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ARTICLE INFO ABSTRACT

To facilitate the understanding of Invar effects and design of FeNiCo-base Invar alloys characterized by low
thermal expansion coefficient (TEC), we investigated the magnetic and thermal expansion behavior of an
equiatomic prototype medium entropy alloy FeNiCo and a non-equiatomic (super Invar) Feg3Niz»Cos (at. %)
reference alloy by means of experiments and ab initio calculations. Both alloys consist of a single face-centered
cubic phase with fully recrystallized microstructure in the homogenized state. Large spontaneous volume
magnetostriction is observed in both alloys below their respective Curie temperatures. The Invar effect in the
non-equiatomic Feg3Niz»Cos alloy is of step-type with nearly zero TEC over a wide temperature range (from
room temperature to 120 °C) below its Curie temperature. The equiatomic FeNiCo alloy shows a peak-type Invar
effect in a very narrow temperature range (from ~ 675 °C to ~730 °C) with relatively low TECs. The equiatomic
FeNiCo alloy shows both higher saturation magnetization and Curie temperature than the non-equiatomic
Feg3Niz2Cos alloy. The relationships among magnetic behavior, spontaneous volume magnetostriction and Invar
effects for a wider array of metallic alloys are discussed mainly based on Masumoto's rule combined with
Wohlfarth's itinerant electron theory. An Invar alloy search map is constructed based on the present results and
available literature data to visualize the relationships among saturation magnetization, Curie temperature and
thermal expansion coefficient for a wide range of Invar alloys. Based on this treasure map a design route for
further developments of new Invar alloys by tuning their magnetic properties is discussed.
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1. Introduction toughness combinations exceeding those of most HEAs including the

equiatomic CoCrFeMnNi HEA [13-17].

The concept of high-entropy alloys (HEAs) containing multiple
principal elements was firstly proposed by Yeh et al. [1] and Cantor
et al. [2] in 2004. After more than ten years’ development, this novel
alloy design strategy has added greatly to the field of materials science.
Some of specific mechanical and physical properties of HEAs were
originally ascribed to entropy maximization [3-5]. However, recent
works show that high configurational entropy is not the sole factor for
phase stabilization in these materials [6-12]. This finding has moti-
vated researchers to also explore medium-entropy alloys (MEAs) with
less principal elements (e.g., 3) and hence lower configurational en-
tropy than suggested by the original HEA concept. Indeed, some re-
cently developed MEAs show outstanding properties comparable to
those of equiatomic HEAs. For example, the three-component CoCrNi
MEA has been extensively studied recently as it displays strength-
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The mechanical properties of many of the currently known HEAs/
MEAs have been very carefully investigated [1,3,6,9,13,16,18-22].
Some HEAs/MEAs show excellent mechanical properties at various
temperatures due to their multiple strengthening mechanisms, e.g.,
solid-solution strengthening, precipitation strengthening, twinning- and
transformation-induced strengthening [3,9,10,12]. Considering their
alloy and manufacturing costs, however, it is still a challenge for HEAs/
MEAs to compete with high strength steels, stainless steels, superalloys
or Al alloys for demanding cases associated with real structural appli-
cations. In this context, it is crucial to explore additional merits of HEAs
that may be in reach due to their large accessible compositional spec-
trum, e.g., undiscovered functional properties. Ideally, joint property
profiles that combine high strength and toughness with new functional
features are of high interest in this context.
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Yet, so far only few studies have been devoted to probing broader
functional property ranges in this direction. According to the fact that
particularly a number of the well-studied HEAs and MEAs contain
transition metal elements such as Fe, Ni, Co, Ti, Hf and Zr which are
commonly used in magnetic, thermal, shape memory, soft elastic and
electrical materials, they have high potential to provide new opportu-
nities for achieving also excellent functional properties, besides their
established good mechanical features. For examples, a superconducting
HEA made of Ta, Nb, Hf, Zr, and Ti has a critical temperature of 7.3 K
[71, and the prototypical Cantor HEA CoCrFeMnNi exhibits very com-
plex low-temperature magnetic properties [23]. Additionally, several
kinds of quinary rare-earth HEAs (e.g., GADyErHoTb) were reported to
exhibit the largest refrigerant capacity up to now [8].

Based on these considerations, we suggest that the concept of HEAs/
MEAs also provides ample opportunities for exploring new functional
features. In this context, one of the most promising directions lies in
developing high- or medium-entropy Invar alloys with extremely low
thermal expansion in a well-defined temperature range. Established
Invar alloys, e.g., FegsNise, exhibit a very low thermal expansion
coefficient (TEG) below 2 x 10 °K~! around room temperature
compared to most metallic materials which have TECs of
10-20 x 107°K~! [24]. To eliminate or minimize the temperature
effect on the dimensions of structural components, these alloys are
widely used in precision instruments such as hair springs in watches
and also — in huge quantities — in cryogenic applications such as en-
countered in liquid gas processing and transport. In addition to ex-
tremely low TEC, Invar alloys show other anomalous properties, e.g.,
large spontaneous volume magnetostriction below Curie temperature;
large negative pressure effects on magnetization and a large forced-
volume magnetostriction. These anomalous properties are called Invar
effects. Among these anomalous properties, large spontaneous volume
magnetostriction is believed to be the essential character related to the
Invar alloys. As a result, another term, i.e., Invar-type alloys, is used to
denote the alloys with large spontaneous volume magnetostriction and
abnormally lower TEC (not necessarily lower than 2 x 10" °K™1)
compared to conventional alloys [25-30]. For instance, Fe-Cu alloys
prepared by mechanical alloying are not Invar alloys but show an Invar
effect, e.g. an abnormal TEC at a temperature range below the Curie
temperature [27]. Invar effects have also been found in a variety of
other materials including amorphous alloys and intermetallic com-
pounds [25-27,30-36]. After the first discovery of the Feg4Niss Invar
alloy in 1896 [37], new Invar alloys with improved and tailor-made
properties have also been developed for specific engineering applica-
tions [31,32,34,38-40]. However, Invar alloys are still not fully opti-
mized in terms of several additional features such as strength, tough-
ness, costs, mass density and corrosion resistance. In this context, the
concept of HEAs/MEAs provides a great chance for the understanding
of Invar effects and further designing of novel Invar alloys.

For this purpose, we investigate in the current study the Invar ef-
fects in FeNiCo-base MEAs. The equiatomic FeNiCo alloy is a prototype
MEA with maximized configurational entropy. We also study the non-
equiatomic Feg3NizpCos MEA, a well-known Invar alloy with a nearly
zero TEC around room temperature as reference system. In addition, we
performed ab initio calculations employing density functional theory to
further examine the experimental data. By combining Masumoto's rule
which considers saturation magnetization and Curie temperature [41]
with Wohlfarth's itinerant electron theory [42-44], we analyzed the
effects of magnetic properties which are accessible via ab initio calcu-
lations (e.g., saturation magnetization and Curie temperature) on the
spontaneous volume magnetostriction and Invar effect. Eventually an
Invar map is constructed based on our results as well as previous lit-
erature data for predicting TEC in alloys for guiding future design of
novel Invar MEAs/HEAs.
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2. Methodology
2.1. Alloy processing

The ingots of the two alloys, namely Feg3Ni3pCos and
Fes3 4Nis33Co333 (all in at. %) with the same dimensions of
25 x 60 x 65mm> were cast in a vacuum induction furnace using
cleaned metals (> 99.8% purity). Samples with dimensions of
25 X 60 x 10mm>, machined from the original cast, were subse-
quently hot-rolled at 900°C to a thickness reduction ratio of 50%
(thickness changed from 10 to 5mm). After hot-rolling, the samples
were homogenized at 1200 °C for 2h in Ar atmosphere followed by
water-quenching. The exact composition of the homogenized alloys was
obtained by chemical analysis and the results are listed in Table 1.

2.2. Microstructural characterization

The microstructures of the homogenized alloys were analyzed using
multiple probing methods. X-ray diffraction (XRD) measurements were
performed using an X-Ray equipment ISODEBYEFLEX 3003 equipped
with Co Ka; (A = 1.788965 1°\) radiation operated at 40 kV and 30 mA.
Electron backscatter diffraction (EBSD) measurements were carried out
by a Zeiss-Crossbeam XB 1540 FIB scanning electron microscope (SEM)
with a Hikari camera and the TSL OIM data collection software. Back-
scattered electron imaging (BSEI) was performed on a Zeiss-Merlin in-
strument. The grain sizes in the homogenized alloys were calculated
from multiple BSE images and EBSD maps by the intercept method. The
elemental distributions in the homogenized alloys were investigated
using energy-dispersive X-ray spectroscopy (EDS) at microscale. Prior
to the microstructural analysis, fine polishing of the samples’ surfaces
was conducted using an oxide suspension (OPS) with silica particle sizes
around 50 nm for more than 30min to effectively remove the de-
formation layer caused by mechanical grinding. The sample surfaces
were finally polished with soap and ethanol for 5min to remove the
nano-silica particles.

2.3. Magnetic and thermal property measurements

Temperature dependences of magnetic moments of the two MEAs
were measured using a VSM magnetometer (EG&G PARC) with an
electromagnet (1.5T) in an external field 10 mT over a temperature
range of 25-800 °C in vacuum. Hysteresis loops were taken at room
temperature in an external magnetic field of + 1T before measure-
ments of the temperature dependence of the magnetic moment. The
thermal expansion behavior was measured in a thermal dilatometer
from room temperature to 950 °C at a heating rate of 2 °C/min in argon
atmosphere. Hollow cylindrical tube samples of the MEAs with length
of 9mm, outer diameter of 4 mm and wall thickness of 1 mm were
prepared for the thermal expansion tests. We use hollow samples be-
cause they exhibit more uniform temperature distribution upon heating
and cooling compared to solid samples.

2.4. Density functional theory calculations

Density functional theory calculations were performed employing
the exact-muffin-tin-orbital (EMTO) method [45] in combination with

Table 1
Compositions of the homogenized equiatomic FeNiCo and non-equiatomic
Feg3NizoCos MEAs measured by wet-chemical analysis (at. %).

Alloys Fe Ni Co

Fes3.4Niz3.3C033.3 33.1 33.4 33.5
Feg3NizpCos 62.8 32.2 5.0
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Fig. 1. XRD patterns of the homogenized equiatomic FeNiCo and non-equia-
tomic Feg3Niz»Cos MEAs. Both alloys show single FCC phase.

the full-charge-density (FCD) method [46,47]. The substitutional dis-
order was modeled using the coherent potential approximation [48,49].
The DFT energies were calculated within the generalized-gradient ap-
proximation (GGA) [50]. A 40 X 40 x 40 k-point mesh per unit cell has
been chosen. The spontaneous volume magnetostriction has been
computed by deriving the ferromagnetic and paramagnetic equation of
state and comparing the resulting equilibrium volumes. The para-
magnetic state has been simulated by employing the disordered local
moment approach based on the EMTO-CPA formalism [51-53], where
EMTO-CPA stands for ‘exact muffin-tin orbitals theory within the co-
herent potential approximation’. The energy difference between both
magnetic states is used to derive the Curie temperature based on the
mean field approximation [54]. For a comprehensive review of ab initio
calculations for HEAs and MEAs we refer to Ref. [55].

3. Results
3.1. Microstructure and compositional homogeneity

Fig. 1 shows the XRD patterns of the equiatomic FeNiCo and non-
equiatomic Feg3Niz»Cos MEAs. Both alloys have a single-phase face-
centered cubic (FCC) structure in the homogenized state. The lattice
parameters of the equiatomic FeNiCo and non-equiatomic Feg3zNi3»Cos
alloys are 0.35963 and 0.36056 nm, respectively, being in fair agree-
ment with the computed lattice parameters of 0.35596 and
0.35925 nm. EBSD maps presented in Fig. 2a; and 2b; confirm the
single FCC structure of the two alloys. Both alloys are fully re-
crystallized with a high number density of annealing twins. According
to the calculation from multiple BSE images and EBSD maps, the
average grain sizes of non-equiatomic Feg3Ni3»Cos and equiatomic Fe-
NiCo are ~56 pm and ~ 45 um (excluding annealing twin boundaries),
respectively. Fig. 2a, 5 and 2b, 5 show the BSE images and EDS maps of
the non-equiatomic Feg3Niz»Cos and equiatomic FeNiCo alloys, sug-
gesting that all the elements (Fe, Co and Ni) are uniformly distributed in
the microstructure. This observation further suggests that the effects of
elemental segregation on the magnetic and thermal behavior can be
excluded in the current non-equiatomic Feg3Ni3Cos and equiatomic
FeNiCo MEAs.
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3.2. Magnetic properties

Fig. 3 presents the magnetic behavior of the equiatomic FeNiCo and
non-equiatomic Feg3NizoCos MEAs. Fig. 3a shows the demagnetization
behavior of the two alloys as a function of temperature at a magnetic
field strength of 1 mT. The Curie temperature of the equiatomic FeNiCo
alloy is about 720 °C while that of the Feg3Ni3»Cos alloy is only about
260 °C. Considering that the Curie temperatures of Fe, Ni and Co are
about 770, 354 and 1127 °C, respectively, plain linear interpolation
suggests that the higher content of Co in the equiatomic FeNiCo alloy
system might also lead to a higher Curie temperature. This is also in
agreement with our DFT calculations which predict a Curie temperature
of 595 °C and 261 °C for equiatomic FeCoNi and Feg3Ni3>Cos, respec-
tively. The result for FeCoNi is also in agreement with previous calcu-
lations [56] and somewhat below the experimental value observed in
the current study (720 °C, Fig. 3a). We note the underestimation of the
Curie temperature for FeCoNi. A similar underestimated Curie tem-
perature is obtained for pure Ni [57], which could be improved in fu-
ture by including thermally induced longitudinal spin fluctuations in
the computational scheme based on the approach developed, e.g., in
Ref. [57].

According to the hysteresis loops in Fig. 3b, both the equiatomic
FeNiCo and non-equiatomic Feg3Ni3»Cos alloys exhibit typical features
of soft magnetic materials with high saturation magnetization and low
coercivity. The saturation magnetization of the equiatomic FeNiCo
alloy is about 160 emu/g while for the Feg3Niz»Cos alloy it is around
145 emu/g. The values are in fair agreement with the simulated data of
158 emu/g for FeNiCo and 160 emu/g for Feg3Niz»Cos. The over-
estimated saturation magnetization of the Feg3Niz»Cos alloy might be
related to potential antiferromagnetic configurations (not included in
the present calculations) as discussed for Feg4Niss in Ref. [57]. The
saturation magnetization of alloys can be also roughly approximated by
using Vegard's linear mixing rule from the product of the net magnetic
moment for each atom in its stable phase [58]. Here the net magnetic
moments per atom for Fe, Co, and Ni are 2.22, 1.72, and 0.60 Bohr
magnetons (up), respectively [58,59]. As a result, the saturation mag-
netization for 3d-transition metals and alloys changes as a function of
the number of electrons per atom. As shown in Fig. 4, most alloys such
as binary Ni-Co, Co-Fe and Fe-Ni follow the Slater-Pauling curve
[24,58,60] which approximates the maximum magnetic moment of
transition metals and their alloys. From Fig. 4, the relationship between
the number of electrons per atom and the saturation magnetic moment
per atom for the equiatomic FeNiCo MEA fits onto the Slater-Pauling
curve, while that for the Feg3Niz;Cos alloy deviates from it. This ob-
servation suggests that Feg3Ni3»Cos alloy is ferromagnetically unstable
and the saturation magnetization is below the value predicted by the
Slater-Pauling curve. Also, the Fe, Ni and Co atoms do not possess full
magnetic moments in the Feg3Niz»Cos alloy. Similar features have also
been found in other Invar alloys such as the Feg4Nizq reference material.
This could be due to antiferromagnetic configurations as discussed in
Ref. [57].

3.3. Thermal expansion behavior

Fig. 5a shows the change in length of the equiatomic FeNiCo and
Fee3Ni3oCos alloys as a function of temperature. When the temperature
is below the Curie temperature, the slopes of the thermal expansion
curves for both alloys are much smaller as compared to their high
temperature state, i.e. for ranges above the Curie temperature. This
phenomenon is essentially characterized by large values of spontaneous
volume magnetostriction, w,, which is defined as a fractional volume
change caused by spontaneous magnetization and calculated as
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Fig. 2. Microstructure and elemental distribution of (a;.s)
equiatomic FeNiCo and (b;.s) non-equiatomic Feg3Niz»Cos
MEAs in homogenized state. (a;), (b;) EBSD phase and
boundary maps; (a), (bo) BSE images; (as s, bs.s) EDS maps
of the constituent elements Fe, Ni and Co with an identical
sample region in (ap) and (b,), respectively.

magnetostriction value of 3%. Our results hence suggest a weakened/
enhanced Invar behavior for FeCoNi/Feg3Niz»Cos as compared to
F854Ni36.

Fig. 5b shows the thermal expansion coefficient (TEC) of the two
alloys as a function of temperature. The TEC (a) was calculated by the
following equation:

(2
a= 2L
dT \ L, (@]

where L is the sample length, T is the temperature, L, is the sample
length at room temperature. The equiatomic FeNiCo and non-
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Fig. 3. Magnetization of the homogenized equiatomic FeNiCo and Fes3Ni3,Cos alloys. (a) demagnetization behavior as a function of temperature from 25 to 800 °C at
10 mT in vacuum; (b) hysteresis loops investigated up to 1 T at room temperature. The magnetization is plotted as magnetic moment in units of emu/g, where emu

stands for electromagnetic unit. It translates to 1 erg/G, 10 >Am? or 103 J/T.
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equiatomic Feg3Nis»Cos alloys show different types of Invar effects: for
Fee3NiszoCos, a step-type Invar effect occurs which indicates that a low
TEC exists over a wide temperature range below the Curie temperature;
for equiatomic FeNiCo, a peak-type Invar effect is observed which
means that the low TEC temperature range is quite narrow compared to
the reference material [29]. Fig. 5a shows that the TEC of the
Fee3NizoCos alloy drops to near-zero below the Curie temperature,
which is much lower than that of the equiatomic FeNiCo alloy. The
equiatomic FeNiCo shows its lowest TEC of 7 x 10~ ®K near the Curie
temperature. Interestingly, when heated above the Curie temperature,
both alloys show very similar TEC values. The similar TEC value
(~19 x 10~ °K) indicates that in the paramagnetic regime, where no
magnetostriction effects are present, the composition changes do not
significantly affect the thermal expansion of FeNiCo-base MEAs.
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4. Discussion

Since the first discovery of the Invar alloy in 1896 [37], investiga-
tions on these materials and the related effects have continued
[31,32,34,38-40]. On the one hand, experimental and theoretic studies
have been conducted to reveal the mechanism responsible for the Invar
anomaly, and several theories have been proposed [24,62] though the
origin of the Invar effect is still under debate and unsolved. In recent
decades, ab initio calculations have also been used to address the Invar
effect [57,63-66]. For example, a competition between a low-spin (LS)
and a high-spin (HS) state in Fe-Ni alloys was analyzed not only in the
bulk state [67] but also in thin Fe-Ni films [68]. Ferromagnetic-to-non-
collinear transitions in Fe-Ni alloys were analyzed using theoretical
methods in connection with the Invar effect in Ref. [69]. A response of
the Fe-Ni alloys to pressure was studied by combining experiments and
quantum-mechanical calculations in Ref. [70]. Inter-atomic bond-
length distortions were examined by ab initio methods in Ref. [71] and
Mossbauer spectroscopy and first-principles calculations were used to
analyze relations between local magnetic moments of atoms and their
environment in Ref. [72].

Alternative materials design approaches lie in using data-driven
methods, which are based on identifying suitable descriptors that cor-
relate with the Invar effect. One example for this are, e.g., composi-
tional maps such as used before for phase change materials. These maps
are spanned by different atom-property related quantities such as the
degree of iconicity [73]. Such descriptors, even if they correlate with
the target materials property, do not necessarily describe the under-
lying physical mechanisms directly, but provide a correlation-based
approach for identifying promising candidate materials. A key moti-
vation for the present study has been to identify and evaluate such
materials descriptors correlating with the Invar anomaly and not to
improve or advance existing methodological approaches and theories.

Despite the recent advances concerned with the computational
modelling of the Invar effect for selected alloys, full-field ab initio
techniques are computationally too expensive for screening a large
number of alloys let alone the complex chemical compositional phase
space inherent of HEAs. In the present work we thus follow an alter-
native strategy by finding and evaluating straightforward parameters
accessible from simulations such as the ground-state magnetization, a
quantity which has been tested in former works for common Invar al-
loys. One of the aims of the present study is to combine the previous
experimental data in this respect and evaluate the magnetization as a
potential descriptor for the screening of Invar multicomponent alloys.

(b)
20
19X 10°
16 o
o
[<]
¢ 124
o
Z
£
< 4
< peak-type 7 7x10¢
4
0 —®— Feg;Niy,Cog
. -— Step- e . . o
o o —m— equiatomic FeNiCo
T T T T
0 200 400 600 800 1000

Temperature (°C)

Fig. 5. Thermal expansion behavior of the homogenized equiatomic FeNiCo and non-equiatomic Feg3Niz»Cos alloys. (a) Change in length as a function of tem-
perature; (b) Thermal expansion coefficient a as a function of temperature. The spontaneous volume magnetostriction ws in (a) is at room temperature. The heating

rate is 2 °C/min.
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In this respect we have resorted to semi-empirical models such as the
Masumoto's model, which turned out to be efficient. The Wohlfarth
theory, being of similar practical form, has been also evaluated for test
purposes. As also shown in this study, many important parameters (e.g.,
spontaneous volume magnetostriction and Curie temperature) for as-
sessing the Invar behavior can be modeled by full-field ab initio calcu-
lations. Yet, at a more phenomenological scale Masumoto's model has
turned out as a very practical method for identifying Invar alloys by
using certain correlations. Its use has led to the discovery of a stainless
Invar alloy [33], and has also been pertinent for finding amorphous and
intermetallic compound Invar alloys [24-26]. The following discussion
is mainly based on Masumoto's model, and an Invar map is constructed
to guide corresponding alloy design directions.

4.1. Relationship between magnetic behavior and spontaneous volume
magnetostriction

The literature review shows that the relationship between the
magnetic properties and spontaneous volume magnetostriction has
been extensively discussed for conventional metals and alloys. In the
present study, we therefore focus on three-component FeCoNi-base
MEAs and compare them to conventional materials. In an early study of
Invar effects in Fe-Ni binary alloys by Masumoto [41], it was proposed
that the ferromagnetic expansion, here referred to as spontaneous vo-
lume magnetostriction w;, is proportional to the saturation magnetiza-
tion M; at room temperature for FCC solid solutions of varying com-
positions according to the relation

ws = k M; (2)

where k is a constant depending on the different alloy systems.
Afterwards, Wohlfarth suggested that the FCC structured Fejgo.,Ni,
(x = 25-50 at. %) Invar alloys belong to the class of weak itinerant
ferromagnets [43,44]. Based on this observation a number of proper-
ties, including the large spontaneous volume magnetostriction of Invar
alloys, could be qualitatively related to the itinerant electron model of
magnetism [43]. As a result a quadratic dependence of the spontaneous
volume magnetostriction has been proposed, i.e.

ws = A M;? 3)

where A is a constant related to the magneto-elastic coupling constant
[43]. This relation has been confirmed to be valid in Fe-Pt Invar alloys
and visualized when plotting w; against M2 [74].

Equation (2) proposed by Masumoto and equation (3) proposed by
Wohlfarth have been validated for different alloy systems as mentioned
above. Both models suggest that a higher saturation magnetization
should induce a larger spontaneous volume magnetostriction in an alloy
system. However, equiatomic FeNiCo has a lower saturation magneti-
zation and a larger spontaneous volume magnetostriction as compared
to Feg3Ni3»Cos. In order to understand this phenomenon we first discuss
Masumoto's M,-w; relationship for the case of Fe-Ni binary alloys which
are compositionally close to the FeNiCo-base MEA systems studied here
[41]. Fig. 6 shows that two types of relationships between M, and w; can
be revealed for the case of Fe-Ni binary alloys. The first one, marked in
green, applies for alloys ranging from Fe,oNizo to FegoNigg, following
the linear relationship y = 0.029 x, and the second one, marked in blue,
presents alloys ranging from FegoNiso to pure Ni fitting the quadratic
relationship y = 0.00016x*+0.92. It is well-established that with the
increase of Ni, alloys from the composition range Fe,oNizo to FegoNisg
deviate from the Slater-Pauling curve whereas alloys ranging from
FegoNisg to pure Ni follow it as shown in Fig. 4. This interesting phe-
nomenological correlation reveals that Fe-Ni binaries can be separated
into two classes which follow different rules, namely, the “Slater-
Pauling deviation alloys” and the “Slater-Pauling alloys”. The “Slater-
Pauling deviation alloys”, ranging from Fe;oNizy to FegoNigg, follow
Masumoto's rule as given in equation (2). The “Slater-Pauling alloys”,
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Fig. 6. Relations between 1/3w, and M; in the equiatomic FeNiCo and the non-
equiatomic Feg3NizpCos alloys compared to the FCC structured Fe-Ni binary
alloys, where w; is the spontaneous volume magnetostriction and M; is the
saturation magnetization. The data for the Fe-Ni binary alloys are taken from
Masumoto's work for room temperature [41]. Alloys in green color deviate from
the Slater-Pauling curve (see Fig. 4) and their 1/3w; vs M; relationship follows a
linear rule. Alloys in blue color follow the Slater-Pauling curve and their 1/3w;
vs M; relationship fits the quadratic law, following Wohlfarth's model.

ranging from FegoNisg to pure Ni follow Wohlfarth's model as given in
equation (3). In the present study the non-equiatomic Feg3Niz»Cos alloy
deviates from the Slater-Pauling curve while the equiatomic FeNiCo
alloy is on the curve (see Fig. 6). This difference suggests that the re-
lationship between M; and w; existing in both alloys does not solely
follow equation (2) or equation (3). The non-equiatomic Feg3Niz;Cos
alloy behaves consistent with equation (2) while the equiatomic FeNiCo
alloy reveals closer agreement with equation (3). We note that the
equiatomic FeNiCo alloy deviates particularly strong from those alloys
that follow the Slater-Pauling curve as shown in Fig. 6 (indicated by the
blue line). This can most likely be ascribed to a different constant A in
equation (3) for the equiatomic FeNiCo-base MEA, caused by different
magneto-elastic coupling effects compared to the FeNi binary alloys.

4.2. Relationship between magnetic properties and invar effect

Magneto-volumetric effects are general features of ferromagnetic
alloys [24]. Since the Invar effect is generally limited to temperatures
below the Curie temperature, it is reasonable to ascribe this abnormal
phenomenon to large spontaneous volume magnetostriction. Ferro-
magnetic Invar alloys can in general be classified into three types: Fe-
rich classical Invar alloys, ferromagnetic amorphous Invar alloys and
ferromagnetic intermetallic Invar compounds. In the present study, we
focus on revealing the relationship between the magnetic properties
and the thermal expansion behavior. Antiferromagnetic Invar alloys are
not included in the present considerations. It is well-established that all
ferromagnetic Invar alloys show large spontaneous volume magnetos-
triction w; compared with other alloys. For instance, at room tem-
perature, the w; of the FegsNisg Invar alloy is ~9 x 10~ compared to
that of pure Ni which is only ~4 x 10~ 2 [41]. In the present study, the
equiatomic FeNiCo and the non-equiatomic Feg3NizCos alloys show
large values for w; of ~12 x 1072 and ~9 x 10~ 3, respectively. The
Fee3NizCos alloy exhibits a smaller TEC than the classical FegqNizg
Invar alloy, but the equiatomic FeNiCo only shows a low TEC of
~7 x 107°K™! in the vicinity of T.. This observation suggests that a
large spontaneous volume magnetostriction alone does not lead to a
low thermal expansion coefficient. As discussed below the Curie
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Fig. 7. The schematic model of Masumoto's theory for describing the re-
lationship among thermal expansion coefficient, spontaneous volume magne-
tostriction and Curie temperature. The green area indicates the ferromagnetic
expansion described by Masumoto's relation [41]. The points O and A, re-
present room temperature and Curie temperature, respectively. The line RQ and
QP represent the change in length below and above Curie temperature. The
length of the line OR presents the spontaneous volume magnetostriction at
room temperature.

temperature also plays an important role for the TEC of these ferro-
magnetic alloys.

As mentioned above Masumoto proposed an empirical rule re-
garding the Invar effect in alloys, describing that “the circumstances
whether a ferromagnetic alloys may have small expansion depend
merely on the ratio of the saturation magnetization to the transforma-
tion (i.e. the Curie) temperature and the greater the ratio, the smaller
the coefficient of expansion becomes” [41]. Following this rule, novel
Invar alloys have been found in different systems. For instance, the
value of M,/T, reaches a maximum value at a Mn concentration of
23.85% in the Co-Mn binary alloy system, and a minimum TEC also
appears for the same composition [75]. In another example, the TEC of
the Fe-B amorphous alloys becomes smaller with the decrease of the B
content since that the Curie temperature decreases remarkably while
the saturation magnetization slowly increases which lead to a larger
value of My/T, [25]. In the present study, we discuss the relationship
between two magnetic features, viz. the magnetic saturation which is a
measure for the maximum attainable magnetic moment and the spon-
taneous volume magnetostriction on the one hand and the thermal
expansion coefficient on the other hand, based on Masumoto's theory as
used for Fe-Ni binary alloy system (see Fig. 7). As sketched in Fig. 7, in
a simplified picture, the expansion linearly increases with increasing
temperature up to the Curie temperature (A,). Above this temperature,
the TEC changes abruptly and shows much higher values than below
the Curie temperature. The alloys show a smaller TEC in the ferro-
magnetic state than in the paramagnetic state. If we plot a line PQ down
to room temperature (O), the ordinate OR represents the expansion
caused by the ferromagnetic state of the alloys. This can be denoted as
“ferromagnetic expansion” which is connected to the spontaneous vo-
lume magnetostriction. In Masumoto's model, the TEC is determined by
the ratio of QS/RS. This suggests that if the QS/RS ratio is smaller, the
alloy will have a smaller TEC near room temperature, i.e. in the fer-
romagnetic state. To simplify this further, the slope § of the line OQ is
approximated as constant resulting in a constant TEC in the para-
magnetic state. Based on these considerations the TEC in the ferro-
magnetic state can be calculated as

1
- —We
o = QS _Q4h-54 _ Q4 _S4 _ tan s — 3
RS T. T. T T. @
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If we ignore changes of tan §, which indicates the TEC of alloys in
the paramagnetic state, the low TEC is thus solely determined by the
ratio of w,/T,. In Masumoto's model w; is linearly proportional to M
(equation (2)), and therefore the TEC is determined by the ratio M,/T..
However, for alloys on the Slater-Pauling curve (e.g., the equiatomic
FeNiCo MEA), the relationship between w; and M; follows a quadratic
relationship (equation (3)). In order to unify both findings for quanti-
fying the TEC of equiatomic FeNiCo and Feg3Ni3»Cos alloys we define
two parameters, the Masumoto parameter M and the Wohlfarth para-
meter R, according to

wo M

T. (5)
oo M

T. (6)

where M applies for the FegsNisz»Cos alloy, which deviates from the
Slater-Pauling curve, and R describes the equiatomic FeNiCo alloy
which follows the Slater-Pauling curve. The two parameters, M and R,
are employed to distinguish Invar and non-Invar alloys in the following
discussion.

4.3. An Invar treasure map guiding the design of novel invar alloys

Based on the above discussion on FeNi binary alloys and FeCoNi
MEAs, we include now more of the known Invar alloys and compare
those to other metallic materials in an Invar treasure map by con-
sidering the relationship among the thermal expansion coefficient, TEC,
denoted a in equation (1), the saturation magnetization M;, and the
Curie temperature T, as shown in Fig. 8. We use the Masumoto para-
meter M determined by equation (5) and the Wohlfarth parameter R
given by equation (6) to partition the map and indicate ranges of alloys
with different TECs. As discussed above, most Invar alloys are ferro-
magnetically unstable and the actual saturation magnetization is below
the value predicted from the Slater-Pauling curve. Therefore, it is better
to use the above defined Masumoto parameter M value to describe
them. For other alloys (e.g. equiatomic FeCoNi) with normal TEC
(10-20 x 10~ ®K™ 1), most of them follow the Slater-Pauling curve, and
hence we employ the Wohlfarth parameter R to quantify them.

We first discuss the parameter M for the map of Invar alloys. In
general, from the Invar map in Fig. 8, alloys with lower TECs exhibit
larger M values. Since ferromagnetic Invar alloys include disordered
solid solutions, amorphous Invar alloys and intermetallic Invar com-
pounds, we discuss them separately in the following.

(1) Disordered solid solution Invar alloys:

These alloys are highlighted in light red in Fig. 8. All of them (e.g.
Fee4Nisze) have M values larger or equal to 0.42. Particularly, alloys
with M values above 0.56 show very low TEC near O and even some-
times slight negative values. For instance, the disordered Fe,,Pt,g alloy
has the lowest TEC as well as largest M value compared to other Invar
alloys.

(2) Amorphous Invar alloys:

These alloys are highlighted in purple in Fig. 8. All of them have M
values larger than 0.6. A typical example group is FeB amorphous alloys
in which the TEC increases with increasing B content. Fe;oB»; has an M
value below 0.6 and a TEC above 2 X 10" 6K~

(3) Intermetallic Invar compounds:
These compounds are highlighted in light brown in Fig. 8. The trend

in the intermetallic Invar compounds is quite different from that in the
disordered solid solutions and amorphous alloys. For example, EryFe; 4B
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has almost the same M value as pure Ni but it shows negative TEC. This
may be caused by the different crystal structure of intermetallic Invar
compounds compared to other Invar alloys. The atomic thermally in-
duced vibrations could couple to forces induced by adjacent atomic
dipole moments. This could result in the moments of domains in the
materials [35,76].

Because most Invar alloys (except for FePt and FePd Invar alloys)
are “Slater-Pauling deviation alloys”, we can use M to guide our design
of new Invar alloys. From 8, all the Invar alloys are in the region in the
upper left corner highlighted in light red, light brown and purple. The
light red region is for the disordered solid solution which have M values
larger than 0.42. The purple region is for amorphous Invar alloys which
have M values larger than 0.6. The light brown region is for inter-
metallic Invar compounds which have M values larger than 0.35. To
design new Invar alloys, one should make the M value large enough to
reach the numbers above. In fact, this is consistent to Masumoto's rule,
i.e. alloys with higher saturation magnetization and lower Curie tem-
perature could have smaller thermal expansion. This rule proposed by
Masumoto has already been well used to design Feg3Niz»Cos super
Invar alloy [41] and Fe3,Cos,Cr;; stainless Invar alloy [33].

We next discuss the Wohlfarth parameter R in the map for non-Invar
alloys. For alloys with TECs of 10-20 x 10~ ®K™?, larger R values in-
dicate lower TEC. For instance, the equiatomic FeNiCo alloy has an R
value of about 35.6, and alloys with R value larger than 35.6 show TECs
lower than that of the equiatomic FeNiCo alloy. Most steels have R
values close to that of the equiatomic FeNiCo MEA (i.e. 35.6), and
therefore show TECs of around 12 x 10~ ®K ™. Other typical examples
are found for NiCo and CoFe binary alloys: with the increase of the R
value from pure Ni to NiCo binary alloys, pure Co, CoFe binary alloys
and finally to pure Fe, the R values increase from 6.8 to 60.8 whereas
the TECs of the alloys gradually decrease from 12.9 x 10 ®K~! down
to 11.2 X 107K~

Based on the Invar map shown in Fig. 8, it can be understood why
the non-equiatomic Feg3Ni3pCos is an Invar alloy while the equiatomic
FeNiCo is not. They have similar values of M,, but the T. of the
equiatomic FeNiCo is much higher than that of the Feg3Niz»2Cos alloy
and therefore the material with equiatomic FeNiCo composition has a
much lower M value. As the two alloys have similar Ni content, the

difference in TEC values is related to the contents of Fe and Co. Also, it
is well-known that the magnetic moment of Ni is much smaller in
magnitude compared to that of Fe and Co, thus M; is here mainly in-
fluenced by the Fe and Co contents. On the other hand, the Curie
temperature is determined by the average exchange interaction in al-
loys [58]. According to the Bethe-Slater Curve [77], Co has the largest
average exchange interaction among the three elements, and therefore,
replacing Co with Fe will decrease the Curie temperature.

It is important to note that the parameter R proposed in the present
study shows a much better applicability for describing non-Invar alloys
with relatively high TEC compared to the parameter M. The parameter
M performs, however, much better as a predictor for the majority of the
known Invar alloys in contrast to the parameter R. Overall, both
parameters M and R are closely related to the TECs of alloys and can be
used to characterize alloys with different TECs. In addition, one should
note the limitation of both parameters M and R. This is due to that not
only k and A constants in equations (2) and (3) but also other intrinsic
material properties such as phase structures may affect the TEC of al-
loys, especially when the difference of TECs changing from one alloy to
another is small.

Our simulations revealed that many important parameters for as-
sessing the Invar performance can be derived from ab initio calculations.
Among them are the saturation magnetization, the Curie temperatures,
and the magnetostriction. In the present work the saturation magneti-
zation for FeCoNi is in excellent agreement with the experimental data.
For Feg3NiszpCos the saturation magnetization has been slightly over-
estimated. This could be related to potential antiferromagnetic config-
urations discussed in Ref. [57] which are, however, not considered in
the present calculations. Explicit supercell calculations would be re-
quired to further elaborate on this issue and we leave this for future
investigations. The mean field predicted Curie temperatures in the
present work are also in fair agreement with the experimental data. The
derived spontaneous volume magnetostriction w;, one of the key
parameters in evaluating the Invar performance, correctly predicts a
limited Invar behavior of FeCoNi as compared to Feg3Niz»Cos. Based on
our findings we can thus conclude that both parameters M and R can be
derived from ab initio simulations for exploring compositions where
required experimental data is lacking.
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5. Conclusions

In this work, the microstructure, magnetic properties and thermal
expansion behavior of equiatomic FeNiCo and non-equiatomic
Fee3NizpCos alloys are studied. Combining Masumoto's model and
Wohlfarth's itinerant electron theory, we discussed the relationships
among magnetic properties, spontaneous volume magnetostriction and
Invar effect in FeCoNi-base MEAs. A comprehensive Invar map was
constructed and parameters M and R were proposed to predict the TECs
of metallic alloys. The main conclusions are:

(1) Both, non-equiatomic Feg3Niz»Cos and equiatomic FeNiCo MEAs
show single FCC structure with fully recrystallized grains and uni-
formly distributed elements in the homogenized state.

(2) Both alloys show typical features of soft magnetic materials with
high saturation magnetization and low coercivity. The equiatomic
FeNiCo alloy has a higher Curie temperature and room temperature
saturation magnetization as compared to the non-equiatomic
Feg3NizoCos alloy. The equiatomic FeNiCo alloy follows the Slater-
Pauling curve while the non-equiatomic Feg3Ni3»Cos alloy deviates
from it.

(3) Large values of spontaneous volume magnetization are observed in
both alloys. The equiatomic FeNiCo alloy exhibits a peak-type Invar
effect with low TECs over a narrow temperature range and the non-
equiatomic Feg3Niz>Cos alloy shows a step-type Invar effect with
much lower TEC over a wide temperature range below the Curie
temperature. When the alloys are heated above the Curie tem-
perature, i.e., into the paramagnetic state, they have almost the
same TEC.

The relationship between spontaneous volume magnetization and

saturation magnetization of the equiatomic FeNiCo and non-

equiatomic Feg3NizpCos alloys follows different rules. The former
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fits to the Slater-Pauling curve and shows a quadratic relationship
according to Wohlfarth's theory whereas Feg3Ni3>Cos deviates from
the Slater-Pauling curve and follows a linear relationship in accord
with Masumoto's rule.

(5) Based on Masumoto's model combined with Wohlfarth's theory, we
propose to use the parameters M (M,/T,) and R (M2/T,) to predict
TECs of metallic alloys. M and R are applicable for Invar alloys with
low TECs as well as non-Invar alloys with relatively high TECs.

(6) A treasure map is constructed for Invar alloys compared to other
non-Invar alloys. Disordered solid solution and amorphous Invar
alloys have M values larger than 0.42 and 0.6, respectively. Most
non-Invar alloys with TEC larger than 12 X 10 K ~' show R va-
lues smaller than 35.6. Replacing Co with Fe in equiatomic FeNiCo
alloy will increase the M value, leading to much lower TEC in non-
equiatomic Feg3Niz»Cos alloy.

(7) Based on our discussion, larger M or R values and thus TECs can be
achieved by sufficiently low T, and high ws values. By combining
available experimental data with computational predictions, the
Invar map can be used to discover new Invar HEAs/MEAs in an
efficient and theory-guided way.
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Appendix

Table 2

Magnetic properties and thermal expansion coefficient (TEC) of alloys shown in Fig. 8 a indicates the TEC in the vicinity of room temperature. M is the ratio of
saturation magnetization M; and Curie temperature T,. Fe,,Ptys! and Fe,,Pt,s? indicates ordered and disordered Fe,,Ptog, respectively.

Alloy (at. %) T, M M R a(x1079 Reference
Fe 770 218 0.28 61.7 11.2 [41,78,79]
FegoNizo 760 215 0.28 60.8 10.8 [41,78,79]
FegoNizg 720 207 0.29 59.5 11.1 [41,78,79]
Fe,oNisg 130 36,5 0.28 10.2 12.1 [41,78,79]
FegsNis3 210 70 0.33 23.3 3.5 [41,78,79]
FegsNisg 258 109 0.42 46.1 1.3 [41,78,79]
FegoNigo 360 125 0.35 43.4 4.1 [41,78,79]
FesoNiso 505 125 0.25 30.9 9.7 [41,78,79]
Fe4oNigo 605 118 0.20 23.0 11.3 [41,78,79]
Fe3oNizg 610 103 0.17 17.4 12.2 [41,78,79]
FeyoNigo 560 85 0.15 12.9 12.8 [41,78,79]
Ni 354 49 0.14 6.8 12.89 [41,78,79]
NigoCo10 505 66 0.13 8.6 13.1 [41,78,79]
NigoCo20 605 75 0.12 9.3 12.8 [41,78,79]
NiyoCozp 690 89 0.13 11.5 12.8 [41,78,79]
NigoCo4o 790 101 0.13 12.9 12.6 [41,78,79]
NisoCoso 860 112 0.13 14.6 12.7 [41,78,79]
NigoCoso 940 122 0.13 15.8 12.4 [41,78,79]
NisoCoyo 990 132 0.13 17.6 12.1 [41,78,79]
NiyoCogo 1030 141 0.14 19.3 12.8 [41,78,79]
Ni;Cogo 1090 149 0.14 20.4 12.6 [41,78,79]
Co 1127 160 0.14 22.7 12.2 [41,78,79]
CogoFe1g 1027 173 0.17 29.1 11.7 [41,78,79]
Cog Ferq 947 189 0.20 37.7 11.8 [41,78,79]
CogoFes; 857 209 0.24 51.0 10 [41,78,79]

(continued on next page)
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Table 2 (continued)
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Alloy (at. %) T, M, M R a(x107% Reference
CosoFeq; 946 219 0.23 50.7 9.6 [41,78,79]
CouoFes; 964 229 0.24 54.4 9.3 [41,78,79]
CogoFeso 964 235 0.24 57.3 9.6 [41,78,79]
CozoFero 964 235 0.24 57.3 9.7 [41,78,79]
CozoFego 946 229 0.24 55.4 10.1 [41,78,79]
CosoFego 857 225 0.26 59.1 11.2 [41,78,79]
FeyoPtog(ordered) 227 123 0.54 66.6 <0 [80]
Fe,,Ptyg(disordered) 87 123 1.41 173.9 <0 [80]1
Fe3,Cos55Cr11 117 102 0.87 88.9 0 [81,82]

Fe33 4C033.3Nis3 3 720 160 0.22 35.6 12 Current work

Feg3NizoCos 260 145 0.56 80.9 0 Current work

Fe,oPd30 273 157 0.58 90.3 0 [34]

Feg1Bo 250 206 0.82 169.7 <0 [25]

FegsBis 300 213 0.71 151.2 <0 [25]

Feg3By7 320 210 0.66 137.8 =0 [25]

Fe;9Bo; 410 206 0.50 103.5 >2 [25]

GdgoCo40 170 190 1.12 212.4 =0 [30]

GdssCo4s 190 170 0.89 152.1 =0 [30]

GdsoCoso 230 160 0.70 111.3 =0 [30]1

(Zro.oNbg 1)Fe; 237 84 0.35 29.8 <0 [35]

(Zro.gNby 2)Fe; 177 86 0.49 41.8 <0 [35]

(Zro.7Nbg 3)Fe; 117 92 0.79 72.3 <0 [35]

LaFe 4B 257 130 0.51 65.8 <0 [26]

CeyFeq 4B 152 105 0.69 72.5 <0 [26]

Er,Fe 4B 277 96 0.35 33.3 <0 [26]

SmyFe; 4B 343 120 0.35 42.0 <0 [26]

GdyFe 4B 377 77 0.20 15.7 <0 [26]

Ferritic stainless steel (10.7-27 at.% Cr) 660-650 185-130 0.2-0.28 26-57 9.3-12 [59,83,84]

Ductile medium-silicon cast iron (4.5 at. % Si) 750-760 185-195 0.25-0.26 45.6-50 11.0-14 [59,83,84]

Mild steel 770 212 0.28 58.4 1012 [59,83,84]
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