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Materials with zero thermal expansion (ZTE) or precisely tailored thermal expansion
are in urgent demand of modern industries. However, the overwhelming majority
of materials show positive thermal expansion. To develop ZTE or negative ther-
mal expansion (NTE) materials as compensators has become an important challenge.
Here, we present the evidence for the realization of ultra-low thermal expansion in
Mn—-Co-Ge-In particles. The bulk with the Ni,In-type hexagonal structure undergoes
giant NTE owing to a martensitic magnetostructural transition. The major finding is
that the thermal expansion behavior can be totally controlled by modulating the crys-
tallinity degree and phase transition from atomic scale. Self-compensation effect leads
to ultra-low thermal expansion with a linear expansion coefficient as small as +0.68
x 107%/K over a wide temperature range around room temperature. The present study
opens an avenue to reach ZTE particularly from the large class of giant NTE mate-
rials based on phase transition. © 2017 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.4990481

Materials with ultra-low thermal expansion or zero thermal expansion (ZTE) are being widely
used in manufacturing industry,'=> such as precision engineered parts, optical mirrors, and printed
circuit boards. ZTE is generally realized through combining positive thermal expansion (PTE) and
negative thermal expansion (NTE) materials. The ultra-low thermal expansion in the widely used
glass ceramics is based on the combined effect of NTE from complex main crystalline phases
and PTE from the glass matrix.*> To meet various applications, many efforts have been dedicated
to search for NTE materials because compared with the vast number of PTE materials there are
only a few compounds that were discovered showing NTE, e.g., ZrW;0Og (Ref. 6), CuO nanopar-
ticles,” PbTiO3-based compounds,® (Bi,La)NiO; (Ref. 9), antiperovskite manganese nitrides, '3
La(Fe,Co,Si);3 (Ref. 14), MnCoGe-based materials,'® and reduced Ca;RuOy4 (Ref. 16). Among
these NTE materials, the phase-transition-type materials'®~'> have attracted particular attention,
which utilize the large volume contraction on heating during phase transition. Besides ZTE com-
posites, several pure compounds have been discovered showing ZTE, such as CuO micrometer-
sized particles,” YbGaGe (Ref. 17), Mn3AN (A = Cu/Sn, Zn/Sn) (Ref. 18), N(CH3)4CuZn(CN),
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(Ref. 19), and Fe[Co(CN)g] (Ref. 20). Although several materials have been identified as useful
ZTE or NTE materials, novel approaching to ultra-low thermal expansion still remains as a high
challenge.

Hexagonal MM’X (M and M’: transition element, X: main group element) compounds exhibit
rich magnetic and structural properties.”'2* The ground state can be ferromagnetic or antiferro-
magnetic depending on the specific atomic local environments and exchange coupling. As a family
member, MnCoGe-based compounds undergo a martensitic structural transition from the Ni,In-type
hexagonal (space group P63/mmc) to TiNiSi-type orthorhombic (space group Pnma) structure with
a negative expansion of unit cell volume as large as AV/V ~ 3.9%. The optimized compositions with
concurrent magnetic and structural transitions have been discovered showing large magnetocaloric
and barocaloric effect.’>>* Moreover, as NTE materials, giant NTE in a very wide temperature
window has been realized in the bonded MnCoGe-based compounds.'> The achieved average lin-
ear thermal expansion coefficient, o, can be as much as —51.5 X 107%/K in a temperature window
as wide as 210 K from 122 to 332 K in a bonded compound, which originates from the lattice
expansion in a broadened martensitic structural transformation with assistance of residual stress.
Here, we choose the giant NTE material and report the realization of ultra-low thermal expansion by
controlling the crystallinity degree and phase transition. The polycrystalline MnCoGeg g9Ing o; alloy
undergoes a concurrent magnetic and structural transition around Ty ~ 315 K.!5 Our investigations
demonstrated that a large amount of sample can be converted into an amorphous structure through
energetic ball milling. This part turns to show PTE, while the remained crystallites show reduced
NTE in a significantly broadened temperature window due to the instability of martensitic magne-
tostructural transformation caused by residual stress and atomic defects. Hence, self-compensation
effect leads to ultra-low thermal expansion and totally adjustable NTE by controlling crystallinity
degree.

Mn—Co—-Ge-In particles were prepared through energetic ball milling in the protection of Ar
atmosphere from MnCoGeg 99Ing o alloys, which were fabricated by conventional arc-melting tech-
nique.”* The particle size was controlled by milling time. Five samples with different particle sizes
were made, namely, P1 (10-20 ym), P2 (5-10 um), P3 (2-5 um), P4 (1-2 um), and P5 (0.3—1 um). For
the small particles P4 (1-2 ym) and P5 (0.3—1 pm), high-resolution transmission electron microscopy
(TEM) images manifest the mixture of a large amount of amorphous structures that lost long-rang
atomic order and nanocrystallites full of atomic defects [circled regions in Figs. 1(a) and 1(b)]. The
average crystallite sizes are about 15 nm and 8 nm for P4 (1-2 pm) and P5 (0.3-1 um), respectively.
The amounts of the amorphous structure estimated from high-resolution neutron powder diffraction
(NPD) are about 20%, 30%, and 40%, for P3 (2-5 um), P4 (1-2 um), and P5 (0.3—1 um), respectively
(details can be found in the supplementary material). Clearly, the amorphous-like structure increases
and the crystallite size reduces with extended milling time. The appearance of the dispersed Debye
ring in the electron diffraction pattern [lower left quarter of Figs. 1(a) and 1(b)] further evidences
the coexistence of crystallites with the structure that lost long-range atomic order. For comparison,
the results for big particles P1 (10-20 um) are given in Fig. S1 (TEM/SEM results in Fig. S1 of the
supplementary material).

We measured linear expansion AL/L using high-resolution strain gauge for the bonded particles
(details of sample preparation can be found in the supplementary material). Figure 2 shows AL/L
with respect to temperature for the representative particles in comparison with the bulk. The maximal
AL/L amounts to —1.02 x 1072 from 192 K to 310 K (AT~108 K) for the bulk,'® but it declines
with the reduced particle size and crystallinity degree while the operating AT significantly broadens.
For P1 (10-20 um), the maximal AL/L reduces to —6076 X 1079, while the AT extends to 154 K
(156-310 K). With further reducing the particle size and crystallinity degree, the maximal AL/L further
reduces and the operating AT further extends. For P3 (2-5 um) and P4 (1-2 um), NTE prevails in the
entire temperature range from 310 K down to 100 K. Correspondingly, the evaluated average linear
NTE coefficients, @, are =94.7 x 107%/K (192-310 K), =39.5 x 107%/K (156-310 K), -14.1 x 107¢/K
(100-310 K), and —=3.9 x 10%/K (100-290 K), for the bulk P1 (10-20 um), P3 (2-5 um), and P4
(1-2 pm), respectively.

More attractively, for the smallest particles P5 (0.3—1 um), the negative NTE behavior dis-
appears and turns to be ultra-low positive PTE with o coefficient as small as ~+0.68 x 107%/K
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FIG. 1. SEM image, high-resolution TEM image, and electron diffraction pattern from Fourier transform. (a) P4 (1-2 um)
and (b) P5 (0.3-1 um), circled regions by the white line indicate the nanocrystallites.

from 200 K to 310 K. Such a largely tunable thermal expansion behavior suggests that the mate-
rial can be greatly useful as a direct ZTE material, in addition to be as compensators for PTE
material. Here, it is noteworthy that the low NTE in P4 (1-2 um) and the ultra-low PTE in P5
(0.3-1 um) remain nearly independent of temperature in the corresponding temperature window,
which is guided by the pink lines in Fig. 2. These characteristics are appreciable for practical
application.

Such tunable thermal expansion with particle size should come from the combined effect from
the crystalline phases and the coexistent amorphous structure, particularly for the small particles. To
examine the contribution from the overall crystallites, variable temperature x ray diffraction (XRD)
and neutron powder diffraction (NPD) experiments were performed for the various particles before
bonding (details can be found in the supplementary material). Careful refinements indicated that the
phase ratio changes remarkably with crystallite size, as shown in Fig. 3. A large amount of austenitic
phases loses the martensitic structural transition and keeps the hexagonal structure down to low
temperature in the small crystallites. The ratio of the hexagonal structure is about 7%, 14.5%, 38.5%,
44.8%, and 55.2% at a low temperature of 35 K, far away from the martensitic magnetostructural
transformation Ty ~ 315 K, indicating that at least the same ratio of austenitic phase lost the
martensitic transformation for the particles P1 (10-20 um), P2 (5-10 ym), P3 (2-5 um), P4 (1-2 um),
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FIG. 2. Linear thermal expansion AL/L for the bonded particles compared with the bulk (the reference temperature is 390 K).
Particle size: P1 (10-20 pum), P3 (2-5 pm), P4 (1-2 pm), and P5 (0.3—1 um). The inset shows the morphology of the bonded
particles. The low NTE in P4 (1-2 um) and the ultra-low PTE in P5 (0.3—1 xm) remain nearly independent of temperature in
the corresponding temperature window, which is guided by the pink lines. The AL/L-T curve of the bulk is cited from Ref. 15.

and P5 (0.3-1 um), respectively. Meanwhile, the remained martensitic structural transition gradually
broadens with reducing the crystallite size. Magnetic measurements also verified the instability of
martensitic magnetostructural transformation with varying crystallite size (details can be found in
Fig. S2 of the supplementary material). Such instability of the martensitic transformation will lead
to a reduced NTE.

A unique feature of the hexagonal Mn—Co—Ge-In materials is the high sensitivity of marten-
sitic magnetostructural transformation to stress.>>>> An introduced stress can impact the martensitic
magnetostructural transformation through altering the atomic local environments, strength of cova-
lent bonding, and the width of effective 3d bands, and hence a giant barocaloric effect has been
observed.?* For the small particles, the appearance of the amorphous structure as grain boundaries
can be understandable considering the significant impact of high-energy ball milling on the structure.
A simulation on the deformation of nanocrystalline grains revealed that lattice will be softened due to a
large fraction of disordered atoms (30%-50%) at grain boundaries.’® Moreover, a study on the strained
nanoparticles”’ indicated that lattice compression and possible disorder inside nanocrystalline grains

100
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3 3 3

N
o

0 1 N 1 . 1 N 1 . 1 1 N [ 1
0 50 100 150 200 250 300 350
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FIG. 3. Phase fraction as a function of temperature for various particles, P1 (10-20 um), P2 (5-10 gm), P3 (2-5 pm),
P4 (1-2 pum), and P5 (0.3-1 um). At low temperatures, a high ratio of the hexagonal (H) structure appears and coexists with
the orthorhombic (O) structure, particularly for small particles P3 (2-5 pm), P4 (1-2 pm), and P5 (0.3—-1 pm) indicating that
at least the same ratio of austenitic phase loses the martensitic transformation for the overall crystallines. Meanwhile, the
remained martensitic structural transition gradually becomes broadening with the reduced crystalline size.
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can largely affect electronic properties and make the nanoparticles exhibit distinct material prop-
erties from their bulk. Our refinements based on XRD and NPD, as well as selected-area electron
diffraction, revealed the contraction of a unit cell with reducing grain size (Table S1 and Fig. S3 of
the supplementary material). Meanwhile, many defects and disorders can be clearly identified in the
structure of nanocrystalline grains [Figs. 1(a) and 1(b)] due to the introduced residual stress during
pulverization process, which should be closely related to the instability of the martensitic transition
with varying particle size. Although the visible size of particles under SEM is larger than 0.3 pm, the
crystallite size is actually in the range about 2—20 nm under high resolution TEM for P4 (1-2 ym) and
P5 (0.3-1 pm), and the amount of the amorphous structure is 30% and 40%, respectively [Figs. 1(a)
and 1(b)]. In this case, grain boundary sliding becomes easier and the introduced residual stress in
the grain boundaries of the amorphous structure can be easily spread into lattice and cause atomic
defects inside the grains, hence stabilizing the austenite phase with smaller volume and eventually
leading to the shift or even disappearance of the martensitic transformation. NPD (neutron pow-
der diffraction) studies®* have revealed that an applied hydrostatic pressure stabilizes the hexagonal
structure of Mn—Co—Ge-In through shortening the Mn—Mn interlayer distance and strengthening the
covalent bonding between Mn—Mn atoms. Owing to the nonuniform grain size, it is understandable
that not all but only a fraction of grains, which contain a higher residual stress and lattice deforma-
tion, lose the martensitic transition. The remaining fraction undergoes the martensitic transition in a
broadened temperature window (Fig. 3) because of the distribution of residual stress over the various
grains.

Figure 4 displays the refined unit cell volume as a function of temperature (V-T curve) for the
orthorhombic phase (red dot), hexagonal phase (blue dot), and the calculated average volume V
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FIG. 4. Refined unit cell volumes of martensitic phase (red dot), austenitic phase (blue dot), and the average (black dot),
as a function of temperature for the overall crystalline phases in various particles: (a) P1 (10-20 um), (b) P2 (5-10 pm),
(c) P4 (1-2 pum), and (d) P5 (0.3—1 pm). The fitting curves based on Griineisen law are represented by the small dots. Both the
PTE and NTE coefficients decline with reducing crystalline size, particularly for the NTE behavior, which is guided by the
magenta lines. The sketches of (e) orthorhombic and (f) hexagonal structures vividly show the change of unit cell (magenta
lines enclosed) and atomic chain upon martensitic structural transformation.


ftp://ftp.aip.org/epaps/apl_mater/E-AMPADS-5-001710

106102-6 Shen et al. APL Mater. 5, 106102 (2017)

(black dot) based on the refined phase fraction shown in Fig. 3. To validate the refined cell volume,
we also fit the temperature-dependent unit cell volume based on the Griineisen law,”® where the
volume thermal expansion coefficient, @, can be approximately described as

ay = (y/ko)(Cy/ Vi), e))

where vy is the macroscopic thermodynamic Griineisen parameter, k¢ represents the bulk modulus
without lattice vibration, V,, is the molar volume, and C, is the isochoric specific heat per mole.
Clearly, a, is determined by the macroscopic Griineisen parameter y and approximately proportional
to C,. It is known that the macroscopic Griineisen parameter (y) can be related to the alteration of
the vibration frequencies (phonons) within a crystal with changing volume under the quasi-harmonic
approximation, i.e., the weighted average of the mode Griineisen parameters. It can be defined
as y= %, where y; = —d Inw;/dInV is the Griineisen parameter of an individual vibrational
mode and Cv,i is the partial vibrational mode contributed to the heat capacity. Note that the phonon
frequencies, w;, are crucially dependent on the unit cell volume, V. Nanocrystalline particles prepared
by high-pressure compaction or high energy ball-milling usually suffer stress. The lattice tends to
contract with the reduced grain size due to stress.>” This fact indicates that the thermal expansion
coefficient, a,, should be variable for the crystallites with different grain sizes. We measured the
isobaric specific heat C, in a temperature range from 35 K to 355 K for the bulk MnCoGeg.99Ing o1
(Ref. 24) and assumed that C,, ~ C,, and the C,-T relation would maintain the same as the bulk for the
crystallites in different particles. Then the fitting calculation was performed using Eq. (1), where two
reliable points of the refined unit cell volumes based on XRD or NPD were used. As shown in Fig. 4,
the fitting V-T curves (red and blue line) agree well with the refined points for either orthorhombic
or hexagonal phase, confirming that almost all points of the refined unit cell volumes are reliable for
the crystallites in different particles.

From the calculated average volume V of the overall crystalline phases shown in Fig. 4 (black
curve), ignoring the contribution from the amorphous structure, one can notice that PTE appears below
a temperature around 290 K and after that turns to be NTE, but both the PTE and NTE coefficients
decline and the V-T curve becomes flat with the reduced crystallite size (equivalent linear thermal
expansion coefficients, a ~ AL/L/AT, are summarized in Table I). The reduced PTE and NTE can be
mainly ascribed to the instability of the martensitic magnetostructural transformation caused by the
introduced residual stress and defects during milling, which round off the transition due to the lattice
deformation and softening enforced by stress.!>26:27

Moreover, the bonded samples for AL/L measurements (Fig. 2) experienced a pressure as high
as 11.5 kbar before solidification at 170 °C (details can be found in the supplementary material).
The further introduced residual stress during bonding process additionally deforms and softens the
lattice, as a result, further broaden the martensitic magnetostructural transformation and signifi-
cantly extend the temperature window of NTE from the crystallites. Direct AL/L measurements
verified the enlarged temperature window of NTE from 60 K to 108 K and its shift to lower
temperature for the MnCoGeg g9Ingg; bulk due to the lattice softening enforced by the introduced
residual stress.!> Detailed magnetic experiments also confirmed the significant broadening of struc-
tural/magnetostructural transformation, while the pure magnetic transition remains nearly unaffected
in the bonded samples.'> In this sense, the overall NTE performance from crystallites in the bonded
particles can be understood.

TABLE I. The equivalent linear PTE and NTE coefficient oo (AL/L/AT) in the corresponding temperature window for the
overall crystalline phases of typical particles.

Particles PTE window AT (K) PTE o (K1) NTE window AT (K) NTE a (K1)
P1 (10-20 pum) 35-280 12.7 x 10°° 290-355 -1342 x 10©
P2 (5-10 um) 35-280 10.8 x 10 290-355 -70.5 x 10°°
P4 (1-2 pm) 35-270 9.2 x 10°° 275-355 -21.4 x 10°°

P5 (0.3-1 pum) 35-270 8.5 x 100 275-355 —-12.9 x 10°°
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On the other hand, the contribution from the amorphous structure also plays a key role to the
overall AL/L behavior (Fig. 2), noting its amount is up to 40% for the smallest particles P5 (0.3—1 um).
One can notice that the low NTE o (~—3.9 x 107%/K) of the overall P4 (1-2 um) (Fig. 2) is much
smaller than a (~—21.4 x 107%/K) purely contributed from the nanocrystallites of P4 (1-2 um)
[Fig. 4(c)]. The maximal AL/L in the overall P4 (1-2 um) (Fig. 2) amounts to ~810 ppm, which is
also smaller than the equivalent AL/L [~970 ppm in an incomplete NTE region 290-355 K, Fig. 4(c)]
purely from the free nanocrystallites of P4 (1-2 um). Moreover, the negative NTE (o ~ —12.9
x 107%/K) purely from the free nanocrystallites of P5 (0.3—1 um) [Fig. 4(d)] turns to be positive PTE
(a0 ~ +0.68 x 107%/K) in the overall P5 (0.3—1 um) (Fig. 2). It has been demonstrated that a self-
compensation effect of PTE from the amorphous structure plays an essential role in the realization
of ultra-low expansion even if the possible contribution from the epoxy is considered (details can be
found in the supplementary material).

Song et al'?> reported ZTE in nanocrystalline antiperovskite manganese nitrides
Mn3Cug5Gep sN. The studies indicated that the Mn site occupancy crucially affects thermal expan-
sion because of its dominant role in the coupling between the spin and structure. NTE or ZTE can
be reached by adjusting Mn site occupancy with different grain sizes. However, the situation is not
the same for the present case, although the Mn atoms also dominate the ferromagnetic properties in
Mn—-Co—Ge-In, where the driving force for the magnetostructural transition is the crystallographic
transition while the magnetic transition occurs cooperatively.>*3? The instability of the magnetostruc-
tural transition caused by residual stress and defects contributes to the NTE or ZTE behavior. For
most of materials with magnetostructural transitions, such as La(Fe,Co,Si);3 (Refs. 31 and 32),
Ni—Mn-In (Ref. 33), the stress and magnetic field can both drive the transition. But the case is quite
different for the present hexagonal MM’X materials, whose magnetostructural transition behaves
sensitive to the stress, while insensitive to the magnetic field.2* In other words, it is the lattice rather
than spin ordering that dominates the transition. In this sense, the disordered occupation of Mn site
caused by defects may not dominantly affect the thermal expansion behavior. Instead, the introduced
residual stress and atomic defects play a key role, which not only broadens the magnetostructural
transition but also makes a large amount of austenite lose the martensitic structural transition, result-
ing in a reduced NTE in the nanocrystalline grains. Meanwhile, significant impact of high-energy
ball milling creates a large amount of amorphous structures, which turns to show PTE behavior. As
a result, self-compensation effect leads to the ultra-low thermal expansion and totally tunable NTE
in the bonded Mn—Co—Ge-In particles through quantitatively controlling the crystallinity degree and
impacting phase transition.

In summary, we present evidence for the realization of ultra-low thermal expansion in a giant
NTE material based on the martensitic magnetostructural transition. This work realizes the ZTE in a
single material through self-compensation and conquers the limitation of traditional glass ceramics
that require multiple main phases of crystallites. Our studies revealed that the thermal expansion
behavior of Mn—Co—Ge-In can be totally adjusted by quantitatively controlling the crystallinity
degree and impacting the phase transition from atomic scale. Ultra-low thermal expansion with a
thermal expansion coefficient as small as o ~ +0.68 x 107%/K over a temperature range wider than
100 K around room temperature has been achieved in the small particles P5 (0.3—-1 um) through
self-compensation, where the amount of the amorphous structure reaches 40% and the ratio of the
hexagonal structure that lost the martensitic transformation is 55.2% in the nanocrystallines. We
anticipate thatit is a universal mechanism that modulating the crystallinity degree and phase transition,
independently of the manufacturing process, can precisely tailor the thermal expansion and realize
ZTE, particularly from the large class of giant NTE materials based on phase transition, which
provides a novel but a very practical avenue to obtain ZTE materials.

See supplementary material for more detailed information on sample preparation, magnetic
measurements, SEM and TEM analyses, and XRD and NPD measurements.
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