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Chapter 1: Introduction

In today’s society, cooling technology has become a necessity, whereas for food transport
and storage, allowing us to have off seasonal products; for our commodity, with air conditioning
in our homes and cars; for medical advances, such as organ transplantation or cryogenic storage.
The modern refrigerator/cooling system operational design has not changed much in comparison
with their earliest design versions, they operate via a gas expansion and compression cycle that
uses chemicals such as Freon, a refrigerant which is an ozone depleting compound that consists of
chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs). The implementation of
new designs and materials for the construction of cooling systems is a must do, being essential that
these improved designs will reduce the environmental impact and increase the efficiency of their

predecessors.
General Overview of Magnetocaloric Effect

Magnetic refrigeration (MR) is a cooling process based on the magnetocaloric effect (MCE) that
is present to some extent in all magnetic materials, and the ones in which this effect is more
appreciable are called magnetocaloric materials (MCM) [1]. MR has been an emerging technology
for the last 20 years and the interest shown by researchers, industry and governmental agencies [2]
promises a non-so distant future where MCM’s will be implemented at a faster rate than today’s
conventional refrigerative systems. This new cooling technology is projected to have a 20% in

energy savings for A/C applications and 40-50% in savings for refrigeration applications [3].

Although a liquid is still needed as a heat exchanger, various designs for the arrangement of
magnetocaloric materials for magnetic refrigeration have been proposed, such as a rotatory device

[4] and a fully solid-state magnetic refrigerator [5].


https://en.wikipedia.org/wiki/Hydrochlorofluorocarbon

Before being implemented in MR at room temperature, any MCM should met few criteria:

e It’s Curie temperature (Tc) should be around room temperature.

e Reversible magnetization process with respect to a changing and reversing external

magnetic field.
e Small hysteresis loss in the magnetization/demagnetization process.
e Nontoxic and oxidation resistant.

e Low cost magnetic materials and processing.
Thermodynamics of Magnetocaloric Effect

The theory of the MCE surfaces by considering the MCM as a thermodynamic system and
applying the first law of thermodynamics. The total internal energy of the system can be described

as function of the external magnetic field (H), the volume (V) and entropy (S) of the system

U=U(S,V,H) (1.1)

and can also be written as a function of the magnetic moment (M), V and S:

U=U(S,V,M) (1.2

For each of the representations of the internal energy (U), the total derivative takes the following

corresponding forms

dU = TdS — PdV + MdH (1. 3a)

dU = TdS — PdV + HdM (1. 3b)



Considering that there will be no volume change (dV = 0), and normalizing the magnetization by
the mass of the sample (¢ — magnetic moment per unit of mass) we end up with the relations for

the internal energy

dU =TdS + HIM - dU = TdS + Hdo (1. 4a)

dU = TdS + MdH - dU = TdS + odH (1. 4b)

From this expression we can see that now the entropy of the system can be described in terms of
the variables corresponding to the temperature of the system T and the external applied magnetic

field H

S =S(H,T) (1.5)

Taking the derivative of the entropy S = S(H,T)

dS = (8S/dT),dT + (8S/0H);dH (1.6)

it’s observable that the total change in Entropy of the system will have two contributions, one is
related to the change in the temperature of the system at constant H and the other one to the change

in the magnetic field at constant temperature T.

For further simplifying is necessary to introduce external parameters that will allow us to describe

the magnetic field H, those parameters are the free energy F and Gibbs free energy G.

The free energy F, also referred as Helmholtz free energy is a function that through its variation
tells us the amount of work that can be done for by a system at a constant volume, it’s a function

of T, V and H and is defined as



F=U-=TS (1.7)

and its total derivative

dF = —SdT — pdV — MdH (1. 8)

For the Gibbs free energy G, we have that it’s a function of T, p and H

G=U-TS+pV—MH (1.93)

dG = Vdp — SAT — MdH (1.9b)

Making use of the relation with their conjugate variables, for the free energy F we get that the

parameters S, M and p are given by the first derivative of F, as follows:

S(T,H,V) = —(8F /0T )y (1.10a)
M(T,H,V) = —(3F /0H) 1y (1.10b)
p(T,V,H) = —(dF /aV) 1 4 (1.10¢)

Similarly, for the Gibbs free energy G we get that the parameters S, M and V are given by the first

derivative of F, as follows:

S(T,H,p) = —(3G /0Ty, (1.11a)

M(T,H,p) = —(8G/dH), (1.11b)



V(T,H,p) = —(0G/0p)rn (1.11¢)

The Maxwell equations are obtained by making the derivatives for equations (1. 11a) and (1. 11b)
(0S/0H) 1, = —(0/0H)(0G /0Ty, (1.12a)
(OM/0T)y,, = —(8/0T)(0G/0H) 14 (1.12b)

In the same way for equations, we obtain the so-called magnetic Maxwell’s relations

(8S/0H)r,, = (AM/0T)y, (1.13a)
(8S/0p) 1. = —(0V/0T)y, (1.13b)
(8S/8M) 7, = —(3H /3Ty, (1.13c)

Continuing the description as a thermodynamic system, the specific heat C of any system at a

constant variable x can be defined as
C, = (6Q/dT), (1.14)

In which & describes heat as a path function. Making use of the second law of thermodynamics,
we relate the change in entropy with respect to the change in the heat absorbed by the system at a

temperature T
ds =6Q/T (1.15)
and now the specific heat at a constant magnetic field and pressure can be redefined as

Cp = T(3S/T) (1.16)



In which Maxwell’s relations are used to express the change in entropy in terms of the normalized

magnetization (from equation (1.13a))
(0S/0H) 1 = (00 /0T)y (1.17)
Plugging both equations (1.13a) and (1.16) into (1.6), now the dS expression becomes
dS = (Cpu/T)dT + (80 /8T)dH (1.18)

This infinitesimal change in entropy can be given by either an adiabatic process in which dS = 0
or an isothermal process in which dT = 0. Both of these processes give us an insight about how
the change in the entropy can be determined in the system, the first process is called a direct method
in which by means of a thermocouple the change in temperature in the MCM is measured when a
phase transition happens and in the isothermal process the entropy of the system is calculated at

different temperatures and then the differences in entropy for consequent temperatures is taken.

After applying the conditions dS = 0 and dT = 0, we end up with the expression for the direct

measurement of the MCE as being
AT,y = — flil(r/cp,,,) (80/9T)dH = MCE (1.19)
And for the indirect method being the following expression

AS = AS,, = — f:;l((')a/aT) dH = MCE,,, (1.20)



s (J/kgK)

B=0

T (K)

Figure 1.1: The total entropy S as a function of magnetic field H and temperature T,
schematically illustrating the definition of the isothermal magnetic entropy change ASm and the
adiabatic temperature change ATaq.

In general, the total entropy of a magnetic material at a constant pressure can be expressed as the

sum
S(H,T) = Sy (H,T) + S.(H,T) + Sg(H,T) (1.21)

where S_ and Se are the lattice and electron contributions to the total entropy, and they are also
directly dependent on the external magnetic field H and the temperature T. This equation holds for
rare earth MCMs and at low temperatures, where the electronic heat capacity coefficient changes
in the presence of a magnetic field or when there’s a synchronization of magnetic, structural and
electronic phase transitions. As a first approximation the electronic and lattice contributions can
be taken as non-dependent with the magnetic field, for this reason the MCE is usually attributed

to the change in magnetic entropy, especially at higher temperatures.
The lattice entropy can be written as

S, =ngR [—3 In (1 - eTD/T) +12 (1)3

Tp

[T/ i] (1.22)

0 eX—-1
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from the Debye interpolation formula, where R is the gas constant, T}, is the Debye temperature
and n, is the number of atoms per molecule in the material. From this formula we see that a

decrease in the lattice entropy is expected as T}, increases.
The electronic entropy can be written as
S, =a,T (1.23)
where a, is the electronic heat capacity coefficient.
Magnetic Phase Transitions and Magnetocaloric Materials Classification

The magnetocaloric effect is associated with a phase change in the MCM, a phase transition is said
to occur when a thermodynamic system goes from one phase or state of matter to another.
Magnetocaloric materials are categorized by two types of phase changes, first order (FOT) and
second order (SOT) transition materials. In theory, they are distinguished by a discontinuity in the
order of the differential change in entropy at the transition temperature, FOT’s displays this
discontinuity in the first order differential term and SOT’s do it at the second order differential in

the entropy change.
First order transition (0S/0T) = undefinedat T = T, (1.24)
Second order transition (825/dT?) = undefined at T = T, (1.25)

A way to characterize the phase transitions is by using Landau’s theory, which describes
continuous phase transitions, it states that it is possible to describe the Helmholtz and Gibbs free

energy in the vicinity of the critical temperature T, with the help of a thermodynamic potential

O = @y +>a(T)M? + - b(T)M* = c(T)M® + - (1.26)



To obtain the equilibrium potentials F and G, it’s needed to minimize ¢ with respect to M and V

or M and p:
G(T,H,p) =% (T, H,M,p,V) (1.28.3)
F(T,H,V) =3 (T, H,M,p,V) (1.28b)

Now, with equations (1.10) and (1.11) is now possible to obtain the equilibrium internal parameters

of a system.

With the help of the Inoue—Shimizu model [6], which involves a Landau expansion of the magnetic
free energy up to the sixth power of the total magnetization M, it’s possible to determine the

magnetic transition type, writing the free energy of the system as
F(M,T) = a(T)M? + b(T)M* + c¢(T)M® + - — HM (1.29)

For calculating the minimum energy od the system, we differentiate the equation (1.29) with

respect to M and equating to zero, obtaining the equation of state:
a(T)M + 4b(T)M?3 + 6¢c(T)M® + O(M>) = H (1.30)
Which can be rearranged as
H/M =~ a(T) + 4b(T)M? + 6¢(T)M* + O(M*) (1.31)

Now it’s possible to plot experimental data in the form of isotherms of H/M vs M?, the coefficient
a in equation will show the linear intercept in the H/M axis, which is useful to determine the
transition temperature T.. When T = T, the commencement of the paramagnetic behavior of the

system follows the Curie law:

a(Tc) =1/, =10 (1.32)



with y, being the magnetic susceptibility at the limit of zero field. The sign in the linear term

4b(T) in this linear interpolation will tell the order of the phase transition, if b is negative it’ll be

a first order and if b ends up as being positive the transition will be second order [7].

Figure 1.2 presents how the parameters of magnetization, heat capacity, entropy and entropy

change will behave under either order transition.

First order

Second order

M

Magnetisation

T.

T

Heat capacity

Entropy

S

T, T

T,

'.'r

AS
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Entropy change

=
Increasing
AH

Increasing
“H
" A

N

e

=

T. T

Figure 1.2: Magnetization M, heat capacity Cp, entropy S and entropy change dependence on the

10

field change at first and second order transitions. Modified from [8].



Magnetocaloric Effect and Thermodynamic Cycles

A thermodynamic cycle consists of a sequence of thermodynamic processes in which there’s
transferring of heat and work into and out of the system, while varying the parameters within the

system, and this sequence ends at the initial state of the setup.

The general components of a magnetic refrigerators are: a magnetocaloric material, a magnetizing
and demagnetizing system, hot and cold reservoirs and a heat transfer system/fluid. The heat

transfer system will transport the heat between the MCM and the hot and cold reservoirs, and

depending on the cycle temperature of operation the transfer fluid can be either a liquid or a gas.

R

Compress, and
therby warm
the gas

l

)

Magnetize, and
therby warm
the solid.

|

Y
Remove heat with Remove heat with
a cooling fluid. a cooling fluid.
g
Cool Fluid In Cool Fluid In ¢
Expand, and Demagnetize e .
therby cool —_— and therby pr——
the gas. cool the solid.
l Cool Flund In l + Cool Fluid In
Absorb heat from — Absorb heat from L— (
a cooling load. a cooling load. I— |
S Cold Fluid Out I— Fluid OU

......

Hot Fluid Out 4

Figure 1.3: Comparison between a conventional vapor compressor refrigerator and a magnetic
refrigerator.

The first instance of a practical application of the magnetocaloric effect was in 1933 by Giauque

et al.[9] when they used adiabatic demagnetization of gadolinium sulfate (Gd2(S04)2-:8H20) to
11



reach temperatures below 1 K, this system required to be cooled down with liquid helium since
the magnetocaloric effect was large only in that temperature range. In general, the MCE is large
below the phase transition temperature T, thus, the need of an MCM with a T, around room
temperature would be ideal for any commercial refrigeration applications. Since the
magnetocaloric material is only one of the components of the magnetic refrigerator system, there’s
also the need to improve the design of the magnetic refrigerator system in order to maximize the
efficiency of the magnetocaloric material.

One of the important factors is the thermodynamic cycle in which the MCM will be put in order
to cool/heat the desired system. The principal types of cycles are: Carnot, Ericsson, Brayton and
Active Magnetic Regenerator (AMR). The ruling thermodynamic processes that allow the
realization of magnetic refrigeration in those thermodynamic cycles are: isothermal magnetization,
in which the magnetic refrigerant is magnetized at a constant temperature: the MCE is displayed
as a change in the magnetic entropy; adiabatic magnetization, where the coolant temperature

increases due to an adiabatic temperature change; and processes at constant field.

Figure 1.4: T-S diagram of an MR (a) Carnot cycle; (b) Bryton cycle; (c) Ericsson cycle. Taken

from [12].
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The Carnot cycle constitutes of two adiabatic processes (entropy is constant) and two isothermal
(constant temperature) processes (Figure 1.4a) and is the most efficient cycle. The Ericsson cycle
is compromised of two isofield processes (where temperature changes as the magnetic field is
constant) and two isothermal processes, it relies in a regenerator to transfer heat between the hot
and cold parts of the cycle absorbing and releasing heat when needed. Brayton cycle is made of
two isofield and two adiabatic processes, and it essentially does not need a regenerator in the
cooling process. The AMR cycle follows the same processes as the Ericsson cycle, but the MCM
is both the refrigerant and regenerator, its efficiency is almost as efficient as the Carnot cycle. For

this reason, most of the MCE refrigerators are based on the Carnot or AMR cycles [10].

Requirements for a Good Magnetocaloric Material

The factor that determine the quality of any MCM will be directly dependent in the value of the
maximum change in entropy, and this factor is the relative cooling power which is the product of
the maximum change in entropy and the full width range of temperature at half maximum of —AS

max

This product is called the relative cooling power (RCP) due to the magnetic entropy change.

Analog to this we’ll have the adiabatic change in entropy due to the increase in temperature of the

MCM, this product

13



RCP(T) = _ATadMAX X 6TFWMH (134)

Is called the relative cooling power based on the adiabatic change in temperature.

There’s also the refrigerant capacity (RC) defined as

RC = f |ASyyy| AT
FWHM

% T L T T T T
GdRug»Cdg 5 AH=0-5T
9 2

(o)
T

AS.\l/.]‘kg_]‘I\'_l

0 30 60 90 120
T/K

Figure 1.5: Definitions of relative cooling power (RCP) and refrigerant capacity (RC) for

GdRuo2Cdog. The rectangular area is RCP and the area full with parallel lines is RC. Taken from
[11].

Heusler Alloy System

Along new materials compositions for magnetic refrigeration (MR) at room temperature, Heusler
alloys have gained attention in the last years, since usually they do not contain any ferromagnetic
material in their composition and yet they do behave as ferromagnets 1451 and exhibit various

transition temperatures which can benefit the material applicability for MR.

14



Heusler materials can be found to have two stoichiometric formulas, X>2YZ and XYZ called full
Heusler alloys and half or semi Heusler alloys that have L2; and Clp crystallite structures,

respectively. The unit cell is composed by four interpenetrating FCC sublattices with positions

(000) and (%,%,%) for X, (%,%,%) for Y and G%%) for Z atom.

Full-Heusler
X YZ [L21]
®x Oy
mXxX @&z

Half-Heusler
XYZ [ Clb]
®x Ovy
W Void @ Z

Figure 1.5: C1p and L2; structures adapted by the half- and full-Heusler alloys. Taken from [13].

In this stoichiometric composition there can also be disorder due to partial interchange of atoms at
different sublattices, usually due to either Y or Z atoms not being in their expected site. The
commute or partial occupation of Y and Z atoms on each other sublattices in the L21 structure
leads to a mixture L21-B2 of faces. B2 structure is obtained if half of the Y and Z atoms

interchange positions, the ratio of these faces will depend on the heat treatment given to the alloys.

15



Figure 1.6: Possible configurations in the B2 disordered structure given by the occupation of Y
and Z sublattices.
Heusler alloys have been observed to undergo a martensitic transition from a highly symmetric
cubic austenite to a low symmetry martensitic phase at low temperature. In contrast with an atomic
order-disorder transition, the martensitic transition is caused by a non-diffusional cooperative
movement of atoms in the crystal. When Heusler alloys are in the magnetic martensitic phase, they
may exhibit the magnetic shape memory effect (MSM), this effect is characterized by a large strain

induced by an external magnetic field.

16
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Figure 1.x: : Stress-Temperature graph and Stress-Strain graph of martensite to austenite lines in
a shape memory alloy. Taken from [16].
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Chapter 2: Experimental Methods

In this chapter the proceedings and methods used for the preparation of the Heusler alloy are
discussed. Arc melting under a controlled atmosphere of Argon, X-Ray diffraction at room

temperature and Vibrating Sample Magnetometer up to 3T.
Sample Preparation
Arc Melting and Melt Spinning

Arc melting it’s a simple and effective method for preparing alloys. The steps to synthesize a
sample with this method is described as follows: highly pure elements are weighted in
stoichiometric proportions, then placed inside an Argon atmosphere and melted together. The
melted product is called ingot, and it’s remelted various times to ensure the homogeneity of the
elements in the alloy. Usually after this process is done, the obtained alloy is annealed from hours

to days at an annealing temperature to establish the phase formation in the alloy.

Figure 2.1: Components of the Arc Melting Furnace SA-200-1-VM.
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The now annealed ingot is now melt-spun, process also known as planar flow casting. The ingot
is placed in a quartz tube with a nozzle under Argon atmosphere and is melted via induction with
a copper coil, then is ejected through the nozzle as stream of liquid and poured over a rotating

copper wheel that is cooled internally by water, leading to a rapid solidification.

Ejection pressure

e

(o)
Induction coil (@]
\0
(o]
(@)
/

Ejecting nozzle

00000

Molten alloy

Rotating wheel
Melt-spun ribbon

m) N

Figure 2.2: Basic configuration of a single-roller melt-spinning apparatus. Taken from [17].
Sample Characterization
X-Ray Diffraction

X-rays are electromagnetic radiation with wavelengths in the range 0.5-2.5 °A. Since this is of the
same order of magnitude as the interatomic distances in solids, X-rays are frequently used to study
the internal (crystalline) structure of materials. X-ray diffraction (XRD) is a nondestructive
technique that provides detailed information about the crystallographic structure, chemical

composition, and physical properties of materials.
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X-ray diffraction is the elastic scattering of x-ray photons by atoms in a periodic lattice. The
scattered monochromatic x-rays that are in phase give constructive interference diffraction from a

crystal is described by the equation known as Bragg’s law:

nA = ZdhleiTl (9) (21)

This equation allows one to measure the perpendicular distance (d},;) between imaginary planes
which form parallel families and which intersect the repeating unit cell filled with atoms in a way
described by the Miller indices (hkl). In this equation A is the wavelength of the X-ray source
(Cu — K,), 6 is the incident angle of the X-rays and n is an integer number representing the order

of the diffracted x-ray.

Figure 2.3: Diffraction (i.e. constructive interference of the scattered X-rays) will occur if the
Bragg condition (eq. 1) is fulfilled and of the scattering vector K is parallel to the normal of the
hkl-planes.

Vibrating Sample Magnetometer

Vibrating Sample Magnetometry (VSM) is a measurement technique which allows to determine

the magnetic moment of a sample with very high precision. is based on Faraday's law which states
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that an electromagnetic force is generated in a coil when there is a change in the magnetic flux
through the coil. In the measurement setup, a magnetic sample is moving in the proximity of two

pickup coils.

The oscillator provides a sinusoidal signal that is translated by the transducer assembly into a
vertical vibration. The sample which is fixed to the sample rod vibrates with a given frequency
and amplitude. It is centered between the two pole pieces of an electromagnet that generates a

magnetic field Ho of high homogeneity.

Stationary pickup coils are mounted on the poles of the electromagnet. Their symmetry center
coincides with the magnetic center of the static sample. Hence, the change in magnetic flux
originating from the vertical movement of the magnetized sample induces a voltage Ving in the
coils. Ho, being constant, has no effect on the voltage but is necessary only for magnetizing the

sample. According to Faraday, the voltage in a single winding of the pickup coil can be written as

Ving = — 0P/t (2.2)

where @ is the magnetic flux. For n¢ pickup coils with a flat surface A and nw windings, the induced

voltage would be

Vina = o Zn,, [, (@P/0)dA (2.3)

Where B is the magnetic flux density
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Figure 2.4: Schematic representation of a Vibrating sample Magnetometer (VSM).

Magnetic Measurements for Magnetocaloric Effect

Direct Measurement

In the direct measurements of the MCE, the magnetocaloric material is exposed to an external
magnetic field change and at the same time its temperature change AT is being registered using a
thermal sensor that is directly in contact with the MCM. The adiabatic temperature change is given
by

AT(To,AH) = TF(HF) - TI(TI) ; AH = HF_HI (24)

A direct measurement of the change in temperature (AT) has been built based on the design
proposed by Gopal et al., for the analysis of a Gd 99.9% sample. The accuracy of the AT measure
is dependent in a lot of variables in the set-up, like the setting of the magnetic field, thermometry

and the insulation of the sample, usually in the 5-10% error range.
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Figure 2.5: Adiabatic temperature change during a magnetic field change of 1.1 T for a test
sample of Gd 99.9 %. Taken from [18].

Indirect Measurement

To obtain the magnetocaloric effect through indirect methods, it is necessary to do magnetization
and heat capacity measurements in order to be able to use the thermodynamic equations obtained
in Chapter 1. This method is the most seen in published investigations on the magnetocaloric

effect, and is based on magnetic measurements for the calculation of magnetic entropy changes.
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Figure 2.6: Experimentally observed magnetization M in melt-spun LaFe11.6Si1.4 showing a weak
first order transition in dependence on (a) temperature and (b) magnetic field. Taken from [8].
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DC magnetic measurements (magnetization vs temperature at constant magnetic field and
magnetization vs field at constant temperatures) are needed in order to calculate the magnetic
change in entropy. A magnetization vs. temperature measurement is first needed to determine the
temperature at which the MCM undergoes a phase transition, once this temperature has been
identified, magnetization vs. field measurements at different temperatures intervals around the

phase transition must be done, following equation. (1.20)

Hy
AS =AS,, =— | (80/3T)dH = MCE,,,
Hy
- Area=613705 84520 30 Area=642604 23876
w0k ] 251+ |
T @ AT=5K (b) 25 ()
) —20 —_
= o 220
H 215 2
E= 3 ot
g T Tt
: :
=, H 5 6 &
= =
0 0
0000 15000 20000 25000 30000 0 5000 10000 15000 20000 25000 30000 0 5000 10000 15000 20000 25000 30000
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Figure 2.7: Process for calculating the magnetic change in entropy with the indirect method. (a)
Magnetic isotherms are measured. (b-c) Entropy at each temperature is calculated. (d) Difference

of magnetic entropy is obtained.
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The process for calculating the magnetic change in entropy with the indirect method is illustrated
in Figure 2.7, first different magnetic isotherms at increments of 5K in temperature are measured,
with the help of Maxwell’s magnetic relations, the entropy at each temperature is calculated by
integrating each isotherm and finally the difference between neighboring isotherms is obtained

and plotted, resulting in the change in magnetic entropy AS,,, graph.
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Chapter 3: Synthesis, Magnetic and Magnetocaloric Properties of MnFe2Ga

Alloy

Introduction

In this chapter, we study the magnetocaloric effect (MCE) in the MnFe>Ga Heusler alloy by means
of studying the magnetization M (H, T) of the sample around its phase transition temperature. It’s
found that this compound possesses two transitions temperatures, one around room temperature
(320K) and another one at 550K . For the transition at 320K under a field of 3T it is found to have
an inverse change in entropy AS,, with a value of 1.97 J kg~'K~! and a negative change of
4.60 ] kg~1K~* for the high temperature transition, with a Relative Cooling Power (RCPrwwm) of
275.85] kg~ and 351.42 ] kg1, respectively. These results show a considerable MCE until
now not reported for this alloy, and with a plus of having two peaks for the change in entropy our
alloy provides us with the possibility of applications in extreme conditions (whereas military or

aero-spatial) for the cooling of a system which is desired to bring it to room temperature.

Experimental Details

Ingots of MnFe.Ga were prepared by arc melting up to 4 times the composing elements in an argon
atmosphere, afterwards the ingots were made ribbons by melt spinning and later annealed at 400C
at increasing intervals of two hours. Structural properties were studied by X-ray diffraction at room
temperature using a Bruker X-ray diffractometer with a Cu-K alpha radiation source. Transition
temperatures were determined by differential scanning calorimetry (DSC), also, magnetic
characterization was performed to obtain magnetic transitions in the temperature range of 50K to

800 K with a vibrating sample magnetometer (Versalab Three, Quantum Design) for the annealed
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ribbons at a constant field strength of 1000e. Afterwards, magnetic isotherms were performed in
the temperature range of 50-800K at increasing intervals of 5K in a magnetic field strength from
minus 3T to 3T for the calculation of the change in magnetic entropy around the phase transition

temperatures.
Results and Discussion

Figure 3.1 displays the powder XRD patterns at room temperature of the MnFe>G ribbons. XRD
analysis shows that the sample crystallizes mainly into the L21 crystallite cubic structure

(AlCu2Mn-type) corresponding to a full Heusler alloy compound

(1) ——Ribbon as is

Annealed 2 hrs
Annealed 4 hrs
Annealed 6 hrs
Annealed 8 hrs

(200) (220) (311)

Intensity (a.u.)

— 1

-g_%,
e

30 40 50 60 70 80 100

20 (o)

Figure 3.1: X-ray diffraction pattern of samples at room temperature.

From the magnetic characterization dependence (MxT) in Figure 3.2, it’s observable that the alloys

undergo two independent phase transitions, one that is around room temperature (~325K) and the
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other at high temperature (~550K). From the nature observed in the hysteresis loops (Figure 3.4)
measurements at different temperatures it was observed a Ferrimagnetic to Ferromagnetic
transition from low to room temperature and from Ferromagnetic to Paramagnetic transition at
high temperature, matching the noticed transitions on the magnetization against temperature plot.
DSC analysis in Figure. 3.3 displays a more accurate values for the transitions in all the samples,
T being the ferrimagnetic to ferromagnetic, Tm the beginning of the martensitic transition and Tc

the Curie temperature.

From Arrot plots (Figure 3.5) it’s determined that the transition at room temperature is a first order

transition and the high temperature transition is found to be a second order one.
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Figure 3.2: Magnetization dependence on temperature at a constant field of 1000e.
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Figure 3.3: Differential scanning calorimetry measurements for the annealed ribbons, showing

800

the low, Martensitic and Curie transition temperatures.

Following the process for the indirect method described in the previous chapter, magnetic
isotherms at increments of 5K in temperature in an external field up to 3T are measured in a range
of temperature from 50K to 800K for each of the annealed ribbons (Figure 3.4), magnetic entropy

is calculated with the help of Maxwell’s magnetic relations and then the change in magnetic

entropy is calculated (3.6).
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Figure 3.4: Hysteresis loop of the ribbon annealed for two hours, at different temperatures in
intervals of 5 K. (a) From 50 to 400 K and (b) from 300 to 800K.
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Figure 3.5: Arrot plots around phase transition temperatures, showing a first order transition at
320K and a first order transition at 550K.

Values for the maximum change in magnetic entropy around room temperature ferri-ferro
transition are found to be positive, 1.79] kg='K~! at 282.5 K, 1.97 ] kg~ *K~1 at 287.5K,
144 ] kg 'K™1 at 2775K, 1.81] kg 'K~1 at 2825 K, 1.44]J kg 'K~ at 277.5K and

0.90 ] kg~ 'K~ at 267.5K for the ribbon as is, the sample at annealing time of 2hrs, 4hrs, 6hrs
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and 8hrs, respectively. The values for the change in entropy for the high temperature martensitic
transition are negative, all occurring at the same temperature of 577.5K, the corresponding —AS,,
values are  437Jkg 'K ',460] kg 'K1,433] kg 'K"1,459] kg k™!  and

458 ] kg K1
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Fig 3.6. Change in entropy for all the ribbon samples at a 0-3T external field strength.

Table 3.1: Transition temperature T, change in entropy and relative cooling power at the near
room temperature.

Compound T, AS (37) RCP

Ribbon as is 325 1.79 79.93
Annealed 2 hrs 325 1.97 275.85
Annealed 4 hrs 325 1.81 342.30
Annealed 6 hrs 325 1.44 354.95
Annealed 9 hrs 325 0.90 252.60
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Table 3.2: Curie transition temperature T¢, change in entropy and relative cooling power at the
high temperature.

Compound Tc AS (3T) RCP

Ribbon as is 552 4.37 330.69
Annealed 2 hrs 552 4.60 351.42
Annealed 4 hrs 552 4.33 242.20
Annealed 6 hrs 552 4.59 379.25
Annealed 9 hrs 552 4.58 314.56

For their cooling effectiveness the Relative Cooling Power (RCP) is calculated using the formula

Where ATgy 1 1S the temperature full range at half the maximum change in entropy on the AS,,
peaks. Values of 79.93]kg1,275.85]kg™t, 34230Jkg!, 35495Jkg™! and
252.60] kg~ of RCP for the original ribbon, and samples annealed at 2, 4, 6 and 8 hrs
respectively at room temperature transition. For the martensitic transition RCP values of
330.69 ] kg~t, 351.42]kg~', 242.20] kg™, 379.25Jkg~! and 314.56] kg~ were

obtained.

These RCP values show that even though the value for the change in entropy on our samples is
relatively small for the room temperature and medium values for the high temperature, the samples

are a good contender to be applied as a magnetocaloric material.
Conclusion

The focus in this thesis has been to develop a new alloy for magnetocaloric effect applications.
The work began by synthetizing the FexMnGa alloy and determining its feasibility to be applied

as a magnetocaloric material by studying its structural and magnetic properties.
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FeoMnGa ingots that prepared via arc melting, later melt spinned and afterwards annealed at 400C
at increasing times, magnetic and calorimetric analysis did show two magnetic transitions in this
alloy system, going from low to high temperature a magnetic phase transition is observed, going
from a ferrimagnetic to ferromagnetic state and another transition is observed at high temperature,
going from a ferromagnetic to paramagnetic phase due to a martensitic transition proper of memory
shape alloys. The values obtained for the magnetic change in entropy, shows medium changes in
entropy in both transitions and good RCP values were obtained for the room temperature transition
as the operational range ATry 4 Of temperature increased with the annealing time, as for the high
transition temperature the magnetic change in entropy remained somewhat constant with medium-
high values for the entropy, and therefore also constant RCP values. With this alloy system
characterization finished, we can conclude that the FezMnGa alloy may have applications as a
magnetocaloric material for magnetic refrigeration in everyday applications at room temperature

and extreme conditions (high temperature).
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