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H I G H L I G H T S

• The suppressed expansion behaviors in some high entropy alloy are presented.
• Replacing Mn with Cr can lead to decrease in thermal expansion.
• Replacing Mn with Cr can lead to decrease in saturation magnetization.
• Replacing Mn with Cr can lead to decrease in Curie temperature.
• Higher configurational entropy results larger sum of magnetic entropy difference.
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A B S T R A C T

This work investigates the thermal expansion behaviors of Fe30Co30Ni30Cr10-xMnx High Entropy Alloys (HEAs) (x 
= 0, 5, 10 at.%) from 400 K to 1200 K. Interestingly, comparing to that of Cantor alloy, a decrease in Cr and Mn 
in Co–Cr–Fe–Mn–Ni system could significantly decrease the thermal expansion coefficient by 45.2%; Fe30Co30

Ni30Cr10-xMnx (x = 0, 5, 10) also showed an abrupt change in thermal expansion behaviors similar to that of 
Invar alloys. Experimental and theoretical analysis suggest the abrupt change in thermal expansion behaviors of 
these HEAs were associated with the transition from ferromagnetism to paramagnetism, and these alloys appear 
to exhibit the dimensional stability of the Invar effect. Since the Invar effect is related to ferromagnetic prop
erties, the amount of Cr and Mn in the HEAs would influence the suppression of thermal expansion due to 
different intensity of anti-ferromagnetic coupling effect. This research contributes to the understanding of the 
thermal expansion behaviors of Co–Cr–Fe–Mn–Ni high entropy alloys and the effects of antiferromagnetic 
elements.   

1. Introduction

Thermal expansion behaviors of metal alloys can be influenced by
non-equilibrium vacancy concentration, atomic bonding, and Invar ef
fects [1–5]. Among them, Invar effect was firstly reported in Invar 36 

alloy by Guillaume in 1897 [6]. Although the mechanism of the Invar 
effect remains controversial, the effect is known to relate to the ferro
magnetic property and the crystal structure of the alloy [2,7,8]. Low 
Coefficient of Thermal Expansion (CTE) alloys such as HRA929 (devel
oped by Hitachi Metals, Ltd.) [9], Incoloy 903, Incoloy 909 (developed 
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Special Metals Corporation) [10], and Thermo-Span alloy (developed by 
Carpenter Technology Corporation) [11] are important for engineering 
applications that require dimensional stability at temperatures around 
673 K, however, Cr content of these alloys are kept low due to its 
anti-ferromagnetic coupling effect which would adversely affect the low 
CTE behavior [2,7,9]; since Cr content is important for high temperature 
oxidation resistance, the temperatures of application of these alloys are 
limited by the low or zero Cr content [12,13]. Recently, the develop
ment of High Entropy Alloys (HEAs) presents a wide composition scope 
for achieving desired physical properties, such as a combination of 
strength and ductility, phase stability, and tunable ferromagnetic 
behavior [14–21]. To the best of the authors’ knowledge, there are 
limited literatures reporting the CTE behaviors of HEAs, examples are 
AlxCoCrFeNi (7.97–13.39 ppm/K, at 450 K) [22], AlCoCrFe (4–12 
ppm/K, from 300 to 400 K) [23], medium-entropy subsystems of the 
CrMnFeCoNi HEAs (7–23 ppm/K, from 100 to 700 K) [24] and FeCoNi 
medium entropy alloys (7–12 ppm/K, from 273 to 993 K) [25], these 
HEAs can exhibit suppressed CTE at elevated temperatures, however, 
the underlying mechanism remains unclear to-date. The well-known 
equiatomic CoCrFeMnNi Cantor alloy is paramagnetic in a single 
Face-centered Cubic (FCC) phase at room temperature due to the severe 
anti-ferromagnetic coupling effect from Mn and Cr [26,27]. Thus, in this 
work, Fe30Co30Ni30Cr10-xMnx high entropy alloys (x = 0, 5, 10 at.%) are 
investigated by systematically modified the ferromagnetic and 
anti-ferromagnetic elements. A mathematical model for CTE prediction 
of the materials under the influence of the Invar effect has also been 
established to demonstrate the mechanism of suppressed CTE behaviors 
in these HEAs systems. This research contributes to the understanding of 
the thermal expansion behaviors of Co–Cr–Fe–Mn–Ni HEAs and may 
provide a guideline to design future low CTE alloys for elevated tem
perature applications. 

2. Experimental methods

2.1. Materials

For material preparation, FeCoNi and Fe30Co30Ni30Cr10-xMnx (x = 0, 
5, 10) were prepared by arc-melting pure elements with purity higher 
than 99.9% wt.% under a Ti-gettered and high purity argon atmosphere 
on a water-cooled copper mold. The alloys were re-melted five times and 
flipped each time to improve the chemical homogeneity and solution 
heat treatment at 1273 K for 20 h. The sample size after vacuum-arc 
melting was an oblate shape with a diameter around 35 mm and 50 g 
in weight. Since CTE of Invar alloys could be affected by heat treatments 
[7], all the samples were annealed under the same condition at 1123 K 
for 30 min, then quenched in water. The compositions of the samples 
were checked and confirmed by energy-dispersive X-ray spectroscopy 
(EDS, AZtec). ThermoCalc 2021 thermodynamic simulation software 
with TCHEA4 database was used to compute possible phase constituents 
in the alloys and phase identification was performed by X-ray diffrac
tometer analysis (D2 PHASER X-ray diffractometer, BRUKER) equipped 
with Cu (Kα radiation = 1.5406 Å) target. Microstructural analysis on 
the specimens was performed by JEOL JSM-7610F with BSE detectors. 

2.2. Thermal expansion analysis 

For experimental CTE measurement, the test samples were machined 
from the heat-treated ingots into cylinders with 6 mm in diameter, 10 
mm in height and ground the surface with #1200 sandpaper. Length 
change of samples was recorded from 400 K to 1200 K with 3 K per 
minute heating rate using thermal dilatometers (TMA 92 SETARAM) 
under high purity argon atmosphere to prevent the formation of the 
discontinuous and high CTE oxide layer, such as NiO and Fe2O3 
(CTE~14.9–17.1 ppm/K) [28]. CTE was then derived from the rate of 
length change divided by temperature difference. 

A mathematical model to predict CTE of the material under the in

fluence of the Invar effect is proposed to examine the anomalous CTE 
properties of HEAs. The CTE of material is assumed to consist of two 
parameters: theoretical thermal lattice expansion αT from the increasing 
level of thermal agitation and equilibrium vacancy concentration, and 
lattice contraction αshrinkage by the Invar effect [3]. αT, the CTE value 
without the influence of Invar effect, can be described by combining 
theories of Debye–Grüneisen relation [29] and Arrhenius equation of 
vacancy formation defined as Nv = exp( − ΔE /kBT) [29,30]. The equa
tions for calculating αT of the alloys are listed as below and the deduc
tion process is presented in Appendix I. 

αT = αL

(

1 − e
− T/θD

)(

1 − e
− Hf

/kBT

)

(1)  

αL = γCV/3VKT
(2)  

CV = 9NkB

(

T/θD

)3 ∫xD

0

x4ex/
(ex − 1)2 dx (3) 

Here, αL is the coefficient of linear thermal expansion from lattice 
vibration, kB is Boltzmann constant, KT is the isothermal bulk modulus, 
CV is the molar heat capacities at constant volume, V is molar volume, γis 
Grüneisen constant, θD is the Debye temperature, x equals to θD/Tand N
is the number of atoms per molar volume. 

For calculation of lattice shrinkage αshrinkage from Invar effect, a 
mathematical model has been established based on the Langevin theory 
of paramagnetism. The theory was developed by Langevin [31] and 
extended by Weiss [32] to include ferromagnetism and extrapolated in 
this research to model temperature-dependent magneto-crystalline 
anisotropy rotating behavior which describes the spontaneous volume 
magnetostriction of Invar alloys [2,33,34]. This model is used to derive 
the CTE value under the influence of the Invar effect αInvar effect by sub
tracting shrinkage behavior αshrinkage from the Invar effect with αT. The 
relation between αInvar effect and αshrinkage is listed below and step-by-step 
deductions for αshrinkage and αInvar effect are presented in Appendix II. 

αInvar effect = αT − αshrinkage (4)  

αshrinkage =Δl/ΔT = AΔE/T⋅ΔT (5) 

Here, E is elastic modulus and A is a constant based on the magne
tocrystalline anisotropy properties of the material with the Invar effect 
and can be derived by experimental CTE data. 

2.3. Magnetic properties analysis 

In order to determine the underlying mechanism of possible sup
pressed thermal expansion behavior of FeCoNi and Fe30Co30Ni30Cr10- 

xMnx, the magnetic properties were characterized by a Vibrating Sample 
Magnetometer (VSM 7410/J, LAKE SHORE) since the Invar effect is 
related to the ferromagnetism of the material [1,2,35,36]. Magnetic 
hysteresis loop (M − H), magnetic saturation magnetization (Ms), and 
coercive field (Hc) were measured with the VSM under magnetic field 
ranging from − 5000 Oe to 5000 Oe. The magnetic moment as a function 
of temperature (M-T) was acquired by a High-temperature VSM 
(HTVSM). The samples were heated up from room temperature to 1150 
K with an applied field of 3000 Oe under high purity argon atmosphere. 
Tc was determined by the maximum curvature method which Tc is the 
temperature where |dM /dT| exhibits maximum value [37]. The mag
netic entropy difference ΔSm can be calculated from the M-T curves 

using Maxwell relation ΔSm = μ0
∫H

0

(

∂M/∂T

)

H
dH [38] and we integrated 

the total amount of ΔSm ±50 K from Tc for the comparison effect of 
varying Mn and Cr. 
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3. Results and analysis

3.1. Phase analysis

Results of the XRD patterns are present in Fig. 1. The XRD analysis 
indicates that, after heat treatment, FeCoNi and Fe30Co30Ni30Cr10-xMnx 
(x = 0, 5, 10) alloys are mainly FCC phase structure which is the typical 
phase for low CTE Invar alloys [2]. The peak intensity of the XRD pattern 
varies due to grain texture difference from sampling, and texture would 
have minimal influence on CTE since the thermal expansion behavior of 
all the samples is isotropic. Table 1 lists the lattice parameters of FeCoNi 
and Fe30Co30Ni30Cr10-xMnx derived from XRD peaks at room tempera
ture. Fe30Co30Ni30Mn10 exhibits the highest lattice parameter while 
Fe30Co30Ni30Cr10 shows the lowest among Fe30Co30Ni30Cr10-xMnx. The 
higher lattice parameter of Fe30Co30Ni30Mn10 indicates the more posi
tive exchange energy of transition metals and is expected to have more 
intense ferromagnetism based on the Bethe-Slater curve [39,40]. 
Furthermore, FeCoNi and Fe30Co30Ni30Cr10-xMnx exhibit distinctively 
lower lattice parameters in contrast to the extremely low CTE Invar 36 
alloy (FCC) and anti-ferromagnetic state Fe65Mn35 Invar alloy (FCC). 
This phenomenon may imply that atomic spacing may relate to the in
tensity of the Invar effect in FCC phase 3d transition metal alloys. Fig. 2 
presents the SEM images (BEI) of FeCoNi and Fe30Co30Ni30Cr10-xMnx 
alloys indicating the single FCC phase structure in all samples. 

3.2. Coefficient of thermal expansion (CTE) 

Fig. 3 presents the temperature dependence dL/L and CTE curve of 
FeCoNi, Fe30Co30Ni30Cr10-xMnx and their average CTE in different 
temperature ranges are given in Table 2. CTE values up to 900 K of 
FeCoNi and Fe30Co30Ni30Cr10-xMnx are 9.6–12.4 ppm/K comparing to 
that of CTE value of Cantor alloy (17–23 ppm/K, from 450 to 900 K) 
done by G. Laplanche et al. [43]. At a specific temperature region where 
second-order phase transition occurs, CTE of all the alloys raises 

Fig. 1. X-ray diffraction profile (CuKα) for FeCoNi and Fe30Co30Ni30Cr10-xMnx.  

Table 1 
Average lattice parameter of FCC FeCoNi and Fe30Co30Ni30Cr10-xMnx.   

Lattice parameter (298 K) 

FeCoNi 3.5553 ± 0.0114 Å 
Fe30Co30Ni30Cr10 3.5508 ± 0.0119 Å 
Fe30Co30Ni30Mn10 3.5640 ± 0.0093 Å 
Fe30Co30Ni30Cr5Mn5 3.5572 ± 0.0087 Å 
Invar 36 (FCC, ferromagnetic state) 3.592 Å [41] 
Fe65Mn35 (FCC, anti-ferromagnetic state) 3.613 Å [42]  

Fig. 2. SEM (BEI) images of (a) FeCoNi, (b) Fe30Co30Ni30Cr10, (c) Fe30Co30Ni30Mn10, and (d) Fe30Co30Ni30Cr5Mn5.  
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significantly, and replacing Cr with Mn would increase the CTE transi
tion temperature. At elevated temperatures, an increased level of equi
librium vacancy concentration would cause a slight CTE increase [3]. To 
confirm the mechanism of suppressed expansion behavior of the HEAs, 
magnetic properties are further examined. 

3.3. Magnetic hysteresis loop (M − H) and temperature dependent 
magnetization curve (M-T) 

The magnetic hysteresis loops were determined by VSM at room 
temperature. Fig. 4 shows the M − H curves of FeCoNi and Fe30Co30

Ni30Cr10-xMnx. FeCoNi has the highest Ms 163 emu/g among four 
samples at room temperature. Comparing with the Cantor alloy which is 

paramagnetic due to severe anti-ferromagnetic coupling effect from Mn 
and Cr [26], ferromagnetism of Fe30Co30Ni30Cr10-xMnx is pronounced. 
Hc values of all samples are between 16 and 22 Oe indicating the soft 
ferromagnet property. 

The temperature dependent magnetization curves were accurately 
determined by HTVSM under 3000 Oe applied field to measure Tc. Fig. 5 
demonstrates the M-T curves of FeCoNi and Fe30Co30Ni30Cr10-xMnx. Tc 
of FeCoNi, Fe30Co30Ni30Cr10, Fe30Co30Ni30Cr10 and Fe30Co30

Ni30Cr5Mn5 is 1000 K, 651 K, 741 K and 696 K respectively. FeCoNi has 
the highest Tc due to the high intrinsic Tc value of the Co and the 
addition of Cr and Mn reduces Tc. For Fe30Co30Ni30Cr10-xMnx, replacing 
Cr with Mn raises Tc from 651 K to 741 K. The Tc difference between 
FeCoNi and Fe30Co30Ni30Cr10-xMnx suggests the content of Cr or Mn 
within 10 at.% reduce Tc and Ms while still maintains the overall 
ferromagnetism at elevated temperature. 

3.4. Calculation of αT and αInvar effect 

To further clarify the underlying mechanism of the suppressed CTE 
behavior, we calculated the CTE value with and without the Invar effect. 
In Table 3, we listed the parameters used to calculate αT of FeCoNi and 
Fe30Co30Ni30Cr10-xMnx from the Grüneisen relation and Debye model 
without the influence of the Invar effect. 

For bulk modulus KT, prior researches [33,45] generally treated the 
bulk modulus as a constant in the calculation of the Grüneisen relation. 
However, the bulk modulus of Invar alloys anomalously varies with 
temperature due to the Invar effect [46,47]. To eliminate the influence 
of Invar effect, paramagnetic state values of FeCoNi and Fe30Co30

Ni30Cr10-xMnx have been adopted in this work. 
For γ and θD, we referenced the work by White [48] to set a standard 

θD for Invar alloys. Since lack of attainable data, γ and θD were deter
mined by substituting the high temperature region of experimental CTE 
data to αL = γCV/3VKT (See (2) in 2.2). We notice that the alloying effect 
on θD is related to bulk modulus. The composition with higher bulk 

Fig. 3. Thermal expansion properties of FeCoNi and Fe30Co30Ni30Cr10-xMnx. 
(a) Linear thermal expansion dL/L. (b) Temperature dependence differential
CTE curves.

Table 2 
Average CTE values of FeCoNi and Fe30Co30Ni30Cr10-xMnx.  

CTE (10− 6/K) Temperature (K) 

420–470 620–670 670–720 720–770 965–1015 1100–1150 

FeCoNi 11.08 10.71 11.00 11.09 12.75 17.08 
Fe30Co30Ni30Cr10 9.59 10.96 14.43 15.77 18.40 19.34 
Fe30Co30Ni30Mn10 11.86 12.10 13.12 14.03 18.94 20.24 
Fe30Co30Ni30Cr5Mn5 11.31 11.63 13.17 15.43 18.63 20.34  

Fig. 4. Magnetic hysteresis loops of FeCoNi and Fe30Co30Ni30Cr10-xMnx from 
±5000 Oe applied magnetic field at room temperature. 
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modulus tends to exhibit larger θD [49] and we use this effect to examine 
the validity of the derived θD. For Hf value, each composition was 
calculated with atomic ratio multiplying by the value of pure element 
vacancy formation enthalpy [50]; the result is within error with respect 
to first-principles calculations [51–53]. By substituting all the parame
ters into the mathematical model, we calculated αT for all alloys in 
different temperature region. To examine the anomalous CTE behavior 
of FeCoNi and Fe30Co30Ni30Cr10-xMnx, αT and αInvar effect were derived 
around their Tc. In the mathematical model of αInvar effect , constant A and 
Young’s modulus E of each alloy were calculated from the experimental 
CTE results and the reported data [24,43,54]. Using αT and αInvar effect to 
plot the calculated CTE curves and experimental CTE data around Tc 
yields the dash line and dot-dash line in Fig. 6; the solid line is experi
mental data. 

3.5. Magnetic entropy difference 

ΔSm was measured to enlighten the correlation between the config
urational entropy and the magnetic entropy in the HEA system. Tem
perature dependent ΔSm curves of the FeCoNi and Fe30Co30Ni30Cr10- 

xMnx were measured with 3000 Oe field which is enough to fully 
magnetized the samples according to the M − H curve and were derived 

from M-T curves by using Maxwell relation: ΔSm = μ0
∫H

0

(

∂M/∂T

)

H
dH 

and their results are presented collectively in Fig. 7. To examine the 
effect of replacing Cr with Mn to magnetic entropy difference, we in
tegrated |ΔSm| curve ±50 K from the Tc and the results are presented in 
Table 4. The sum of |ΔSm| of FeCoNi is around 150% higher than 
Fe30Co30Ni30Cr10-xMnx due to the intense ferromagnetism. Among 
Fe30Co30Ni30Cr10-xMnx, the highest configurational entropy Fe30Co30

Ni30Cr5Mn5 also exhibits the highest total |ΔSm|. 

4. Discussion

Using the Fe64Ni36 Invar 36 alloy, a well-known single FCC phase
alloy with extremely low CTE, as the starting composition, CALPHAD 
prediction (Fig. 8) indicates that the large FCC phase field can be 
extended to FeCoNi and Fe30Co30Ni30Cr10-xMnx HEAs and would un
dergo a magnetic second-order phase transition at elevated temperature; 
although FCC phase decomposition could occur according to the phase 
diagram, FCC phase was maintained in all alloys by fast quenching 
process in this work. The red dash line shows the predicted Tc by 
Thermo-Calc; Tc of Invar 36 would increase when Fe and Ni are 
substituted with Co and significantly decrease when Mn and Cr are 
enriched, this trend is consistent with the HTVSM results shown in 
Fig. 5, but the measured Tc value by experiments and the predicted Tc 
values do not match. This difference may be due to the fact that the Invar 
effect was not yet considered in the TCHEA4 database for Thermo-Calc 
prediction. 

The CTE behaviors of HEAs in Fig. 3 can be divided into three tem
perature regions: temperature below Tc (ferromagnetic), Tc transition 
region (ferromagnetic to paramagnetic), and temperature above Tc 
(paramagnetic). When the temperature is below Tc, the experimental 
CTE of FeCoNi and Fe30Co30Ni30Cr10-xMnx are all lower than αT 
demonstrating the dimensionally stable properties of the HEAs (See the 
dash line in Fig. 6). In contrast to that of equal molar Cantor alloy, CTE 
values of Fe30Co30Ni30Cr10-xMnx are significantly lowered by 45.2%. 
The range of difference between the experimental CTE values of FeCoNi 
and Fe30Co30Ni30Cr10-xMnx from 620 to 670 K and αT is 14.8–29.5% 
(FeCoNi = 29.5%, Fe30Co30Ni30Cr10 = 26.7%, Fe30Co30Ni30Cr5Mn5 =

23.8%, Fe30Co30Ni30Mn10 = 14.8%), and the discrepancy arises from 
different level of Invar effects in each alloy system. In Table 2, average 
CTE values of Fe30Co30Ni30Cr10-xMnx between 420 and 470 K are 
9.59–11.86 ppm/K which only exhibit a slight difference in contrast to 
the CTE value of FeCoNi (11.08 ppm/K), indicating that the addition of 
anti-ferromagnetic elements does not significantly raise the CTE below 
Tc. The trend is very different from the commercial Invar alloys which 
their CTE would be greatly increased with the addition of anti- 
ferromagnetic elements [2,34]. This phenomenon may cause by the 
valence electron concentration (e/a) of the Fe30Co30Ni30Cr10-xMnx. For 
ferromagnetic/anti-ferromagnetic state Invar alloy systems including 
Fe–Ni, Fe–Mn, Fe–Pt, Mn–Co, Fe–Ni–Mn, Fe–Ni–Cr, Fe–Cr–Mn, and 
Fe–Ni–Co alloys, there exists two minima CTE (at 298 K) value in 
ferromagnetic range e/a = 8.5–8.7 and the antiferromagnetic range 
around e/a = 7.6 [55–57]; CTE exhibits maxima value when e/a = 8.3 
(in the spin-glass range) where the CTE of the Invar alloys is larger than 
pure copper [2]. For FeCoNi, Fe30Co30Ni30Cr10-xMnx and CoCrFeMnNi 
Cantor alloy, the e/a values are 9.0, 8.7–8.9 and 8.0 respectively. This 
study found that the CTE results of HEA systems also align with the e/a 
tendency of Invar alloy systems as the CTE of the Cantor alloy (17–22 
ppm/K, e/a = 8.0) is significantly higher than the CTE of FeCoNi and 
Fe30Co30Ni30Cr10-xMnx (9.5–11.6 ppm/K, e/a = 8.7–9.0). Thus, if we 
decrease Cr and Mn from Cantor alloy to FeCoNi, the CTE value of the 
HEA is expected to slightly increase (until e/a = 8.3, max. CTE) followed 
by a distinctive decrease in CTE (until e/a = 8.5–8.7, min. CTE) and 
finally increases again. The experimental CTE of Fe30Co30Ni30Cr10 ex
hibits the lowest value among FeCoNi and Fe30Co30Ni30Cr10-xMnx alloys 
before Tc as the e/a value of Fe30Co30Ni30Cr10 equals 8.7 which in
dicates the most intense Invar effect in contrast to other HEAs. 
Fe30Co30Ni30Mn10 shows a similar CTE value to FeCoNi; however, the 
e/a value of Fe30Co30Ni30Mn10 is closer to 8.7 than FeCoNi. This phe
nomenon implies that despite the Fe30Co30Ni30Mn10 exhibits more 
intense Invar effect than FeCoNi (e/a difference is 0.1), the intrinsic CTE 
value of each element will still take part in the determination of CTE of 
the HEA as pure Mn exhibits a much higher CTE value (~21.7 ppm/K) 
than Fe, Co, and Ni (~13 ppm/K). Thus, this research confirms that the 
tendency of low CTE e/a value for Invar alloy systems can be applied to 
HEA systems while the intrinsic CTE value of each component is also a 

Fig. 5. Temperature dependent magnetization curves of FeCoNi and 
Fe30Co30Ni30Cr10-xMnx in 3000 Oe applied magnetic field. 

Table 3 
Calculation parameters of αT on FeCoNi and Fe30Co30Ni30Cr10-xMnx.   

KT (N/m2) V (cm3)  γ θD (K)  Hf (ev)  

FeCoNi 1.742 × 1011 [44]  6.88 1.63 368 1.53 

Fe30Co30Ni30Cr5Mn5 1.74 × 1011 [44]  6.82 2.19 400 1.56 

Fe30Co30Ni30Cr10 1.87 × 1011 [44]  6.80 2.85 415 1.59 

Fe30Co30Ni30Mn10 1.47 × 1011 [44]  6.84 2.45 380 1.53  

C.-L. Lin et al. Materials Chemistry and Physics xxx (xxxx) xxx
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crucial factor. 
In the Tc transition region, the thermal agitation significantly affects 

the magnetic coupling and triggers the ferromagnetism to para
magnetism transition causing experimental CTE to deviate from 

αInvar effect and αT (See Fig. 6). In the HEA system, it is noted that the 
addition of Cr and Mn would considerably reduce the Tc transition re
gion. For FeCoNi composing only ferromagnetic elements, the transition 
region is around 180 K; for Fe30Co30Ni30Cr10-xMnx HEAs, the Tc tran
sition region is between 60 and 100 K. 

When the temperature is above Tc, suppressed CTE phenomenon 
gradually fades as the alloy becomes paramagnetic, and CTE increase 
can be observed due to the elevating vacancy numbers. In Fig. 3, the CTE 
values of Fe30Co30Ni30Cr10-xMnx above 1150 K are between 19 and 20 
ppm/K while CTE of FeCoNi is around 18 ppm/K. This CTE difference 
between FeCoNi and Fe30Co30Ni30Cr10-xMnx is likely originated from the 
different equilibrium vacancy concentration at the elevated temperature 
where no Invar effect exists. As the number of vacancies is the main 
contribution of the CTE increase at high temperatures, Fe30Co30

Ni30Cr10-xMnx would possibly exhibit lower vacancy activation energy 
than that of FeCoNi due to its higher CTE value. This phenomenon lines 
up with the study in which the vacancy activation energy of equal molar 
CoCrFeMnNi (2.78 ± 0.08eV) is lower than most of its composed pure 
elements Fe, Co, Ni, and Cr (2.95 eV–3.2 eV) [58]. The CTE transition 
temperature for the alloys in this work overlaps with Tc value from 
HTVSM results. As experimental CTE values are significantly lower than 
αT calculation and the CTE transition temperature overlaps with Tc, it 
can be deduced that the Invar effect does exist in Fe30Co30Ni30Cr10-xMnx 
HEAs with high Cr contents and causes the suppressed CTE behavior. 

The M-T curve (Fig. 5) shows that, around Tc, FeCoNi exhibits a 
distinct decrease of ferromagnetism with increasing temperature, while 
ferromagnetism of Fe30Co30Ni30Cr10-xMnx drops slowly with elevating 

Fig. 6. Experimental and calculated temperature dependent CTE curves from the mathematical model around Tc. The dash line is αT , the calculated CTE value 
without Invar effect; dot-dash line is αInvar effect , the calculated CTE under the influence of Invar effect, and the solid line is experimental data. (a) FeCoNi (b) 
Fe30Co30Ni30Cr10 (c) Fe30Co30Ni30Mn10 (d) Fe30Co30Ni30Cr5Mn5. 

Fig. 7. Temperature dependent magnetic entropy change ΔSm of FeCoNi and 
Fe30Co30Ni30Cr10-xMnx with 3000 Oe magnetic field. 
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temperature. This phenomenon is likely caused by the spin glass prop
erties of Cantor alloy [26] from the mixing of ferromagnetic and 
anti-ferromagnetic elements. Addition of total 10 at.% Cr and Mn to 
FeCoNi can decrease Ms from 163 emu/g to between 96 and 113 emu/g 
and also drop the Tc from 1000 K to 651 K. Replacing Cr with Mn in
creases Ms and Tc, indicating that Cr can provide a more intense 
anti-ferromagnetic coupling effect than that of Mn in the Fe30Co30

Ni30Cr10-xMnx system. It should be noted that the ferromagnetic state 
aligns with the αInvar Effectand the paramagnetic state matches the αTsince 
the suppressed CTE Invar effect exists only when the material is ferro
magnetic [1,2,35,36]. We can thus derive the intrinsic transition of 
ferromagnetism to paramagnetism by the experimental CTE data around 
Tc without an applied magnetic field. The relation can be written as 
below, where αmeasuredis the measured CTE value around Tc and X is the 
amount of ferromagnetism. 

αmeasured =XαInvar Effect + (1 − X)αT (6) 

Previous studies report that measuring Tc with the applied magnetic 
field may cause deviation due to the susceptibility difference from 
spontaneous magnetization, rotation of anisotropy, domain wall motion, 
and superparamagnetism if field intensity is not selected properly [37, 
59,60]. This procedure may pioneer a new method to obtain ferro
magnetic properties by using the temperature dependent CTE curve and 
offers a new approach for future researches on the intrinsic properties of 
magnetic materials. 

In Fig. 7, the maximum ΔSm of Fe30Co30Ni30Cr10-xMnx under 3000 Oe 
applied field (− 1.85 to − 2.24 JKg− 1K− 1, with decreasing x) are 6 times 
higher than the reference cold-rolled FeCoCrNi HEAs (− 0.35 JKg− 1K− 1) 
in 20,000 Oe applied field [61]. For the sum of the ΔSm ±50 K from Tc, it 
is particularly noted that the highest configurational entropy sample 
Fe30Co30Ni30Cr5Mn5 exhibits the highest magnetic entropy difference in 
Fe30Co30Ni30Cr10-xMnx. The origin of this phenomenon is likely associ
ated with the effect of Tc and Ms of the HEAs. Tc determines the tem
perature range for deducting magnetic entropy difference. At high 
temperature, severe thermal agitation could interact with the 
spin-coupling in the ferromagnetic state, resulting in the decrease of the 

magnetic ordering. Ms can determine the level of magnetic ordering 
[38] and the high level of Ms contributes to a large entropy difference
between the magnetic order state and thermally disorder state. The large
difference between the sum of |ΔSm| FeCoNi (264.23 JKg-1, Ms equals
158 emu/g at 400 K) and Fe30Co30Ni30Cr10 (173.18 JKg-1, Ms equals 89
emu/g at 400 K) confirms this effect. Thus, for Fe30Co30Ni30Cr10-xMnx 
HEAs, Cr addition could decrease Tc, leading to the rise of the magnetic
entropy change, while Cr could also reduce Ms of the alloy and decrease
the magnetic entropy difference. Hence, the counteracting effect of Tc
and Ms of Cr addition results in the highest configurational entropy alloy
to possess the highest ΔSm.

To the best of the authors’ knowledge, this work is the first to report 
the Invar effect of suppressed CTE phenomena in HEAs. By modifying 
the antiferromagnetic elements of Cantor alloy within 10 at.%, both the 
ferromagnetism and Tc are significantly enhanced, and the effect can 
lead to the emergence of the suppressed CTE behavior due to the Invar 
effect. The experimental results confirm that the Invar effect can exist in 
the HEA system and the addition of anti-ferromagnetic elements does 
not significantly influence the CTE behavior before reaching Tc. This 
discovery offers a new strategy to develop high temperature, high 
dimensionally stable alloys, with an aim to raise the Cr ratio in order to 
avoid a possible debit of losing oxidation resistance at elevated 
temperatures. 

5. Conclusion

This work demonstrates that decrease in thermal expansion can be
caused by limiting the amount of Cr and Mn in the Co–Cr–Fe–Mn–Ni 
HEA system, and has confirmed the Invar effect to be the underlying 
mechanism, which is related to ferromagnetic properties of Fe30Co30

Ni30Cr10-xMnx. Key findings are listed as follows.  

1. An abrupt change of thermal expansion behavior related to the
transition from ferromagnetism to paramagnetism could be observed
in Fe30Co30Ni30Cr10-xMnx HEAs. Replacing Mn with Cr leads to a
decrease in both CTE value and CTE transition temperature due to
the decrease of e/a value.

2. As demonstrated by experiments and theoretical thermal expansion
calculation, we confirmed the suppressed CTE behavior of
Fe30Co30Ni30Cr10-xMnx is originated from the Invar effect even with
the high concentration of antiferromagnetic elements present in the
system.

3. Addition of total 10 at.% Cr and Mn to FeCoNi can decrease Ms from
163 emu/g to between 96 and 113 emu/g and also drop the Tc from
1000 K to between 651 K and 741 K. Replacing Cr with Mn increases
the Ms and Tc, indicating that Cr has a more intense anti- 
ferromagnetic coupling effect than that of Mn in the Fe30Co30

Ni30Cr10-xMnx HEA system.
4. For Fe30Co30Ni30Cr10-xMnx, the maximum ΔSm with 3000 Oe applied

field is between − 1.85 and − 2.24 JKg− 1K− 1 and it is significantly
higher than other similar HEA systems. The ΔSmvalue becomes more
negative when the x value decreases. The highest configurational
entropy alloy, Fe30Co30Ni30Cr5Mn5, also exhibits the largest sum of
ΔSm.

5. This work provides an understanding of the suppressed CTE phe
nomena in HEAs and offers a possibility for the development of high
temperature high dimensionally stable materials in the future.

Table 4 
Sum of |ΔSm| ±50 K from the Tc of FeCoNi and Fe30Co30Ni30Cr10-xMnx.  

JKg− 1 FeCoNi Fe30Co30Ni30Mn10 Fe30Co30Ni30Cr5Mn5 Fe30Co30Ni30Cr10 

|ΔSm| 264.239 158.681 179.189 173.185 
(±50 K from Tc) (950–1050 K) (691–791 K) (649–749 K) (601–701 K)  

Fig. 8. Thermo-Calc simulation phase diagram and calculated Tc in single FCC 
phase on Fe64Ni36 (Invar 36), FeCoNi and Fe30Co30Ni30Cr10-xMnx. 
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Investigation, Supervision. Stéphane Gorsse: Formal analysis, Investi-
gation. An-Chou Yeh: Conceptualization, Methodology, Investigation, 
Writing – original draft, Writing – review & editing, Funding acquisition,
Project administration, Supervision.

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgement 

Authors would like to thank the financial and material supports from 
China Steel Corporation (Proposal No. RE105620). Chun-Lin Lin would 
like to thank NIMS for the provision of the international collaborative 
graduate program (ICGP) scholarship. This work is supported by NIMS 
under the International Cooperative Graduate Program, and Ministry of 
Science and Technology (MOST) in Taiwan under Grant MOST110- 
2221-E-007-020-MY3, MOST110-2224-E-007 -001, and MOST109- 
2634-F-007-024; the “High Entropy Materials Center” from The 
Featured Areas Research Center Program within the framework of the 
Higher Education Sprout Project by the Ministry of Education. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.matchemphys.2021.124907. 

References 

Materials Chemistry and Physics xxx (xxxx) xxx

https://doi.org/10.1016/j.matchemphys.2021.124907
https://doi.org/10.1016/j.matchemphys.2021.124907
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref1
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref1
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref2
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref2
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref3
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref3
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref3
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref4
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref4
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref5
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref5
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref6
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref6
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref7
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref7
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref8
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref8
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref9
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref9
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref10
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref10
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref11
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref11
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref13
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref13
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref13
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref14
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref14
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref14
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref15
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref15
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref15
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref16
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref16
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref16
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref16
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref17
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref17
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref17
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref17
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref18
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref18
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref18
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref19
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref19
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref19
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref20
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref20
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref20
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref21
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref21
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref21
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref22
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref22
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref22
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref23
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref23
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref23
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref24
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref24
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref24
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref24
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref25
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref25
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref25
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref26
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref26
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref26
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref27
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref27
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref27
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref28
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref28
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref28
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref29
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref29
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref30
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref31
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref32
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref32
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref33
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref33
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref34
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref34
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref35
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref35
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref36
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref36
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref37
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref37
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref38
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref38
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref38
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref39
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref39
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref40
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref41
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref41
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref41
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref41
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref42
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref42
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref42
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref43
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref43
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref43
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref43
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref44
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref44
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref45
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref46
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref46
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref47
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref47
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref48
http://refhub.elsevier.com/S0254-0584(21)00690-8/sref48


9
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