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Abstract

The observation of a giant magnetocaloric effect in Gd5Ge1.9Si2Fe0.1 has stimulated the magne-
tocaloric research in the last two decades. However, the high price of Gd and its proclivity to corro-
sion of these compounds have prevented their commercial use. To reduce raw materials cost, transition
metal-based alloys are investigated to replace rare earth-based materials. Environmental considerations,
substitution for scarce and strategic elements, and cost considerations all speak to potential contributions
of these new materials to sustainability. Efforts in improving the refrigeration capacity (RC) of refrig-
erants mainly rely on broadening the magnetic entropy change. One promising technique is to couple
two phases of magnetic materials with desirable properties. Second is the investigation of nanoparticle
synthesis routes, with ball milling being the most widely used one. The motivation for the nanoparticles
synthesis is rooted in their inherent tendency to have distributed exchange coupling, which will broaden
the magnetic entropy curve. As proven with the cost analysis, the focus is believed to shift from improv-
ing the RC of refrigerants toward finding the most economically advantageous magnetic refrigerant with
the highest performance.

Mechanically alloyed Fe70Ni30 and Fe72Ni28 alloys were characterized in terms of their structural
and magnetic properties. Previous studies showed that single phase FCC γ-FeNi alloys with 26-30 at.
% Ni have Curie temperatures, TC , near room temperature. Having TC near room temperatures along
with large magnetization makes γ-FeNi alloys attractive for room temperature magnetocaloric cooling
technologies. To obtain a single γ-phase, particles were solution annealed in the γ-phase field and water
quenched. The preferential oxidation of Fe during ball milling was used as a means to tune the TC of the
alloy. Refrigeration capacities, RCFWHM , of the Fe70Ni30 and the Fe72Ni28 alloys were calculated to
be 470 J/kg and 250 J/kg at 5 T, with peak temperatures 363 K and 333 K, respectively. The RCFWHM

for the Fe70Ni30 is higher than the previously reported Nanoperm (Fe70Ni30)89Zr7B4 type alloy and
on the same order of magnitude with other Fe-based alloys. The maximum magnetic entropy change
values observed for the Fe70Ni30 and the Fe72Ni28 are 0.65 and 0.5 Jkg−1K−1, respectively, at a field of
5 T. These are smaller than those of rare earth magnetic refrigerants showing first order transformation
behavior. The larger RCFWHM value results mainly from the width of the magnetic entropy curve in
these types of materials.

In a follow up study, nanocrystalline powders of (Fe70Ni30)100−xMox (x=1 to x=4) were produced
by high energy (SPEX) mechanical alloying. Increasing the Mo content was found to stabilize the FCC
phase in mechanically alloyed nanopowders. The TC of the alloys was lowered with Mo additions,
without decreasing the Refrigeration Capacity (RC), due to the additional temperature broadening of the
magnetic entropy change. Based on the previous study on the role of disorder, the additional temperature
broadening was attributed to the increased positional disorder introduced by the Mo additions into the γ-
FeNi system. Alloy with (Fe70Ni30)96Mo4 composition was observed to have RCFWHM of 432 J/kg at
5T which is comparable to other prominent magnetic refrigerants operating near room temperatures. The
economic viability of these rare-earth-free alloys, along with respectable magnetocaloric properties and
potential for scalable production, make them good candidates for magnetic refrigeration applications.



Thesis Outline

This thesis is organized as follows:

Chapter 1 introduces the basic concepts related to the magnetocaloric effect which is fol-

lowed by an overview of promising magnetic refrigerants. These materials are categorized accord-

ing to the type of phase transformation they undergo i.e., first order and second order transitions.

This chapter is concluded by a brief discussion on oxidation concentrating on the elements used in

this study; Fe, Ni and Mo.

Chapter 2 gives background information on mechanical alloying as the alloys used in this

study were synthesized by this technique. Each processing variable is introduced with an emphasis

on the influence they have on the final properties of the alloy.

Chapter 3 discusses the kinds of motivating applications that inspired us to begin this re-

search.

Chapter 4 can be considered as the heart of this document. While chapter 2 deals with the

synthesis aspect of materials paradigm, this chapter bridges the structure, properties and perfor-

mance relationship in γ-FeNi system. It elucidates how certain materials’ properties can be tuned

either by adjustments in composition or processing variables.

Chapter 5 briefly summarizes all the work done and chapter 6 presents ideas to consider for

future studies.
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1 Introduction

In the last decade, there has been an increased interest in magnetocaloric materials. Among many

of the applications, the current interest has been on magnetic refrigeration near room tempera-

ture because this technology is energetically more efficient than that based on conventional gas

compression refrigeration, by about 20 % [1, 2]. Besides being energetically more favorable, mag-

netocaloric materials are also more environmentally friendly because ozone-depleting and global

warming gases are not used. The absence of a compressor in magnetocaloric cooling technol-

ogy allows for compact design and noiseless operation. Moreover, this technology can be used at

atmospheric pressures which would make it possible to use in air conditioning applications and

refrigeration systems in automobiles as well.

The analogy between a magnetic and conventional gas refrigeration can be made by applying

the laws of thermodynamics to a gas and a magnetic system separately. Application of classical

thermodynamics proceeds by combining the first and second laws of thermodynamics. For a re-

versible system, a substance can change its internal energy as a result of either a work or heat

transfer thus yielding the following relation;

dU = TdS + dW (1.1)

where dU is the differential change in internal energy, TdS is the heat absorbed by the system

and dW is the work done on the system. Work can be done on a system in many forms (mechanical,

electrical, magnetic etc.). Considering a gas system, Eq.1.1 can be modified as;

dU = TdS − PdV (1.2)

Where pressure (P) and volume (V) are conjugate properties that define the amount of work trans-

ferred to a system.

If the system is a collection of magnetic dipole moments being aligned by an external mag-
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netic field, H, at a constant volume, V, then Eq.1.1 becomes;

dU = TdS + V HdM (1.3)

Comparison of Eq.1.2 and Eq.1.3 reveals that, just as the applied field is analogous to the

pressure so is the magnetization to the volume. Fig. 1.1 is an illustration that shows the similarity

between the two mechanisms as far as the thermodynamic properties are concerned.

Figure 1.1: Illustration of (a) mechanical work transfer, (b) magnetic work transfer.

In a compressible substance, increasing the pressure by an external force reduces the in-

termolecular distance thus leading to a reduction in the entropy. In a similar fashion, applying an

external magnetic field to a magnetic material with negative magnetostriction aligns the dipole mo-

ments and contracts the material along the direction of the applied field. Here, although a material
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with negative magnetostriction is presented to highlight the similarity between the two systems, in

reality magnetostrictive materials are not very desirable for magnetocaloric applications as their

mechanical properties deteriorate after numerous magnetization/demagnetization cycles.

While a number of prototypes have been proposed to prove the efficiency of this technol-

ogy, the current research focus is on developing new magnetic materials with maximum cooling

capacity which operate around room temperature. In other words, materials with enhanced magne-

tocaloric effect (MCE) between∼250 and∼350 K is an important requirement in order to facilitate

commercialization of magnetic refrigeration for a variety of consumer uses [3]. Besides domestic

applications, climate control in heat engines and heat pumps are some other applications that rely

on the same property. Magnetocaloric materials can be tailored depending on the needs of each

application, which can lead to efficient and profitable use of thermodynamic cycles.

The theory behind the MCE will be provided in what follows with the equations of state that

are used to describe the magnetic response of materials.

1.1 Magnetocaloric Effect (MCE) and Equations of State

The magnetocaloric effect (MCE) was first described by Warburg [4]. MCE provides a unique way

for realizing refrigeration from ultra-low temperatures to room temperature. Interesting MCE ma-

terials that rely on nanostructures include paramagnetic salts used for attaining low temperatures

[5, 6] and superparamagnetic particles [7] for intermediate temperatures. Materials, with transi-

tions at room temperature and higher, rely on ferromagnetic to paramagnetic or magnetostructural

phase transformations.

The MCE is a property of magnetic materials and manifested in the reversible heating/cooling

of a magnetic material after the application/removal of a magnetic field. The total entropy of a

magnetic material can be presented at constant pressure as;

ST (H,T ) = SM(H,T ) + Sr(T ) + Sel(T ) (1.4)

where the total entropy, (ST ) is the summation of magnetic entropy (SM ), lattice entropy (Sr), and
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electronic entropy, Sel. While Sr and Sel are functions of temperature only, SM depends both on

field and temperature. On adiabatic magnetization of a material, the spins orient themselves in

the same direction thus lowering the magnetic entropy contribution. Adiabatic conditions require

that the decrease in magnetic entropy is to be compensated by an equal but opposite change in the

entropy associated with the lattice and electrons so that the total entropy remains constant. Since

temperature is closely related to the kinetics of the electrons and the vibrations of the molecules,

any increase in Sr and Sel promotes heating of a material. This temperature change, ∆Tad, is

known as the MCE [8].

Another important figure of merit in the evaluation of MCE is the isothermal magnetic en-

tropy change ∆SM . As the name implies, it is a measure of the magnetic entropy change upon

isothermal magnetization and related to magnetic properties of the materials through the Maxwell

relation:

(
∂S

∂H

)
T

=

(
∂M

∂T

)
H

(1.5)

After manipulating Eq. 1.5 one gets the following relation;

∆SM =

Hmax∫
0

(
∂M

∂T

)
H

dH (1.6)

where ∆SM is the magnetic entropy change, M is the magnetization, and T is the temperature.

While the majority of ∆Tad measurements are performed for the characterization of materials

with first order transition kinetics, ∆SM is used for magnetocaloric refrigerants with second order

transition kinetics. The reason behind this is to avoid an overestimated MCE value which is likely

to occur when performing ∆SM evaluation for the hysteretic first order materials.

The magnetic entropy change due to the application of a magnetic field, H, is determined

from temperature and field dependent magnetization curves by integrating Eq. 1.6. Intuitively,

materials whose magnetization changes rapidly with temperature are expected to have enhanced

magnetocaloric response. This change is greatest around the Curie temperature, TC , in a conven-

5



tional ferromagnet or near the absolute zero temperature in a paramagnet [3]. This explains why

MCE decreases both below and above TC as will be demonstrated later in the results section.

From Eq. 1.6, one would consider increasing the field in order to maximize the magnetic

entropy to have an enhanced MCE. However, it is important to realize that the maximum field

one can achieve in domestic appliances is limited considering the current capacity of permanent

magnets. Moreover, increasing the field is an external factor that has nothing to do with the material

itself. Therefore, for a tangible achievement, it would be worthwhile to maximize the magnetic

entropy by improving the materials’ properties. This can be accomplished by finding a novel alloy

system or changing the processing variables of an existing alloy system that will result in improved

performance.

As much as the ∆SM is calculated using the experimental data one can also use the equations

of state to simulate the experimental result which then can be extrapolated to higher fields to

predict the response of magnetic materials with continuous phase transitions; the scaling behavior

of first order materials is less predictable. This not only helps to understand the physics behind

magnetocaloric effect, it also provides a means to compare the efficiency of magnetic refrigerants

produced at different laboratories. Initially, Arrott and Noakes proposed the following equation of

state that describes the magnetic response of a material around its critical temperature for materials

with second order phase transition [9].

H1/γ = a(T − TC)M1/γ + bM1/β+1/γ (1.7)

where β and γ are critical exponents describing the temperature dependence of magnetization,

M, and inverse susceptibility, (H/M) designated by χ−1 respectively. When mean field arguments

failed to explain the field dependence of peak magnetic entropy change ∆SM for materials with

second order transition, Franco and Conde proposed to use Arrott-Noakes equation of state [10].

They found that the field dependence of the magnetic entropy change can be expressed as in Eq.
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1.8.

|∆SpkM | = Hn (1.8)

with n = 2/3 according to the mean field arguments [11]. However, this value of the exponent often

deviates from experimental observations for soft magnetic materials, and it has been proven that,

for a general case, an exponent governing the field dependence of ∆SpkM is related to the critical

exponents in the following way:

n = 1 +
β − 1

β + γ
(1.9)

Here β and γ can be obtained through fitting experimental results as described in the following. Af-

ter determining the Curie temperature TC of the alloy of interest, isothermal magnetization curves

are obtained every 2 K in the proximity of TC . The extrapolation of the high-field portion of the

M2.5 versus (H/M)0.75 curves is used to obtain the spontaneous magnetization and initial suscepti-

bility from the intercepts with the (H/M)0.75 = 0 and M2.5 = 0 axes, respectively [12]. These values

were subsequently processed following the Kouvel-Fisher method to obtain the critical exponents

and a precise determination of TC [13]. The predicted and experimental field dependence of the

magnetic entropy change curves were proven to be in good agreement for soft magnetic materials

with second-order phase transition [14, 15]. However, one should keep in mind that this technique

is not suitable for biphasic materials or materials with first-order transition.

The Arrott-Noakes equation is accurate in describing and predicting the M(T) near the tran-

sition temperature, but this is not the case at lower temperatures. Gallagher et al.modified the

Handrich-Kobe equation by introducing two asymmetric exchange fluctuation parameters, δ+ and

δ−, yielding [16]:

σ(T ) =
1

2
[Bs((1 + δ+)x) +Bs((1− δ−)x)] (1.10)

Here, the disorder of the alloy is taken into consideration by assuming asymmetric exchange inter-
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actions present in the amorphous matrix of the nanocomposite alloy. This equation describes the

M(T) fairly well at low temperatures for amorphous materials. However, it is insufficient for the

regime where the transition from ferromagnetic to paramagnetic phases occurs. Recently, Jones

et al. combined the two equations of state to obtain a complete description of the magnetic re-

sponse for soft magnetic materials [17]. The idea of combining the two models is to bring both

the low temperature accuracy and disorder within the context of a modified Brillouin function and

the Curie tail together into one curve. With this model, the goal is to determine role of disorder

and distributed magnetic exchange interactions in metastable nanostructures for applications in

magnetocaloric cooling near room temperature.

An example of the entropy curve calculated from the actual data is shown in Fig. 1.2. Exper-

imental data were obtained from (Fe70Ni30)88Zr7B4Cu1 alloy. Ballmilled powder was annealed at

700 ◦C and quenched in water to stabilize the metastable γ-FeNi phase. The combined fit presented

gives a more realistic measure of the actual behavior of the material in a broader temperature range

compared with the fit from Arrott-Noakes, which displays a plateau at low temperatures, leading

to an overestimation of refrigeration capacity (RC).

1.2 Survey of Materials

In this section, current state of the art of magnetocaloric materials are compared based on their

operating temperature and magnetocaloric efficiency. The magnetocaloric efficiency of materials

is compared by a parameter called refrigeration capacity (RC). However, there are different def-

initions of RC in the literature. Therefore, it is crucial to compare the same RC types to avoid

ambiguity. One early and widely used definition is given by Wood and Potter where the RC for a

reversible refrigeration cycle operating between TH (the temperature of the hot reservoir) and TC

(the temperature of the cold reservoir) corresponds to the largest rectangle that can be inscribed in-

side the ∆SM(T )curve, i.e., RCWP = ∆SM∆T , with ∆SM the magnetic entropy change at the hot

and cold ends of the cycle and ∆T = TH-TC [18]. According to Wood and Potter′s definition, both

the peak magnitude and width are equally important, thus making them suitable metrics for com-
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Figure 1.2: Change in entropy integrated from figure with Hmax at 5T using just the Arrott-Noakes equation
(red dashed), the combined fit (black), and averaged experimental data obtained from (Fe70Ni30)88Zr7B4Cu1

alloy (green).

paring different alloys. Another well-known definition of RC is the product of the peak entropy

change times the full width at half maximum (FWHM) of the peak ∆T,RCFWHM = |∆SpkM |∆T .

The third is designated as RCAREA, which is calculated by integrating ∆SM across the temperature

range spanning the half maximum of the entropy change. When comparing different materials, the

method that is used to calculate the RC will be specified to avoid confusion.

Another confusion when comparing materials arises due to the differences in the experimen-

tal capabilities from one laboratory to another. Researchers tend to present their work at the maxi-

mum field they can achieve, which causes difficulties when comparing. This is why understanding

the field dependence of ∆SM and RC is crucial. To address this issue, studies were undertaken

to obtain universality curves for the behavior of ∆SM and show that ∆SM ’s field dependence fol-

low a power law[10]. That way, one can extrapolate these metrics of a magnetocaloric material to

magnetic fields at which comparison with other benchmark materials is possible.

The materials in this survey can be classified in 2 groups depending on the type of phase
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transition they undergo i.e., first-order, second-order transition. While this is not true for every

alloy, rare-earth containing alloys have a higher propensity to reveal first order transition kinetics

and transition metal based alloys, in general, undergo second order transition. Besides the type of

transformation, my goal is also to highlight the differences between rare-earth and rare-earth-free

alloys in many aspects.

1.2.1 Materials undergoing first order transition

The characteristics of first order transformation are the latent heat and the discontinuity during

transition. The discontinuity manifests itself in the magnetization, entropy and volume upon trans-

formation in such a way that the ∂M/∂T and ∂S/∂T are infinite at the transition temperature. There-

fore, materials showing a first order phase transition have large peak magnetic entropy change,

|∆SpkM | in a narrow temperature range, ∆T which might limit the refrigerator performance. Be-

sides, these alloys are notorious for their large magnetic/thermal hysteresis upon transformation.

Hysteretic nature of these materials is likely to cause overestimation of the entropy change which

makes the adiabatic temperature change measurements, ∆Tad, the preferred method for assess-

ment. As will be explored in the following sections, the research focus in these type of alloys is

to eliminate the hysteresis thus reducing the associated energy losses and minimize the volume

change upon transformation which will reduce the thermal stress in the microstructure.

Gd5Ge2Si2

The observation of giant magnetocaloric effect has triggered the magnetocaloric research

when Pecharsky and Geschneider observed the potent MCE in Gd5GexSi4−x with x≥2 (Fig. 1.3).

Initially, it was observed that the the structure of this alloy system changes depending on

the Ge/Si ratio. Later on, Morellon showed that the structural transformation coincides with the

temperature induced ferromagnetic transition of the alloy with x=2.2 [20] which led him into the

conclusion that the giant magnetocaloric effect is a result of the coupling between the magnetic

and structural transformation in Gd5GexSi4−x system.

However, the problem with the Gd5GexSi4−x compound is that the magnetocaloric response
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Figure 1.3: The magnetic entropy change ∆SM of the as arc-melted Gd5Si2Ge2 as a function of temperature
calculated from magnetic measurements for 10, 20, 30, 40, and 50 kOe magnetic eld changes. The arrow
points to the anomaly due to the presence of a second phase [19].

(a) (b)

Figure 1.4: Magnetization versus field curves. Magnetization versus field curves for the Gd5Ge2Si2 com-
pound between 250 K and 310 K (a) and for the Gd5Ge1.9Si2Fe0.1 alloy between 260 K and 340 K (b);
arrows indicate the sequence of measurements. The curves qualitatively illustrate the large hysteresis losses
of the Gd5Ge2Si2 compound and the much smaller values of the Gd5Ge1.9Si2Fe0.1 alloy. In addition, para-
magnetic behaviour is observed above the different temperatures 320 K and 290 K for the Fecontaining alloy
and Gd5Ge2Si2 compound, respectively.
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is accompanied by an undesirable thermal hysteresis. Provenzano et. al., addressed this problem

in their study on Gd5Ge2Si2 system [21]. They found that minor additions of Fe significantly

decrease hysteresis losses (Fig. 1.4). This is at the expense of changing the order of the phase

transition from first order to second order which results in the reduction of the peak entropy change

with respect to the undoped compound. However, the net refrigerant capacity is considerably

increased due to the enhanced breadth of the magnetic entropy curve. This made Gd5Ge1.9Si2Fe0.1

a benchmark magnetocaloric refrigerant near room temperature and stimulated further studies on

magnetocaloric refrigeration.

La(FeSi)13

The emerging research impetus due to the discovery of giant MCE in Gd5GexSi4−x led to

the discovery of other magnetocaloric materials that are also known to exhibit respectable magne-

tocaloric properties. One of the most well known compound among these is La(Fe13−xSix). While,

magnetic transformation is accompanied by structural modifications in Gd5GexSi4−x type alloys,

only unit cell volumes are altered in La(Fe13−xSix) without distorting the symmetry of the crystal.

First, it was found that the Fe rich compound La(FeSi)13 has peak magnetic entropy change,

|∆SpkM | , between 200 K and 260 K and undergoes a first-order magnetic transition which is con-

sidered the main reason for having a large magnetocaloric effect in this compound. Hu et al.

investigated the magnetocaloric properties of LaFe11.7Si1.3, which exhibits a TC approximately

188 K [22]. The metamagnetic transition above TC of this alloy leads to significant broadening

of the ∆SM , which consequently increases its RC value. Fujieda et al. modified the alloy com-

position by means of hydrogen absorption, which increased the TC from 188 K to 291 K without

compromising the magnetocaloric response [23]. These findings raised hopes in engineering the

magnetocaloric material that is both low-cost and energy efficient.

However, the problem with La(FeSi)13 is that, the transition to the ferromagnetic phase is

accompanied by a sizable volume change which would decrease the life time of a refrigerator. Put

another way, each magnetization-demagnetization cycle expands and contracts the pollycrystalline

material which introduces a considerable amount of stress in the microstructure. This eventually
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Figure 1.5: Magnetic entropy change for different LaFe13-based samples at a field change of 2 T (after
[22, 23]).

deteriorates the mechanical properties of the material thus resulting in failure. This was a major

problem for this type of alloy until recently when Lyubina et. al., discovered that the introduction

of pores into the microstructure significantly improved the resistance of bulk material against the

lattice expansion [24].

Besides magnetocaloric properties, the soft magnetic properties of La(FeX)13 alloy system

with NaZn13 structure was studied by Huang et. al. and this compound was also recommended as

an alternative to Hiperco type alloys for high frequency applications [25].

FeRh

FeRh with (≈ 1:1 stoichiometry) constitutes another class of alloy system with a giant mag-

netocaloric effect near room temperature by undergoing a first order transition. The transition from

antiferromagnetic to ferromagnetic state can be induced either by heating or applying a magnetic

field.

Initially, the giant MCE of FeRh was reported to drop precipitously after the first magne-

tization cycle due to the hysteretic nature of FeRh [26]. Then, it was pointed out by Manekar

and Roy that this was a result of the presence of virgin curve and the erroneous calculation of

the magnetic entropy [27]. They claim that the reproducibility can be achieved if the ”envelope
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curve” (magnetization curve after 2nd field increase) is used instead of the virgin curve in magnetic

refrigeration.

Figure 1.6: Change in entropy as a function of temperature for a maximum field of H = 5 T. The change in
entropy is calculated for three possible histories of the sample

As it is obvious in Fig. 1.6, the magnetic entropy is much smaller when the calculation is

carried out using the virgin and envelope curves. According to Manekar and Roy, the reduction

stemming from the hysteresis losses can be eliminated when the differences between two envelope

curves are taken. In an application, this can be realized when the first field increase/decrease is

done isothermally which is then followed by an increase in field in an adiabatic environment.

The applicability of the proposed technique in an application or the change in volume during

the phase transformation of this alloy are some of the concerns that undermine the reliability of

this material.

MnAs based compounds

The transition temperature for MnAs itself is at 317 K which can be tuned by additions of

Sb without compromising from the peak magnetic entropy [28]. However, this alloy possesses

a large thermal hysteresis and a volume change due to the magnetic transition. Moreover, the

concerns over the use of a biologically active element, As, makes this compound undesirable for

magnetocaloric applications.
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Heusler Alloys

Heusler alloys undergo a displacive and diffusionless transformation from high temperature

austenite to low temperature martensite. This transition is thermally induced and quite sensitive to

the changes in the composition. The idea is to bring the martensitic and magnetic transitions to the

same temperature which would result in a relatively larger mangetic entropy change. Ni2MnGa

type alloys are one of the most well known Heusler alloys with respectable magnetocaloric prop-

erties. However, the volume changes during the martensitic transition is a major problem in these

alloys which inevitably affects the life time of the material. The magnetocaloric properties of

MnAs and NiMnGa type alloys are illustrated in Fig. 1.7.

Figure 1.7: Magnetic-entropy change for MnAs and Mn1+xAs0.9Sb0.1, and two NiMnGa alloys at a field
change of 2 T. (after [29])

Some of the NiMn based Heusler alloys with In and Sn exhibit what is known as inverse

MCE. These materials cool when magnetized and heat when demagnetized. The cooling effect

upon magnetization is mainly because of the structural transformation induced by the magnetic

field. The structrucal transformation takes place from a non-magnetic martensite to a ferromagnetic

austenite on heating. The heat absorbed during the structural transformation happens to be larger

than the heat released during magnetic transformation in these alloys thus resulting in a decrease

in temperature upon magnetization.
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(a) (b)

Figure 1.8: Adiabatic temperature change as a function of temperature in a magnetic field (a). Magnetic
entropy changes in 1.9T field after aging for different times. Inset presents the multilayered plates and the
direction of flow (b). (after [30])

As illustrated in Fig. 1.8(a), the large drop in temperature upon magnetization is due to the

martensitic transformation, ∆T strad , and relatively smaller increase in temperature is due to the mag-

netic transformation or conventional MCE effect. The goal is to maximize the ∆T strad and shift it to

near room temperatures. The challenges that need to be overcome are the narrow operating tem-

perature and the large thermal hysteresis during the structural transformation. These points were

addressed in a recent study where multilayered plate design (see Fig. 1.8(b)) was recommended

to extend the limited working temperature while adjustments in compositon, improvements in the

processing technique and application of a hydrostatic pressure were utilized concurrently to mini-

mize the detrimental effects of the hysteresis [30].

While stacking a series of alloys to broaden the transition range seems to be a good idea in an

engineering standpoint, using 4-5 different materials should be taken into account when comparing

the Tad response of different alloys. Put another way, the Tad response of the whole system should

be divided by the number of plates used in the device to avoid the overestimation of the MCE

response of this alloy.
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1.2.2 Materials undergoing second order transition

Unlike first order transitions, materials with second order transitions transform from one phase to

another continuously without any latent heat. The continuous nature of the transformation also

yields a finite value for the ∂M/∂T and ∂S/∂T reaching a maximum at the transition temperature

i.e., TC . Becuase second order materials are not hysteretic, studying them are relatively easier and

yields more accurate results than first order materials.

In section 1.2.1, the materials undergoing first order transition were presented as having large

magnetic entropy changes with respectable magnetocaloric cooling efficiency. However, the price

associated with the production of each compound makes them not very desirable magnetic refrig-

erants. The high price mainly stems from the constituent rare-earth elements in each compound.

Therefore, it is important to find new magnetic refrigerants that are low-cost which will facilitate

industrial scale up. In order to achieve this goal, transition metals have been investigated for cost

reduction instead of rare earth metals. Initially, researchers were reluctant to study transition metal

based amorphous alloys due to their relatively smaller peak value of ∆SpkM as compared with the

rare-earth containing alloys. After realizing that the comparison of the RC values are more in favor

of the transition based alloys due to the enhanced breadth, researchers concentrated their efforts

on obtaining magnetocaloric responses that are comparable to those of rare-earth metals as well as

reducing the cost through the use of transition metals.

Fe-based compounds are known for undergoing a second order transformation and the main

interest in these alloys is to synthesize nanostructured materials. The significance of nanostructured

powders and amorphous ribbons is the fact that these materials have a distribution of magnetic

transitions close to room temperature and a broader temperature dependence of magnetic entropy

change, giving larger temperature span in magnetic refrigeration. Moreover, nanoparticles are

easy to suspend in the solutions thus providing versatility in practical applications. These particles

can be used in devices with small dimensions such as magnetic refrigeration of microchips or

ferrofluidic pumps where utilizing bulky refrigerants is not feasible.

While there is no compositional restrictions in producing nanostructured powders, there

17



are a few well known compositional routes that one needs to follow to produce amorphous rib-

bons. FINEMET, Fe-Si-B; NANOPERM, FeZrB; and HITPERM, FeCoZrB are three well-known

compositions required to fabricate amorphous precursors for nanostructured materials [31]. Even

though the composition of the phase is crucial in determining the characteristics of MCE, particle

size, size distribution and the interaction between the phases in a core-shell type nanoparticle are

equally important on the nanoscale and one should take into account these factors to maximize the

overall efficiency.

In the following section, a brief survey will be presented on the transition metal based amor-

phous and nanostructured refrigerants that are considered promising for room temperature appli-

cations.

Nanoperm type alloys

Figure 1.9: Temperature dependence of the magnetic entropy change for a maximum applied field of 15
kOe for Fe91−xMo8Cu1Bx alloy.

Soft amorphous alloys, mainly those of Nanoperm type, were investigated as magnetic re-

frigerants in several studies [32, 33, 34, 35]. Besides having low cost and reduced hysteresis losses,

tunable TC of soft amorphous alloys are the main reasons for studying them. The tunability of TC

was shown by Franco et al. with additions of boron in the FeMoCuB alloy without altering the
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|∆SpkM | of the magnetic entropy curve (Fig. 1.9) [36].

In another study on nanoperm alloys, Caballero-Flores et al. showed that the combined addi-

tions of Co and Ni to Fe88−xZr7B4Cu1 leads to amorphous materials with a large magnetocaloric re-

sponse, which is superior to the well-known aforementioned magnetic refrigerant Gd5Ge1.9Si2Fe0.1

by 40% in terms of their RC values with a TC approximately at room temperature [37]. However, it

is important to note that while simultaneous additions of Co and Ni increase the cooling efficiency

of the Nanoperm Fe88Zr7B4Cu1, Co an Ni also raise the TC of the alloy thus pushing it away

from room temperature (Fig. 1.10). This series provides the largest RC values among transition

metal-based amorphous alloys published so far.

Figure 1.10: Temperature dependence of the magnetic entropy change corresponding to a magnetic eld
change H=1.5 T in the amorphous Fe88−2xCoxNixZr7B4Cu1 x=0, 2.75, 5.5, 8.25, and 11 alloy series.

Gd-FeCrB

Law et al. studied the effect of Gd on Fe-B-Cr amorphous alloys and investigated the pos-

sibility of tuning the TC with small inclusions of Gd [38]. Small additions of Gd was shown to

allow tuning the TC and enhancing thermal stability (Fig. 1.11). The best magnetocaloric response

in this series of alloys was observed for the Fe79B12Cr8Gd1, which exhibited larger RC than the

benchmark alloy Gd5Ge1.9Si2Fe0.1 with peak magnetic entropy change around 350 K.
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Figure 1.11: Temperature dependence of the magnetic entropy change corresponding to a magnetic eld
change H=1.1 T in the amorphous Fe80−xB12Cr8Gdx (x = 1, 2, 3, 5, 8, 10, 11).

Pr2Fe17

Pr2Fe17 is considered as another well-known room temperature magnetocaloric refrigerant.

In their study, Gorria et. al. discussed the potential for using these low cost iron based nanostruc-

tured material as a room temperature refrigerant [39]. More importantly, this study highlights the

differences in the magnetocaloric properties of arc-melted and mechanically alloyed compounds. It

was found that with mechanical alloying the maximum of |∆SpkM | is increased and shifted towards

room temperature. Secondly, they reported a reduction of one third in the value of the magnetic en-

tropy change compared with that of the starting bulk alloy while the |∆SpkM | peak width is enlarged

by a factor close to 2, leading to an increase in the RC value from 506 to 573 J/kg−1. Thirdly, a

working temperature difference of at least 125 K between the hot and the cold ends of the cycle

is observed which is wider than the bulk alloy. The differences in their magnetocaloric properties

between bulk and ball milled powders are illustrated in Fig. 1.12.

The increase in RC is obviously attributed to the broader magnetic entropy curve attained

after ball milling. This is due mainly to the fact that nanostructured alloys have a distributed

exchange interaction which leads to a distribution of magnetic transition thus giving a larger tem-

perature span in magnetic refrigeration. This explains why materials on the nanoscale range have

gained popularity in the last two decades.
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Figure 1.12: Temperature dependence of calculated |∆SM (T )| values under an applied magnetic eld of 5 T,
for bulk Pr2Fe17 and BM-10 h Pr2Fe17.

La(Fe1−xCox)11.9Si1.1

La(Fe1−xCox)11.9Si1.1 alloy series are arguably the most promising refrigerants satisfying

majority of the criteria listed at the end of this section. These are soft magnetic materials under-

going a second order phase transformation. They can be synthesized via powder metallurgical

process, a process quite adaptable for large scale production. The TC can easily be tuned by al-

tering the Co content in the alloy as shown with the magnetic entropy curves in Fig 1.13 [40] The

inset in the same figure also shows that the magnetic entropy of this compound is superior to that

of Gd.

In a follow up study, the adiabatic temperature change, ∆Tad, of this compound was stud-

ied [41]. ∆Tad is measured to be approximately 2K/T while it is 3K/T for elemental Gd (Fig. 1.14).

All in all, LaFeCoSi compounds exhibit superior performance to many of the refrigerants

introduced in this review. However, these alloys are notoriously brittle and demostrate a high

propensity for corrosion. To circumvent the corrosion problem, polymer coating with water and

antifreeze mixture as a cooling fluid is recommended while an improved sintering is believed to
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Figure 1.13: Magnetic entropy change, ∆SM , as a function of temperature for 7 different compositions of
La(Fe1−xCox)11.9Si1.1, where x= 0.055, 0.064, 0.071, 0.082, 0.095, 0.108, 0.122 from left to right at a field
of 1 and 1.4 T. Inset: Magnetic entropy change of sample 4 compared to that of Gd.

(a) (b)

Figure 1.14: The adiabatic temperature change, ∆Tad, at a field of 1 and 1.4 T for (a) LaFe10.96Co0.97Si1.07.
(b) ∆Tad of Gd.

enhance the mechanical properties in the studies cited above.

In summary, the epicenter of magnetocaloric research in the last decade has been on synthe-

sizing the most efficient refrigerant while keeping the cost of production to a minimum. Under-

standing the influence of morphology and microstructure on the magnetic properties will remain
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pivotal to accomplish this goal. It is now clear that the properties that are directly related to

the MCE (i.e., RC, ∆SM , ∆Tad) will undeniably play a crucial role in the selection of the best-

performing alloy. However, other characteristics such as;

• resistance to corrosion ,

• fast kinetics of transformation,

• large heat conductivity and low specific heat,

• good mechanical properties,

• non-toxicity,

• large electrical resistance,

• minimum environmental impact

are equally important and need careful consideration.

The important metrics for the magnetocaloric materials are summarized in Table 1.1 allowing

a fast comparison. This table will be updated with the results of present work in the following

sections.

Table 1.1: Peak temperature, peak entropy change, RCFWHM values of promising magnetocaloric materials

are presented.

Nominal Composition Tpk |∆Spk
M |(1.5T) RCFWHM (1.5T) RCFWHM (2T) RCFWHM (5T) Ref.

(K) Jkg−1K−1 Jkg−1 Jkg−1 Jkg−1

La(Fe0.89Si0.11)13H1.3 291 165.6 [23]

Pr2Fe17 300 573 [39]

Gd5Ge1.9Si2Fe0.1 300 630 [21]

Fe88Zr7B4Cu1 300 1.3 166 654 [37]

Fe79Gd1Cr8B12 355 1.42 153 627 [38]

MnNiGa 317 30 [42]
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1.3 Oxidation

Oxidation is an integral part of this thesis such that the aim is to focus on tuning the magnetic prop-

erties by controlling the oxidation in FeNi system. Therefore understanding the oxidation kinetics

of each element, the stability of oxides that are formed are crucial and will be investigated in what

follows. Not only the presence of an oxide layer makes nanoparticles amenable to functionalize

in solutions by the introduction of a polarized surface, it increases the life time of an application

by making the particles more stable. Excessive oxidation, on the other hand, lowers the magnetic

moment of the material which will inevitably result in decreased efficiency. Therefore, it is of vital

importance to control the oxidation so that the nanoparticles will have enhanced properties without

compromising the magnetic moment.

1.3.1 Standard free energy of formation vs. temperature diagrams

When there is more than one element that have the potential to oxidize, one would be interested

in the oxide products that are likely to form. Ellingham diagrams, plots of standard free energy

formation vs. temperature diagrams, are used to assess the relative stability of each oxidation

product. In FeNi-Mo system, the oxides that are likely to form for Fe are; (FeO) wustite, Fe3O4

magnetite, α-Fe2O3 hematite and γ-Fe2O3 maghemite, for Ni; NiO and for Mo; MoO2 and MoO3.

According to an Ellingham diagram, the lower the position of the line the more stable is the oxide

and from Fig. 1.15, oxides of iron, FeO, Fe3O4 and molybdenum, MoO2 are the most stable oxides

among others hence will form first.

The fact that the oxides of Fe are more stable than that of Ni inspired us to selectively oxidize

Fe in the FeNi-Mo system and tune the magnetic properties. In the FeNi system there is a strong

compositional dependence of the Curie temperature, TC , on composition in the γ-phase [44]. Since

wustite and magnetite are Fe-based compounds, formation of these oxides depletes the Fe in the

core thus changing the core composition. This in turn changes the TC of the system. Tuning the

refrigeration capacity (RC) along with the TC can be accomplished with the formation of an oxide

layer. In tuning the RC, exchange coupling of the 2-phase core/shell structure is exploited. This is
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Figure 1.15: An Ellingham diagram depicting the various oxides of Fe, Ni, Mo, formed from their base
elements. Plotted using data from [43]

analogous to disorder induced broadening of the transition due to distributed exchange interactions.

The ideas presented here will be given in much more detail in the results section.

1.3.2 Kinetics

Oxidation proceeds either by cation or anion migration. The nature of scale growth is determined

depending on which mechanism dominates. Put another way, the position of new oxide layer

depends on whether cations or anions are transported through the oxide layer such that cation

migration leads to scale growth at the scale-gas interface leaving vacancies in the core and anion

migration leads to scale formation at the metal-scale interface.

In the initial stages of oxidation when the scale is thin, diffusion from both sides through the

scale is rapid and unlikely to be rate limiting. However, the rate of the reaction is determined by

the processes taking place on the surface, i.e., decomposition of the reactant gas and the adsorption

of oxygen onto the surface. Even though the oxide of Fe was shown to be more stable than that

of Ni in Sec. 1.3.1, they both can oxidize during the initial stages on account of being present
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on the surface. Equation 1.11 is proposed for oxidation reactions where constant rate kinetics are

observed.

x = k1t (1.11)

where k1 is the rate constant which doesn’t change over time, t is time and x is the scale thickness.

As the reaction proceeds, the scale layer thickens and the diffusion of ions through the scale

becomes more difficult. At this point the transport of the ions becomes the rate controlling process

whereby the rate follows a parabolic rate law given in Eq. 1.12.

x2 = k′t (1.12)

Since oxygen ions are bigger than metal cations, the diffusion rate of oxygen ions will slow down

more rapidly than that of metal cations. Therefore, oxidation will mainly proceed by the cation

diffusion to the surface and Fe will oxidize more rapidly because of having a larger diffusion

coefficient than Ni in this regime [45].

1.3.3 Oxidation of Fe

Since Fe is one of the basis elements for the alloy types presented in this study, understanding

the oxidation of this element is crucial. When Fe oxidizes, it can form wustite (FeO), magnetite

(Fe3O4), hematite (α-Fe2O3) and maghemite (γ-Fe2O3) depending on the temperature and partial

pressure of oxygen. According to the Fe-O phase diagram in Fig. 1.16, Fe3O4 and Fe2O3 are the

oxides that will form below 570 ◦C with a relatively small scale thickness. However, when the

temperature exceeds 570 ◦C, it forms a three layer oxide that are FeO, Fe3O4 and Fe2O3 with FeO

next to the metal layer as illustrated in Fig. 1.17.

Wustite has a high defect concentration which facilitates the diffusuon of ions thus causing

this layer of oxide to be very thick. As for the magnetic properties, it is antiferromagnetic meaning

the spins in the lattice cancel each other out thus leaving no magnetic moment in the structure.

26



Figure 1.16: The Fe-O Phase Diagram

Magnetite is the second layer that is formed after wustite. It has an inverse spinel structure with

divalent Fe2+ ions occupying octahedral sites and Fe3+ ions occupying tetrahedral sites. Magnetite

is a ferrimagnet with a specific magnetization of σ =84 emu/g [46]. This moment is a result of

Fe2+ and Fe3+ ions that are pointing in opposite directions. Since they have unqeual magnetic

moment due to their valence electrons, the moments don’t completely cancel out thus giving a net

magnetization.

Maghemite adopts the same crystal structure as magnetite except the fact that it doesn’t have

divalent Fe2+ ions. Both tetrahedral and octahedral sites are occupied by trivalent Fe3+ ions. It is

also a ferrimagnet with a specific magnetization σ= 74 emu/g [46].
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Figure 1.17: Schematic of a nanoparticle showing the oxidation of Iron above 570 ◦C
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2 Alloy Synthesis and Characterization

2.1 Techniques used to synthesize metastable structures

The scientific framework of this thesis is to link each element of the materials paradigm i.e.,

synthesis→ structure → properties → performance for the FeNi nanostructured alloys. In this

section, my objective is to introduce the systematic synthesis techniques and processes that are used

to obtain precisely tailored set of properties for demanding applications. Then, the discussion will

revolve around the synthesis and processing variables pertinent to this study which will be followed

by a description of the characterization techniques used to assess the properties and performance

of the alloys in this study.

It is now widely accepted that control of structure and properties is much easier when mate-

rials are processed under non-equilibrium conditions [47]. Rapid solidification from a liquid phase

[48], mechanical alloying [49], plasma processing [50] and vapor deposition [51] are some of the

well known methods to synthesize materials under non-equilibrium conditions. The common pur-

pose of all these techniques is to push the material away from its equilibrium state by energizing

it. This energy is supplied to the material by melting, irradiation, application of pressure or me-

chanical energy in the case of mechanical alloying. The characteristics of a metastable structure is

evaluated by the excess energy that is stored as compared with the equilibrium structure. Table 2.1

summarizes how far a material departs from its equilibrium state when processed through different

techniques.
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Table 2.1: Departure from equilibrium achieved in different non-equilibrium processing techniques.

Technique Maximum Departure from equilibrium

(kJ/mol)

Ref [52]

Solid state quench 16

Rapid solidification 24

Mechanical alloying 30

Mechanical cold work 1

Irradiation/ion implantation 30

Condensation from vapor 160

Metal powders on the micron and nanoscale can be produced by mechanical or chemical

methods. While chemical synthesis route is used for high-purity powders, mechanical alloying is

the preferred technique for hard metal and oxide synthesis. It is important to point out that ductility

limits the powder production by milling for some metals. For alloys that can not be synthesized

through mechanical alloying, atomization could be a viable method as it provides wide range of

production rates with particle sizes that are comparable to those of milled powders. Although

atomization produces particles having high packing densities, low surface areas which lead to

good compressibility and flow characteristics, this method is limited if the elements to be alloyed

are immiscible or volatile. For instance, tungsten-copper or iron-silver can not be produced via

this technique [53].

Mechanical alloying does surmount the immiscibility barrier since it is a completely solid-

state non-equilibrium processing technique which is not bound by the limitations imposed by the

phase diagram. Below, the advantages of mechanical alloying are summarized which is followed

by an in-depth discussion regarding the extended solubility achieved via this method. With me-

chanical alloying one can;
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• go beyond the solid-solubility limit

• refine the grain size down to nanometer range

• synthesize novel crystalline and quasi-crystalline phases

• develop amorphous phases

• alloy elements that are difficult to alloy via conventional techniques

2.2 Extended solubility with mechanical alloying

In section 2.1, non-equilibrium synthesis techniques were introduced as a tool to produce materials

with improved physical and mechanical properties. In this section, mechanical alloying in partic-

ular and the possibility of obtaining extended solid solutions will be discussed. The differences

between non-equilibrium and equilibrium phases are also reflected on the Fe-Ni phase diagram.

Figure 2.1: A closed loop procedure of fracture (F), microforging (M) and agglomeration by welding (AW )

Mechanical alloying is a repeated welding, fracturing and rewelding of particles in a high

energy ball mill [54]. In the initial stages of mechanical alloying, particles are deformed by cold

working through microforging which is followed by a secondary stage during which the particle

fracture by fatique failure mechanism. The particle size is continually reduced during these pro-

cesses. As particles get finer, the coupling forces becomes greater which leads to agglomeration

31



and the final particles size is determined when the equilibrium is achieved between these forces

(Fig. 2.1) [55].

This technique is widely used for the synthesis of nanocrystalline particles. The increased

grain boundary volume and large amount of defects introduced via this technique facilitates the

diffusivity of the components. Thus, the rapid diffusion of atoms from one grain to another leads

to quick homogenization and results in the formation of solid solutions.

Hume-Rothery describes the conditions under which an element could dissolve in a metal,

forming a solid solution. These can be listed as (a) an atomic size difference of less than ± 15 %

, (b) the same crystal structure, (c) the same valency, (d) close electronegativity values [56]. To

see if Fe, Ni and Mo meet the Hume-Rothery requirements for solubility; the electronegativity and

atomic radius of these elements are plotted in Fig. 2.2.

Figure 2.2: (electronegativity vs. atomic size) plot for mechanically alloyed Fe-Ni-Mo powder mixtures.

As Fig. 2.2 suggests, the electronegativity and atomic radius of Fe, Ni and Mo are well

within the ± 15 % limit, which is an indication that these elements can easily form solid solutions

by mechanical alloying.

32



How does the extended solubility provided by mechanical alloying effect the stability of

phases in a binary system? Results of Fe-Ni studies will be used to address this question partly

because it is an extensively investigated binary alloy but mostly because the experimental results

that will be presented later will be based on this system. In addition to the the extended solubility

provided by mechanical alloying, the presence of a negative heat of mixing favors the formation

of solid solution over phase separation in FeNi system [57].

The two phase coexistence of mechanically alloyed samples of this study to that of previous

data and the equilibrium state of Fe-Ni are presented in Fig. 2.3.

Figure 2.3: Phase boundaries at room temperature for FeNi alloys processed by mechanical alloying com-
pared to the equilibrium state. (a) high intensity Ref. [57], (b) low intensity Ref. [57], (c) mechanically
alloyed powders followed by solution annealing at 700 ◦C and quench in this study (d) as mechanically
alloyed powders in this study. (e) equilibrium state Ref.[58]

In contrast with the results of mechanical alloying, thermodynamic equilibrium has a broad

range of two phase coexistence with an L12 ordered phase, FeNi3 (Fig. 2.3). The equilibrium

phases can only be attained by very slow cooling as in meteorites [59] or under electron irra-

diation [60] on account of Ni diffusivity being very sluggish in the Fe-Ni matrix. Therefore,

non-equilibrium phase diagram is modified with respect to the thermodynamic equilibrium by the

supersaturation of α-FeNi and γ-FeNi single phases. In other words, the two phase coexistence
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boundaries got narrower and shifted to low Ni contents for the MA powders in comparison with

the equilibrium state. Furthermore, the influence of annealing the as milled powders over their

metastable structure was also investigated. It was observed that, the subsequent annealing of MA

samples led to the expansion of fcc single phase region down to 21 at. % Ni and the contraction

of two-phase region to 16-20 at. % Ni. The results presented here proves that the non-equilibrium

synthesis techniques can be used to extend the single phase regions and obtain improved properties

which are not possible through conventional ingot processing routes.

2.3 Synthesis and Processing Variables

Mechanical alloying is a complex process which requires carefully optimized process variables to

obtain the desired product. The experimental procedure will be provided in what follows along

with a brief introduction to each of the variable.

Type of Mill

There are numerous types of mills used to synthesize powders. They differ in terms of their

capacity, ability to control the temperature, ability to minimize contamination etc.. Depending on

the purity and quantity of the powder, appropriate mill should be chosen. Since the main purpose

of this study is alloy screening, SPEX shaker mill in Fig. 2.4 was used which can produce up to 40

grams of powder in a run.

Milling Container

The milling container should be chosen carefully so that the contamination of the powder is

minimized. If the material of the grinding vessel is different from that of the powder, the powder

might get contaminated. On the other hand, if the two are made from the same material, then the

chemistry of the powder can change if certain precautions are not taken. Hardened steels, sintered

corundum, yttria-stabilized zirconia (YSZ) are some of the grinding medium used for mechanical

alloying. In this work, hardened steel vials were selected not only because they are relatively

more stable and mechanically robust, powders of interest do not differ significantly from steel thus
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(a) (b)

Figure 2.4: (a) SPEX 8000 mixer/mill in the assembled condition. (b) Tungsten carbide vial set consisting
of the vial, lid, gasket, and balls. Courtesy of SPEX CertiPrep, Metuchen, NJ.

keeping the contamination to a minimum.

Milling Speed

There is a limit for the maximum speed that can be achieved during milling. The speed of

the clamps are approximately 1200 rpm and the ball velocity is around 5 m/s for the Spex mills. If

the velocity limit is exceeded, the balls get pinned on the inner walls and never fall off and collide

with the particles. Therefore, the critical velocity should never be exceeded for the alloy formation

to take place.

Increasing the velocity above a critical limit can also facilitate contamination of the powders

due to the added impact force. Further, the temperature rise during milling can lead to decomposi-

tion of the alloy which is not a main concern for the alloys investigated in this thesis.

Milling Time

The milling time is perhaps the most important parameter among others. It should be chosen

such that the desired alloy formation will take place with minimum contamination. The milling

time depends on other parameters such as milling speed, type of mill, ball to powder ratio and the

temperature during operation. In this study, Fe-Ni binary alloys were analyzed after 10, 30 and 50
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hours of milling to observe the effect of milling time on the structure and magnetic properties. As

for the Fe-Ni-Mo ternary, the effect of Mo additions on the structure and magnetic properties were

studied by milling each alloy for 30 hours but varying the Mo concentration.

Ball to Powder Ratio

Ball to powder ratio is another important variable in milling. It has a direct impact on the

operation temperature during milling and the required milling time for the alloy formation. In-

creasing the ball to powder ratio leads to more heat generation which increases the temperature

during milling. It also increases the collision frequency thus more energy is transferred to the

powders which decreases the time for alloy formation. It has also been observed that the highest

collision energy is achieved when the ball sizes differ. Additionally, using large and small balls

minimizes the amount of cold welding and particles coated on the surface of the grinding medium

thus increasing the throughput [61]. This is related to the shearing force created between large

and small balls which detaches the particles from the surface of the balls. Milling time and ball to

powder ratio also have a large impact on the particle size of the final product (Fig. 2.5).

Figure 2.5: The effect of milling time and ball-to-powder ratio on the particle size. Rate of refinement
increases with higher ball-to-powder weight ratios. After [62]

Milling Atmosphere

If certain precautions are not taken, milling atmosphere might lead to contamination of the
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powders. While nitrogen or ammonia are used for nitride synthesis [63], inert gases are found to be

the most effective in eliminating the oxidation of powders. Taking these factors into consideration,

the milling container was evacuated and filled with high purity Ar to eliminate the contamination

and keep the oxidation level to a minimum.

2.4 Temperature rise during milling

In each collision during mechanical alloying, particles are continuously flattened, welded, fractured

and rewelded. As illustrated in Fig. 2.6, approximately 1000 particles are trapped in between the

Figure 2.6: Ball-powder-ball collision of powder mixture during mechanical alloying.

balls during which particles are plastically deformed and work hardened. The temperature of the

grinding medium increases due to a number of reasons. First, the friction between the balls and the

milling container. Second, the transferred kinetic energy from the grinding medium to the particles.

Third, the presence of an exothermic reaction during milling. However, it has been reported that

approximately %80 of the temperature rise comes from the motor and the bearings while %20 from

the factors listed above [64].

The temperature rise in some of the alloy systems can be found in the literature. For the
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particles snyhtesized via Spex mill, the temperature rise for the Fe-1.2wt%C system has been

recorded 300 ◦C [65], while it is 180 ◦C for the Ni-Zr binary system [66].

In this study, the mill was operated intermittently to avoid the excessive heating. However,

as will be shown in the results section, the oxidation for the Fe-Ni alloy was unavoidable after

extended milling time. The consequences of this will be explored in regards to the structure and

magnetic properties in Ch. 4.2.

2.5 Characterization Techniques

X-Ray Diffraction (XRD)

X-ray diffraction is a powerful analytical technique for phase identification and provides

structural information. X-ray diffractometer consists of three basic components: an x-ray tube

(source), sample holder (sample) and x-ray detector as illustrated in Fig. 2.7

Figure 2.7: Schematic representation of the x-ray diffractometer

When the x-rays are generated by a cathode tube, they bombard the target material with

electrons and perturb the inner shell electrons of the target which generates characteristic x-ray

spectra. The target materials are usually Cu, Mo, Fe or Cr which produces monochromatic wave-

lengths. Copper is the most common target material with a λ=0.15418 nm. The reflected x-rays
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are recorded by a detector. When the diffracted beams satisfy Bragg’s law (Eq. 2.1), they construc-

tively interfere which results in peaks in the intensity profile.

nλ = 2dsinθ (2.1)

With λ and the angle θ already known, the d spacing can be calculated according to Eq. 2.1.

In addition to the lattice parameters, crystallite sizes can also be calculated using X-ray

peak broadening data. There are 3 effects that contribute to the peak broadening; (a) instrumental

effects, (b) small particle size, (c) lattice strain in the material [67]. The instrumental and strain

contributions can be subtracted for an accurate crystallite size calculation. Alternatively one can

calculate it using the Sherrer equation:

D =
0.9λ

Bcos(θ)
(2.2)

Eq. 2.2 is only valid when peaks broaden due to the crystallite size only. Thus, this cal-

culation only gives a lower limit for the particle size. This is why double checking the particles

size calculated from the indirect X-ray peak broadening studies by direct electron microscope is

important. Even though, electron microscope can be used to determine any particle size, X-ray

technique can be used only within 1-100 nm range.

X-Ray Fluorescence (XRF)

The principles of XRF are similar to other characterization tools such as SEM-EDS or WDS

which involves utilization of the interaction between electron beams and x-rays with the specimen.

When x-rays interact with the sample they dislodge the inner electrons thus making the atom

unstable. Thereafter, the hole created by the inner electrons gets filled by the electrons in the

higher orbitals upon which energy is released in the form of photon. The wavelength of the photon

depends on the energy difference between the two orbitals. This procedure is deemed fluorescence

and it can be used to detect the elements that are present in a particular sample.

The ease and low cost sample preparation make this a widely used non-destructive analytical
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technique in detecting the trace and major elements in bulk samples. Materials science, geo-

chemistry, archaeology and forensic science are some of the disciplines that extensively use this

characterization tool. While this technique is well suited for detecting heavy elements with Z≥11

such as Si, Ti, Al, Fe, Ni, Mn, Mg, Ca, Na, K, P it fails to give a precise and accurate measure of

the lighter elements with Z≤11.

Vibrating Sample Magnetometer

The Vibrating Sample Magnetometer (VSM) is used to measure the magnetic properties of

materials at high and low temperatures. It is a widely used technique due to its high sensitivity

and ease of operation. Sample can be placed in between the sensing coils by attaching it to the

end of the sample rod (Fig. 2.8). Then, the sample starts vibrating in a magnetic field generated

by the electromagnets. When the vibrations of the material changes the magnetic flux, it induces a

voltage in the pick up coils through Faraday’s law of induction. The voltage is usually very small

but it gets amplified by a lock in amplifier at the same frequency specified by the sample head.

The VSM Lake Shore 7407 at CMU can measure moments with sensitivities in the µemu

range and at fields as high as 20 kOe. Recording the weight of the sample accurately before the

experiment is crucial as it can give misleading results if not done properly. For high temperature

experiments, a furnace can be attached to the unit which allows for monitoring the change in

magnetic moment with temperature. However, it is important to realize that the magnetic moments

measured in the furnace are not reliable since saddling the sample in the center of the coils can not

be done properly. To circumvent this problem, measurements done at room temperature are used

to normalize the high temperature moment values.

Since VSM Lake Shore 7407 did not have the apparatus for low temperature measurements, a

liquid helium cooled Physical Properties Measurement System (PPMS) with a VSM head was used

instead. Its working principle is very analogous to the VSM 7407 except it can do measurements

from 3 K to 1000 K with fields upto 90 kOe.

40



Figure 2.8: Schematic representation of the vibrating sample magnetometer

Scanning Electron Microscope

Scanning Electron Microscope (SEM) allows the observation of materials with a resolution

on the nm scale. In SEM, the electrons impinging on the surface get absorbed or bounced off of

the specimen from which the information is gathered. Unlike a transmission electron microscope

SEM allows the 3-D appearance of a material. Although SEM can also be utilized for quantitative

compositional analysis of the sample, it was used mainly for surface characteristics and particle

size analysis in this study.
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3 Motivating Applications and Hypothesis

3.1 Magnetocaloric Cooling

The magnetocaloric effect is a property of magnetic materials and manifested in the reversible

heating of a magnetic material after the application of a magnetic field. When the field is applied

suddenly, the process is considered adiabatic and the temperature of the material rises. Magnetic

refrigeration, air conditioners, heat engines and heat pumps are some of the well-known applica-

tions in which this technology is utilized. For applications operating near room temperature as

in air conditioners or refrigeration, the maximum adiabatic temperature change of the magnetic

material should be around room temperature for enhanced efficiency. This is accomplished simply

by synthesizing refrigerants with TC’s near room temperature.

Figure 3.1: S-T diagram of an magnetic refrigeration Carnot cycle.

Construction of a closed thermodynamic cycle using a magnetic entropy (SM ), temperature

(T) diagram could aid in understanding the principles behind this technology. In Fig. 3.1, a Carnot
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cycle is illustrated which consists of two isothermal and adiabatic magnetization/demagnetization

processes. The cycle begins by adiabatically magnetizing the refrigerant upon which the temper-

ature increases from Tc to Th (Process 1 → 2). This is followed by an isothermal magnetization

of the material by increasing the intensity of magnetization and maintaining good thermal contact

between the refrigerant and the heat sink (Process 2 → 3). At this stage, the temperature of the

refrigerant is constant while the heat generated is extracted out of the system. In process 3 →

4, the intensity of the magnetic field is decreased which lowers the temperature of the refriger-

ant adiabatically, from Th to Tc. Finally, the cycle is completed by demagnetizing the material

isothermally which brings the system to its virgin state. The efficiency of the system depends on

its ability to transfer the heat generated during isothermal magnetization (Process 2 → 3) to the

hot source and it’s ability to absorb the heat from the cold source (system to be cooled) during

isothermal demagnetization (Process 4→ 1). The temperature spanned upon the completion of the

Carnot cycle is the well known magnetocaloric effect and the research efforts in the last decade has

been on maximizing the temperature difference while maintaining the material cost at a reasonable

level.

Figure 3.2: Schematic representation of a self-pumping system.
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Several magnetic refrigerants were developed in the solid state hoping that the higher density

of solids would allow compact design of cooling devices. However, the general consensus is that

the slow heat transfer in the solid state would decrease the efficiency of magnetic refrigeration at

the same time. This is why colloidal suspension of ferromagnetic particles (ferrofluids) to be used

in magnetic refrigeration has been proposed as an alternative in several studies [68, 69, 70, 71].

The enhanced surface area of nanoparticles suspended in the fluid ensures good thermal contact,

unlike in a solid state device, thus leading to a fast heat exchange. This is why nanostructured

alloys were synthesized in this study which would facilitate their suspension in a liquid carrier. In

ferrofluid cooling technology though, achieving a high concentration of magnetic nanoparticles in

the fluid and the stability of the system in the long run still seem to be potential bottlenecks that

need to be resolved [72]. This is crucial as the efficiency of the device is directly related to the

concentration and stability of the magnetic nanoparticles in the fluid.

Fig. 3.2 is a simple depiction of a ferrofluid refrigeration cycle. Consider the nanoparticles

at 1 o’clock position out of the magnetic field with temperature TH . As the nanoparticles enter the

magnetic field, their temperature increase adiabatically from TH to TH+∆T. Then, the heat from

the nanoparticles is extracted by a heat transfer coil upon which the temperature of the refrigerant

is reduced to TC+∆T. At 4 o’clock position, as the nanoparticles are rotated out of the high field

region, the spins disorient due to the thermal agitation which results in adiabatic cooling from

TC+∆T to TC . As the working material passes through the thermal load, it absorbs the heat from

the thermal load and travels back to its original position with the aid of convection. The cycle can

be repeated as desired without significant energy loss as this technology is proven to be reversible.

The refrigeration cycle is also illustrated with an entropy vs temperature diagram in Fig. 3.3.

Depending on the application, a careful adjustment of the composition of the alloy is needed.

If this technology is to be used in domestic applications, the TC of the nanoparticles should be engi-

neered in such a way that it coincides with room temperature. This is mainly because of achieving

greater heat absorption rates due to the magnetocaloric effect when magnetic nanoparticles with

TC’s near room temperature are used. As previously introduced, the temperature increase produced
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Figure 3.3: A magnetic refrigeration cycle illustrated with entropy vs temperature curves for a ferromagnetic
material.

by this effect goes through a maximum at TC because at this temperature the change in spin order

accompanying forced magnetization is greatest.

As stated, this application entails the suspension of magnetic nanoparticles in fluids. This

seems to be the only way to utilize magnetism in a liquid medium as there is no known sub-

stance whose Curie point exceeds its melting point. The stability of a ferrofluid is an important

property that can be perturbed by various factors such as a magnetic field gradient, gravity and

dipole-dipole forces that are present in the nanoparticles while thermal energy constantly works to

counteract these effects. Each factor will be considered along with the possible ways to achieve

the physicochemical stability in a ferrofluid based on the theory developed by Rosensweig [68].

There are three energy terms when considering the stability of a ferroluid. These are:

thermal energy= kT

magnetic energy= µoMHV

gravitational energy= ∆ρVgL

where k is Boltzmann’s constant and T is the absolute temperature in Kelvin, µo is the per-

meability of free space, V=πd3/6m3 is the volume for a spherical particle of diameter d, and L is
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the elevation in the gravitational field.

Stability against a magnetic field gradient

Upon the application of a magnetic field, nanoparticles are attracted to the field. Thermal

energy, on the other hand, works against the magnetic field and randomizes the nanoparticles. The

interplay between these two forces determine the stability of nanoparticles against segregation.

thermal energy

magnetic energy
=

kT

µoMHV
≥ 1 (3.1)

A high ratio of the thermal energy to the magnetic energy is required for stability. Plugging in the

volume of a spherical nanoparticle and rearranging terms in Eq. 3.1 gives us the maximum particle

size allowed for a stable solution:

d ≤ (6kT/πµoMH)1/3 (3.2)

Considering an FeNi nanoparticle subjected to a magnetic field of 500 G with a saturation

magnetization of 6000 G in cgs units.

H=4×104 A.m−1 (SI)

M=4.8×105 A.m−1 (SI)

T=298 K

corresponding to d≤ 6.9 nm above which the particles are unstable in a solution.

Stability against gravity

Here, the situation is quite similar to the previous case except this time gravity pulls the

particles out of the solution while thermal agitation works against it. The stability is determined

by whichever force wins out eventually. However, as will be shown in the following calculation,

gravity doesn’t play a major role in the segregation of the nanoparticles.

gravitational energy

magnetic energy
=

∆ρgL

µoMHV
(3.3)
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Plugging in L=0.05 m , ∆ρ=ρsolid-ρfluid=4300 kg.m−3 and g=9.8 m.s−2, the ratio of Eq. 3.3

is 0.047.

Stability against particle agglomeration

Nanoparticles in a solution adhere together due to energy resulting from their dipole-dipole

interactions.

Edd =
1

12
µoM

2V (3.4)

The magnitude of the dipole energy in Eq. 3.4 to that of thermal energy determines the

stability of a solution.

thermal energy

dipole− dipole contact energy
=

12kT

µoM2V
(3.5)

from which the particle size can be obtained as:

d ≤ (72kT/πµoM
2)1/3 (3.6)

For FeNi nanoparticles the maximum particle size is estimated to be 7 nm. Beyond this value,

particles tend to agglomerate due to the dipole-dipole interactions.

To summarize, there are 3 main factors that unstabilize the nanoparticles in a solution which

can be listed as gravitational force, external magnetic field and dipole-dipole interactions while

thermal energy counteracts them. Comparing their relative magnitude gives a threshold size of the

nanoparticles above which these 3 forces dominate thus yielding unstable ferrofluids. This size

happens to be ≈7-8 nm for FeNi nanoparticles. This is why synthesizing fine particles on the

nanoscale with a high degree of monodispersity is crucial for long term use of ferrofluids.

Besides domestic appliances, magnetocaloric cooling technology can also be utilized in hy-

brid and electric vehicles. Hybrid vehicles are re-emerging as an alternative to conventional gas-
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only internal combustion vehicles. One of the three key components in hybrid vehicles is the

permanent magnet (PM) motors as shown in Fig. 3.4 [29]. PM motors are far more advantageous

than induction motors in that they allow for compact, light weight design with high torque.

Figure 3.4: Prius generator and motor

According to Toyota, each hybrid motor uses ∼1.3 kg Nd-Dy-Fe magnets [73] and a good

thermal stability at temperatures of 150 − 250 ◦C should be attained for maximum acceleration

with the best fuel economy. If the temperature exceeds this limit, the thermal demagnetization

disorients the spins in the permanent magnet thus rendering it useless for this application.

Magnetic cooling can be utilized in hybrid motors to achieve the thermal stability for the

reasons given above. The TC can be tuned in such a way that the operating temperature is near

180 ◦C. With this requirement met, not only maximum efficiency is achieved, self-regulated oper-

ation of the system is also possible. Besides, the magnetic field necessary for the operation can be

supplied by the built-in permanent magnets of the hybrid motor.

The advantages listed so far are pertinent to the magnetocaloric cooling technology in gen-
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eral. As for the magnetic materials that are going to be used in this technology, there is a little

controversy among researchers. Some groups support the idea of using magnetic nanoparticles

with a first order transition (see Sec. 1.2.1), others think that using materials with a second order

transition is far more advantageous (see Sec. 1.2.2). While first order materials are preferred for

their large entropy response over a narrow temperature range, second order materials are preferred

for their broad entropy response with a relatively smaller magnitude. The materials investigated

in this study are Fe-Ni based alloys with second order transformation kinetics. They offer benefits

over other magnetic materials in that they have cheap raw materials costs and do not rely on the

critical rare earth materials. Their magnetic properties can be tailored depending on the needs of

each application which can lead to efficient and profitable use of thermodynamic cycles.

3.2 Biomedical Applications

When magnetic nanoparticles are exposed to an alternating current magnetic field, they dissipate

heat through Néel and Brownian relaxations. The generated heat by the nanoparticles, having TC

within 40 − 50 ◦C, have been reported to destroy the cancer cells while not harming the healthy

tissue [74]. This is mainly becuase of cancer cells being less resistant against thermal shocks.

Hence hypothermia, which is a cancer treatment technique that is involved of heating of tumor

regions upto 42 − 46 ◦C for an extended period of time, is being investigated as an alternative to

the conventional cancer treatments [75].

For this application, magnetic nanoparticles with small particle size need to have a high

saturation flux and a high anisotropy energy. High saturation flux and high anisotropy is needed

for maximizing the heat generated under AC field. Small particle size, as proven in the previous

analysis, is needed for the formation of stable solutions and safely injecting the nanoparticles into

the body.

An oxide layer on the particles is another necessity not only because it introduces an added

anisotropy to the system, it prevents magnetic nanoparticles from reacting while in the body. In

addition, an oxide layer aids in the suspension of the nanoparticles into the solution because of the
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surface polarity that comes with it.

3.3 Hypothesis

As the review of magnetic refrigerants made it abundantly clear, the magnetocaloric research is

shifting towards developing new materials design paradigms and high-performing magnetic re-

frigerants with minimum rare-earth content. This has been a critical issue since it was realized that

little expertise in the rare-earth processing industry remained in the United States on account of

China leading the market in the past 20 years [76]. It is also projected that as the demand for the

rare-earth magnets remains at this level, the prices will soar by as much as 200 % in the coming

years [77].

The general engineering objective of this research is to pioneer new compositions based on

γ-FeNi nanostructures that will have attractive magnetocaloric applications thus eventually dimin-

ishing the dependence on rare-earth magnets in energy applications. The structure and magnetic

properties of these alloys can also be tuned through controlling the oxidation kinetics during syn-

thesis and composition choices. The ternary elements can be chosen in such a way that they not

only stabilize the γ-phase but also bring the TC to room temperature.

Furthermore, the magnetocaloric properties in these materials can be explained by a dis-

tributed exchange interaction model which leads to broader magnetic entropy curves and can give

rise to larger refrigerant capacities. Nearly 100 K intervals spanning the freezing and boilings

points of typical solvents can be achieved with these alloys thus making them promising for fer-

rofluidic applications.
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4 Structure and Magnetocaloric Effect in γ-FeNi

Even though Fe-Ni system has been extensively studied in the last century, little is known about

the metastable extension of the fcc gamma phase in the Fe-rich region. By extending the known

TC for the gamma phase in the nickel rich region to low nickel concentrations, TC’s near room

temperature can be achieved (Fig. 4.1). In the Fe-rich region, FeNi alloys have two phases in their

equilibrium state. Here, solid state quench, one of the techniques used to synthesize metastable

structures (see Sec. 2.1), is utilized for retaining the high temperature fcc phase on cooling. In this

technique, the idea is to cool the high temperature phase fast enough, ≈300 K/s, before the atoms

reorient themselves in the matrix.

Figure 4.1: Fe-Ni phase diagram and extrapolated TC line for the gamma phase
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4.1 Stability of γ phase in Fe-Ni alloys

Melt spun (Fe70Ni30)88Zr7B4Cu1

In this section, thermal stability of metastabe fcc γ-phase will be investigated. This is espe-

cially important as the stability of this phase is integral in determining the life time of an applica-

tion.

First attempt was made by Ipus et. al., in a study in which they carried out a detailed struc-

tural and microstructural characterization for the Fe-Ni system [78]. This study confirmed the

extension of the thermal stability of nanostructured γ-FeNi phase to room temperature. One aspect

of this work in the context of nanocomposite magnets was in probing the phase evolution during

primary nanocrystallization to model its role in determining structural disorder. In that study, high-

temperature x-ray diffraction data were taken during nanocrystallization of (Fe70Ni30)88Zr7B4Cu1

amorphous alloy ribbons (Fig. 4.2).

Temperature-dependent XRD patterns showed the amorphous phase to be thermally stable

up to ∼673 K where the primary crystallization occurred. The product of the primary crystal-

lization event was a body-centered cubic (bcc) FeNi phase. At increasing temperatures, the phase

fraction of bcc FeNi phase was observed to increase and eventually transformed into face-centered

cubic phase, which is in agreement with the Fe-Ni phase diagram and previous observations re-

ported [79]. Moreover, XRD patterns and magnetic moment measurements on cooling showed the

stability of γ-FeNi phase at room temperatures. These results confirm our claims on the stability of

fcc phase at low temperatures which is mainly considered to be the result of slow diffusion kinetics

of Ni in the FeNi system.

Mechanically alloyed (MA) Fe70+xNi30−x

In the last section, the stability of gamma phase in (Fe70Ni30)88Zr7B4Cu1 amorphous alloy

was demonstrated with high temperature x-ray results. However, the effect of glass modifiers (Zr,

B), or the nucleation agents (Cu) on the stability of γ phase were not discussed. To see if the

stability of γ phase prevails without additions of these elements, series of binary Fe100−xNix alloys
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Figure 4.2: (a)In situ high-temperature x ray diffraction for some temperatures. (b) Temperature dependence
of the phase fraction evolution. (c) Lattice parameter of the fcc-FeNi phase as a function of temperature.

were synthesized by mechanical alloying. A Vibrating Sample Magnetometer (VSM) was used

to assess the stability of fcc phase. In the Fe-rich region, martensitic transformation seems to be

the mechanism that can distort the stability of this phase on cooling. In Fe-Ni system, marten-

sitic transformation takes place from austenite γ-FeNi to ferromagnetic α-FeNi phase. Since the

magnetic moment of α-FeNi is higher than γ-FeNi, this transformation can readily be observed by

VSM (Fig. 4.3a).

From Fig. 4.3b, the influence of non-equilibrium microstructure on the solid state transforma-

tions is evident after comparing the data for MA powders to those of equilibrium alloys. However,

studying Fe-Ni system under equilibrium condition is difficult due to the slow diffusion rates at

low temperatures. As cooling occurs, the diffusion coefficient of Ni decreases, for example, from

1.5×10−16 cm2s−1 at 600 ◦C to 1×10−22 cm2s−1 at 500 ◦C or in simple terms: at 300 ◦C, it takes
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(a) (b)

Figure 4.3: (a) Thermomagnetic measurements of mechanically alloyed (MA) Fe88−xNi12+x, (x =0,4,8)
heated to maximum temperature of 900 ◦C. Martensite start and finish temperatures are designated as (Ms,
Mf ). (b) Fe-Ni phase diagram reproduced from [59]. Red lines represent Ms and Mf temperatures for the
MA powders while the dashed line represents the trasnsformation temperature and Curie temperature for
the equilibrium alloys.

more than 104 years for one atomic jump to occur [45]. Hence, the only feasible way of obtaining

the equilibrium phase diagram for Fe-Ni is through the observations of meteorites.

Nevertheless, martensitic transformation can still take place in this binary regardless of the

slow diffusion kinetics of Ni. In fact, it was considered to be the only type of transformation that the

FeNi system can undergo on the Fe rich side at relatively low temperatures [59, 60]. Martensite is a

term used to describe any diffusionless transformation product, in which from start to completion,

only atomic movements that are less than one interatomic spacing take place [80]. While, many

metallic compounds or minerals can be incited to undergo martensitic transformation provided that

the optimum cooling or heating rates are achieved, it is the preferred mechanism on the Fe rich

side of the FeNi binary alloys.

From Fig. 4.3(b), what happens to the γ-phase on the low Ni region (11 to 28 wt. % Ni) upon

cooling is, supersaturated γ likes to transform to a two phase structure (α+γ) by nucleation and

growth but can not overcome the nucleation barrier in Eq. 4.2. Put another way, the slow diffusion

kinetics of Ni at low temperatures does not permit the formation of a nuclei greater than the critical

size given in Eq. 4.3.

Barrier energy that must be overcome to form the new phase and the critical nuclei size are
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obtained by differentiating Eq. 4.1 which is the free energy change associated with the nucleation

process.

∆G = −4

3
πr3(∆Gv −∆Gs) + 4πr2γ (4.1)

∆G∗ =
16πγ3

3(∆Gv −∆Gs)2
(4.2)

r∗ =
2γ

(∆Gv −∆Gs)
(4.3)

In Fig. 4.3(b) the transformation temperatures for MA Fe-Ni are plotted against the Ni con-

tent. In addition, the respective data for the equilibrium condition is drawn as dashed line. The

data for the martensite transformation temperatures differ significantly from those for equilibrium

alloys. Not only the martensitic transformation is hindered for the powders synthesized through

MA, it occurs over a wide temperature range. These differences can be linked to the rapid cooling

rate as opposed to the equilibrium cooling rate and the higher defect density of mechanically al-

loyed powders introduced during synthesis. The thermomagnetic experiments on Fe88−xNi12+x, (x

=0,4,8) alloys revealed that the γ phase is not stable as martensitic transformations took place for

all three compositions (Fig. 4.3(a)). However, the martensitic transformation was not observed for

the Fe76Ni24 alloy mainly because of the increased Ni content which stabilizes the γ phase. The

relatively low magnetic moment (from γ phase) on cooling in Fig. 4.4(a) and the results of XRD

in Fig. 4.4(b) corraborates this conclusion. Put another way, from Fig. 4.4(b) the structure of the

as milled powder is BCC which transforms into FCC upon heating and FCC phase remains to be

the stable phase on cooling.

To sum up, the martensitic transformation was suppressed for the MA samples as compared

with the equilibrium transformation kinetics due to the extensive refinement of the microstructure,
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(a)

(b)

Figure 4.4: (a) Thermomagnetic measurements of mechanically alloyed (MA) Fe76Ni24 powders heated to
maximum temperature of 700 ◦C. (b) X-ray results of as MA powders showing the existence of α phase
which is transformed into the γ phase after 700 ◦C treatment.

added defect denstiy introduced during synthesis and rapid cooling rates. This led to the existence

of paramagnetic fcc Fe-Ni alloys at room temperature for the compositions within ∼24-27 at.

%Ni. The concentrations that are of interest for the magnetocaloric applications are around ∼30

at. %Ni. Around this concentration, not only γ phase has a relatively larger magnetic moment, its

TC is near room temperature. Besides, the life time of an application could be expected to be long

for the alloys with Ni content more than 24 % as the experimental results proved the stability of γ

phase.
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4.2 Tuning the Curie Temperature in γ-FeNi Nanoparticles for Magnetocaloric Applica-

tions by Controlling the Oxidation Kinetics

4.2.1 Oxidation During Mechanical Alloying

During mechanical alloying, heat is generated due to the transferred kinetic energy from the grind-

ing medium, the presence of an exothermic reaction and the transferred energy from the motor and

the bearings. The increase in temperature can induce the oxidation in nanostructured materials. In

this section, a novel method for tuning the TC of γ-FeNi nanoparticles by controlling the oxidation

during synthesis will be discussed.

In addition, we propose nanostructured γ-FeNi as promising magnetocaloric refrigerants

near room temperature. The significance of nanoparticles is that the magnetic entropy peak is

spread over a larger temperature span which gives rise to an enhanced refrigeration capacity (RC)

[39]. By controlling the growth of the oxide layer on the nanoparticle, the goal is to utilize the

surface spin disorder in the core-shell nanoparticles which would result in a larger MCE [81]. Pre-

vious work on controlling oxidation kinetics and interfaces in the FeCo system for RF applications

inspired us to tune the TC of γ-FeNi metastable phase with similar processes. Oxidation studies

on Fe-Co system showed that, the oxidation of nanoparticles led to a faceted metal core with an

oxide layer having epitaxial relationships with the core as in Fig. 4.5 [82].

Figure 4.5: Faceted magnetic nanoparticles with oxide layers. Oxide layers appear darker in the micrograph.
[after [82]]
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The oxidation is mediated through metal cations that diffuse out of the core with oxidation

at the gas-oxide interface. The metal cations that diffuse out of the core exchange places with

vacancies. Therefore the kinetic barrier to the vacancy formation of each metal species determines

the type of oxide that will dominate. Strain and interfacial energies also need to be taken into

account as studies showed that they promote preferential nucleation of bcc phase [83]. In the Fe-

Co system, Fe was found to oxidize more than Co and the oxidation became perceptible in 2 hours

at 300 ◦C heat treament [84]. For the particles synthesized via Spex mill, the temperature rise for

the Fe-1.2wt%C system has been recorded 300 ◦C [65], while it is 180 ◦C for the Ni-Zr binary

system [66]. The temperature rise in FeNi system during milling was not reported in the literature.

Therefore, to a good approximation, the temperature rise in Fe-Ni system will be on the same order

of magnitude with those in Ni-Zr and Fe-1.2wt%C systems.

4.2.1.1 Experimental Procedure

Fe70Ni30 and Fe72Ni28 alloys were produced by ball milling in a shaker mill (Spex 8000D) from

elemental Fe (particle size-125 mesh), Ni (particle size-100 mesh) powders obtained from Alfa

Aesar with 99.9 %. The mill was operated under Ar with an initial powder mass of 8 g and a

ball to powder ratio of 10:1. After selected milling times as mechanically alloyed powder samples

were taken out from the hardened steel vials to characterize crystal structure by x-ray diffraction

using Cu Kα radiation in a XPert PRO MPD diffractometer. In order to obtain a material with a

single γ-FeNi phase, as milled Fe70Ni30 and Fe72Ni28 powders were subsequently sealed in a quartz

crucible with Ar atmosphere and annealed in the γ-phase region, 700 ◦C and quenched in water

to stabilize the metastable γ-FeNi phase. Magnetic properties of the γ-FeNi phase were studied

using a Lakeshore 7407 vibrating sample magnetometer using a maximum applied field of 0.55 T

at constant temperatures in the range of room temperature to 523 K. The magnetic entropy change

due to the application of a magnetic field has been calculated using a numerical approximation to
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the equation;

∆SM =

Hmax∫
0

(
∂M

∂T

)
H

dH (4.4)

where ∆SM is the magnetic entropy change, M is the magnetization, and T is the temperature.

The partial derivative is replaced by finite differences and the integration is performed numerically

from zero to the maximum value of the applied magnetic field.

In this study, RCFWHM , defined as the product of the peak entropy change times the full

width at half maximum (FWHM) of the peak ∆T,

RCFWHM = |∆SpkM |∆T (4.5)

was used as a figure of merit. For materials that didn’t cover sufficient area around the peak

e.g. Fe72Ni28, RCFWHM was estimated by extrapolating the experimental data to the temperatures

required for this calculation.

4.2.1.2 Results and Discussion

Nature of Phase Transition

To assess the nature of magnetic phase transitions for the alloys synthesized in this study,

Arrott plots are generated and displayed in Fig. 4.6(a). A commercially available ASTM A 753

08 alloy with composition Fe55Ni45 produced via conventional metallurgical techniques (i.e., cold

drawing of molten ingot) are presented for comparison in Fig. 4.6(b) as well. According to Baner-

jee criterion [85], the negative slope in (H/M)0.75 vs M2.5 plots corresponds to a first order transition

while the positive slope is a sign of a second order transition. In light of this criterion, both alloys

in Fig. 4.6 clearly display second order transformation kinetics.

The idea of plotting (H/M)0.75 vs M2.5 originates from the Arrott-Noakes equation (Eq. 1.7)

that I introduced in the beginning where the exponents 0.75, 2.5 are 1/γ and 1/β respectively.
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(a)

(b)

Figure 4.6: Arrott plots for various temperatures around TC for samples (a) Fe70Ni30 synthesized via me-
chanical alloying for 30 hrs (TC ≈ 360K) (b) Fe55Ni45 synthesized via cold rolling (TC ≈ 707 K)

According to the predictions of the Arrott-Noakes model, the lines of (H/M)0.75 vs M2.5 plot should

be parallel and spaced linearly in temperature in the neighborhood of TC [9], as in the case of

polycrystalline Fe55Ni45 in Fig. 4.6(b). The results of polycrystalline Fe55Ni45 agree well with

the predictions of the model at high fields but not so well at low fields. The deviation from the

model is more pronounced below TC (≈ 707 K) and it can be attributed to the magnetocrystalline

anisotropy arising from the antisymmetric exchange interactions and pinned magnetic domains

near lattice defects [9].

As for the ball milled powders of Fe70Ni30, the deviation from the model becomes more

prominent as the isotherms in Fig. 4.6(a) show large curvature and do not change concavity below
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the transition temperature (≈ 360K). Far from being evenly spaced, the isotherms cluster together

revealing no information about the transition temperature in this case. This anomality was also

observed in another study [86] by Lampen et. al., and it was related to the presence of short range

ordering with distributed exchange interactions in the structure.

Conversely, the agreement between the model and the experimental data is mainly due to the

presence of longe range order in the polycrystalline Fe55Ni45 alloy.

XRD

Fig. 4.7 presents x-ray diffraction patterns from powders of Fe70Ni30 and Fe72Ni28 alloys ball

milled for 10, 30, 50 hrs and powders of these which were annealed in the γ-phase field followed

by quenching. The diffraction patterns for 10 and 30 hrs milled Fe70Ni30 and Fe72Ni28 powders

reveal both fcc and bcc phases and the fcc ratio is observed to increase with milling time for

Fe70Ni30 while it is invariant for Fe72Ni28. While Fe70Ni30 exhibits only fcc peaks and additional

oxide peaks that are indexed to FeO (wustite), Fe72Ni28 alloy is observed to retain both fcc and bcc

phases after 50 hrs of milling. In addition to the wustite which is observed for the two compositions

after solution annealing the 50 hrs milled alloys, the γ-stabilized Fe70Ni30 exhibits NiFe2O4 (NiFe

oxide) peaks. The lattice parameter of the wustite was found to be a=4.290±003 Å which agrees

well with the results from JCPDS index of wustite [87].

Even though the equilibrium phase diagram predicts the coexistence of bcc and fcc at low

temperatures [58], the supersaturation of fcc γ-FeNi is obvious from 50 hrs ball milled powder of

Fe70Ni30. The two phase region is reported to narrow with milling intensity which is caused by the

temperature dependence of the metastable equilibria [57]. Here, we observe the narrowing of the

two-phase field with milling time which induces the additional dissolution of Fe in fcc FeNi.

Fig. 4.8 shows lattice constants for fcc and bcc structures for the two compositions and the

phase fractions of each phase in addition to the oxide. Lattice parameters found in this study

agrees well with the reported results [88]. From Fig. 4.8a), the lattice parameter of the fcc phase

is observed to increase with milling time while that of bcc remains invariant. Fig. 4.8b) shows that

the ratio of fcc phase increases to that of bcc in Fe70Ni30 while it remains the same in Fe72Ni28.
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Figure 4.7: X-ray diffraction patterns of 10, 30, 50 hours as-milled powders and solution annealed powders
at 700 ◦C for 1h followed by quenching for a)Fe70Ni30, b) Fe72Ni28

This is ascribed to the presence of additional Ni in Fe70Ni30 as it stabilizes the fcc structure.

Figure 4.8: a) Lattice parameters of bcc and fcc phases in as-milled Fe70Ni30 and Fe72Ni28 against milling
time. b) Fractions of bcc and fcc phases and oxide in as-milled Fe70Ni30 and Fe72Ni28 alloys against milling
time determined by x-ray diffractometry.
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As previously introduced, the heat generated due to grinding of steel balls against the powder

leads to oxidation of particles as is seen in the x-ray diffraction patterns of 50 hrs as milled powder

and γ-phase stabilized Fe70Ni30. However, the oxidation for the Fe72Ni28 took place during the

annealing process. In the FeNi system there is a strong compositional dependence of the Curie

temperature, TC , on composition in the γ-phase [44]. Since wustite and nickel-iron oxide are rich

in Fe, formation of these oxides depletes the Fe in the core which changes the core composition.

This in turn changes the TC of the system. Tuning the RC along with the TC can be accomplished

with the formation of an oxide layer. In tuning the RC, exchange coupling of the 2-phase core/shell

structure is exploited. This is analogous to disorder induced broadening of the transition due to

distributed exchange interactions [16].

In earlier studies on the FeNi binary system, Gorria et. al. also observed the increase in the

TC by means of mechanical alloying after a heat treatment at 1073 K. However, the increase in the

TC was ascribed to the introduction of microstrains during milling in that study [89]. They arrived

at this conclusion based on the assumption that induced microstrain around Fe increases the in-

teratomic distance between Fe-Fe atoms which eventually enhances the ferromagnetic interactions

due to the magnetoelastic coupling in the Invar compounds.

To evaluate the effect of microstrains on the TC , Williamson-Hall plots were generated.

Williamson and Hall proposed a method for deconvoluting contributions to the strain broadening

by evaluating the peak width as a function of θ. This model originates from the observation that

strained or imperfect crystals produce line broadening of a different sort than the broadening caused

by small crystallites [67].

It is expressed as;

Bcos(θ) = 2(ε)sin(θ) (4.6)

where B is the full width at half maximum of the XRD peaks, ε is the internal microstrains

and θ is the Bragg angle. According to this model, if strain is the only reason for broadening then

Bcos(θ) is a linear function of sin(θ). Therefore, the larger the slope is, the more accumulated
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microstrains there are in the structure. On the contrary, if strain is eliminated then Bcos(θ) is a

constant for all peaks.

(a) (b)

Figure 4.9: Williamson-Hall plots of mechanically alloyed particles followed by solution annealing for the
compositions (a) γ-Fe70Ni30 (b) γ-Fe72Ni28

From Fig. 4.9, the slope represented by n increases slightly after 30 hrs of milling as com-

pared with 10 hrs milled powder and decreases after 50 hrs of milling for the two compositions.

However, as shown in Fig 4.17 on page 73, the TC of Fe70Ni30 and Fe72Ni28 increases systemati-

cally with milling time thus rendering the microstrain argument invalid for this study. Put another

way, a direct correlation between the shift in TC and the amount of strain in the microstructure is

not observed which arises the need for new arguments to account for the change in TC .

The average grain sizes were calculated by analyzing the width of the fcc(111) diffraction

with the Scherrer equation:

L =
0.9λ

B(2θ)cosθ
(4.7)

where B(2θ) is the full width at half maximum(in radians) of a Lorentzian function fit to the

diffraction peak. This analysis was carried out for the solution annealed powders at 700 ◦C, as

these particles had minimum strain in the microstructure thus making the particle size calculation

more reliable. This method yields 43.7 nm ±0.4 nm for the size of the crystals.
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XRF

A major concern with mechanical alloying is the extent of contamination introduced during

milling. The small size of the particles and a large surface area that comes with it are some of the

factors that can induce contamination. In addition, the milling atmosphere, grinding medium and

the purity of starting elements are equally important too. However, there are certain measures that

one can take to minimize it.

One way of minimizing the contamination stemming from the grinding medium is to use the

same material for the container as the powder being milled. Contamination could also occur when

the container is not properly sealed which results in the leakage of the surrounding atmosphere into

the medium. Therefore, it is vitally important to seal the grinding medium with a high purity argon

atmosphere to ensure the processing of high-quality alloys. One should also keep in mind that cross

contamination could occur if a container which was used previously is used in the subsequent run

without properly cleaning it.

Figure 4.10: XRF data of γFe70Ni30 milled for 50 hrs.
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To analyze the degree of contamination, XRF measurements were performed on the alloys

of γ-Fe70Ni30 and γ-Fe72Ni28. As mentioned in the experimental section, mechanical alloying of

powders took place in hardened steel vials. According to the data obtained from the manufacturer

of the vials, while the major constituent element is Fe, trace amount of Cr, Mn, C and Si are also

present in the vials that were used [90]. Therefore, after operating the mill for a long period of

time it is very likely to observe the presence of these minor elements in the synthesized alloys as

well. The XRF peak profile is given in Fig. 4.10 for the γ-Fe70Ni30 alloy milled for 50 hrs. In

addition to the major elements (Fe and Ni), trace amount of elements such as Ti, V, Cr and Mn are

also detected. While it is possible that Mn and Cr are introduced to the system from the hardened

steel vials, the presence of contaminants such as Ti and V could be due to the poor handling and

cleaning of the vial from the previous run.

The amount of each element is calculated from the peak intensity and its variation with

milling time is given in Fig. 4.11. This plot shows that each element is between 0.1-0.2 at. % in

the overall composition while Cr is nearly 1 at. % in the γ-Fe70Ni30 alloy after 50 hours of milling.

In the remainder of this section, the influence of these elements on the magnetic properties of γ-

FeNi alloy will be discussed. Conclusions of this section will also be tied to our general hypothesis

of tuning the magnetic properties of the γ-FeNi by preferential oxidation of Fe.

(a) (b)

Figure 4.11: Amount of minor elements as a function of milling time for (a) γ-Fe70Ni30 (b) γ-Fe72Ni28
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Bethe-Slater curve which shows the variation of the exchange integral, Jex, with the radius

of its 3d shell of electrons, ra/r3d, needs to be taken into account when assessing the effect of anti-

ferromagnetic elements such as Mn and Cr on the magnetic properties of γ-FeNi (Fig. 4.12). This

curve is a quantum mechanical interpretation of the exchange force and led to many conclusions of

great value in magnetism. According to the model, the exchange integral is positive for ferromag-

netic materials as in Fe, Co and Ni. However, as the ratio ra/r3d decreases to a certain value the 3d

electrons will be close enough that their spins favor antiparallel alignment as in antiferromagnetic

materials e.g., Mn and Cr.

The Bethe Slater curve is used to estimate the Jex based on the composition of an alloy as

it is shown for the pure γ-Fe70Ni30 in Fig. 4.12. The XRF data showed that the alloy had trace

amount of Mn and Cr. Any additions of these antiferromagnetic elements will lower the Jex and

weaken the ferromagnetic response of the alloy. This will eventually decrease the TC of the alloy

according to the following approximate form of relation that shows the dependence of TC on Jex

(Eq. 4.8).

Figure 4.12: Bethe-Slater curve (schematic).
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Jex =
3kTC

2zS(S + 1)
(4.8)

where k is the Boltzmann constant, Z is the coordination number and S is the orbital spin

number.

As for the Vanadium and Titanium, the structure and magnetic properties of Fe-Ni alloys

containing these elements have not been extensively studied. However, there have been a few

studies claiming the suppression of TC by small additions of V or Ti into the Fe-Ni matrix [91, 92].

In brief, XRF results showed that there are trace amount of Cr, Mn, Ti and V due to the

contamination during milling. However, literature findings and theory on the exchange interactions

suggest that these elements decrease the TC of the FeNi binary system rather than increasing it.

This is why, the increase in the Curie temperature of the γ-FeNi with milling time can not be

explained by the contamination argument either.

SEM

The size and shape of the particles may be determined accurately using direct method of

Scanning Electron Microscopy (SEM) for relatively coarse powders. Fig. 4.13 shows the SEM

micrographs of Fe72Ni28 at different magnifications. The particle size is around 10µm ±5µm

which is much larger than the particle size estimated from the XRD peaks.

Here, it is important to keep in mind that the particles are agglomerated during mechanical

alloying which leads to results that are difficult to interpret. A powder particle may consist of sev-

eral individual particles and an individual particle may contain a number of crystallites defined as

coherently diffracting domains [54]. Therefore, while macroscopic examination gives the particle

size as in Fig. 4.13 , diffraction techniques gives the crystallite size.

Magnetocaloric Properties
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(a) (b)

(c) (d)

Figure 4.13: SEM micrographs of Fe28% Ni at different magnifications

Isothermal magnetization curves for a maximum applied field of 0.55 T were taken every 10

K in a temperature range of room temperature to 553 K (Fig. 4.14(a)).

From Fig. 4.14(a), a continuous decrease in magnetization as the temperature increases is

evident and it is due to the ferromagnetic to paramagnetic transformation.

Fig. 4.14(b) shows the magnetization as a function of temperature for the quenched powder

at a field of 0.55 T. The transition from ferromagnetic to paramagnetic phase has been calculated

to be ∼ 360K for the γ-phase Fe70Ni30 powders that are milled for 30 hours. This value was

estimated using the inflection point method and is in good agreement with the estimated values
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(a)

(b)

Figure 4.14: (a) Magnetization isotherm curves obtained from room temperature to 533 K for a maximum
applied field of 0.55 T. (b) Temperature dependence of spontaneous magnetization for quenched sample for
an applied field of 0.55 T.

obtained from the compositional dependence of TC with Ni content in the γ-phase of the Fe-Ni

equilibrium phase diagram [79]. The presence of a magnetic moment at high temperatures can be

ascribed to the trace amount of α-phase in the system as it preserves its ferromagnetic properties

at elevated temperatures.

In order to evaluate the magnetic entropy change, ∆SM , a numerical approximation to equa-

tion 4.4 is needed. In the case of magnetization measurements at discrete field and temperature
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intervals, ∆SM can be approximated by;

|∆SM | =
∑
i

Mi −Mi+1

Ti+1 − Ti
∆Hi (4.9)

Where Mi and Mi+1 are the experimental magnetization values at temperatures Ti and Ti+1 respec-

tively. Using the approximation given by equation 4.9, ∆SM as a function of temperature for each

sample can be computed numerically by first differentiating the magnetization data, M, with re-

spect to temperature, and then integrating the resulting derivatives from zero field to the maximum

field achieved Hmax.

Following this procedure, the magnetic entropy was calculated for a range of fields from 100

Oe to 5500 Oe in Fig. 4.15.

Figure 4.15: Temperature dependence of the magnetic entropy change curves of a Fe70Ni30 alloy milled for
30 hours for maximum applied fields ranging from 100 Oe up to 5500 Oe

The temperature where the maximum entropy is observed, Tpk in Fig. 4.15 is ∼360 K which

coincides with the TC of this alloy. This is an expected result for materials undergoing a second

order transition [93].

One point that needs careful consideration is the relationship between Tpk and TC and their
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Figure 4.16: Temperature dependence of the magnetic entropy change for maximum applied fields of 0.1,
0.5, 1, 2, 5 T. The dashed line at 300 K designates the Curie temperature.

dependence on field for materials undergoing second order transition. First, Tpk and TC was as-

sumed to occur at the same temperature. However, Franco et. al. showed that Tpk increases with

field following a power law H1/∆ with (∆=β + γ) [94]. Here β and γ are critical exponents de-

scribing the temperature dependence of magnetization and inverse susceptibility respectively as

defined in Eq. 1.7.

To support the experimental findings, theoretical magnetic entropy curves (Fig. 4.16) can

be plotted by solving the Arrott-Noakes equation (Eq. 1.7) with critical exponent values (γ=1.35,

β=0.39) that are typical for an Fe-based amorphous alloy. These plots were generated using MATH-

EMATICA@TM .

At high fields, the shift in Tpk in Fig. 4.15 is what one would expect for a material undergoing

second order phase transition. However, the curves don’t seem to follow the same trend at lower

fields, i.e. slightly shifting to lower temperatures with field. In one study, this was ascribed to

the compositional inhomogeneities in the microstructure which yields a distribution of local Curie

points [95]. Therefore, it is likely that the compositional inhomogeneties caused by mechanical
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alloying is the reason for such a deviation from theory.

Following the same procedure used to obtain Fig. 4.15, the magnetic entropy change, ∆SM ,

of Fe70Ni30 and Fe72Ni28 powders for different milling times at a maximum applied field of 0.55 T

is calculated and presented in Fig. 4.17.

Figure 4.17: Temperature dependence of the magnetic entropy change, ∆SM , corresponding to a magnetic
field change ∆HM=0.55 T for different milling times in the (a)annealed γ-Fe70Ni30, (b)annealed γ-Fe72Ni28

The maximum magnetic entropy change values observed for γ-Fe70Ni30 are 0.32, 0.22 and

0.17 Jkg−1K−1 for 10, 30 and 50 hrs of ball milling respectively. The peak entropy change temper-

atures are 333 K, 363 K and 443 K for the same composition for 10, 30 and 50 hrs milled powders

respectively. From the Fe-Ni phase diagram [58] and the composition dependence of the Curie

temperatures of each powder, the Fe content in the nanoparticles can be estimated. The Fe content

is 71 at. % Fe after 10 hrs of milling and systematically decreases to 69 and 67 at. % Fe for 30 and

50 hrs of milling for the γ-Fe70Ni30. The maximum entropy change is 0.19 Jkg−1K−1 with a peak

entropy change around 333 K for 50 hrs milled γ-Fe72Ni28 powder. Since the Curie temperatures

of the 10 and 30 h milled γ-Fe72Ni28 powders were slightly below the room temperature, their peak
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entropy and other magnetocaloric properties could not be assessed.

The ∆SM can be expressed as a power law for materials with a second order phase transition

[96].

∆SM = AHn (4.10)

where A is a prefactor and n is the temperature dependence of the exponent characterizing the field

dependence of ∆SM . With this equation, ∆SM and RCFWHM can be extrapolated to higher fields,

which is necessary for comparing the magnetocaloric response with other refrigerants.

RCFWHM at 5 Tesla can be estimated in the same way as magnetic entropy by calculating the

respective RCFWHM values within the experimental range following the relationship in Eq. 4.11:

RCFWHM = |∆SpkM |∆T (4.11)

where |∆SpkM | is the peak entropy values in the rectangle in Fig. 4.15 and ∆T is the temperature

span at the half maximum of the peak entropy values. Following this procedure, RCFWHM values

are plotted against magnetic field for γ-Fe70Ni30 powders milled for 30 hours in Fig. 4.18. This

method yields a value of 495 Jkg−1 when only the high field portion of the data is taken into

account for fitting while a value of 470 Jkg−1 is obtained when all the data points are used. The

former technique supposedly provides more accurate results since the RCFWHM is a straight line

at high fields on account of the alloy being magnetically saturated.

When the RCFWHM value was extrapolated for the γ-Fe72Ni28 powders, it yields 250 Jkg−1.

The reduction in the RCFWHM is a result of the decrease in magnetic moment at this concentration.

In Fe-Ni system, the saturation magnetization of Fe, Ms, is known to decrease with small

additions of Ni attaining its minimum at 30% Ni. The experimental saturation magnetization values

obtained against Ni content is given in Fig. 4.19(b) together with the Slater Pauling curve which

is a plot of stoichiometric mean atomic moment as a function of electrons filling the d-orbitals of

transition metal binary alloys. According to the Slater Pauling curve, the initial additions of Ni to
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Figure 4.18: Field dependence of the refrigeration capacity, RCFWHM . Thick black line corresponds to the
experimental data. Blue line represents the extrapolated values from the power law fitted using all field data,
red line represents the exptrapolated valies from the power law fitted using only high field data. RCFWHM

corresponds to 470 Jkg−1 for the former and 495 Jkg−1 for the latter at 5 T for the γ-Fe70Ni30 alloy milled
for 30 hours.

bcc Fe slightly increase the average magnetic moment of the alloy followed by a linear decrease.

The results shown in Fig. 4.19(b) agree with the theory up until about 28% Ni. This slight shift

in Ni content at which the minimum occurs can be explained by the milling intensity used in this

study as it has been proven with earlier studies that milling intensity shifts the concentration where

the deviation from Slater Pauling curve takes place [57].

The peak magnetic entropy change and RC values of the studied alloys with their extrapola-

tions to 5 T are presented in Table 4.1. Other promising magnetocaloric materials reviewed in this

study are also listed for comparison. From Table 4.1, Gd5Ge1.9Si2Fe0.1 and Fe88Zr7B4Cu1 have

slightly higher refrigeration capacities than γ-Fe70Ni30 milled for 30 hours. However, when each

alloy is considered in terms of their cost, FeNi system clearly is the most economically advanta-

geous refrigerant with respectable magnetocaloric properties, which will facilitate industrial scale
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(a) (b)

Figure 4.19: (a) Slater Pauling curve (b)Saturation magnetization as a function of Ni content for mechani-
cally alloyed Fe100−xNix(this study). The dashed line represents data for as-cast alloys (after Ref. [97])

up [98]. It is also important to point out that, Fe based alloys suffer from relatively low magnetic

entropy change, which would result in low adiabatic temperature changes but may be attractive in

cycles designed to span large temperature ranges, i.e. between the freezing and boiling points of

typical fluid carriers.

Table 4.1: Peak temperature, peak entropy change, RCFWHM values of promising magnetocaloric materials

are presented.

Nominal Composition Tpk |∆Spk
M |(1.5T) RCFWHM (1.5T) RCFWHM (2T) RCFWHM (5T) Ref.

(K) Jkg−1K−1 Jkg−1 Jkg−1 Jkg−1

La(Fe0.89Si0.11)13H1.3 291 165.6 [23]

Pr2Fe17 300 573 [39]

Gd5Ge1.9Si2Fe0.1 300 630 [21]

Fe88Zr7B4Cu1 300 1.3 166 654 [37]

Fe79Gd1Cr8B12 355 1.42 153 627 [38]

MnNiGa 317 30 [42]

γ-Fe72Ni28-50 h milled 333 0.5 84 110 250 this study

γ-Fe70Ni30-30h milled 363 0.65 158 204 470 this study
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Adiabatic Temperature Change, ∆Tad

As mentioned before, the isothermal application of a field, Hmax, causes a change in entropy,

∆SM . In this study, the magnetic refrigerants are compared based on their relative cooling powers

(RCP) which is obtained from the magnetic entropy curves. However, there is another figure of

merit which is equally important in the assessment of magnetic refrigerants. It is the temperature

change upon the application of a field under adiabatic conditions, ∆Tad:

∆Tad(T,Hmax) =

Hmax∫
0

T

Cp(T,H)

(
∂M

∂T

)
H

dH (4.12)

Zverev et. al., [99] made a simplifying assumption that, within a small temperature interval

(∂M/∂T )H is constant and they put forward two extreme cases to Eq. 4.12. First case corresponds

to materials undergoing second order transitions that are characterized by their broad curves but

relatively lower peak magnetic entropy values in the ∆SM (T). ∆Tad is approximated as:

∆Tad =

(
T

Cp

)
×∆Smax (4.13)

For these type of materials ∆T is determined by the magnitude of the peak ∆Smax, temper-

ature at which the maximum mangetic entropy is observed T, and the heat capacity of the material,

Cp.

Second extreme case addresses the materials undergoing first order transitions that are known

for their large but narrow magnetic entropy curves. Since the materials synthesized in this study

fall into the first category, details of the second case will not be given here.

A sample calculation of the adiabatic temperature change for the γ-Fe70Ni30 milled for 10

hr will be provided in the remainder of this section. Using the DSC scan in Fig 4.20, Cp of this

powder was calculated yielding a value of ≈440 J kg−1K−1.

Invoking Eq. 4.13 and plugging in the values for T and ∆ Smax at 5 Tesla for this powder,
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Figure 4.20: DSC scans of γ-Fe70Ni30 milled for 10 hrs and the background which is obtained by running
the experiment with empty sample holders.

one gets:

∆Tad =

(
335K

440Jkg−1K−1

)
× 2.6Jkg−1K−1

∆Tad = 2K

(4.14)

or ∆Tad= 0.4 K at 1 Tesla which is relatively lower than that of materials with first order

transition kinetics. For a magnetic refrigerant in the solid state, however, ∆Tad of 1 K/T is taken as

a minimum requirement considering several loss mechanisms during operation. These losses could

arise from the heat exchange between the refrigerant and the surroundings, viscous flow entropy

generation in the heat exchanger and thermal backflow in the refrigerant bed [100].

On the plus side, FeNi alloys can still be used in ferrofluidic applications (see Sec. 3.1) in

which broad transition temperatures that span the freezing and boiling points of the carrier fluid

are required. Energy losses associated with the heat exchange would also be minimized due to the

enhanced surface area of nanoparticles that are suspended in the fluid.
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4.2.1.3 Conclusions

Microstructure and magnetocaloric response of mechanically alloyed Fe70Ni30 and Fe72Ni28 com-

positions have been studied with the following observations:

I) With milling time, we found that the bcc phase was destabilized with respect to fcc phase

for the Fe70Ni30 alloy. This agrees well with previous studies, which state that the composition

ranges of the fcc and bcc single phase regions are greatly extended with respect to their equilibrium

ranges by mechanical alloying [101, 57].

II) Extended milling times induce oxidation of particles due to high temperatures achieved

during operation. This can be utilized to tune the TC of γ-FeNi alloy since preferential oxidation

of Fe atoms changes the composition of the particles.

III)γ-Fe70Ni30 and γ-Fe72Ni28 have desirable magnetocaloric properties near room temper-

ature and extreme economic viability as compared with some other benchmark magnetocaloric

refrigerants.
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4.2.2 Isothermal Oxidation of γ-FeNi

In section 4.2.1, the idea of tuning the Curie temperature and other magnetic properties through

oxidation during milling was conveyed. Here, I present the structure and magnetic properties of γ-

FeNi after isothermal oxidation. A VSM was used to oxidize the powders and monitor the changes

in the magnetic moment after oxidation. XRD and magnetic entropy calculations were performed

on the oxidized alloys which helped to identify the type of oxides present.

4.2.2.1 Results and Discussion

XRD

Fig 4.21 shows x-ray diffraction patterns from powders of annealed γ-Fe72Ni28 and after

oxidizing at 850, 950 and 1050 K for 1 minute. The oxidation studies were done in a boron

nitride crucible which accounts for the presence of boron nitride and iron oxide borate peaks for

the powders oxidized at 950 K and 1050 K.

While as quenched γ-Fe72Ni28 is single phase FCC, Fe2NiO4-Fe3O4 and NiO begins to form

after oxidizing the powder at 850, 950 and 1050 K.
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Figure 4.21: X-ray diffraction patterns of as quenched γ-Fe72Ni28 and after oxidizing at 850, 950 and 1050
K.

Magnetocaloric Properties

The effect of an oxide can also be observed on the magnetic entropy curves as long as there

is a change in oxide’s configurational entropy with temperature. This change could be due to a

transition from ferromagnetic to paramagnetic state as in a typical ferromagnetic material (γ-FeNi)

or from a ferrimagnetic to a paramagnetic state as in Fe2NiO4 or Fe3O4.

Fig 4.22 presents the entropy curves for annealed γ-Fe72Ni28 and after oxidizing it at 850,

950 and 1050 K.

The peak entropy value is observed at 373 K for the as quenched γ-Fe72Ni28 and the mag-

nitude of this peak decreases after oxidizing the powder at 850 K for 1 minute. This is mainly

because of the growing oxide phases at the expense of the FCC γ-FeNi. As shown in the x-ray

diffraction patterns, NiO is one oxide product with a Néel temperature, TN ,∼ 523 K [102]. There-

fore, the change in NiO’s magnetic state at this temperature is the reason we see a slight bump

around 515 K in the magnetic entropy calculations. The slight difference in the temperature can be

attributed to the heating rate applied during each experiment.

81



Figure 4.22: Magnetic entropy curves of as quenched γ-Fe72Ni28 and after oxidizing at 850, 950 and 1050
K. Entropy curves at a field of 5100, 5300 and 5500 G are presented for each.

Another major peak around 856 K in the entropy curves is due to the presence of both

Fe2NiO4 (nickel ferrite) and Fe3O4 (magnetite). The Néel temperature of nickel ferrite is ∼ 858 K

while it is ∼ 855 K for magnetite [46] which accounts for the magnetic entropy peak at that tem-

perature in Fig. 4.22. Since both oxides have virtually indistinguishable structure (lattice constant)

and magnetic properties (Néel temperature), it is not trivial to quantitatively analyze the contribu-

tion of each oxide to the entropy peak around∼ 855 K. Both oxides are ferrimagnets meaning that

the magnetic moments of the atoms on different sublattices are opposed as in antiferromagnetism.

However, unlike an antiferromagnetic material, opposing moments in a ferrimagnet do not cancel

out thus resulting in a net magnetic moment.

From Fig. 4.22, even though the magnitude of the entropy peak was reduced after oxidizing

the powder at 850 K, the Curie temperature of the fcc phase remained the same. Based on the

assumption that the TC strongly depends on the composition in FeNi system, I conclude that there

was not a significant change in the initial composition of the γ-Fe72Ni28 after oxidizing at 850 K.

82



The proposed oxidation reaction which preserves the initial composition during oxidation can be

as follows;

Fe70−7xNi30−3x +
13x

2
O2 → xNiO + 2xFe2NiO4 + xFe3O4 (4.15)

For simplicity, this reaction is given for the Fe70Ni30 and the same logic can be applied to

Fe72Ni28 as well. For the particles oxidized at 850 K, the reaction proceeded in such a way that the

starting composition of Fe72Ni28 was preserved as demonstrated in Eq. 4.15.

Another important feature of Fig. 4.22 is the enhanced breadth in the entropy curves as the

oxidation temperature is elevated. This is due mainly to the graded oxide formation resulting in

distributed magnetic exchange interactions thus yielding a distributed Néel temperatures for the

oxides depending on their stoichiometries. The ”table-like” character of the ∆SM is desirable for

Ericsson type refrigerators in the temperature range of the operation of the device [103]. Processes

that make up the Ericsson cycle are slightly different from that of the Carnot cycle presented

in Fig. 3.1. The major difference is that the heat transfer occurs in processes during which the

magnetic field is kept constant in addition to the two isothermal processes thus resulting in an en-

hanced heat transfer between the magnetic refrigerant and the fluid. Studies indicate that a constant

∆SM is required in the refrigeration temperature range for an ideal Ericsson cycle based refriger-

ation [104, 105]. This can be accomplished either by using magnetocaloric materials that undergo

successive magnetic phase transitions or by combining two magnetic materials with slightly dif-

ferent TC’s thus broadening the entropy curve [106]. Here, the table-like character of the magnetic

entropy curve was accomplished by the formation of the graded oxide in the nanostructured γ-

FeNi.

While XRD and entropy curves do not provide clear evidence for the presence of Fe3O4

(magnetite) because of magnetite and nickel ferrite having similar properties, in situ M(T) exper-

iments confirm the presence of this oxide. Fig. 4.23 shows the magnetic moment values against

temperature on heating for the as quenched γ-Fe72Ni28 and on cooling for the powders of the
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same composition oxidized at various temperatures i.e. 850, 950, 1050 K. Heating of the particles

was performed under Ar atmosphere up to their respective oxidation temperatures. Then the Ar

source was disconnected upon which the oxygen started to enter the system. Powders remained

in their respective oxidation temperatures under these conditions for 1 minute and cooled down

to room temperature without an Ar source. Oxidizing the particles in VSM using the high tem-

perature furnace equipment allowed us to monitor the magnetic moment during this process. The

magnetic moment of the alloy systematically increased with the oxidation temperature on cooling

(Fig. 4.23). This is due mainly to the formation of Fe3O4 (magnetite) on the surface as it is the

only oxide product with a larger magnetic moment than γ-Fe72Ni28 (See Table 4.2).

Figure 4.23: In situ M(T) experiments during oxidation of the γ-Fe72Ni28 at 850, 950 and 1050 K for 1
minute.
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Table 4.2: Curie and Néel temperatures of each phase

Phase TC TN Ms Ref.

(K) (K) (emu/g)

γ-Fe72Ni28 350 50 [58]

Fe2NiO4 858 50 [107]

Fe3O4 855 92 [107]

NiO 523 0 [102]

As the results of this section made it clear, the idea of oxidizing only Fe is not a trivial

task. It requires a careful adjustment of the temperature and the partial pressure of oxygen. To see

what conditions favor the oxidation of Fe only, one can simply construct predominance diagrams.

A predominance diagram is a convenient representation of the domains of predominance of the

various oxides of metals as temperature and the oxygen potential is varied.

The partial pressure of oxygen at which the metal and the oxide coexist can be expressed as:

P eq
O2

=
aMO2

aM
exp∆Go

RT
(4.16)

Using the relationship in Eq. 4.16 and assuming that the activity of metal and the oxide is 1,

the predominance diagram for the Fe and Ni can be constructed as in Fig. 4.24.

If the temperature and the partial pressure of oxygen are chosen in such way that they inter-

sect on the right side of each curve in Fig. 4.24, the oxide of each element predominates over the

metal component. On the contrary, if they intersect on the left side of each equilibrium line metal

does not oxidize. In light of this, the conditions that favor the oxidation of Fe over Ni are desig-

nated by horizontal red lines in Fig. 4.24. The desired partial pressure of oxygen can be achieved

using Ar as balance at the corresponding oxidation temperature so that the formation of FeO and
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Figure 4.24: The predominance diagram in (log PO2—T(K) space for the Fe, Ni and O system.

Fe3O4 are favored over NiO.
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4.3 The Effect of Mo Additions on Structure and Magnetocaloric Effect in γ-FeNi Nanopar-

ticles

The aim of this study is to show the effect of Mo on the structure and magnetic properties of γ-FeNi

nanoparticles. The possibility of tuning the Curie Temparature (TC) of γ-FeNi by small additions

of Mo will also be discussed. Additions of molybdenum to the iron-nickel system were made not

only for obtaining a high initial permeability also for increasing the electrical resistivity in the early

studies. This would, in return, decrease the eddy-current losses and make these alloys preferable

alternatives for magnetocaloric and high frequency applications [108]. It was also believed that the

high permeability, high resistivity and low energy loss of these alloys could be improved further

when the bulk material is reduced to powder followed by annealing [109]. Even though small

amounts of sulfur was added into the alloy composition in the past to ease the pulverization process,

the alloys in this study were made Sulfur-free.

4.3.1 Experimental Procedure

Alloys of (Fe70Ni30)100−xMox (x=1 to x=4) were produced via ball milling. For simplicity, Fe70Ni30

will be designated as FeNi and (Fe70Ni30)100−xMox alloys from x=1 to x=4 will be designated as

Mo1, Mo2, Mo3, Mo4 respectively. Elemental Fe (particle size-125 mesh), Ni (particle size-100

mesh) and Mo (particle size-100 mesh) obtained from Alfa Aesar with 99.9% purity were mixed

and sealed in a steel vial in an Ar atmosphere. Ball milling was performed with a Spex 8000

mixer/mill using hardened steel vials and balls, with a ball-to-powder weight ratio of 10:1. Pow-

ders were milled for 30 h. According to Hong et. al., 12 h is sufficient time to reach a steady state

microstructure in these alloys [88]. After 30h of milling, powders were characterized by a Philips

XPert MPD diffractometer working in a continuous scanning mode using the Cu Kα radiation

(λ = 0.154056 nm). Magnetic properties were studied using a Lakeshore 7407 vibrating sample

magnetometer using a maximum applied field of 0.55 T. For low temperature magnetic properties

a Physical Properties Measurement System (PPMS) with a VSM head was used instead using a

maximum applied field of 5 T. The magnetic entropy change due to the application of a magnetic
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field has been calculated using a numerical approximation to the equation;

∆SM =

Hmax∫
0

(
∂M

∂T

)
H

dH (4.17)

where ∆SM is the magnetic entropy change, M is the magnetization, and T is the temperature.

The partial derivative is replaced by finite differences and the integration is performed numerically

from zero to the maximum value of the applied magnetic field.

4.3.2 Results and Discussion

XRD

Structural analysis of as milled (Fe70Ni30)100−xMox powders were performed by x-ray diffrac-

tion. Figure 4.25 shows the x-ray diffraction patterns (XRD), to exhibit both BCC and FCC phases

for all Mo concentrations. However, FCC to BCC volume ratio was found to increase with increas-

ing Mo content.

The fractions of FCC and BCC phases were determined by comparing the intensities of the

BCC(211) and FCC(220) peaks (Fig. 4.25). Unlike BCC(110) and FCC(111) peaks, the selected

peaks do not overlap with each other which would otherwise lead to more difficult to interpret

results. To correctly estimate the fractions of each phase, XRD peaks need to be corrected for

Lorentz polarization, multiplicity and structure factors [67]. The equation for calculating the phase

fractions of each phase is [88];

fbcc
ffcc

= CF
Ibcc
Ifcc

(4.18)

where fbcc and ffcc are the fractions of the phases, Ibcc and Ifcc are the intensities measured from

the experimental data. The correction factor, CF, can be calculated by dividing the theoretical
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Figure 4.25: Inset: fcc(220) and bcc(221) peaks of as milled (Fe70Ni30)100−xMox (x=1 to x=4) alloys .
Main Figure: x-ray diffraction patterns of as milled (Fe70Ni30)100−xMox (x=1 to x=4) alloys which are
labeled as FeNi, Mo1, Mo2, Mo3, Mo4 respectively.

intensities of Itheoretical(bcc) to Itheoretical(fcc):

CF =
Itheoretical(bcc)
Itheoretical(fcc)

(4.19)

and the theoretical intensity is expressed as:

Itheoretical = |F |p
(

1 + cos2(2θ)

sin2(2θ)cos(θ)

)
(4.20)

where F is the structure factor, p is the multiplicity and the term in parenthesis is the Lorentz polar-

ization factor. For the BCC(211) and FCC(220) planes CF is calculated to be, 2.62. Following this

procedure, the phase fractions were calculated and plotted against Mo concentration in Fig. 4.26.

While several studies present Molybdenum as a ferrite stabilizer [110, 111, 112, 113], quite a

few claim that Mo can also be used to stabilize the austenite phase [114, 115]. The effect of Mo on
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Figure 4.26: Fractions of bcc and fcc phases in as milled (Fe70Ni30)100−xMox (x=1 to x=4) alloys, deter-
mined by x-ray diffractometry.

the stability of austenite can be understood better considering the Fe-Ni-Mo ternary phase diagram

in Fig. 4.27 which shows the phase boundaries for the alloys cooled slowly to room temperature.

When quenched, a few modifications to the phase diagram are needed. For instance, the magnetic

transformation boundary line disappears for the alloys that are quenched due to the suppresion of

the θ phase.

As designated in Fig. 4.27, Fe70Ni30 is on the boundary line between the two phase region

(α+γ) and single phase region γ and additions of Mo pulls the alloy into the γ phase region thus

further stabilizing the γ. Put another way, with additions of Mo to the FeNi binary less Nickel is

needed to stabilize the γ phase.

Similar conclusions can be drawn with the FactSageTM calculations as well. The diagram

given in Fig. 4.28 shows the effect of Mo on the phase stability of the austenite(A1) and the ferrite

(A2) phases. Additions of Mo stabilize the austenite phase simply because the boundary between

the austenite and the (austenite+ferrite) phase fields is slightly lower (≈455 ◦C) in the presence of

Mo while it is ≈490 ◦C for the Mo free alloy. Namely, additions of Mo supress all other phases

other than austenite and ferrite by depressing the A2 temperature.
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Figure 4.27: Phase diagram of Fe-Ni-Mo system at low temperatures (adapted from [108]).

Figure 4.28: Calculated phase diagram of Fe-Ni-Mo system showing the effect of Mo at low concentrations
on the phase stability of austenite and ferrite phases (calculated using FactSageTM ).
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Magnetocaloric Properties

The magnetocaloric response is calculated according to Eq. 4.17 using the isothermal mag-

netization curves. The magnetic entropy changes, ∆SM , for the annealed γ-FeNi, γ-Mo1, γ-Mo2,

γ-Mo3 and γ-Mo4 alloys are illustrated in Fig. 4.29 for a maximum applied field of 0.55 T.

(a)

(b)

Figure 4.29: (a) Temperature dependence of the magnetic entropy change, ∆SM of solution annealed
(Fe70Ni30)100−xMox (x=0 to x=4) at 0.55 T; (b)Magnetization vs. temperature measurements for solution
annealed (Fe70Ni30)100−xMox (x=0 to x=4)

From Fig. 4.29, it can be seen that small additions of Mo into the γ-Fe70Ni30 decrease the

TC of the alloy and the magnetic moment, which agrees well with previous studies [96]. There are
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two reasons for the reduction in magnetic moment with additions of the Mo. First, the TC reaches

near room temperature, which brings about reduction in the magnetic moment as it can be seen

in Fig. 4.29(b). Secondly, Mo decreases the spin up electron density of the d-band state, n↑d , in

the FeNi system, which reduces the magnetic moment as dictated by the virtual bound state model

[46, 116] Virtual bound state and magnetic valence models [117] have been used ubiquitously in

interpreting the moment reduction in crystalline and amorphous alloys [118] due to early transition

metal additions.

Since γ-Mo4 has the TC closest to room temperature, magnetocaloric properties of this alloy

was measured using PPMS to obtain the data below room temperature. First, magnetization vs.

field measurements were taken from 140 K to 500 K as shown in Fig. 4.30

Figure 4.30: Magnetization isotherm curves obtained from 190K to 500 K for a maximum applied field of
5 T.

Then the magnetic entropy was calculated in the same way as for the other alloys in this

study (See Fig. 4.31). The experimental RCFWHM value of (Fe70Ni30)96Mo4 was calculated to

be 432 Jkg−1. For the alloys lacking the experimental data at high fields, the RCFWHM can be

expressed as a power law for materials with a second order phase transition. By extrapolating the
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experimental data to higher fields, one can compare the response of the alloy of interest to some of

the benchmark refrigerants.

Figure 4.31: Temperature dependence of the magnetic entropy change, ∆SM of solution annealed
(Fe70Ni30)96Mo4 at 5 T.

In Table 4.3, the alloys presented in this study are compared to those well known magnetic

refrigerants. From Table 4.3, it is clear that Mo can be used as a means to tune the TC without com-

promising the RCFWHM . Even though the magnetic moment is slightly suppressed with additions

of Mo into the FeNi, the RCFWHM of the Mo alloys remains virtually the same. This is because of

the enhanced width of the entropy curve through Mo additions which balances out the reduction

resulting from the suppressed magnetic moment. For maximum thermodynamic efficiency, a ther-

modynamic cycle is typically operated of a range of temperatures so a large peak entropy is not

necessarily desirable. This technique offers advantages over previously published routes designed

to produce nanocrystal/amorphous nanocomposites [119], with near room temperature Curie tem-

peratures in the size of the RC and cost of the alloy. It also has advantages over chemical synthesis

techniques [75] in the potential scalability of the process. Finally, besides magneto caloric appli-
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cations, it may also offer possibilities for self-regulated RF heating for hyperthermia applications

[120].

Table 4.3: Peak temperature, peak entropy change, RCFWHM values of promising magnetocaloric materials

are presented.

Nominal Composition Tpk |∆Spk
M |(1.5T) RCFWHM (1.5T) RCFWHM (2T) RCFWHM (5T) Ref.

(K) Jkg−1K−1 Jkg−1 Jkg−1 Jkg−1

La(Fe0.89Si0.11)13H1.3 291 165.6 [23]

Pr2Fe17 300 573 [39]

Gd5Ge1.9Si2Fe0.1 300 630 [21]

Fe88Zr7B4Cu1 300 1.3 166 654 [37]

Fe79Gd1Cr8B12 355 1.42 153 627 [38]

MnNiGa 317 30 [42]

Fe72Ni28 333 0.5 84 110 250 this study

Fe70Ni30 363 0.65 158 204 470 this study

(Fe70Ni30)99Mo1 373 0.65 154 201 460 this study

(Fe70Ni30)98Mo2 353 0.62 144 190 445 this study

(Fe70Ni30)97Mo3 320 0.6 137 186 440 this study

(Fe70Ni30)96Mo4 300 0.6 130 175 432 this study

Economics

As mentioned before, the cost associated with the production of magnetocaloric refrigerants

is a big barrier against industrial scale-up. To have better insight in the economic aspect of this

issue, a detailed price analysis was undertaken. In Fig. 4.32, RC of the most promising magnetic

refrigerants with respect to its cost at a field of 5T are compared. The values of RC for these

materials were calculated by FWHM method and the results were divided by the cost per kilogram
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of the constituent elements of each material [121]. This figure considers not only the magne-

tocaloric properties but also the prices of each compound. Therefore, it can be used as a means

to highlight the most economically advantageous refrigerant with good magnetocaloric properties.

For instance, Gd5Ge1.9Si2Fe0.1, Fe88Zr7B4Cu1, and Pr2Fe17 have respectable RC values from the

energy standpoint only. However, the prices associated with Gd, Zr, B, and Pr elements lower

their RC in terms of J/$ (Fig. 4.32). In contrast, FeNi is a lowcost compound coupled with good

magnetocaloric properties, which accounts for the giant response we see in Fig. 4.32.

Figure 4.32: Refrigeration capacity in J/$ for various magnetocaloric refrigerants.

4.4 Conclusions

This study can be summarized as follows:

I) The ball milling of the Fe, Ni and Mo particles for 30 hours led to alloy formation as

indicated by structural data.

II) Increasing the Mo content has been found to promote the FCC γ-phase formation over

the BCC α-phase.
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III) The Mo was used to tune the TC of the FeNi alloy without lowering the RCFWHM values

significantly. The Mo3 and Mo4 alloys have peak temperatures 320 K and 300 K respectively, thus

making these alloys appropriate for applications operating near room temperature such as magnetic

refrigeration and self-regulated hyperthermia for cancer treatments.

IV) Even though the RCFWHM of the Mo alloys are slightly lower than that of other im-

portant refrigerants (Table 4.3), their attractive economic viability would make them preferable

alternatives for large scale production.
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5 Summary & Outlook

In the last decade, the worldwide shortage of rare-earth elements gave considerable impetus to

the research efforts in synthesizing rare-earth free magnetic materials that can meet the needs of

advanced devices and motors of every kind. As for the United States, the transfer of the rare-earth

manufacturing facilities to China made it clear that alternative ways had to be investigated that will

result in new types of magnetic materials with superior performance [76].

Magnetic materials are versatile and can be utilized in power plants, sensors, data storage

systems and more importantly in green energy technologies such as wind turbines and refrigera-

tors. It was reported that, every year, ≈42 % of energy in US is used in residential and commercial

sectors and ≈50 % of this energy goes into climate control devices i.e., air conditioners, refriger-

ators [122]. Therefore, even 1 % improvement in cooling technology will save million dollars on

the budget. The growing consensus is that the magnetic refrigeration could find a solution to the

energy problem as it is 20 % more energy efficient than conventional refrigerators. This motivated

numerous researchers to concentrate on magnetic cooling technology which explains the radical

increase in the number of publications in the last decade.

Magnetocaloric materials are classified as those undergoing first order and second order mag-

netic transition. First order materials are known to exhibit large magnetic entropy changes but with

a thermal/magnetic hysteresis and a narrow operation temperature range. Materials undergoing

second order transition, on the other hand, have lower magnetic entropy changes with virtually no

hysteresis and a broad temperature range. The major component in these alloys is Fe which makes

these alloys economically more viable than their rare earth containing counterparts with first or-

der phase transition. Transition metal based refrigerants have good mechanical properties, high

resistivity and corrosion resistance too, thus making them attractive candidates in magnetic refrig-

eration technology. The goal of the thesis was to show the possibility of synthesizing FeNi alloys,

which are abundant in the Earth’s crust, through nonequilibrium routes that could yield promising

magnetic refrigerants of the future and lower the demand on the rare-earth elements.

In this study, we utilized mechanical alloying, a nonequilibrium synthesis procedure, to pro-
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duce nanoparticles of γ-Fe70+xNi30−x for room temperature applications. This entails the TC to be

near room temperature. After finding the optimum composition in binary FeNi, Fe70Ni30, which

has both a relatively higher magnetic moment with a low TC , the tunability of the TC was demon-

strated both by controlling the oxidation kinetics and by additions of a ternary element. While

oxidation during milling exhibited a systematic increase of the TC with milling time, isothermal

oxidation at elevated temperatures provided more difficult to interpret results. Isothermal oxidation

results also showed that the idea of tuning the magnetic properties by controlling the oxidation is

not an easy task to undertake. This was mainly due to the difficulties arising from controlling the

gas environment to oxidize only Fe in the alloy.

In contrast, tuning the TC with additions of a ternary element was significantly easier than

controlling the oxidation. There are a number of elements known to suppress the TC in Fe, Ni, Co

alloy systems; Mn, Cr, Mo. In this study, Mo was added to the binary FeNi binary and the com-

position (Fe70Ni30)96Mo4 was shown to have TC ≈30 ◦C with a refrigeration capacity of 432 J/kg

at a field of 5 T. This is on the same order of magnitude with those of rare-earth based refrigerants

and the economic analysis made it clear that these alloys are far more cost-effective which would

facilitate mass production.

Finally, as demonstrated in the applications section, the ultimate goal is to use the γ-FeNi

nanoparticles in a liquid medium by suspending the nanoparticles in a fluid carrier. This requires

fine sized nanoparticles with a polar surface. In this application, the fluid is expected to circulate

in a loop by taking the heat from a heat source and transferring it to the surroundings. Mag-

netic nanoparticles with a TC near room temperature will maximize the amount of heat transferred

in each cycle through the magnetocaloric effect. γ-FeNi alloy does have relatively lower peak

magnetic entropy changes compared to their rare-earth containing counterparts but with broader

transitions nonetheless, thus making it a prominent candidate for ferrofluid applications.
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6 Future Work

The adjustments to the composition in γ-FeNi alloys having TC’s near room temperature with

respectable magnetic properties was mostly accomplished. With additions of Mo, alloys having

TC at room temperature were synthesized. Other elements such as Mn, Cr as a ternary can be

added to the γ-Fe70Ni30 which would result in alloys with larger moments and magnetic entropy

changes than FeNi-Mo alloys. With additions of Mn and Cr, the antiferromagnetic elements dis-

tribute themselves in the matrix thus reinforcing the FeNi spins to align in a direction which would

eventually give rise to a larger response in a magnetic field.

The path forward with the nanocomposite alloys is to narrow the distribution of exchange

interactions because the transition temperature of FeNi system seems to be too wide for most

interesting thermodynamic cycles. One way to realize this is by coarsening the FeNi grains. This

will enhance the MCE response of the alloy. However, one needs to strike the right balance when

coarsening because for a heat pump application particles still need to be on the nanoscale for them

to be viably suspended in solutions.

Regarding the synthesis procedure, the alloys were synthesized using spex mill with particle

size≈5-10 µm. However, as it was made clear in Sec. 3.1, the particles need to be on the nanoscale

to be suspended in solutions. Spex milling, however, is inadequate for producing such nanoparti-

cles as particles tend to agglomerate at elevated temperatures achieved during milling. Milling at

cryogenic temperatures would provide a solution to this problem. This is mainly because the parti-

cles become more brittle at cryogenic temperatures thus resulting in alloys that are size appropriate

for suspension in solvents.

An alternative way of minimizing the agglomeration can be realized by the addition of a

process control agent (PCA) during milling. This is important especially when the particles are

ductile. The function of the PCA is to adsorb on to the surface of the particles and minimize cold

welding during milling thus inhibiting agglomeration. The reduction of cold welding lowers the

surface tension of the particles which results in finer particles with shorter milling times.

In this thesis, the main focus was to investigate γ-FeNi alloys as a possible candidate in
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magnetic refrigeration. However, these alloys can also be studied for biomedical applications ,

cancer therapies being the most prominent one. This entails performing RF heating experiments on

the compositions having TC’s in the range of 42− 46 ◦C. As shown in Table 4.3, (Fe70Ni30)97Mo3

alloy has TC around 47 ◦C thus making it an ideal candidate for hypothermia treatment of cancer

cells provided that they have a respectable amount of heat dissipation upon the application of an

AC magnetic field. Besides, particles have an oxide layer which will facililate the attachment of

the surfactants to their surface thus allowing the formation of stable ferrofluids. Oxide layer also

introduces additional anisotropies to the system which increases the power-loss thus giving rise to

larger heating rates.
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