powder were weighed and mixed with finely
powdered aluminum with the mass ratios of 1:2, which corresponding to
SmBg-21 vol%. According to the Turner model this mass ratio meet a
requirement of near zero CTE of Al/SmBg composite at T = 40K, i.e. the
temperature at which SmBg exhibits the largest NTE. Powder blend were
then high-energy ball milled for 10 min under the same conditions. The
resulting mixture of Al/SmBg 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.

Characterization

The surface morphology of initial Al and SmBg powders, Al/SmBg
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 SmBg at the STM beamline of

Kurchatov synchrotron radiation source KISI at room temperature to
experimentally confirm the IV state of Sm ions. The Al and SmBg pow-
ders, Al/SmBg powder blend and Al/SmBg bulk composite were char-
acterized by X-ray diffraction (XRD) using synchrotron-generated X-Ray
beam with E = 15.2 keV (1 = 0.826 10\) at STM beamline of KISI source
and using laboratory X-ray source BRUKER D8 ADVANCE with E = 8.04
keV (2 = 1.541 A).

The distribution of SmBg particles within an Al matrix in the fabri-
cated Al/SmBg 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 pm).

Thermal expansion measurements of Al/SmBg composite were car-
ried 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 4f°® state and
trivalent 4f° 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 Al/SmBg powder blend (a, b) and EDS elemental mapping (c, d).
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Here E is the photon energy, By and B; denote linear background.
The strengths of the individual Lorentzian line shapes are given by p;
and py, while a half-width at full maximum I' denotes the lifetime of
electron excitation from 2p-core level to an empty 5d-states. The & 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 p; = 0.67, pa = 1.09 and I' = 3.2 eV. The
ratio of amplitudes p;/pa, expressing the effective intermediate valence
Sm™2°! isin a good agreement with that reported earlier for SmBg [36].

Microstructure and XRD

Fig. 3 shows the SEM images of Al/SmBgs powder blend and EDS

E*Echts) )

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 pm.

The resulting mixture consists of Al + SmBg agglomerates and SmBg
particles (Fig. 3b,c,d). Agglomerates present micro- and sub-micron
particles of samarium hexaboride embedded in aluminum matrix. Ag-
glomerates are characterized by an irregular shape with a developed
surface morphology. In contrast, SmBg particles can be identified by the
smooth chipping surfaces, typical of brittle materials.

Typical optical micrographs of Al/SmBg 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 pm. Negligible pores with a size less than 5 pm are
also observed in Fig. 4a, formation of which usually accompanies the
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Fig. 4. Optical micrographs of Al/SmBg composite.
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polishing procedure. It should be noted that some pores may have
remained 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 SmBg powders, Al/SmBg powder blend
and Al/SmBg bulk composite are presented in Fig. 5.

The XRD study confirms Fm-3 m (N2 225) space group of Al and Pm-3
m (N2 221) space group of SmBg and indicates the absence of any other
crystal structures. In turn, XRD patterns of Al/SmBg powder blend and
bulk composite are fully defined by peaks attributed to Al and SmBg
thereby indicating that no chemical reactions occurred to form novel
phases.

Fig. 6 shows 3D model of Al/SmBg 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 SmBg
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 consid-
eration were selected properly.

Coefficient of thermal expansion

The relative thermal expansion of Al/SmBg 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/SmBg 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/SmBs composite manufactured using a different technology.
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Fig. 8. Relative thermal expansion (a) and linear CTE (b) of Al/SmBg 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/
SmBg composite obtained by taking derivatives di/dT. To prevent os-
cillations of the CTE function, the dependence A(T) were preliminarily
smoothed using the spline function. Below ~45 K, «a is negative, while at
higher temperatures a then becomes positive. Filled area on Fig. 8b in-
dicates that the sample exhibits invar behaviour, i.e. CTE values less
than |2| x 109K} 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 po-
tential 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 pure

aluminum [39]. In this way, the developed Al/SmB¢ 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 SmBe, 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 re-
gion of the lowest temperatures. Pure SmBg is a narrow-gap insulator
(Kondo insulator), but at temperatures above several tens of degrees, the
electrical conductivity becomes metallic. Any inhomogeneities and im-
purities reduce the size of the gap in the density of the electronic states of

20
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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/
SmBg composite. Green filled circles — CTE of Al; red
open circles — CTE of SmBg; dashed line — results of
the ROM model assuming SmBg-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/SmBg
composite N°1. Dashed line - results of the classic
ROM model assuming SmBg-21 vol%. Symbols — re-
sults of the EROM model assuming: a;;, = aa/3 and
A = 2 pm (green squares), & = 24/10 and A = 2 pm
(red filled circles), @i, = @4;/10 and A = 4 pm (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.)
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this system, since the mechanism for forming this gap is based on
cooperative phenomena and coherence in the samarium sublattice. At
elevated temperatures, commercially available samarium hexaboride is
similar to good metals in terms of transport properties, although it has a
noticeably higher hardness. We will leave these questions to the domain
of condensed matter physics. Coming back to the context of material
science problems of novel composites, much attention should be paid to
the comparison of models focused on quantitative analysis of experi-
mental results presented in the previous section.
The simplest approach is the rule of mixtures (ROM) (2):

Q. = Qrly + Al (2)

where the subscripts ¢, f and m denote the composite, filler and matrix
respectively; a — CTE; v — volume fraction. More sophisticated treatments
are based on widely used Turner (3) and Kerner (4) models:

a. = (0K + 00,Kyn) /[ (07K + 03Kn) 3

Ky — K»
Ume + Ufo + 3Kme/4Gm

(€3]

Ae = OV + ap0s + 0,07 (tp — 1)

where K — bulk modulus; G — shear modulus [40].

In the following part we analyze the dilatometric experimental data
based on the thermo-elastic models given by Egs. (2)-(4). In our cal-
culations we used literature values for the bulk properties of Al and
SmBg as long as the size of the particles lies in the range of microns and
sub-microns. In particular, we used the thermal expansion data for Al
[41] SmBg [22] and their elastic properties: Kgmps = 136 GPa [42] Kq; =
78.88 GPa [39] G4; = 25.5 GPa [43]. A comparison of experimental and
computed data is depicted in Fig. 9.

As can be seen from Fig. 9, the CTE values predicted by the ROM
model are significantly higher than the experimental ones. Near perfect
fit is provided by the Terner model (blue open squares in Fig. 9). The
same results can be obtained within the ROM model or the Kerner model
through the use of increased SmBg volume fraction: SmBg-32 vol% and
SmBe-29 vol% respectively. It should be noted that the size of originally
manufactured composite was too big for the thermal expansion mea-
surements, therefore the smaller piece was cut off with a form shown in

Fig. 6. As a consequence, there is a low probability that the volume
fractions of Al and SmBg powders at local sites of the composite may
deviate from the expected SmBg-21 vol% by a certain amount. However,
since the composite’s microstructure is almost homogeneous, we are of
the opinion that the volume ratio is close to the expected SmBg-21 vol%.
From the above we can assert that the Turner model provides a more
accurate assessment.

At the end we attempted to describe the thermal expansion data with
the extended ROM (EROM) model fully described in [44,45]. Unlike the
classic ROM this approach takes into account the size of the filler par-
ticles, which is known rather well in our case. The heart of the method
involves identifying an entire composite as the sum of an elastic matrix
region, spherically symmetric elastic particle region and an interfacial
elasto-plastic matrix region (5):

Qe = QUy + AiyViy + Ol %)

where the subscript in denotes interfacial region. Taking into account a
spherical symmetry of the particles Eq. (5) can be expressed as follows
(6):

(R+A)

I

Ac = Oply + Ay g

3
e (1 - M) ©

where R — radius of the particle; A - width of the interfacial region.

An estimation of the filler particle size was performed through the
use of combination of sieve analysis and optical/electron microscopy.
During the sieve analysis the particles passed through a series of sieves
with progressively smaller mesh size: 80 pm, 50 pm and 20 pm. The
results of analysis indicate that the particles size do not exceed 20 pm.
This is confirmed by microscopy examination presented in Figs. 3 and 4.
Thus, we used R = 10 pm in Eq. (6). As for the fitting parameters a;; and
A, their initial values were chosen arbitrarily based on the following
assumptions: A is smaller than R, ;, is proportional to a;, as long as filler
particles are considered perfectly elastic. The outcome of calculations
for the Al/SmBg composite is depicted in Fig. 10.

Fig. 10 shows that the best fit obtained within the EROM model
(green squares) describes the experimental curve well in the tempera-
ture range 60-210 K, however at lower temperatures it’s far from being
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perfect. From this point, the Turner model provides a better match in
total. Variation of a;, and A values, as well as R, doesn’t improve the CTE
fit below 60 K, however, it significantly increases the discrepancy be-
tween theoretical and experimental data at higher temperatures (see
Fig. 10).

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

Conclusions

In this work, the microstructure and the thermal expansion behav-
iour of the metal matrix composite based on the intermediate valence
system were experimentally studied for the first time. Using the hot-
pressing method we fabricated a composite comprising Al-79 vol%, a
widely used functional material, and SmBg-21 vol%, a classical inter-
mediate valence system with negative thermal expansion. In contrast to
ceramic NTE fillers like ZrW1Og, the values of negative thermal expan-
sion in intermediate valence systems can be varied either by introducing
vacancies in the rare-earth sublattice or by partial chemical substitution
of 4f-elements with partially filled electron shells by non-magnetic
analogue with an integer valence state. From this perspective, inter-
mediate 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/SmBg composite was characterized by XRD, optical and
electron microscopy, X-ray computed tomography. Using the latter
technique 3D volumetric model showing SmBg¢ particles distribution
within an Al matrix was reconstructed. The measurements of thermal
expansion carried out by capacitive dilatometry revealed that the sam-
ple exhibits invar behaviour, i.e. CTE values less than |2| x 107K}, up
to ~60 K with a zero value of coefficient of thermal expansion near 45 K.
In comparison to pure aluminum, the temperature range has increased
by about 20 K. A quantitative analysis of dilatometric experimental data
performed on the basis of widely used theoretical models showed that
the thermal expansion Al/SmBg composite was well reproduced within
the Turner model.
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