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© We find the NiFeCoCrPd, family exhibits a second order magnetic phase transition whose critical
temperature is tunable from 100K to well above room temperature. The system notably displays
changes in the functionality of the magnetic entropy change depending on x, which leads to nearly
40% enhancement of the refrigerant capacity. A detailed statistical analysis of the universal scaling
behavior provides direct evidence that heat treatment and Pd additions reduce the distribution of
exchange energies in the system, leading to a more magnetically homogeneous alloy. The general
implications of this work are that the parent NiFeCoCr compound can be tuned dramatically with FCC
metal additives. Together with their relatively lower cost, their superior mechanical properties that
aid manufacturability and their relative chemical inertness that aids product longevity, NiFeCoCr-
based materials could ultimately lead to commercially viable magnetic refrigerants.
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The magnetocaloric effect (MCE) is a thermodynamic phenomenon being exploited for the next gener-
ation of highly efficient refrigeration technologies. The MCE enables a refrigerant's temperature to change
with applied magnetic fields!~S, which allows for a simple refrigeration cycle. As in adiabatic demagnet-
ization, which is used to reach microKelvin temperatures in solids, changes in a material's magnetic
entropy —AS,, through an adiabatic process results in a change in the lattice entropy, and thus a tem-
perature change. Since the discovery of the giant MCE in certain Gd silicates”®, MCE research has led to
the potential for magnetic refrigeration in room temperature applications with efficiencies of up to 60%
of the Carnot limit’. While the magnetocaloric effect is generally large for rare earth metals, geopolitical
issues and their related price fluctuations have catalyzed the exploration of transition metal systems with
potential for magnetocaloric applications!®!!. Further, though magnetocaloric materials exhibiting first
order transitions are scientifically en vogue because they have higher entropy changes than most second
order materials, they suffer major disadvantages for commercial viability. In particular, materials with
coupled magneto-structural transitions suffer from cracking and fatigue, which severely limits their use-
tul lifetime. Together, these points suggest it is important to explore transition metal systems displaying
second order transitions for technological applications, since these systems offer supply chain and cost
stability, and superior mechanical properties such as ductility, corrosion resistance, machinability, all of
which ease manufacturing and bolster product longevity.

The so-called “high entropy alloys” (HEAs) are a class of emergent transition metal alloys that hold
great potential for advanced manufacturing, and which may impact magnetocalorics. These are near
equimolar alloys with high entropy of mixing when in a random solid solution. These materials have
been pursued for high hardness and resistance to wear and corrosion, which are attractive properties for
a myriad of applications'?!?, Fe;Co,Ni,Cr,Pd, is an example HEA system with tunable magnetic proper-
ties. The addition of Pd was shown to change the critical temperature (T,) from 300 to 500K for x=1 to
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Figure 1. (a) Saturation magnetization from M(H) loops at 5K (circles), and (b) Curie temperature from
M(T) in 2 kOe (squares) in the as-rolled (closed) and annealed (open) states for NiFeCoCr,Pd, as functions
of Pd content and (220) lattice parameter.

2, along with enhancement of the saturation magnetization'*; previous works have used high percentages
of Pd as a stabilizing agent in similar high strength bulk alloys'. In this work, we explore the magnetic
properties of the Fe,Co,Ni,Cr,Pd, alloy family, as-rolled and after annealing, with low molar fractions of
Pd. We find improvement in the magnetocaloric properties throughout the system. A detailed statistical
analysis of the universal scaling behavior suggest this originates predominately from the homogenization
of the alloy with both Pd and heat treatment. While the use of Pd is disadvantageous because of its cost,
we find benefit from as little as 3 atomic percent of this model additive. An important implication of
this work is that other FCC metals, e.g., Cu or Ag, may have similar potential to tune the magnetism of
this system, which would significantly reduce the materials cost, thereby bolstering commerical potential.

Methods

The FeCoNiCrPd, samples were made using an arc furnace under argon atmosphere using elemental
Fe, Co, Cr, Ni, and Pd all of 99.99% or greater purity. Melted buttons were then cold rolled into thin
sheets with thickness of 100 to 250 um, then diced to have areas of 2mm x 3mm. The samples were
characterized before and after a heat treatment procedure, during which they were wrapped in Ta foil,
sealed in a quartz tube with Ar gas, and annealed for one hour at 900°C. The sample stoichiometries
range from Fe,Co,Ni,Cr,Pd, to Fe,Co,Ni,Cr,Pd, s, or as atomic percentages of Pd: 0.00% (x=0), 0.12%,
0.74%, 1.48%, 2.91%, 5.88% and 11.11% (x= 0.50). Magnetic characterization was performed on sam-
ples using a Quantum Design PPMS with a VSM option. M(H) is measured with fields from 0 to 50
kOe (stopping to measure at each field with the magnet in persistent mode) in appropriate step sizes.
These quarter-M(H) loops are measured for isotherms ranging from 10K to 350K in steps of 5K. This
is important as it gives discrete M(H,T) data which is necessary for the accurate numerical calculation
of —AS from Maxwell relations:

H (M (H, T)
As:-fo [6—T]HdH, "

where we have dropped the subscript M on the entropy symbol, since we only concern ourselves in this
paper with magnetic entropy. Due to the dependence of — AS(AH, T) on the derivative of the M(T), this
allows —AS to serve as a probe into fundamental aspects of magnetic materials outside the research into
magnetic refrigeration''”. Separately, M(T) for low field and M(H) for low temperature measurements
were taken to characterize basic magnetic properties of the materials. The T was estimated by the tem-
perature at which dM/dT has a maximum value in a constant field of 2 kOe. X-ray Diffraction data were
collected via standard 6-26 configuration using Cu K, photons.

Results

Magnetic Properties. All alloys studied displayed second order magnetic phase transitions. The M(T)
and M(H) data yield measures of T, and saturation magnetization (M) as a function of Pd content for
the materials in both the as-rolled state and after the annealing process (Fig. 1). Both M, and T, increase
with the inclusion of Pd with similar scaling for both the as-rolled and annealed states. The values of M,
at 5K and T, were approximately 30 emu/g and 100K for the 0% composition, and increased monotoni-
cally with Pd content to approximately 46 emu/g and 280K, respectively, for the 11.11% composition. The
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Figure 2. Temperature dependent wide angle XRD for x=0.00% reveals a structural transition between
600 and 700°C.

enhancement of M, and T, with Pd incorporation is a straightforward consequence of mean field theory
and the Bethe-Slater curve, which tells us that increasing the lattice parameter increases the exchange
interaction and concomitant magnetic properties'?; the X-Ray Diffraction (XRD) data below support
this. Since T, generally defines the mid point of a refrigerant's useful temperature range', this system
has the potential to provide tunable operating temperatures from 100K to 300 K.

X-Ray Diffraction. A previous study on NiFeCoCr, showed that the cold rolling process affects the
magnetic properties, where the as-rolled material has a re-entrant magnetic phase upon heating that is
not present after heating to 800°C?. The heat treatment had noticeable effects on the XRD patterns,
where there was a sharpening of the peaks and changes in their relative intensities. This was interpreted
as a reduction in the imperfections of the as-rolled material. Similar XRD measurements were performed
in this study both before and after a 900°C heat treatment for all samples and during heating for the
NiFeCoCr sample.

Figure 2 shows wide angle scans on the x=0.00% sample from room temperature in the as-rolled
state to 1100°C. Between 600 and 700 °C there is a decrease in the full width at half maximum (FWHM)
of the FCC NiFeCoCr peaks and a simultaneous change in the relative intensities of the indexed peaks;
the (111), (222), and (311) peaks decrease in relative intensity while the (311) peak increases. Around
800°C the presence of an oxide phase is observed along with a reduction in the FCC phase. This phase
resembles the Cr,O; phase Eskolaite (PDF card number 01-082-1484)2! but with (107) preferred orienta-
tion with a March coeflicient of 0.271 at 1000 °C. Also at 1000 °C, The FCC NiFeCoCr peaks needed to be
fit to two different FCC cards (a= 3.630 A), one with (411) preferred orientation and a March coefficient
of 0.228 and the other with (220) preferred orientation and a March coefficient of 0.113. After cooling
from 1100°C the oxide phase dominated the XRD pattern, though very sharp FCC peaks were observed.

All of the as-rolled samples had XRD patterns that were similar in relative intensities to those reported
for FeCoCr,Ni alloys®. As shown in Fig. 3, the effect of Pd additions is to increase the lattice parameters.
The cold rolled samples also showed a trend of increasing FWHM with Pd content. After heat treatment
at 900°C, the samples all had reduced FWHM, similar to the in-situ pattern for the NiFeCoCr sample
above 700°C. This implies an increase in structural coherence, which will be manifested as a tighter
distribution of exchange energies, and thus more homogeneous magnetic properties.

The XRD patterns indicate that heat treatment has a profound impact on the lattice strain and grain
size, where annealing significantly reduces the FWHM of all peaks. As shown below, this corresponds
to an increase in the magnetic homogeneity of the samples. A large FWHM may indicate strain and/
or chemical inhomogeneities induced by the arc-melting and cold rolling process. The large FWHM
could also indicate very small grains as one might see in a ball milling process. Our samples have been
brutalized, a testament to their ductility and production worthiness, and as such there should be effects
of strain, defects (both vacancies and stacking faults), and grain size reduction. All three of these effects
would decrease with annealing leading to a sharpened diffraction peak. The addition of Pd has similar
effects on the magnetic homogeneity as annealing. However, the broadening of the XRD peaks with Pd
content does not appear consistent with this trend. It is possible that the damage done to the surface of
the sample during cold-rolling is not indicative of the bulk and that Pd aids in reducing defects. In this
case, a technique such as high resolution neutron scattering may provide more useful structural infor-
mation, as this would be a probe of the bulk rather than the surface.

Magnetocaloric Effect. Figure 4 shows the magnetic entropy changes for all samples for AH=50
kOe. For the as-rolled samples we find that Pd additions shift the temperature at which —AS peaks
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Figure 3. Room temperature diffraction data reveal the impact of Pd is to increase the lattice parameter;
the increased peak breadth is significantly reduced with annealing.
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Figure 4. Magnetic entropy change with AH=50kOe (a) as rolled and (b) after annealing for NiFeCoCrPd,.

(Tyear) from ~100K to 300K, as expected from the T, shift. This is accompanied by relatively small
changes in —AS,,,, for increasing x. There is, however, a notable change in the functionality (shape) of
the —AS(T) curves, specifically, increasing Pd content gives a decrease in the width and alters the overall
peaked structure to have a carat shape more typical of magnetocaloric materials with second order phase
transitions. This makes sense because the as-rolled samples will have the largest density of defects, and
thus the largest distribution of exchange parameters, which in turn leads to inhomogeneous magnetic
properties that are evidenced by the uncharacteristic functionality. Once the defect density is reduced by
heat treatment, the materials trend toward the typical carat shape. It is also noteworthy that the incor-
poration of Pd even in the as-rolled state has an impact on the magnetic properties, as evidenced by the
less rounded dS features for low Pd contents. This is in line with previous results that show the Pd tends
to homogenize the structure'®. We see a similar scaling in T, with x in the annealed samples, but the
change in functionality of the —AS curves is no longer as distinctive (Fig. 4(b)).

Changes in —AS,,,, as well as the changes in the shape of the —AS(AH, T) curves are important
to MCE when applied to magnetic refrigeration, as they may lead to changes in the overall refrigerant
capacity (RC). RC in general is the figure of merit used to compare MCE materials giving the total heat
transfer of the material over a typical refrigeration cycle. RC for a given AH is calculated as the integral
of —AS(T) over a temperature range of interest?>?:

TRZ
= —AS(T)dT.
Relay = [ " =as(r)d )

Here, Ty, and Ty, are traditionally taken to be the temperatures corresponding to the FWHM of the
—AS(T) feature on the low and high temperature sides of the peak, respectively. We do not consider
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Figure 5. Refrigerant capacity of NiFeCoCr,Pd, for select Pd contents: x=0% (squares), x=2.91%
(circles) and x=5.88% (triangles), in both the as-rolled (open) and annealed states (closed). Lines are
power law fits. The insert shows RC for AH=50kOe for the series of samples under both heat treatments.

hysteretic losses here, as the M(H) loops showed negligible hysteresis, though that can be important in
many systems®*. Figure 5 shows RC as a function of AH for both the annealed and as-rolled samples.
The RC of 36]/kg for a 1 T field change puts these HEAs below many other materials designed to
operate in the 100-200K range?®, though several factors related to pragmatic engineering issues (e.g.,
ductility, corrosion resistance, high thermal conductivity) may make up for this. The as-rolled sam-
ples have RC increased approximately 25% over the annealed samples, which is nearly independent of
AH. This enhancement is likely artificial, i.e., a consequence of disorder broadening the distribution of
exchange parameters, and thus broadening the apparent temperature breadth. While still actively under
investigation, increased widths may be useful in graded or otherwise multi-component refrigerants, in
which composition differences may enable distinct operation points®. These results show, nonetheless,
that Pd incorporation leads to improved RC. The insert to Fig. 5 shows that, for a fixed AH of 50 kOe,
RC is enhanced with Pd by nearly 50% and 60% in the as-rolled and annealed samples, respectively.
For the latter, most of the increase (40%) is observed with less than 1.5% Pd. The reduction in RC with
annealing is expected, as the M(T) data all show a sharper transition at T,, and thus a reduced FWHM
of the entropy change peak.

It has been shown previously that the field dependence of —AS,; and RC can be related to the critical
exponents?:

AS o HH06(-1/5))

-1
)

3)

RC x H'M°, (4)

The behavior of the entropy change peak and refrigerant capacity with applied field were fit to power
functions (Fig. 5), namely —AS,,,,xH"” and RCx H”; mean field theory predicts n=2/3 and m=4/3.
We annotate these exponents with subscripts that describe the heat treatment (annealed or unannealed)
and Pd content. Figure 6 shows resulting values of n and m for all samples as a function of Pd atomic per-
cent. For the entropy change, n is always sublinear, and decreases with both Pd and annealing: #, 4, = 0.86
falls to 7,5 gg, = 0.81 with Pd added, while annealing reduces the exponent: 1, = 0.84. The behavior of
RC is nearly linear with field for the unannealed, x=0 sample (11,4, = 0.99), but becomes superlinear
with 6% Pd added (m,,5 449, = 1.10). Annealing further increases m, with m, g, = 1.05 and m, 5 gg9, = 1.13.
These results imply that the improvement of the refrigerant capacity with Pd has less to do with overall
magnitude of the entropy change and more with the increased susceptibility of the material near the
phase transition. While additional Pd may lead to some further improvement, that improvement should
become weaker as the lattice parameter moves the system toward the peak of the Bethe-Slater curve.

It is straightforward to compare the behavior of these exponents with mean field theory (values previ-
ously noted) and the 3D Ising model (n=0.897 and m=1.21)°. The observed changes in AS,, exponent
with Pd content (Fig. 6) seems to favor the mean field model, decreasing toward that expected exponent,
while moving further from the expectation for the 3D Ising model. Since the observed increase in RC
exponent with annealing and Pd is in line with both models, we conclude mean field is more appropriate.
The increase in Pd content thus gives the material the more prototypical response, which suggests it is
more magnetically homogeneous. Neutron scattering could be employed to understanding this quanti-
tatively. That mean field behavior seems to be appropriate for these alloys is significant. This may enable

SCIENTIFIC REPORTS | 5:15755 | DOI: 10.1038/srep15755 5



www.nature.com/scientificreports/

® AS x H"

0.85- B RCx H" |-

closed - As Rolled

c open - Annealed

0.80 - g
1.15¢ g
1.10+ g
S 1.05¢+ g
1.00+ g

095 1 1 1 1 L I L I

0 1 2 3 4 5 6 7

Pd (%)

Figure 6. The power law exponents for the AS,,,. and RC behavior, n (circles) and m (squares), decrease
and increase, respectively, with Pd content.

X=2.91%

F=0.020

paj[oI-sy

AS'

pajeauuy

-1.0 -0.5 0:0 05 1.0-1.0-05 0.0 05 1.0

0 0
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(dashed) both as-rolled (blue) and annealed (red) for fields ranging from 15 to 50kOe in steps of 5kOe.
The F values indicate the level of homogeneity within the set of ten curves in each plot. Annealing and
adding Pd both increase the magnetic homogeneity of the system; the greatest improvement utilized both.

computational materials scientists to survey the large parameter space occupied by materials containing
four or more elements.

Universal Scaling Analysis Reveals Magnetic Homogenization. Universal scaling analysis quan-
titatively tells us that the Pd helps to homogenize the magnetic properties in these alloys?’. This method
should remove the temperature and field dependence of the set of AS(AH, T) curves (for fixed AH) so
that all curves processed with the same scaling protocol collapse onto a single universal curve. A failure
to display this universal collapse can be attributed to inhomogeneity within the material®, likely in the
form of a distribution of exchange energies. As detailed below, we employ a sophisticated statistical anal-
ysis to quantify the degree to which the set of scaled curves collapse onto a universal curve.
We scale the entropy axis by defining AS’ = AS/AS,,,,; the scaled temperature axis is defined as:

max>

0= (T - Tpeak)/(TR - Tpeak)? (5)

where T, is the temperature at AS,,,, for each field, and Ty is the temperature at 75% of AS,,,, above
Tpear- As shown in Fig. 7 for x=0.12% and x=2.91%, the curves do not collapse onto a single curve.
It is apparent by visual inspection, though, that the degree of collapse increases when Pd is added. We
can quantify the degree of collapse using statistical methods, namely the Brown-Forsythe analysis of
variance (BF method). The BF method gives a single statistic, F, which directly measures the homoge-
neity of variance between a group of peaked curves. F is zero when a group of curves is identical, and

increases from there as the set of curves becomes more inhomogeneous. This therefore gives us direct

SCIENTIFIC REPORTS | 5:15755 | DOI: 10.1038/srep15755 6



www.nature.com/scientificreports/

evidence that distributions of exchange interactions exist in the material: a small distribution will be
essentially a perfect homogeneous material, and will have F approaching zero; a broad distribution will
lead to increased F.

We observe a decrease in F of at least 50% with annealing or Pd incorporation, and an additional 50%
decrease with both annealing and adding Pd content. These results are direct experimental evidence that
both heat treatment and composition cause a homogenization of the magnetic properties. The F statis-
tic was calculated only for the values of §> 0 in order to compare all samples with the same protocol
(i.e., the low Pd containing samples do not have sufficient data in the § <0 regime); a separate study
we performed implies this has no bearing on the validity of the method, but it does impact the absolute
magnitude of E

Discussion

Our results show there is a major impact on magnetic properties of this novel class of materials with FCC
metal additions, even at small concentrations. The NiFeCoCrPd, displays a second order magnetic phase
transition that is tunable from room temperature down to around 100K as x decreases from 11.11%
down to 0.00%. While the magnetic entropy change for the transition only increases slightly with Pd,
the refrigerant capacity improves by nearly 40%. The latter observation is related to increasingly super-
linear behavior of the field dependence of the refrigerant capacity with Pd content. This increase in field
dependence may be attributed to increased magnetic homogeneity within the alloy as a result of both
Pd additions and annealing, which appear to reduce the distribution of exchange energies in the system.
The initially wide distribution of exchange energies is at least the result of structural defects, and possibly
due to an unidentified minority phase (as has been observed in other HEAs'). The increase in magnetic
homogeneity was directly evidenced by an increase in the homogeneity of variance of universal scaling
curves associated with the magnetic entropy change at the magnetic phase transition. In other words,
our ability to quantitatively characterize the degree to which universal scaling works in the system helps
us understand that the distribution of exchange interactions becomes narrower, thus resembling a single
phase magnetic material, with Pd incorporation and heat treatment.

Since the drive for magnetic refrigeration is targeted around room temperature operation, it is impor-
tant to discuss the high entropy alloys relative to gadolinium. The NiFeCoCrPd, 5 alloy has the appropri-
ate critical point, but its maximum entropy change per field is about a factor of 20 less than that of Gd
(about 3]J/kgK for a 1T field change?). At the same time, the significant cost of Pd makes this alloy ten
times as expensive as Gd. Thus, while this basic science study focused on an alloy with limited commer-
cial potential, our findings strongly suggest that other nominally FCC metals such as Ag or Cu should
lead to similar tunability of the HEAs, but with tremendously reduced materials cost. For example, the
cost of NiFeCoCrCu,; is about 5% that of bulk Gd, and the cost of NiFeCoCrAg; is about 41% of Gd.
Should these alloys have roughly the same magnetic entropy change as the Pd-containing alloys, which is
possible because their role is dominantly structural in nature, then HEAs may become serious contenders
for commercial applications.

To put the high entropy alloys into context within the general class of magnetocaloric mateirals, we
must consider that a particular material is deployed for a specific operating temperature range. For exam-
ple, Gd is a poor magnetocaloric material for low temperature operation, such as would be necessary for
gas liquefaction. To broaden the scope, we can consider the manganites, which are a class of materials
whose critical temperatures span from 10s of Kelvin to more than 350K. As can be determined from
the very comprehensive MCE review of these materials®, the median magnetic entropy change for a 5T
field change, independent of operating temperature, is about 8]/kgK. This is about an order of magnitude
larger than the transition metal based materials we describe here. As we are pioneering the study of these
high entropy alloys for magnetocaloric applications, it is highly probable that refinement of the material,
including the discovery of new compositions, will lead to improvements that can put HEAs on par with
these and other materials.

Ultimately, the commercial viability of any refrigerant will depend on numerous factors often over-
looked by basic science research. In the present case, cooling power per stable dollar is a critical advan-
tage of transition metal systems over rare earths?”. Other advantages include ductility, machinability,
resistance to wear and corrosion, and reduced metal flammability. Since high entropy alloys address
many of these issues, and do not suffer from the materials fatigue issues that limit the deployment of first
order materials, it is clear that they have potential to serve as magnetic refrigerants. However, these sys-
tems have largely been unexplored simply because the parameter space occupied by 4, 5, and 6 element
alloys is extremely vast. Since our results suggest the materials display mean field behavior, it may be
possible for computational studies to explore this parameter space, thereby helping materials synthesizers
to focus on certain compositions that have the most potential for near room temperature operation.
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