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Abstract

Temperature dependent thermophysical properties, including specific heat capacity, lattice
thermal expansion, thermal diffusivity and conductivity, have been systematically studied in Ni
and eight Ni-containing single-phase face-centered-cubic concentrated solid solution alloys, at
elevated temperatures up to 1273 K. The alloys have similar specific heat values of 0.4 - 0.5
J-.g'*K’! at room temperature, but their temperature dependence varies greatly due to Curie and
K-state transitions. The lattice, electronic, and magnetic contributions to the specific heat have
been separated based on first-principles methods in NiCo, NiFe, Ni-20Cr and NiCoFeCr. The
alloys have similar thermal expansion behavior, with the exception that NiFe and NiCoFe have
much lower thermal expansion coefficient in their ferromagnetic state due to magnetostriction
effects. Calculations based on the quasi-harmonic approximation accurately predict the
temperature dependent lattice parameter of NiCo and NiFe with less than 0.2% error, but
underestimated that of Ni-20Cr by 1%, compared to the values determined from neutron
diffraction. All the alloys containing Cr have very similar thermal conductivity, which is much
lower than that of Ni and the alloys without Cr, due to the large magnetic disorder.

Keywords: Solid solution alloy, Thermophysical properties, Neutron diffraction, Chemical

disorder



1. Introduction

Thermophysical properties, e.g. specific heat capacity, coefficient of thermal expansion
(CTE), and thermal conductivity, of transition metal alloys are of broad interest from both
practical and scientific perspectives. For example, thermal expansion is an important concern in
engineering applications of alloys, since the thermal stress and strain induced from temperature
variations can greatly impact their high-temperature processing, a particularly critical factor
when the alloys are used as part of composite material [1]. The Invar behavior observed in
Ni-65Fe and other Ni-Fe-based alloys has long made understanding thermal expansion in these
alloys an important scientific challenge [2]. The temperature dependent specific heat is not only
a factor in determining thermal conductivity, but also an indicator of phase transitions such as
magnetic phase and other order/disorder transitions [3-5]. Control of thermal conductivity is
required in many practical applications, and both low (e.g. as thermal barriers and thermoelectric
materials) and high (e.g. in cooling system, cladding tube in nuclear engineering, or other places
where thermal shock needs to be prevented) values could be required depending on the
application fields. Furthermore, thermal conductivity is a necessary parameter in theoretical
studies of defect evolution under irradiation or energy deposition process, especially in the

molecular dynamic simulations using a two-temperature model [6, 7].

The development of single-phase concentrated solid solution alloys (SP-CSA), including
high entropy alloys, in the past decade [8-11] has gained significant interest due to their
outstanding corrosion and wear resistance [12, 13], good weldability [14], exceptional
mechanical properties [15-17], potential enhancement in radiation tolerance [18], and unique
physical properties [19-22]. The large application potential of these alloys makes knowledge of
their thermophysical properties highly desirable. In contrast to traditional alloys, which usually
consist of one principal element and are typically multiphase, SP-CSA contain 2-5 (or even more)
principal alloying elements [23] while condensing as single-phase solid-solutions on simple
underlying lattices (e.g. single phase face-centered cubic, FCC). A significant feature of this

novel class of alloys is that they offer new opportunities for tailoring materials properties through
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control of chemical complexity — changes in the number, type and concentration of alloying
elements. Clearly, the notion of alloy design through control of chemical complexity not only
greatly expands on traditional concepts of alloy design through microstructure modification but
also raises challenges in understanding their intrinsic physical properties and opportunities of

tuning them.

Recent studies have demonstrated that controlling compositional complexity of the
Ni-containing FCC SP-CSAs can systematically tune their electrical and magnetic properties at
low temperatures over wide ranges [19]. For example, the magnetic moment of Cr has been
found anti-parallel to that of other elements when alloying with Ni, Co, and Fe, which generates
large magnetic disorder, causes strong scattering of electrons, and induces high (residual)
electrical resistivity in the complex alloys [19]. In some of the alloys in this family, e.g. NiCoCer,
unique quantum critical behavior has been observed, and its Curie temperature and transport
properties can be dramatically changed with varying Cr concentration [21]. Although certain
aspects of thermal properties have been measured by individual studies in various binary alloys
in the early days (relevant references will be discussed in Section 3) and in some high entropy
alloys, e.g. NiCoFeCrAl (note: usually not single-phase solid solution) and NiCoFeCrMn more
recently [24, 25], systematic studies on the thermophysical properties in SP-CSA with varying

compositional complexity at elevated temperature have been limited.

In the present study, a family of Ni-containing SP-CSAs from elemental Ni to quinary alloys,
including equiatomic NiCo, NiFe, NiCoFe, NiCoCr, NiCoFeCr, NiCoFeCrMn and NiCoFeCrPd,
and non-equiatomic Ni-20Cr (since equiatomic NiCr is not a single-phase FCC solid solution
[26]), were selected, and their thermophysical properties from 300 to 1273 K have been
systematically investigated. The temperature dependent lattice parameter, constant pressure
specific heat, and thermal diffusivity have been measured by neutron diffraction, differential
scanning calorimeter (DSC), and laser flash technique, respectively. Moreover, the CTE and
thermal conductivity of these alloys have then been derived and compared. First-principles

calculations have been performed to evaluate the lattice parameter and the lattice contribution to
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the specific heat in the three binary alloys along with NiCoFeCer.

2. Experiments and methods

2.1. Materials

Appropriate amounts of elemental (>99.9% pure) Ni, Co, Fe, Cr, Mn and Pd metals (from
Atlantic Equipment Engineers, NJ USA and Alfa Aesar, MA USA) were mixed by arc-melting.
Each arc-melted button was flipped and re-melted five times before drop-casting the melt into a
copper mold. The as-cast ingots were then homogenized at 1473 K for 24 h, followed by water
quenching. All the alloys have been experimentally determined to be single-phase solid solution
with FCC crystal structure and the experimental details can be found elsewhere [26, 27]. Briefly,
Fig. 1 shows the microstructure and X-ray diffraction results of the NiCoFeCrPd alloy as an
example. The backscattered electron image only exhibits uniform grain structures and no
secondary phase is observed. The Energy-dispersive X-ray spectroscopy (EDX) mapping further
shows uniform elemental distribution. The X-ray diffraction pattern shown in Fig. 1c reveals
only FCC peaks. These results confirm that the materials used in this study are single-phase solid
solution alloys. The samples were then cut into various shapes using electro-discharge machining
(EDM) to satisfy different characterization techniques.
2.2. Characterizations

The constant-pressure specific heats, C,, were measured from 300 to 1000 K (to 1200 K for
NiCoFe) using a Netzsch 404 C differential scanning calorimeter (DSC), following ASTM E
1269 using a sapphire standard. The samples were heated in a flowing argon atmosphere at a
constant heating rate of 10 K/min. The samples experienced a full heating-cooling cycle before
each measurement to rule out the exothermic reactions due to non-equilibrium cooling during the
quench process [4, 28]. For each sample, at least two measurements were performed and the heat
capacity error of 5% was estimated.

Cylindrical samples with nominal diameter of 12 mm and length of 20 mm were used for
in-situ neutron diffraction measurements, conducted on the VULCAN Engineering Materials

Diffractometer at the Spallation Neutron Source, Oak Ridge National Laboratory (SNS, ORNL)
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[29]. The samples were heated by copper induction coils at a constant rate of 15 K/min, from 300
to 1273 K, and the average lattice parameter and its changes upon heating were determined from
the single peak fit of (111), (200), (220), and (311) peaks.

Thermal diffusivity was measured using a laser flash technique following ASTM E1461,
using a Netzsch LFA 457 laser flash apparatus. Cylindrical sample disks with 12.7 mm in
diameter and ~3-6 mm in thickness were used for the measurements. Both flat surfaces of the
sample disks were spray coated with colloidal graphite to increase the emissivity of the surfaces.
Flowing argon was used as a purge gas to protect the samples from oxidation. The data were
collected every 50 K from room temperature to 473 K, and every 100 K up to 1273 K during
heating. A few temperature points were re-collected during cooling, which showed about the
same value as during heating.

2.3. Calculation details

First-principles calculations were performed using the projector augmented wave (PAW) method
[30] implemented in the Vienna ab-initio simulation package (VASP) [31, 32]. The generalized
gradient approximation (GGA) exchange-correlation functional in the formalism of PBE [33]
was employed.. The energy cutoff for the plane-wave expansion was set to 400 eV, and a
I'-centered Monkhorst-Pack k-point grid was used for the Brillouin zone integration. A 32-atom
special quasi-random structure (SQS) [34] was used to optimize the volume and all the atomic
positions of considered alloys. The relaxation was performed using 1*-order Methfessel-Paxton
method along with 6 x 6 % 6 k-point mesh, and the Hellmann-Feynman forces were converged to
0.005 eV/A.

Quasi-harmonic approximation (QHA) was employed for the thermal expansion, and the phonon
calculations were performed using the linear response method implemented in VASP. Depending
on the specific materials, the magnetism is incorporated differently. For NiFe and NiCo, the
ferromagnetic ground state was used throughout the relaxation and the phonon calculations,
ignoring the magnetostriction effects. On the contrary, Ni-20Cr has been proven to be

nonmagnetic experimentally [35], therefore, magnetism of this system was prohibited in our



calculations. To shed some light on the thermal behavior beyond the Curie temperature, several
random collinear spin configurations were generated based on the SQS cells to model the phonon
properties in the paramagnetic state. This is similar to the concept of the disorder local moment
(DLM) state [36], but without sophisticated statistical averaging. Those DLM-like states are also

applied to the NiFeCoCr alloys.

3. Results and discussions

3.1. Specific heat

The values of room temperature specific heat of all alloys tested are between 0.4 and 0.5
J-.g"*K’', as shown in Fig. 2a and 2b, while their temperature dependence varies significantly.
For Ni, NiFe and NiCoFe, sharp peaks are observed at 628, 780, and 995 K, respectively, which
are attributed to the magnetic contribution to the specific heat, with peak temperatures indicating
the Curie temperatures. The Curie temperature of NiCo is determined to be 1117 K by a separate
DSC measurement (not shown here). These Curie points, as well as the values of specific heat of

Ni and NiFe, agree well with the literatures [37-40].

For NiCoFeCrPd, a distinguishable but very small peak is observed at 374 K, as shown in the
inset of Fig. 2b, which agrees with the Curie temperature determined by magnetization
measurements [19]. This much smaller peak, compared to that in the alloys mentioned above,
indicates a smaller enthalpy of magnetic ordering in NiCoFeCrPd, which might be related to its
possible spin noncollinear ground state: the strong spin-orbit effects in Pd, along with the
exchange frustration in the alloy, facilitate the spin canting. The magnetic phase transition of the
other studied alloys containing Cr appears below 300 K [19], and thus no corresponding peaks

were observed in this study.

Other than the Curie transition, endothermic reactions, shown as an abrupt increase in specific
heat, were observed for all the alloys containing Cr, as well as for NiCoFe, within a transition
temperature window of 750-950 K. All these curves were reproduced at least twice, the C, —T

curves from the second heating-cooling cycles are identical to those from the first cycles, and the



possible oxidation issue is then excluded.

Similar transitions regarding specific heat in the same temperature window in the alloys
containing Ni and Cr have been reported, not only for the commercial alloys such as 617 [41],
600 [4], and Ni-Cr-Mo [42] systems, but also for the model alloys such as Ni-20Cr [41] and
Ni-Fe-Cr [43]. Other thermal anomalies in physical (e.g. electrical resistivity) and mechanical
properties (e.g. creep) in the Ni-Cr- containing alloys on the Ni-rich side have also been
commonly observed [44, 45]. These unique behaviors have been generally termed as “komplex-”
or K-state [46], the origin of which has been extensively studied over the decades experimentally
and theoretically but still not yet fully clarified. A few of these studies attributed the K-state
mainly to the development of long-range order, e.g. dispersed ordered Ni,Cr domains in a
random or disordered matrix [4, 44]. In contrast, many others believed that only short-range
order occurs in the alloys with Cr concentration below ~25 at% [45, 47]. Short-range order in
this family of alloys has been measured repeatedly using diffuse neutron [48, 49] and X-ray [50]

scattering and theoretically studied by first-principles calculations [51].

The formation of a long-range ordered Ni,Cr phase has been reported in Ni-Cr alloys after
long-term (hundreds to thousands of hours) annealing at temperatures below 500-600 °C [44, 52].
The evidence of such long-range ordering in neutron diffraction patterns is the appearance of
superlattice peaks [52], corresponding to a Mo,Pt-type orthorhombic crystal structure. In the
current study, however, the starting materials were water-quenched and the heating time during
measurements were limited to a few hours. Neutron diffraction patterns from these materials do
not show any sign of superlattice peaks. For example, Fig. 3 shows the representative neutron
diffraction patterns of Ni-20Cr and NiCoFeCrMn alloys that only exhibit FCC peaks, indicating
no detectable long-range ordered Ni,Cr phase. In addition, with repeated measurements on each
sample, the heat absorption in the transitions remained the same between each test cycle.
Furthermore, a single crystalline Ni-20Cr sample grown using the floating-zone directional
solidification method was also tested for comparison, and exhibited about the same C, —T curve

as the quenched polycrystalline samples. Therefore, the transitions in our specific heat
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measurements are believed to be attributed to the short-range order/disorder transitions, while the
detailed mechanism requires further investigations [41]. It needs to be emphasized that all the
alloys containing Cr selected in this study exhibit a similar transition, from binary to quinary
with Cr concentration from 20 to 33 at%, which implies that all Cr-contained alloys might
exhibit short-range order. Interestingly, for the alloys without Cr (meaning that Ni-Cr related
short range order is not possible), only NiCoFe alloy exhibits a similar transition around 750-800
K. Unfortunately, the current experiments and state of knowledge do not reveal the nature of this

transition, a situation that will be revisited in future studies.

The specific heat of the Invar-type alloys (Ni-Fe-based) has been measured over the past decades
with controversial results. Bendick et al [53]. observed an anomalous maximum at ~500 K in
addition to the one at the Curie temperature for Ni-50Fe, and attributed this behavior to a
Schottky-type anomaly assuming a two-level model. However, this anomaly was not observed
by Tanji et al [54]. The studies by Hausch [55] on Ni-44Fe and by Orehotsky et al. [37] on
Ni-55Fe also showed no additional peaks in this temperature range. Here our measurement
disagrees with Bendick’s but supports the results of others that no additional maximum exists at

~500 K.

The lattice contribution to the specific heats of NiCo, NiFe, Ni-20Cr, and NiCoFeCr has been
calculated from first-principles. Since specific heat consists of lattice, electronic, and magnetic
components, all the calculated results are smaller than the experimental results. The contribution
from electrons is relatively small and usually approximately expressed as C.=y7, where y is
called the electronic specific heat coefficient [5]. The values of y for NiCo and NiFe are both
~7.2x107 J °g’l°K'2 [37] and the addition of the lattice and electronic contributions of these two
alloys are plotted in Fig. 4a; the magnetic contributions are derived by subtracting these two
contributions from the measured results. A lambda shape is observed as expected. The magnetic
contribution is negligible in the low temperature regime, increases when approaching the Curie
temperature, and vanishes at higher temperatures. For Ni-20Cr and NiCoFeCr, the electronic

component can be derived from the difference between the experimental value and the calculated
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lattice component, since the measurements were taken above the Curie temperature, as shown in
Fig. 4b. The derived electronic specific heats of these two alloys are similar and are both linear
with temperature; the estimated y values are both 6.3x10” J-g”'*K™*, which is similar to that of
NiCo and NiFe. Due to the unclear nature of the K-state transition, the contribution from each

component after 800 K in Ni-20Cr and NiCoFeCr was not quantified.
3.2. Lattice parameter

The temperature-dependent lattice parameter is shown in Fig. 5a, from 300 to 1273 K, according
to which the theoretical density as a function of temperature is then calculated. The lattice
parameters are derived from the (200), (220), (111), and (311) peaks. An empirical formula in

exponential form

L=L,+bT +dExp(-T/d)-1] (1)

where L and L, are the lattice parameters at temperature 7" and 0 K, respectively; b, ¢, and d are
fitting parameters, can well describe the temperature dependence of lattice parameter for all these
materials except NiFe and NiCoFe, in which magnetostriction effects may cause a significant
change in thermal expansion [56]. Spline estimation is thus used to fit the curves for NiFe and
NiCoFe. A similar form of Eq. 1, in which b, ¢, and d are correlated, has been used to describe
the thermal expansion for some FCC steels [57] and NiCoFeCrMn [24] measured by dilatometer.
Here, however, they need to be determined independently to reasonably fit the full set of alloys.

All the fitting curves are shown as the solid lines in Fig. 5a.

The room temperature lattice parameters determined from our neutron diffraction measurement
are in good agreement to the previous results based on X-ray diffraction [58]. In addition, the
calculated densities at room temperature have little difference as compared with the experimental
value; thus the deduced temperature-dependent density, p, is used in the calculation of thermal

conductivity.

For the three binary alloys, NiCo, NiFe, Ni-20Cr, the temperature dependent lattice parameters
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were calculated from first-principles, as shown in comparison with experiments in Fig. 5b. The
calculated lattice parameters in NiFe and NiCo agree with the experimental values with an error
less than ~0.2%. On the contrary, for Cr containing alloys, PBE underestimate the lattice
parameter of the supercells by 1%. This underestimation of the lattice spacing can be traced back
to the antiferromagnetic spin alignment on Mn; GGA is less successful correcting the LDA
overbinding problem for antiferromagnetic than ferromagnetic 3d metals, as shown in

antiferromagnetic a—Mn, bce-Cr, and y—Fe [59].

The thermal expansion effect was evaluated by QHA, which is valid for systems without strong
anharmonicity. Our cases presumably qualify due to the small mass disorder. As found in Fig. 5b,
the calculated lattice parameter of NiFe increases faster with temperature than the experimental
result. This is partially because QHA neglects the possible spin-phonon coupling, and thus it
cannot capture the magnetostriction effect at elevated temperature. In addition, the thermal
electronic effect was not included in the treatment since it is usually small compared with the
vibrational effect. The entropy from the magnetism is also neglected in the free energy.
Nevertheless, overall, this crude approximation provides reasonable predictions on lattice

parameters and heat capacity.

The temperature dependent lattice parameter can provide information on the coefficient of
thermal expansion, although some fine features, such as the peak of CTE right at the Curie
temperature in Ni [60], cannot be captured. This is mainly due to the fact that the measured
lattice parameters are bulk averaged over the temperature interval of 15 K, which is too large to

properly capture such features [1]. Here the derived CTE value [61] of
o= (1/L)dL/dT (2)

is shown in Fig. 6. The CTE values of Ni, NiCo, NiCoCr, NiCoFeCr, and Ni-20Cr are very
similar, while that of NiCoFeCrMn is slightly higher but follows the same trend. In contrast, the
CTE of NiFe and NiCoFe are apparently lower in their ferromagnetic state due to the

spontaneous volume magnetostriction (although not close to zero as the case of typical Invar
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alloys such as Ni-65Fe [2]), and sharply increase beyond the Curie point. In the paramagnetic
regime, the CTE of NiFe and NiCoFe become similar to the other alloys. Such temperature
dependence of CTE in NiFe is similar to what has been observed in the dilatometer

measurements [56].

3.3. Thermal diffusivity and thermal conductivity

The thermal diffusivity, D, and the derived [25] thermal conductivity using
k=DpC, 3)

are shown in Fig. 7a and 7b, respectively. Below the Curie temperature, the thermal diffusivity
and conductivity of the alloys that do not contain Cr are significantly larger than those of the
alloys containing Cr, although smaller than those of pure Ni. This is mainly attributed to the fact
that the electrical resistivity of the alloys without Cr is much smaller than that of Cr containing
alloys, giving them larger electronic thermal conductivity [19]. The four systems that do not
contain Cr also have negative coefficient of temperature dependence of thermal
diffusivity/conductivity below the Curie temperature that is attributed to the fast increase of

electrical resistivity according to the Wiedemann-Franz relationship
K.=LT/p, 4)

where «. is the electronic thermal conductivity, p is the electrical resistivity, and L is the Lorentz

constant [62].

A minimum in thermal diffusivity can be clearly seen around the Curie temperatures of the four
Cr-free samples although the temperature interval is somewhat large, after which the thermal
diffusivities increase with increasing temperature. Such minima have been commonly observed
in magnetic metals and alloys in the past (e.g. Ni [63], Fe [64], Gd [65], Ni-Fe [62], and Ni-Cu
[62]). One of the simple interpretations is that the electrical resistivity induced from spin
fluctuation becomes saturated above the Curie temperature, leading to a sudden slow-down in the

increase of electrical resistivity as a function of temperature which, according to the
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Widemann-Franz relationship, causes the increase of thermal conductivity above Curie
temperature [66]. However, it should be noted that such critical point anomalies in thermal
conductivity might also be somewhat attributed to the contribution from the lattice component
through spin-lattice coupling [63]. While non-trivial this possibility will not be discussed in the

present work.

For the paramagnetic and non-magnetic Cr-containing alloys the thermal diffusivity and thermal
conductivity increase with increasing temperature over the entire temperature range. This is
mainly because these alloys have large residual resistivity (the resistivity at 0 K), and very low
temperature dependence of the resistivity. Such invariant electrical resistivity as a function of
temperature makes their electronic thermal conductivity increase almost linearly with

temperature [19].
4. Summary and conclusions

In summary, the temperature dependence of specific heat, lattice parameter, and thermal
diffusivity has been measured in a family of Ni-containing single phase concentrated solid
solution alloys at elevated temperature. The thermal conductivity and thermal expansion
coefficient of these alloys have been derived, and their Curie temperatures have been determined.
All these alloys have similar specific heat at room temperature, but their temperature dependence
varies a great deal depending on the magnetic state and possible short-range order-disorder
transitions. The lattice contribution of the specific heat has been calculated from first-principles,
and the electronic and magnetic contributions have been derived accordingly. The
neutron-diffraction-determined lattice parameters, in order from small to large at room
temperature are: Ni, NiCo, Ni-20Cr, NiCoCr, NiCoFeCr, NiCoFe, NiFe, NiCoFeCrMn, and
NiCoFeCrPd (the latter being determined by X-ray diffraction). The QHA-based calculations
provide a good estimate of the lattice parameters of NiCo and NiFe, within 0.2% error, but
underestimate that of Ni-20Cr by ~1%. All these alloys have similar thermal expansion

coefficients, except that NiFe and NiCoFe show strong magnetostriction effects at their
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ferromagnetic state, and NiCoFeCrMn shows slightly higher CTE than that of the others. The
thermal transport properties can be grouped whether or not they contain the element Cr. Nickel
and alloys without Cr show larger thermal diffusivity and conductivity, have negative
temperature coefficients below their Curie points, and have positive temperature coefficients at
higher temperatures. All the alloys containing Cr have very similar thermal diffusivity and

thermal conductivity, which increase with increasing temperature from room temperature to at

least 1000 K.
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Fig. 1. (a) Backscattered electron images of the microstructures of NiCoFeCrPd after
homogenized at 1473 K for 24 h. The square inset indicates the region where the EDX scan was
performed (shown in b). (c) X-ray diffraction pattern of NiCoFeCrPd, in which only FCC peaks
appear.
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Fig. 2. Temperature dependent constant pressure specific heat of (a) Ni, NiCo, NiFe, and NiCoFe,
which do not contain Cr, and (b) Ni-20Cr, NiCoCr, NiCoFeCr, NiCoFeCrMn and NiCoFeCrPd.
The inset of (b) is the enlarged plot for NiCoFeCrPd showing a small peak at 374 K.
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Fig. 3. Neutron diffraction pattern of (a) Ni-20Cr and (b) NiCoFeCrMn at room temperature (RT)

and high temperature (HT). The patterns have been indexed, and the low-index peaks are labeled

in (a). Only FCC peaks appear.

21



(a) 0 9 : T T T T | T 1 T T | | T T T I T T T T | T T T T I T I:
oshk ¥ NiCo E
“F o NiFe Experimental data E
0.7 F =
~06F E
N s ]
v." 05 = =
(=) F B — = ]
2 04F === e
a F = ) Lattice+Electronic ]
O 03F Lattice 3
E Magnetic 1
02 F —
o A ]
0.1 :— &{f". " . _:
& E -.—._.ﬁa .'..».-o' E
0.0 L PRI S BT ;"I.'(‘ﬁ-l..l—l..l—l O | |\1.|'~| | 1:
0 200 400 600 800 1000
Temperature (K)
(b) 0-75 : T T T T | T T T T T T T T T T T T :
065 v Ni-20Cr Experimental data
t © NiCoFeCr 3
0.55 F -
P C — m(um«(t(«((“(“(“‘““"““‘
- o T -
v 045F =
® sk E
> U F " Lattice ]
o o .
O 025 F .
015 E_ Electronic _E
0.05 F TS 3 '-'—_'
=50/ W WA W I T TR SR SR NN SR SR SN SR SN S S S S
0 200 400 600 800

Temperature (K)

Fig. 4. The measured and calculated (lattice) specific heat of (a) NiCo and NiFe, and (b) Ni-20Cr
and NiCoFeCr. The electronic and magnetic contributions are also separated for each alloy.
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the alloys. (b) Comparison between the calculated lattice parameter (lines) and the experimental
data (symbols) of NiCo, NiFe, and Ni-20Cr. The legends apply for both figures.
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Fig. 7. (a) Thermal diffusivity and (b) the calculated thermal conductivity of Ni and
Ni-containing single phase concentrated solid solution alloys. *Room temperature density of
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