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Abstract

This paper discusses the search of an FeNi25-based alloy with a face-centered

cubic crystal structure exhibiting a Curie point around room temperature,

for magnetocaloric applications. Fe was substituted in various amounts with

FCC-stabilising elements Mn and Co as these elements respectively decrease

and increase the Curie Temperature, thus enabling to tune the Curie point.

Three characterization methods were carried out on the samples: Magneto-

thermo-gravimetry (MTG), X-ray diffraction (XRD) and finally, vibrating sample

magnetometer (VSM) measurements were performed.

All samples displayed several Curie points, each corresponding to various FCC

phases. Also, the last sample, FeNi25Mn6Co2, had an FCC phase fraction of

almost 99% and presented two Curie points in the continuity of one another one at

-35°C and another at 91°C. Hence, at room temperature, the sample underwent a

magnetic phase transition passing from its ferromagnetic state to a paramagnetic

one.
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Sammanfattning

Detta arbete består i att utröna möjligheterna att med utgångspunkt från

den binära sammansättningen FeNi25 erhålla en ytcentrerad kubisk fas (fcc)

med en Curie punkt vid rumstemperatur. Syftet är att använda dessa

legeringar i magnetokaloriska tillämpningar. Strategin är att både Mn och

Co är fcc stabliliserande grundämnen, och att Mn sänker och Co ökar Curie

temperaturen.

Tre olika karakteriseringsmetoder användes; röntgendiffraktometri (struktur),

Magneto-Termo-Gravimetri (magnetisering vs temperatur) och konventionell

magnetometri vid rumstemperatur (magnetisering vs magnetiskt fält, Vibrating

Sample Magnetometry VSM). Resultaten visar att även om kristallstrukturen i

det närmaste är fullständigt fcc, så ger de magnetiska mätningarna vid handen

att flera olika faser är vid handen med avesvärt olika Curie temperaturer.

Som en illustration av detta förhållande kan nämnas att sammansättningen

FeNi25Mn6Co2 uppvisar en fcc-fraktion på i det närmaste 99%, men har vid en

M(T) mätning ett förlopp som enklast förklaras med en Curie punkt vid ca -35C

och en ytterligare vid ca 90°C.

Denna observation signalerar att de magnetiska egenskaperna torde vara mer

beroende av exakt distribution av de ingående atomslagen i fcc strukturen än vad

de röntgendiffraktometriska undersökningarna kan detektera.
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1 Introduction

With its direct application to magnetic refrigeration, an environmentally friendly

alternative to current refrigeration technologies such as the vapor-compression

refrigeration cycle, magnetocaloric materials are attracting, more than ever

before, great interest from scientists. Not only can theses materials reach

temperatures close to the absolute zero, but they can also potentially ensure an

improvement in efficiency and control over the temperature of cooling systems. In

2014, a team of international scientists successfully reached temperatures below

minus 272.15 degrees Celsius, equivalent to 1 Kelvin, by applying the MCE to

magnetic gadolinium-based alloys [1].

1.1 Background

Magnetocaloricmaterials aremagnetic solids characterized by themagnetocaloric

effect (MCE): when applied to a large magnetic field in adiabatic conditions,

variations in the temperature of the material caused by internal energy changes,

can be observed. These temperature variations are all the more important as

the system is initially at its magnetic ordering temperature called the Curie

temperature (TC). The Curie point or Curie temperature is the temperature

at which certain magnetic materials undergo a transition between being

ferromagnetic (for T < TC) and paramagnetic (for T > TC).

First discovered by the German physicist Warburg in iron in 1881 [2], this

magneto-thermodynamic effect can be explained by changes in the entropy of

the system when a magnetic field H is applied/removed. To illustrate the basic

functioning of the MCE, it is important to understand that magnetic materials

have three components to their total entropy S : it can be written as the sum of

its electronic, magnetic and lattice vibrational (related to temperature) entropies,

respectively SE, SM and SL :

S(T,H, P ) = SE(T,H, P ) + SM(T,H, P ) + SL(T,H, P )

where T, H and P are respectively temperature, magnetic field and pressure

[3].
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The cooling process of magnetocaloric materials can be compared to the cooling

of gaseous systems as in both cases, the entropy can be varied by controlling an

external parameter: pressure in the case of gas and a magnetic field in the case of

magnetocaloric materials.

As a magnetic fieldH1 is applied in isothermal conditions to amaterial at its point

of spontaneous magnetization, the Curie temperature, the magnetic moments,

previously in a state of disorder S0 at H0 because of thermal agitation, align (see

Fig. 1.1). The magnetic component of the entropy of the system ∆SM decreases

(see Fig 1.3). In the same way, when the magnetic field is removed, the system

gains back its magnetic entropy: SM increases.

However, if the magnetization takes place in adiabatic conditions where no heat

is exchanged between the system and the environment, the total entropy S of

the system constant remains constant since the process is also reversible. When

SM decreases as a result of the alignment of the magnetic moments (Fig 1.2),

the sum of the electronic and lattice vibrational entropies SE + SL increases.

As a consequence, the system heats up and its adiabatic temperature Tad rises

(∆Tad = T1(B1)−T0(H0) > 0 as seen in Fig 1.3 and in Fig. 1.1).

In fact,∆Tad is used to quantify and express the magnetocaloric effect.

In the same way, adiabatic demagnetization results in heat loss of the system and

thus, a decrease in its temperature. This amount of heat released or absorbed

depends on the intensity of the magnetic field H : the stronger it is, the more

dipoles will align leading a greater heat exchange.

Figure 1.1: Arrangement of the magnetic spin system of a sample before (H0 = 0)
and after (H1) applying amagnetic field in isothermal conditions. Taken fromRef.
[4].
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Figure 1.2: Arrangement of the magnetic spin system of a sample before (H0 = 0)
and after (H1) applying a magnetic field in adiabatic conditions. Taken from Ref.
[4]

Figure 1.3: MCE illustrated in a entropy (S) as a function of temperature (T)
diagram. Solid lines represent the total entropy S of the system subjected to
different magnetic fields (H0 = 0 and H1 > 0). The dotted line represents the
electronic and lattice contributions and dashed lines, the magnetic contribution.
The temperature and magnetic entropy changes when the magnetic field goes
from H0 to H1 are respectively illustrated by a horizontal arrow (∆Tad > 0 ) and a
vertical arrow (∆Sm < 0). Taken from Ref.[5]

3



1.2 History of the magnetocaloric effect

As mentioned previously, in 1881, Warburg was the first to detect the MCE.

He noticed temperature changes of iron samples when they were subjected to

varying magnetic fields [2]. In 1905, Langevin identified the reversibility of the

temperature changes.

However, it was not until 1918 that the physical principals behind at the origin of

this phenomenon were explained by Weiss and Piccard [6].

This was followed by the studies of Debye (1926) and the Chemistry Nobel

Prize Laureate Giauque (1927) [7] who independently discussed the fact that

temperatures as low as 1K could be reached by adiabatic demagnetization of

paramagnetic salts [8].

This statement was proven byGiauque andMacDougall (1933) who demonstrated

magnetic refrigeration, the very first application of the magnetocaloric effect.

They obtained temperatures as low as 250 mK with paramagnetic salts [9].

Two years later in 1935, ferromagnetism in gadolinium, a rare earth metal, was

studied by Urbain et al [10]. It was the first discovered metal to have Curie point

around room temperature (TC = 292K).

Gadolinium was furthermore examined by Brown in 1976 [11] who built and

experimentally tested it as the first ever magnetic refrigerator prototype working

at room temperature.

1997 marks a milestone as Pecharsky and Gschneidner discovered a Gadolinium-

based alloy, Gd5Si2Ge2, that displayed the greatest magnetocaloric response at

room temperature yet known[12]. A great number of papers regarding the

magnetocaloric materials and their room-temperature applications have been

published since then.

To this day, rare earth metals such as rhodium are known to exhibit the greatest

magnetocaloric properties. However, these elements are extremely rare and

expensive and hence, much research is carried out in order to find less exotic

alternatives.

For this reason, Fe − Ni−based alloys are a great subject of interest for

magnetocaloric applications as they are low cost and abundant, as opposed to

rare earth metals such as Rh or gadolinium (Gd). Therefore, finding such an
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alloy exhibiting a large magnetocaloric effect could find many applications at an

industrial scale.

1.3 Goal

The aim of this project is to obtain an Fe-Ni based alloy, containing Mn and Co,

with a 100% FCC crystalline structure and exhibiting a Curie point around room

temperature.

1.4 Motivation

The Curie temperature and crystalline structure of samples of various

compositions were studied. To be more precise, in the parent alloy FeNi25, Fe

was substituted with Mn and Co. The main reason for which FeNi25 is the base

alloy is that the composing elements are low cost and abundant, as mentioned

before. Moreover, this composition is partially FCC and this phase shows a TC

close to room temperature.

Two reasons explain the interest in the FCC phase: not only does it have a tunable

TC around room temperature, but it also presents important lattice vibrational

entropy∆SL, promising for a large MCE.

Finally, manganese and cobalt have the property of stabilising the FCC phase,

althoughCo has less effect thanMn for this purpose. Furthermore, these elements

enable the tuning of the Curie temperature since, according to literature studies,

Mn decreases the Curie point while Co increases it (see part 2).

1.5 Social and ethical aspects

As mentioned previously, magnetocaloric materials could be an environmentally

friendly solution to current refrigerating systems thatmainly function with vapor-

compression cycles. As environmental concerns such as ozone depletion or

greenhouse effects keep growing, more sustainable yet efficient alternative to this

heat pump technology are searched for. Magnetocaloric materials seem to be

a solution as they are compact, silent and energy-efficient, since no friction is

involved as opposed to with compression cycles. Hence, using magnetocaloric

5



materials with a Curie Temperature at room temperature and with large entropy

variations could not only improve the quality of life as it would reduce noise

pollution for instance, but it would also lead to a decrease in emissions harming

the environment and hence, slow down global warming. Chosing this alternative

could help preserve the planet.

1.6 Methodology

In order to achieve the goal of the project, ingots were studied using several

characterization techniques. First of all, X-Ray diffraction (XRD) was carried out

to determine the crystalline structure of the samples. Magnetothermo gravimetric

(MTG) analysis was conducted to measure the temperature dependence of

magnetization from well below room temperature to several hundreds of

centigrade in a weak magnetic field, for the determination of the Curie point

or even multiple Curie points. Finally, vibrating sample magnetometer (VSM)

measurements were also made at room temperature as they inform about the

ferromagnetic and paramagnetic contributions in the samples. The first studied

sample is the parent alloy,FeNi25. Further sample compositionswere determined

by substituting Fe with Mn in order to stabilise the FCC phase. Once the XRD

displayed a sufficient phase fraction of FCC, Co was added, substituting Fe once

again, in order to reach a Curie point close to room temperature.
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2 Theoretical Background

In this chapter, a theoretical background (based on Tishin’s work, 2016 [13]) of

the magnetocaloric effect is described and the effects of alloying the Fe-Ni base

with Mn and Co is briefly explained.

2.1 Thermodynamics of the magnetocaloric effect

The magnetocaloric effect follows the thermodynamic principals. The MCE can

be understood by relating thermodynamic functions such as magnetic field H,

magnetic moment M and temperature T to ones describing the MCE: ∆Tad and

∆Sm.

One must first consider the Gibbs free energy G that is is a function of T, p

(pressure) andH and is used for systems subjected to a constant pressure (Swalin

1962 [14], Bazarov 1964 [15], Vonsovskii 1974 [16]):

G = U − TS + pV −MH (1)

By differentiating this equation and including the differential of the internal

energy U (eqn 2), we obtain eqn 3. U is a function of the total entropy S, the

volume V and the magnetic field H (U=U(S,V,H)) of the magnetic system and its

differential can be written:

dU = TdS − pdV +HdM (2)

dG = V dp− SdT −MdH (3)

In fact, the total differential of the total entropy S can be expressed as a function

of T,H and p (S=S(T,H,p)) can be written as

dS =

(
∂S

∂T

)
H,p

dT +

(
∂Sm

∂H

)
T,p

dH +

(
∂S

∂p

)
T,H

dp (4)

By integrating eqn 2 to the partial derivative of the state function G (eqn 1) with
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respect to the variable T at constant magnetic field H and constant pressure p, the

entropy S of the system can be written as

S = −
(
∂G
∂T

)
H,p

(5)

Correspondingly, the partial derivative of G with respect to H at constant T and p

can be computed and the magnetic moment M (M=M(T, H, p)) can be written as

such:

M = −
(
∂G
∂H

)
T,p

(6)

One of the Maxwell equations can be obtained from equations 5 and 6,

(∂S(T,H)

∂H

)
T,p

=
(∂M(T,H)

∂T

)
H,p

(7)

Eqn 7 can now be integrated for an isothermal process:

∆S(T,∆H) = ∆Sm(T,∆H) =
∫ Hf

Hi

(
∂M(T,H)

∂T

)
H

dH (8)

The variation ofmagnetic entropy∆Sm varieswith the derivative ofmagnetization

with respect to temperature at a constant field H, and with the variations in the

magnetic field dH. More generally, it depends on the temperature T and the field

variations∆H .

The accuracy of ∆Sm calculated from magnetization experiments using eqn 8

depends on the accuracy of the measurements of the magnetic moment, T and

H. It is also affected by the fact that the exact differentials are replaced by the

measured variations (∆M,∆T and∆H).

Using the following thermodynamic relations:

(
∂T

∂H

)
Sm = −

(
∂Sm

∂H

)
T,p

(
∂T

∂Sm

)
H,p

(9)

CH,p = T

(
∂Sm

∂T

)
H,p

(10)
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where CH,p is the heat capacity at constant magnetic field and pressure ([14],

[15]).

Usually, magnetocaloric experiments are carried out in adiabatic–isobaric

conditions(dS = 0 and dp=0). Using equations eqns 4, 7 and 10, one can obtain

the adiabatic temperature variation ∆Tad due to the change of the magnetic field

by integrating dTad from the initial conditions Ti, Hi to the final ones Tf , Hf :

dTad = − T

CH,p

(
∂M

∂T

)
H,p

dH (11)

∆Tad(T,∆H) =
∫ Tf

Ti

dTad =
∫ Hf

Hi

(
T

C(T,H)

)
H

(
∂M(T,H)

∂T

)
H

dH (12)

Similarly, one can obtain the expression for the magnetocaloric effect caused by

an adiabatic–isobaric change of magnetization:

dT =
T

CM,p

(
∂H

∂T

)
M,p

dM (13)

In order to fully characterize the magnetocaleric effect, one must also consider

the magnetic entropy Sm(T ) of the system. It can be computed by integrating

the magnetic experimental heat capacity as a function of temperature Cm(T )

(obtained in a constant magnetic field):

Sm(T ) =
∫ T

0
Cm(T )dT (14)

The magnetic heat capacity Cm(T ) is obtained by subtracting the lattice and the

electronic contributions to the total heat capacity Cmeasured. Indeed, at constant

magnetic field H, the total heat capacity of a magnetic material can be written

as

C = Cm + Cl + Ce (15)

where Cm, Cl and Ce are respectively the magnetic, lattice and electron

contributions. However, for Heusler alloys, it has been discussed in the paper

by Kihara et al. [17] that the electronic contribution to the entropy is considered

as negligible. Hence, the contribution of Se has been disregarded in this work
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also.

The accuracy of the characterization of the MCE can be quantified by the amount

of error of the experimental data in comparison with the theory. The accuracy

of the measurements directly depend on the exactitude of the heat capacity C

evaluated and data processing. A major source of uncertainty comes from the

fact that experimental data is discrete whereas continuous parameters are used in

the theoretical calculations. For instance, in the theory above, dT, infinitesimal

variations of temperature, are used but machines can only record a finite number

of temperature values. Thus,∆T only can be recorded, not dT.

2.2 Effects of alloying on tuning the Curie Temperature

As explained in part 1.4, one of the reasons for which FeNi25 was chosen as

the parent alloy in this project is that it has a partially FCC crystalline structure

(originating from theFeNi3 phase), as seen in Fig. 2.1b. Furthermore, the interest

in the FCC phase is motivated by its near-room temperature Curie point. A study

gathered measurements of the magnetic transition temperature of Fe–Ni face-

centered cubic (fcc) alloys and the result can be seen in Fig. 2.1a: the FCC phase

of FeNi25 exhibits a Curie point around room temperature [18].
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(a)Magnetic transition temperatures of the fcc
phase of Fe-Ni alloys,
extracted from theoretical calculations and
experimental work. (For more interpretation
of the references in this figure legend, the
reader is referred to the original article: [18])

(b) Iron-Nickel phase diagram calculated with
Thermo-Calc, coupled with
PBIN thermodynamic database. Taken from
Ref.[19].

Figure 2.1: Figures motivating the use of FeNi25 as a base alloy

Manganese and cobalt have the property of stabilising the FCC phase. One can

observe this by looking at the Fe-Mn and Fe-Co phase diagrams (see Fig2.2): at

low concentrations, the alloy is in the BCC α phase but at higher concentrations,

the FCC γ phase appears. However, Co has a smaller effect thanMn regarding the

stabilisation of FCC. Although this effect has been much observed for Mn, such as

in Ref.[20], the FCC stabilisation mechanisms of Mn and Co are to this day not

well understood yet as they are very complex.

The ”ability” of manganese to decrease the TC can be explained by the exchange

interactions of atomic moments (Jex) [22], and more specifically, by the mean

field model

TC = J(r)effZTS(S + 1)/3kB (16)

where J(r)eff is the effective exchange interaction,ZT is the coordination number,

S is the atomic spin quantum number and kB is the Boltzmann constant [22].

The variation in strength of direct exchange interaction J(r)eff as a function

of the ratio of the interatomic distance to diameter of the 3d electrons ra/r3d

can be qualitatively illustrated by the Bethe-Slater curve [23–25] (see Fig. 2.3).
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(a) Fe-Mn (b) Fe-Co

Figure 2.2: Iron-manganese and iron-cobalt phase diagrams calculated with
Thermo-Calc, coupled with PBIN thermodynamic database. Taken from
Ref.[21]

The trend of this curve can be explained by a pair interaction of two atoms

sharing two electrons. For ratios ra/r3d below 1.5 (this value, 1.5, was assumed

empirically in this paper; For ferromagnetic spin coupling, it is the point of

separation of the positive and negative exchange interactions (Jex)), the electrons

from two neighbouring atoms are close to each other. In this case, according to

the Pauli Exclusion Principle, the spins of these electrons must be antiparallel,

resulting in an antiferromagnetic interaction between these atoms. However,

when the ratio ra/r3d is greater than 1.5 and the 3d electrons are further away

from each other, they fill two different orbital states: this results in ferromagnetic

interactions. As the ratio increases, J(r)eff reaches a maximum value after which

the exchange coupling decreases. This is due to a decreasing spatial overlap of the

wave functions of the electrons. According to Fig2.3, Co and Fe shift the Curie

temperature to higher temperatures while Co decreases it.
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Figure 2.3: Schematic of the Bethe-Slater curve that shows the dependence
between the exchange interaction and the ratio of interatomic distance ra to the
diameter of the 3d electron shell r3d.
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3 Method and experimental work

3.1 Materials

Alloys were built starting with the parent alloy, FeNi25 and gradually substituting

the iron with manganese at first, and then by cobalt. The nickel content remains

the same in all alloys.

Ingots of desired compositions were melted with an ARCmelter at a 100A current

using high purity metals (Ni 99,98% and Fe 99,98%). The samples were molded

in a copper crucible, enclosed in an argon-purged quartz tube and cooled by a

water-cooling system. The sample was subjected to the beam for 15 seconds. It

was then cooled down at room temperature till solid. It was then flipped over and

re-melted to ensure proper diffusion of the elements for a uniform composition.

This process was repeated four times (each ingot was flipped 7 times).

Once the ingots had cooled down to room temperature in the argon-purged

environment, they were transferred to the CUT_Accutom_5 [26] and cut

into pieces of the order of tens of milligrams and in thin slices for XRD

measurements.

3.2 Measurements

The samples were characterized using three methods. First of all, the

magnetization of the samples as a function of temperature were measured with

Magneto-thermogravimetric (MTG) analysis, displaying the Curie temperatures

of the samples. The vibrating-sample magnetometer, VSM, was operated to

obtain the magnetization as a function of magnetic field at room temperature

in a Vibrating Sample Magnetometer (EG&G model 155, VSM) in fields up to ±
600 kA/m. The instrument was regularly calibrated against a NIST Ni standard

(within ca 3% relative error). Finally, X-Ray Diffraction, XRD, analysis enabled

the characterization of the crystalline phase structure. The instrument used was a

Siemens D5000 crystalloflex with a Cu anode (wavelength 154pm) and a graphite

monochromator to reduce the effect of fluorescence due to the Fe content in the

specimens. The sample tray was rotated with an omega rotation of 30/min during

measurements to eliminate the effect of texture. The step size was 0.02 degrees,
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8 seconds/step, 2θ from 30 to 100 degrees.

3.2.1 Sample preparation

To prepare the ingot, the amount of each element was determined using a

calculator on Microsoft Excel. The molar masses of the elements as well as the

desired ingot composition and weight were entered.

The weight of the ingot was first aimed to be of 7 grams. However, the

homogeneity of the ingots became questionable as different results were obtained

when using different samples of same composition (graphs magnetization as a

function of temperature displayed drops corresponding to the Curie Point at

different temperatures - see Fig.2). In order to reduce the inhomogeneity, the

aimed ingot mass was brought down to 5 grams.

The mass lost during the melting procedure of the ingot was also evaluated,

assuming that manganese was the element that vaporized as it has the lowest

vaporization temperature. This enabled to approximate the real composition of

the ingot, even though it is likely that other elements also vaporized.

Therefore, one must keep in mind that the compositions mentioned in this report

are not the exact compositions that were experimentally tested. However, they do

give an order of magnitude of the ingot content.

These ingots were then cut using the CUT_Accutom_5 in thin slices of same

thickness fit for XRD measurements and in smaller pieces of tens of milligrams

for other measurements.

3.2.2 Magneto-Thermo Gravimetric Analysis

Before any measurements were taken, the MTG thermobalance was calibrated

with pure nickel: the Curie temperature measured by the thermobalance was

compared to the theoretical value of nickel’s TC (TC,Ni = 353°C) in order to

evaluate the order of magnitude of the error originating from the instrument.

Magneto-Thermo-Gravimetry (MTG) was performed in a Perkin Elmer thermo

balance TGS-2. The sample space was continuously purged with pure Ar

(99.999%). The magnetic field during measurement was ca 3 kA/m. With an

extended mode of operation to allow for measurements from cryo temperatures,

we were able to measure magnetization vs temperature from - 150C to 900C.
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Measurements were made with the following steps. Before delicately placing the

sample in the thermobalance, the instrument was first tared. Once the quartz tube

surrounding the sample was set into place, the sample weight was read and noted

with a precision of 10−2mg. Next the balance was zeroed once again, always at

room temperature.

Followingwas the cooling of the sample using liquid nitrogen. This procedure was

executed by slowly pouring the cooling agent a cloth wrapped around the quartz

tube (with the purpose to retain the nitrogen). This step had to be done very slowly

as cooling the system too rapidly led to the contraction of the argon gas. Not only

could a weak flow be inefficient (the environment would not be properly purged)

but it could also affect the weight detected by the thermobalance. Indeed, the gas

flows from beneath the sample, hence a varying flow could affect the results.

A permanentmagnet was positioned under the sample. In its ferromagnetic state,

the sample would be attracted to it and pulled downwards (the balancewould read

a positive weight). Likewise, in its paramagnetic state, the sample would remain

in its initial position since it was not attracted by the magnet and thus, not pulled

downwards.

A heating rate of 40°C/min, the starting (−100°C or −150°C) and finishing

temperatures for the experiment were entered in the computer. The latter varied

with the samples. Once the desired minimum temperature was reached, the

measurements began: the furnace heated at the given rate until the maximum

desired temperature while the thermobalance recorded the magnetic weight as a

function of the temperature.
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4 Results

4.1 Magneto-thermo-gravimetric Results

A specific methodology involving the drawing of two tangent lines was followed

for all MTG results in order to read the Curie temperatures off the MTG plots

in a consistent way. A first tangent was traced at the point where the slope is

the greatest and a second one at the middle of the plateau following the drop in

the magnetization as a function of temperature curves, corresponding the the TC .

The temperature corresponding the the intersection between these two tangent

lines was defined as a Curie temperature. The construction lines can be seen in

Fig.1.

Fig. 4.1 is the result of the calibration of themagneto-thermo-gravimetricmachine

with pure nickel. One can read a Curie temperature of 353°C. According to the

literature, pure nickel has a TC of 358°C (Pouillet (1832), Neel (1933), Hultgren

(1973), Barin et al (1977)). The temperature difference between the experimental

value of TC and the one found in the literature ∆TC = TC,lit − TC,exp = 5°C is

relatively small in the context of this project. Therefore,∆TC was neglected so the

following MTG graphs were not adjusted.

Figure 4.1: MTG of Pure Nickel: TC,Ni = 353°C
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Fig. 4.2 gathers the magneto-thermo-gravimetric data of the tested ingots. In

fact, in order for these plots to be as accurate as possible, they were obtained

by averaging the data sheets collected after running several MTG measurements

on different samples of the same composition (see Fig.2). The individual plots

obtains are shown in the appedix in Fig.2.

The MTGmeasurements were not made on the same intervals of temperature for

several reasons. First of all, the main focus of this project is Curie points close

to room temperature. Hence, for samples where the Curie temperature could

not be determined when starting at -100°C, the MTGmeasurements were started

at -150°C. For FeNi25Mn6Co2 for instance, the first drop in magnetisation ends

gradually in a curvedmanner, making it necessary to analyse themagnetisation of

the sample at temperatures below -100°C for a proper evaluation of the sample’s

TC . In addition, due to the unorthodox procedure of obtaining low temperature

data, the cloth to keep the cryogen set an upper limit of the temperature to 450 C.

In the given intervals of temperature, all alloys displayed more than one drop in

magnetisation as a function of temperature (see Fig. 4.2). On the temperature

ranges studied, the plots illustrate one Curie temperature for FeNi25, two for

FeNi25Mn2 and FeNi25Mn6Co2, and 3 for FeNi25Mn5 and FeNi25Mn6.

The Curie temperatures read on Fig. 4.2 are gathered in Table 4.1. It appears

that the TC decreases as the amount of manganese increases and rises as cobalt is

added to the alloy.
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(a) FeNi25 (b) FeNi25Mn2

(c) FeNi25Mn5 (d) FeNi25Mn6

(e) FeNi25Mn6Co2

Figure 4.2: MTG graphs of samples FeNi25, FeNi25Mn2, FeNi25Mn5,
FeNi25Mn6, FeNi25Mn6Co2

4.2 Vibrating sample magnetometer Results

The VSM results can be separated into three different categories.

First on all, as one can see in Fig. 4.3d, FeNi25Mn6 has a linear magnetic field
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dependence. This sample also has the lowest magnetization at the maximum

magnetic field. Next, FeNi25Mn5 and FeNi25Mn6Co2 show a superposition of

a paramagnetic (linear) and a small ferromagnetic contribution, where the Co2

sample has a greater proportion. (see Figs.4.3c and 4.3e). Furthermore, both

samples have the same magnetization at the largest magnetic field value. Finally,

FeNi25 shows a regular soft ferromagnetic response with little coercivity. In case

of a small Mn content (FeNi25Mn2), the shape of the field dependence resembles

the Langevin function. Moreover, FeNi25 reaches its saturation magnetisation

although FeNi25Mn2 not quite. One can notice that FeNi25 has disproportionate

values of massmagnetization as it reaches 150 Am2/kg compared to 7 Am2/kg for

the Mn2 sample, the most magnetic sample after this one.

All samples but FeNi25 have a mass magnetization of the same order (from 2 to 7

A.m2/kg).
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(a) FeNi25 (b) FeNi25Mn2

(c) FeNi25Mn5 (d) FeNi25Mn6

(e) FeNi25Mn6Co2

Figure 4.3: Normalized ysteresis loops of samples FeNi25Mn2, FeNi25Mn5,
FeNi25Mn6, FeNi25Mn6Co2: mass magnetization as a function of the magnetic
field.
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4.3 X-ray diffraction Results

Fig. 4.4 presents x-ray diffraction patterns obtained. A few slices of the cut ingot

totalling around 1cm2 were put on a pedestal of clay at the sample location of the

diffractometer. The data was run through the open-source software Profex [27]

and the Fe-alphaFerrite and Fe-austenite were searched for in order to quantify

the phase fraction of BCC and FCC respectively. The diffraction patterns for

FeNi25, FeNi25Mn2 and FeNi25Mn5 reveal both BCC and FCC phases, although,

as the amount of manganese increases, the ratio of FCC (fFCC) increases while

the fraction of BCC decreases: for 0wt% Mn, fFCC = 6, 89%, for 2wt% Mn,

fFCC = 20, 7% and for 5wt% Mn, fFCC = 92, 3%. However, the XRD spectrum of

ingots with at least 6wt%Mn (FeNi25Mn6 andFeNi25Mn6Co2) display structures

with close to 100% FCC, respectively 97,4 and 98,7%. The phase fractions of FCC

are gathered in Table 4.1.
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(a) FeNi25 (b) FeNi25Mn2

(c) FeNi25Mn5 (d) FeNi25Mn6

(e) FeNi25Mn6Co2

Figure 4.4: MTG graphs of samples FeNi25Mn2, FeNi25Mn5, FeNi25Mn6,
FeNi25Mn6Co2
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Table 4.1: Compilation of Curie Temperatures TC and phase fraction of FCC
fFCC respectively read from MTG graphs and XRD. ”Gradually” means that the
transition is not sharp. In other words, Curie temperature ranges on an interval
of temperature. The value -35°Cwas determined by averaging the slope of the plot
from -120°C to -10°C

Sample TC,1 (°C) TC,2 (°C) TC,3 (°C) fFCC (%)
FeNi25 65 - - 7,89
FeNi25Mn2 31 144 - 20,7
FeNi25Mn5 -24 92 531 92,3
FeNi25Mn6 -43 21 146 97,4
FeNi25Mn6Co2 -35 gradually 90,8 - 98,7
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5 Discussion

Although the number of papers relating to the magnetocaloric effect is constantly

increasing, this quarternary alloy specifically has not been studied much and very

little knowledge is available. Therefore, many speculations have been in this

section without any support from the literature. Only the results obtained can

be considered as true, even though possible experimental errors must be kept in

mind.

5.1 Discussion of magneto-thermo gravimetric and X-ray
diffraction results

Table 4.1 confirms that manganese and cobalt both stabilise the FCC phase and

they respectively increase and decrease the Curie temperatures of the alloy. In

fact, the last sample, FeNi25Mn6Co2, almost has a phase structure of 99% FCC as

opposed to the very first sample FeNi25 that has less than 7% FCC.

Furthermore, two compositions stand out as they appear to have Curie

temperatures around room temperature.First of all,FeNi25Mn6 has a Curie

temperature,TC,2 = 21°C, at room temperature (see table4.1). However, as seen

in Fig. .1d, the corresponding drop in magnetisation is small so the change in

magnetic entropy at 21°C will also be small. As explained in part 1.1, the change

in lattice vibrational entropy will therefore be insignificant as well, leading to a

small value of ∆Tad: the material will exhibit a small magnetocaloric effect and

this is not desirable. Second of all, although no other Curie temperature in table

4.1 appears to be around room temperature, the MTG plot of FeNi25Mn6Co2

(see Fig4.2e) shows that at room temperature, the sample undergoes a magnetic

phase transition as it gradually looses its ferromagnetism from -150°C to +100°C.

Indeed, the first drop inmagnetisation is not followed by a plateau as for the other

samples and the second drop seems to be in the continuity of the first one. In fact,

the average of the two TCs measured (TC,1 = −35°C and TC, 2 = 91°C) is 28°C

and is at room temperature. This confirms that at room temperature, the sample

is in the undergoing of a magnetic phase transition. However, one would have

to quantify the magnetocaloric effect by measuring ∆Tad in order to judge if this

result (having an average of two Curie points that seem to be in the continuity of
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one another at room temperature) exhibits a large magnetocaloric effect or not.

The result could be compared to the magnetocaloric effect exhibited by a new

sample with more Co content and that would display a TC , measured with the

double tangent method, at room temperature. This could be the object of further

study when pursuing this work.

One can notice large differences in the magnetisation of the samples in Fig. 4.2:

the Mn5 sample is the less magnetic of all samples andMn2 is the most magnetic.

However, the disposition of the permanent magnet below the sample could also

have affected these values. Indeed, the weight perceived by the thermobalance

is due to the attraction between the magnet and the sample, depends on their

distance and the gap between the poles of the U-shaped magnet as these factors

will influence the magnetic field strength; The closer they are, the stronger the

field and thus, the stronger the attraction.

One can also note that most of the samples undergo more than one Curie

temperature in the temperature interval studied (see Fig. 4.2). A possible

explanation to the presence of several Curie temperatures could be that several

phases coexist in the samples, and each phase has its own specific TC . Indeed,

since different phases have different configurations, they are each characterized

by different energy barrier levels. Moreover, by definition, the magnetic spins

undergo an order - disorder phase transition at the Curie temperature. This is due

to thermal energy that disrupts the alignment of the magnetic spins. Therefore, it

seems plausible that each phase has its own intrinsic TC .

One can relate this observation with the XRD results. The XRDs show that

the phase fraction of FCC increases as Mn and Co are added, confirming the

”ability” of these two elements to stabilize the FCC phase. The last samples are

characterized by a phase structure with more than 90% FCC, and FeNi25Mn6Co2

in particular with 99% FCC. Therefore, one can conclude that the samples have

several FCC phases.

One must keep in mind that, in addition to the Curie temperatures displayed in

the MTG graphs in Fig. 4.2, there might exist other Curie temperatures beyond

these temperature boundaries. In fact, as explained in part 2, a study shows that

the magnetic transition corresponding to FCC phase of the FeNi25 alloy happens
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at low temperatures (around room temperature) whereas the one corresponding

to the BCC phase is around 900K [18]. Assuming this statement is also applicable

to the alloys studied whereMn and Co are added to an FeNi25 base, there could be

other Curie temperatures originating from the BCC phase at temperatures above

the temperature range studied in this project.

During the experimental part of the project, a major problem was encountered

when collecting data with the thermobalance for MTG measurements. As

mentioned previously, the graphs in Fig. 4.2 are the average of several MTG

data sheets obtained by running the measurements several times on different

samples of same composition. Indeed, the results had to be averaged because

the individual graphs did not follow a consistent trend, displaying different Curie

temperatures every time, as seen in Fig. .2 (Appendix). Several assumptions

can be made to explain this nonuniform data. First of all, this could be due

to slight differences in the setup, such as different temperatures at which the

thermobalance was tared. Another explanation could be that the instrument

becomes more sensitive at lower temperatures, thus yielding to different results

according to the string temperature (-100°C or -150°C). However, this effect

would be neligeable and amore probable explanation would nonuniformity in the

ingots. This could originate from insufficient melting time under of the ingots

that didn’t suffice for proper diffusion of the elements, or different cooling rates.

Indeed, the melting time required to obtain a homogeneous composition is not

known and diffusion of elements takes time. Segregation could also happen

during the cooling process. It may take some time to even out by diffusion, or

segregation starts quickly (at some temperature during cooling). This could also

be due to non miscible phases present in the ingot, as explained previously. This

inhomogeneity could be all the more enhanced because the samples tested for the

MTG measurements weighed about 10 milligrams, as opposed to the ingots that

weighed 5g. In other words, it might be possible that the tested samples were not

representative of the entire ingot.

In addition to the non-consistent trends of the MTG results, the average

magnetisation appears to become negative for the FeNi25Mn5 alloy (see Fig4.2c).

This would mean that the sample is repelled by the permanent magnet, which is
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absurd. Instead, unawareness during the experimental procedure could explain

this problem. For instance, cooling the system too rapidly with the liquid nitrogen

led to the contraction of the argon (which purpose is to purge the environment

surrounding the sample, as it is inert). This decrease in volume of the gas altered

the flow. As a consequence, the environment was not purged properly and foreign

gaseous particles were most likely present in the air surrounding the sample.

Water in the form of vapor good have for instance been present. Therefore, due

to an initially non-ideal experimental procedure, the taring of the thermobalance

was preformed at cryo temperature. We later anticipated an artefact due to a

small portion of condensate on the sample, which would have been taken into

account when taring. When the sample was heated up for the measurements, the

condensate would evaporate, thus making the sample appear lighter: ”negative

masses” appeared. Hence, for the following samples, the thermobalancewas tared

at room temperature and not at low temperatures in order to avoid the ”negative

masses”, and the negative magnetisations disappeared.

5.2 Vibrating sample magnetometer discussion

First on all, the linear hysteresis loop of FeNi25Mn6 (Fig. 4.3d) clearly indication

that the sample is paramagnetic at room temperature. This is in fact accurate

with the MTG results since this sample had the lowest Curie points of all: it

lost its ferromagnetic contribution at temperatures far below room temperature.

Furthermore, this sample has the lowest magnetization of all at the maximum

magnetic field, confirming its paramagnetic state. The VSM loops of FeNi25Mn5

and FeNi25Mn6Co2 (see Figs4.3c and 4.3e) are evidence of the existence of a

ferromagnetic contribution in addition to the paramagnetic one: at least two

phases could exist in the system. Both samples have equalmassmagnetisations at

maximum magnetic field, showing they are in a comparable ferromagnetic state.

The latter is consistent with the MTG results that show that the magnetization of

both samples never reaches zero in the studied temperature interval. This could

signify that at room temperature and all throughout the measurements, a BCC

phase remains in its ferromagnetic state as it has a much high Curie temperature

(according to W.Xiong [18]. This phase would not give any ferromagnetic

contribution past its Curie temperature. Furthermore, theMTGs are also coherent
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with these VSM results because these two samples were found to have the highest

Curie points of all the studied sample. Finally, one possible yet questionable

explanation for the Langevin-like loops of FeNi25 and FeNi25Mn2 could be

that these samples are superparamagnetic. Superparamagnetism is a form of

magnetism found in sufficiently small nanoparticles. In these small particles of

sizes ranging from 10 nm to 150 nm, the magnetisation randomly flips directions

under the influence of temperature. As a consequence, their average value of

magnetization appears to be zero when no external magnetic field H is applied.

However, when H ̸= 0, the nanoparticles can be magnetized, similar to a

paramagnet and but they have much larger magnetic susceptibility than that

of paramagnets [28]. In fact, both samples presenting these behaviours have

the highest magnetisations of all samples, although the difference is not very

large (7 compared to 3,5Am2/kg for the Mn5 sample). However, FeNi25 has

disproportionate magnetization compared to the other samples. The difference is

so large that it seems like experimental error. However, although the results are

normalized, the sample mass could have influenced the data. Indeed, the sample

tested was nine times heavier than the other samples (0.091g compared tomasses

in the order of 0.01g for all the other samples) and themagnetic dipolesmight have

influenced other surrounding ones, creating a large macroscopic magnetization.

However, this explanation remains quite uncertain and further work could be

done to investigate the subject more in depth.

However, many interpretations in this report remain doubtful. One can mention

for instance the suspicious ”negative magnetic attraction” or inconsistent MTG

results that could be due to inhomogeneity in the samples. The coexistence of

several FCC phases, each corresponding to one TC , is also uncertain.

In addition to these points that remain unproven, there exist other sources of error

that one must keep in mind when interpreting the results. For instance, when

using the software Profex, the XRD data was analysed by searching for the Fe-

alphaFerrite and Fe-austenite phases. However, these phases most likely do exist

in the sample, although they are sufficient to search the phase fraction of BCC and

FCC as the regularity of the peak positions will not be affected. However, since the

structure of the phases are unknown, it appears hard to estimate the exact fraction

of the existing phases.
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6 Conclusions

The aim of this project was to determine a Fé-Ni-based alloy composition with

a 100% FCC crystalline structure and a Curie point around room temperature.

Several methods such as MTG, VSM and XRD were applied to characterize the

samples. The first base alloy was FeNi25 and further alloys were obtained as

Fe was substituted by Mn and Co, such as to obtain Fe100−x−yNi25MnxCoy, in

order to stabilise the FCC phase and adjust the TC of the sample. It was found

that FeNi25Mn6Co2 both has close to 100% FCC (fFCC = 99%) and undergoes a

magnetic phase transition at room temperature. More precisely, the sample has

two Curie points in the continuity of each other, although according to the ”double

tangent method” adopted, they appear to be at −35°C and 91°C.

Many result interpretations need further investigations in this report as

experimental data is still lacking. Suggestions for future work could be to

increase Cobalt content to raise the Curie point even further. One could also

quantify the magnetocaloric effect by measuring Tad for instance. Moreover, the

different FCC phases should be investigated further. Carrying out ’atomic probe

analysis’ could give more precise information of the chemical composition and its

spatial distribution, and hence elucidate the compositions of various FCC phases

encountered: do they all exhibit the same magnetocaloric effect?
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Appendix: magnetisation vs temperature graphs

(a) FeNi25 (b) FeNi25Mn2

(c) FeNi25Mn5 (d) FeNi25Mn6

(e) FeNi25Mn6Co2

Figure .1: MTG graphs with TC constructions of samples FeNi25, FeNi25Mn2,
FeNi25Mn5, FeNi25Mn6, FeNi25Mn6Co2
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(a) FeNi25Mn5

(b) FeNi25Mn6

(c) FeNi25Mn6Co2

Figure .2: Individual MTG graphs of samples FeNi25Mn5, FeNi25Mn6,
FeNi25Mn6Co2 36
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