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Abstract

Fe-rich regions of the Ce-Fe-{Ni, Si, Al}-B quaternary systems were studied and screened for
magnetic phase identification. The main magnetic phase found in these systems is the

Cey(Fe14xTx)B solid solutions, where T denotes Ni, Si or Al. No new Fe-rich magnetic phase
was discovered. Fe-rich sides of the Ce-Fe-{Ni, Si, Al}-B quaternary systems were
experimentally studied using diffusion couples and selected key alloys annealed at 900°C.
Homogeneity ranges of Cey(Fe1sxNix)B, Cex(Fe14xSix)B and Cey(Fe1sxAlx)B solid solutions
were measured to be (0 < xni < 1.5), (0 < xsi <2.33) and (0 < Xa < 2.5), respectively.

Magnetic force microscope analysis was used to screen out non-magnetic phases. Among the
phases observed in the Fe-rich regions of the Ce-Fe-{Ni, Si, Al}-B quaternary systems, only the
quaternary extensions of Ce,Fei4sB show visible magnetic domains. Using thermogravimetric
analysis and physical property measurement system, further tests were performed to quantify the
intrinsic magnetic properties of the Ce,Fe;4B quaternary extended solid solutions. This is to
reveal the effect of modifying Ce,Fe;4B ternary compound by Ni, Si and Al additives on its
intrinsic magnetic properties. Modifying Ce,Fe ;4B ternary compound with these additives
showed decrease in the saturation magnetization and anisotropy field. But in the case of Curie
temperature, Ni and Si additives increase the Curie temperature of Ce,Fe;4B ternary compound

while Al additive reduces its Curie temperature.
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Chapter 1

1.1 Introduction

Rare-earth (RE) magnets are essential in a wide variety of industries such as aerospace,
automotive, electronics, medical, and military, because of their superior magnetic properties [1].
Since the advent of high-flux density permanent magnets (PMs) based on RE elements, such as
Nd or Sm, electric machines of PM-type are preferred over induction machines when weight and
size are factors to be considered [2]. They also have several advantages over induction machines,
which are heavier, noisier and require more maintenance due to their high-ratio gear boxes [2].
In today’s cars, there are electric motors for door mirror positioning, window lift, seat
positioning, engine cooling fans, air conditioning, ABS and anti-skid, multi speaker radio and
CD systems [3]. These gadgets are not just encountered in prestige cars but are fitted as standard
on most models [3]. Additional features in cars add to the numbers of existing motors, which
consequently increase the quantity of PMs in that car. Figure 1.1 shows some of the areas in
which PMs are being used in a car.

RE magnets are composed of alloys of the lanthanide group of elements. The two lanthanide
elements most prevalent used in the production of PMs are neodymium (Nd) and samarium
(Sm), with neodymium-iron-boron (Nd-Fe-B) and samarium-cobalt (Sm-Co) as their most
common commercial varieties [4]. Sm-Co PMs, introduced to the market in the 1970’s, has
found its applications in high performance or miniaturized machines where its high price and

limited availability are acceptable [5]. It is also a type of RE magnet material that is highly



resistant to oxidation with better temperature resistance than neodymium materials and the
energy product ranges for the SmCos-type and Sm,Co;7-type magnets are 15 to 22 MGOe and 22
to 32 MGOe, respectively [4]. Research on the alternative PMs-based on RE continued after the
eruption of the political crisis in Zaire (now known as the Democratic Republic of the Congo) in
1978 [2, 6]. This political crisis caused the price of Co to increase precipitously in the latter years
[2, 6]. Co is not only essential for Sm-Co PMs but also for Al-Ni-Co PMs. Searching for new
PMs to replace costly and scarcely Sm-Co PMs continued until the discovery of Nd-Fe-B PMs
by General Motors and Sumitomo Special Metals Company Limited in 1983 [5, 7, 8]. Nd-Fe-B
is mechanically stronger than Sm-Co magnet and it is also the most advanced commercialized
PM material available today with the highest energy product approaching 52 MGOe, moderate
temperature stability, and very high coercive force but can only be used at temperatures below
150°C [4, 6]. Figure 1.2 shows permanent magnetic electric motor designed by General Motors
in 2011. Drawbacks of Nd-Fe-B magnets include high cost, low mechanical strength, low
corrosion resistance when not properly coated or plated and low Curie temperature (310°C)

which causes their magnetic properties to drop significantly as the temperature increases [4].



.

Figure 1.1: Typical PM motors in cars [9]
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Figure 1.2: General Motors permanent magnetic electric motor [10]
Many investigations have been carried out to overcome some of the drawbacks of Nd,Fe14sB PM.
Some of these investigations have been on the effects of additives on the Nd,Fe14B and other

RE,Fe14B PMs. Table 1.1 summarizes effects of some additives on RE,Fe14B magnets. Goll and



Kronmuller [11] reported that the spontaneous polarization Js, the magnetocrystalline anisotropy
constant K; and the Curie temperature T¢ for high performance PMs must be greater than 1.0
Tesla, 10° J/m® and 250°C, respectively. For a material to have a large energy product, it must
have a large magnetocrystalline anisotropy, which is a necessary condition for a large coercivity
[12].

Table 1.1: Effects of some additives on R;Fe;4B magnet

Additive Effects Ref.
Increases intrinsic coercivity significantly
Aluminum Reduces Curie temperature [13-15]
Reduces saturation magnetization
- Increases Curie temperature [16-18]
Silicon . o
Reduces saturation magnetization
. Increases Curie temperature [15]
Nickel . .
Reduces saturation magnetization
. R rie temperatur 14
Vanadium educes Cu _e empe a_u e_ [14]
Reduces saturation magnetization
Cobalt Increases Curie temperature [15, 19]
Manganese Reduces Curie temperature significantly [20]
. Reduces Curie temperature [14]
Chromium . .
Reduces saturation magnetization
Copper Increases Curie temperature [18]

In 1980’s, the Molycorps Mountain Pass mine in California, which was the major producer of
RE elements in the world, experienced difficulties with their aging infrastructure and low RE
elements prices [2]. The mine was later closed down since improvements to the mine was not
viable economically, and this opened door for China in 1990’s to become the main producer of
RE elements [2]. Today, nearly 100% of the world’s rare earth metals and more than 95% of the
rare earth oxides come from China [1]. China’s dominance is further demonstrated in the
production of roughly half of Al-Ni-Co and Sm-Co, and over 65% of hard Ferrite PMs [1]. In

spite of rising global demand, China reduced export quotas of rare earth elements in July 2010

4



by 72% [1]. This resulted in skyrocketing prices, long and uncertain lead times, very fast
payment terms with advance payments and doubts about whether or not the materials would be
available at any price [1]. Figure 1.3 shows worldwide production timeline of rare earth elements

for over five decades.
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Figure 1.3: Worldwide production timeline of rare earth elements on oxide basis by major

producers [2]
Between 2003 and 2011, the price of Nd metal per kg rose from US $7.00 to US $244.20 [21-
22]. And the price of Dy per kg, which is usually added to the Nd,Fe;sB PM to improve its
intrinsic coercivity, increased from US $27.00 in 2003 to US $2032.10 in 2011 [21-22]. But, the
price of cerium, which has been accorded little attention, is still relatively low despite the
turbulence in the market of rare earths. Use of cerium for the RE-PM has been overlooked over
the years due to its lowest Curie temperature and weaker magnetic properties in both RE,Fe 4B

and REFe;, series. Cerium is the most abundant rare earth, currently in market oversupply and



significantly less expensive than neodymium used in today’s most powerful permanent magnet
[23]. And as of December 2015, respective prices of cerium, neodymium and dysprosium metals
were US $7, US $60 and US $350 per kg [24]. And as it is shown in Table 1.1, it has been
demonstrated that additives improve magnetic properties of the investigated RE;Fe14B PM. This
has shown that weaker magnetic properties of Ce,Fe14B can be improved by modification with
additives. Therefore, discovery of new or modified cerium-based permanent magnets will not
only fill the wide gap currently existing between ferrite and neodymium-based magnets, but will
also reduce the cost significantly when compared to neodymium-based magnet. Hence, we will

investigate the addition of Ni, Si and Al additives on Ce,Fe14B PM in this work.

1.2 Objectives of this study
The objective of this study is to experimentally determine the promising magnetic compositions
in the Fe-rich sides of Ce-Fe-{Ni, Si, Al}-B quaternary systems for the ongoing research on
developing low cost and high thermal stability magnetic materials suitable for automobile
applications. Specific objectives of this work are:
§ Searching for new quaternary phases in the Fe-rich regions of Ce-Fe-{Ni, Si, Al}-B
systems, using diffusion couple and key alloy techniques;
§ Studying the solubilities of the Ni, Si and Al in Ce,Fe 4B ternary compound,;
8 Identifying the magnetic phases in the Fe-rich sides of Ce-Fe-{Ni, Si, Al}-B systems,
with the aid of Magnetic Force Microscope (MFM);
§ Determining the intrinsic magnetic properties of the identified phases;
§ Studying the effects of Ni, Si and Al additives on the intrinsic magnetic properties of

C82F914B.



Chapter 2

Literature review

2.1. Binary phase diagram
The twelve constituent binaries in the Ce-Fe-{Ni, Si, Al}-B quaternary systems are all discussed

in this section.

2.1.1 Ce-Fe binary system

Ce-Fe phase diagram has been fully established. It is characterized by two intermediate
compounds (CeFe; and Ce,Fe;7), which both form through peritectic reactions [25]. Figure 2.1
illustrates the phase diagram of Ce-Fe system as reported by Okamoto in 2008. CeFe; is ferro-
magnetic with Curie temperature of around 230 K [26] while magnetic properties of CeyFeq;
deviate from what is observed in other RE;Fe;7-type. Ce,Fe;; is antiferromagnetic and has two
ordering temperatures [26-27]. The first ordering temperature is at 94 K, below which Ce,Fey7 is
ferromagnetic [28]. The second ordering temperature is at 206 K, Neel temperature, below which
Ce,Feq7 is anti-ferromagnetic down to 94 K, and it is paramagnetic above the Neel temperature

[28].
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Figure 2.1: Ce-Fe phase diagram [29]

2.1.2 B-Fe binary system

B-Fe phase diagram has been completely studied. It has two intermediate phases of BFe, and
BFe [30]. BFe;, forms through a peritectic reaction while BFe melts congruently at 1876 K [31].
BFe; is a metastable phase with several crystal modifications [32]. Existence of a high-
temperature modification of BFe is inconclusive [31]. Figure 2.2 shows the phase diagram of B-
Fe system. Amorphous Fe,B phase has Curie temperature of 823 K and the nanocrystalline Fe,B
annealed at 823 K is super-paramagnetic, a behavior which occurs in ferromagnetic or

ferromagnetic nanoparticles [33].
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2.1.3 Al-Fe binary system

The Al-Fe binary system is characterized by a wide a-Fe solid solution range and six stable
intermediate phases, namely AlFes, AlFe, € (AlsFey), AloFe, AlsFe, and AlsFe [30, 33]. Due to
the disagreements about the mode of formation of AlsFe, Kubaschewski [31] in 1992 reported it
as AlsFe, but it was later confirmed to be AlisFe, [34-35]. AlFe; (DO3) is a low temperature
phase and the phase boundaries of the high temperature phase AlsFe, are still somewhat
uncertain [31]. Fan et al. [37] reported that, DO3-ordered AlFes is ferromagnetic and B2-ordered
AlFe is paramagnetic. More descriptions of the phases in the Al-Fe binary system could be found

in [30, 33, 37]. Figure 2.3 shows the phase diagram of Al-Fe system from [39].
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Figure 2.3: Fe-Al phase diagram [39]

2.1.4 Fe-Ni binary system

Fe-Ni phase diagram has been completely established. This system belongs to a technologically
important class of alloy systems due to its extraordinary magnetic, mechanical and electrical
characteristics [40]. FeNiz phase, forms in the Ni-rich region, reveals chemical long-range
ordering of L1,-type [40]. And in iron-rich region (around 30 at.% Ni), some compositions yield
negative value of the thermal expansion coefficient, the so-called Invar-effect [40]. In particular,
it is still not clear whether the L1, — ordered FeNi phase is stable or metastable [41]. According
to experimental studies by Reuter et al. [42], FeNi is a metastable phase, while Mishin et al. [43]
indicated it to be a weak stable phase. Besides, Keyzer at al. [41] demonstrated FesNi phase to be

a metastable one. Figure 2.4 shows the phase diagram of Fe-Ni system from the work of
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Swartzendruber et al. [44]. L1, — ordered FeNi ferromagnet is a potential non-rare earth
candidate for the hard magnetic materials. However, it cannot be easily obtained by conventional

techniques for producing hard magnets, due to its extremely slow cooling formation [45].

Atomic Percent Nickel

0 10 20 30 40 50 60 0 80 90 109
1El]l|l-l----- ----- rwre ek v 1--.-.-.|Ju|---"----.J."-r--"-,-}....".-.-rl-._.._.;_.'.l._._..,_......-i_......_,_t
1538 1514°C L :

1440°C [1455"(:
w2422/ T v |
1zn-n.] f

! ¢
{ :
i i

€ 10001

g ! (yFe.Ni) ;

| 912+C | 4

£ ! }

s ! f

o 800 L

E TT0°C - 3

(= 1 '
Bun : —.#'—F-”‘---‘-"ﬁ.

1 -~ N 54ToC -"'-._‘T.ct'fre.hl l}
‘\_‘.
400 | e [
“. 354 3°C
L I SN W W 1
[, 10 20 0 1] 80 80 70 80 0o 100
Fe Weight Percent Nickel Ni

Figure 2.4: Fe-Ni phase diagram [44]

2.1.5 Fe-Si binary system

Fe-Si binary system has been completely studied. Raynor et al. [34] reported six intermediate
phases, namely FesSi, Fe,Si, FesSis, FeSi, BFeSi; and aFeSi, in this system. The two polymorphs
of FeSi, are the low-temperature form, aFeSi,, which occurs at the stoichiometric composition
and the high-temperature form, BFeSi,, which is Fe-deficient [38]. Recently, Raghavan reported

five phases in his recent publications [31, 34, 37, 45] without giving reason for the exclusion of
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FesSi. But, Raynor et al. [34] had previously pointed out that, there was disagreement in the
region of the ordered Fe3Si (a; + ay) phase (around 18-26 at.% Si) [34]. More information on the
Fe-Si binary system could be found in [30, 33]. Figure 2.11 illustrates the phase diagram of the
Fe-Si system as drawn by Raghavan [47] in 1992, based on the work of Kubaschewski [31].
FesSi has 840 K Curie temperature and has been reported to be a potential candidate for

developing semiconductor spintronic devices [47-49].
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2.1.6 Ce-Si binary system

Full investigation of the Cerium-Silicon was carried out by Bulanova et al. [51]. They reported
six binary compounds, namely CesSis, CesSi,, CesSis, CeSi, CesSis and CeSi,. Except for the

CeSi and CesSis which form congruently, other compounds form peritectically [52]. The

12



homogeneity region of CeSi, is from 64 to 66.7 at.% Si [46]. Figure 2.6 shows the phase diagram

of Ce-Si system and full descriptions of the phase diagram could be found in the study of

Bulanova et al. [51] and the report of Okamoto [52]. The compound CeSi orders anti-

ferromagnetically below 5.6 K Neel temperature [53].
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Figure 2.6: Ce-Si phase diagram [52]

2.1.7 Al-Ce binary system

The Al-Ce binary system contains AlCes, Al,Ce, AlCe, Al;;Ces and Al;Ce compounds [54]. Full

descriptions of these compounds are reported by Okamoto [55] and Gschneider et al. [54]. Figure

2.7 shows the phase diagram of Al-Ce system and the reports on the magnetic properties of the

compounds in this system could not be found in the literature.
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Figure 2.7: Al-Ce phase diagram [55]

2.1.8 B-Ce binary system

Full investigation of the B-Ce binary system includes liquid (L), three stable cerium polymorphs
(BCe, yCe and 8Ce), terminal elemental-boron phase (fB), and B,Ce and BgCe compounds [56].
BsCe compound was reported to demonstrate measurable solid-solution range [56]. Liquidus of
B-Ce phase diagram could not be determined due its high temperature. Figure 2.8 illustrates the
phase diagram of B-Ce system as drawn by Liao et al. [56]. Dotted lines represent the liquidus
that could not be determined and the inconsistent results of various works that require further
investigation while solid lines represent the results that have been confirmed by several works.
Reports on the magnetic properties of the B4,Ce and BgCe compounds could not be found in the

literature.
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works while dotted lines represent those are not consistent or determined

2.1.9 Ce-Ni binary system

The Ce-Ni system contains Ce;Nis, CeNi, CeNi,, CeNis, Ce;Ni; and CeNis compounds [57].
CeNis has a measurable homogeneity range [56-57]. The formation of Ce;Ni3, CeNi and CeNis is
congruent while CeNi,, CeNis, and Ce;Ni; form peritectically [58]. Figure 2.9 shows the phase
diagram of Ce-Ni system based on the report of Okamoto [58]. CeNis is paramagnetic and

Ce,Ni; shows a very weak ferromagnetism and low 42 K Curie temperature [58-59].
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Figure 2.9: Ce-Ni phase diagram [58]

2.1.10 B-Ni binary system

Despite difficulties in attaining equilibrium and inadequate experimental accuracy that have
given rise to several controversial points, B-Ni system has been fully studied [61]. With the aid
of thermal analysis, microscopic and x-ray diffraction methods, Schobel et al. [62] reported five
intermetallics, namely BNis, BNi,, orthorhombic B3Nis, monoclinic BsNi and BNi. More details
of the B-Ni binary system could be found in [60-62]. Figure 2.10 shows the phase diagram of B-
Ni system from the work of Liao and Spear [63]. Reports on the magnetic properties of the B-Ni

compounds could not be found in the literature.

16



Weight Percent Boromn

0 5 10 20 a0 40 50 B0 7080 100
. - || ._L.r.......- I B . | — l_ L |I 1]
2100 eowz"CL
180d 4
1700 B
L _
g
L]
; 1 L
= 500 B} —wi-
= ! 1456°C (E)
i
|
w
5. i
E 1300
Q]
& :
1156°C -
1125°C
11004 10837C /f__h;&‘a’ 3
17.0 © |joeY 1091 1035%C
1i1c oAl 453 |loec
900 . @ @ 10e5°C | o m 8
[—— - - i u
(Ni) = = gl lx=
7| 7
o O I E— iy B ; ' ’ e
10 20 30 40 a0 LL11] 70 an a0 1ag
Mi Atomic Percenl Boron B

Figure 2.10: B-Ni phase diagram [63]

2.1.11 B-Si binary system

Three intermediate phases were reported in the B-Si binary system; B3Si, BgSi and B,Si (n = 23)
[64]. Zaitsev et al. [65] studied the thermodynamic properties of the B-Si alloys and the phase
diagram was obtained by thermodynamic modeling. The difference between the works of
Olesinski et al. [64] and Zaitsev et al. [65] is most noticeable for the L — BgSi + (Si) eutectic
reaction [66]. Figure 2.11 illustrates the phase diagram of the B-Si system as drawn by Okamoto
[66], based on the work of Olesinski et al. [64] and Zaitsev et al. [65]. No report could be found

in the literature on the magnetic properties of the compounds in this system.
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Figure 2.11: B-Si phase diagram [66]. Dotted lines are based on the work of Olesinski et al.

[64] and solid lines are based Zaitsev et al. [65]

2.1.12 Al-B binary system

Despite various inconclusive speculations on the AI-B system, its full phase diagram is
characterized with AIB, and AIB;, compounds [67]. Both AIB, and AIB;, form through
peritectic reactions. The complete phase diagram of this system could not be found in the
literature, but a partial phase diagram in the Al-rich side, which was reported by Duschanek and
Rogl [67], is shown in Figure 2.12. No report on the magnetic properties of Al-B system is

available in the literature.
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Figure 2.12: Partial Al-B phase diagram [67]
2.2  Ternary phase diagram
Since the aim of this work is to experimentally investigate the Fe-rich part of the Ce-Fe-{Ni, Si,
Al}-B quaternary systems, only the four containing Ce and Fe, out of the ten constituent ternary
systems, will be discussed in this thesis. The ternary phase diagrams that will be discussed here

are Ce-Fe-B, Ce-Fe-Al, Ce-Fe-Ni and Ce-Fe-Si ternary systems.

2.2.1 Ce-Fe-B ternary system

Ce-Fe-B ternary system is a key system in studying the influence of Ni, Si and Al additions on
the magnetic properties of Ce,Fe;sB compound. It contains Ce,Fei;4sB magnetic compound,

which is the basis of the current experimental work.

19



Bilonizhko et al. [68] investigated the Ce-Fe-B ternary system with alloys containing not more
than 33.3 at.% Ce composition at 700°C for 300 hours and composition of 33.3 to 100 at.% Ce at
500°C for 500 hours. They identified three ternary compounds with approximate compositions of
CeFe,B,, CesFe;sB and Ce,FeBs [68]. No ternary solubilities in the binary compounds were
detected. Dub et al. [69] later identified Ce,FeBs composition to have Ces.xFe,.xBs (13) formula,
but the range of x was not indicated in their [69] work. In a following paper, Dub et al. [70]
corrected CesFe;sB to have Ce,Fe;sB composition while CeFe;B, (t2) has the composition
Cey.1Fe4B,4 [46, 70]. Figure 2.12 shows an isothermal section of the Ce-Fe-B system at 700°C.

Herbst et al. [72] investigated Ce,Fe;4B in different melt-spun alloy compositions and annealing
temperatures. They reported optimum magnetic properties of 4.9 kG remanence, 6.2 kOe
intrinsic coercivity and 4.1 MGOe maximum energy product for the Cel7Fe77B6 alloy [72].
Recently, Zhou et al. [73] also investigated Ce-Fe-B alloys containing Ce,Fe;sB compound by
melt spinning. Unlike 550°C annealing temperature in which optimum magnetic properties were
obtained for the Cel7Fe77B6 alloy by Herbst et al. [72], Zhou et al. [73] annealed at 400°C and
observed higher magnetic properties of 6.9 kG remanence, 6.2 kOe intrinsic coercivity and 8.6
MGOe maximum energy product for the same alloy composition. They concluded that the
optimum magnetic properties can be obtained in the alloys with 14-17 at.% Ce, if the annealing

temperature is around 400°C [73].
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Figure 2.13: Ce-Fe-B isothermal section at 700°C [47]

2.2.2 Ce-Fe-Al ternary system

Despite several experimental studies on the Ce-Fe-Al ternary system, the phase equilibria
determination was only concentrated in the Al-Fe rich side. The first investigation of this system
was performed in 1925 by Meissner [74], but his results were incorrect in the region less than
33.3 at.% Ce. In 1969, Zarechnyuk et al. [75] examined this ternary system with 106 alloys from
0 to 33.3 at.% Ce using X-ray structural analysis. They reported three ternary phases CeFe,Al;

(¢*), CeFesAly (N1), and CeFes.14Al106(N2) [75]. They also reported solid solution of Al in the
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Ce,Fe;7 compound with maximum solubility of about 60 at.% Al and that the CeFe; phase does
not dissolve Al [75]. Results of Franceschini et al. [76] proved that the conclusion of Zarechnyuk
et al. [75], that Al does not dissolve in CeFe,, to be wrong. They reported that Al substitute Fe in
CeFe,, and the solubility is up to around x = 0.125 (8.3 at.%) in Ce(Fe1-xAlx). [76]. Zolotorevsky
et al. [77] reported another ternary phase of CeFesAlg (¢) composition. Figure 2.13 shows partial
isothermal section of Ce-Fe-Al system at 500°C [77]. This system has complex phase
relationships in the Al-rich corner and the Ce-Fe compounds tend to dissolve significant amount

of Al.

Magnetic study of the Ce,(Fe,Al)17 showed that Curie temperature increases from 238 K for
Ce,Fe;7 to 384 K for Cey(Fel7.4Aly,) where x = 3, composition and then decreases at higher

aluminum content [78].
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Figure 2.14: Al-Ce-Fe isothermal section at 500°C [79]
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2.2.3 Ce-Fe-Si ternary system

Full experimental study of the Ce-Fe-Si ternary system has been established for many isothermal
sections. Bodak et al. [80] in 1970 used X-ray powder diffraction method to study the Ce-Fe-Si
ternary system in the range 0 - 33.3 at.% Ce at 400°C and the range of 33.3-100 at.% Ce at
800°C. They confirmed the presence of two ternary compounds (CeFe,Si, and Ce,FeSis) and
discovered two more compounds: CeFeSi, and CeFeSi [80]. Further study of Ce-Fe-Si system at
900°C by Berthebaud et al. [81] revealed additional compounds of Ce(Fe13xSix) (2.4 < X < 2.6)
and Ce(Fe134Siy) (3.5 <y <5). They also corrected the composition of Ce,FeSiz compound to be
CesFe,Sig [81]. Because of the combined use of XRD and SEM/EDS, Berthebaud et al. [81]
published more detailed and precise description of the Fe-rich corner and ternary solubilities of
binary phases compared to the work of Bodak et al. [80]. Figure 2.14 illustrates the Ce-Fe-Si
isothermal section drawn at 900°C by Raghavan [46] in 2008 after the work of Berthebaud et al.
[81] in the previous year. The occurrence of many ternary compounds makes the phase equilibria
complex in this system. Besides, CeFe, compound seems to dissolve limited amounts of Si,
compared to CesFe;7.

Magnetic study of Ce(Fei3xSix) (2.4 < x < 2.6) and CesFe;74Six (0 < x < 3) solid solutions
showed that substitution of diamagnetic Si for Fe results in an increment in Curie temperature

and a reduction of the unit-cell volume [23, 82-84].
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Figure 2.15: Isothermal section of Ce-Fe-Si system at 900°C, redrawn from [81]

2.2.4 Ce-Fe-Ni ternary system

The experimental data on Ce-Fe-Ni is limited. This system is characterized by complete solid
solution between compounds CeFe; and CeNi, [46, 84-85]. Fe substitutes Ni in CeNis compound
up to CeFeNi, composition [46, 86]. No ternary phase diagram of Ce-Fe-Ni could not be found
in the literature. Therefore, it is necessary to further investigate the Ce-Fe-Ni ternary system,
since no reports could be found on all the ternary solubilities of the constituent binary
compounds except CeNis, CeFe, and CeNi. Therefore, this system will be investigated in the

current work.

24



Chapter 3

Experimental procedures

This work involves three quaternary systems, namely Ce-Fe-Ni-B, Ce-Fe-Si-B, and Ce-Fe-Al-B
systems. Six diffusion couples and various number of key alloys were used to investigate the Ce-
Fe-Ni-B and Ce-Fe-Si-B systems. The study of Ce-Fe-Al-B was performed with key alloy
technique only. Both the diffusion couples and key alloys employed in the study of Ce-Fe-{Ni,
Si, Al}-B quaternary systems were annealed at 900°C. The first reason for choosing this
annealing temperature are to have faster inter-diffusion and reaction among elements in the
alloys. Another reason is that the annealing temperature should be lower than minimum liquidus
temperature so as to avoid melting of the alloy. The choice of this temperature does not affect the
intrinsic magnetic properties. Therefore, a high temperature of 900°C was favoured in order to
facilitate diffusion among the different constituents in this current work

The starting materials are Al ingots with purity 99.7%, B pieces with purity 99.5%, Ce ingots
with purity 99.9%, Fe pieces with purity 99.99%, Si lump with purity 99.9999% and Ni pieces

with 99.99% purity. The materials were all supplied by Alfa Aesar.

3.1 Diffusion couple technique

In this work, solid-state diffusion couple technique is used. Solid-state diffusion couple involves
bringing two (or more) materials in such intimate contact that they diffuse into each other [88].
In this technique, there are no problems associated with melting or powder contamination since

all the phases form by diffusion reactions of bulk constituents at the interested temperature [89].
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Solid-solid diffusion couples were prepared by grinding down the contacting surfaces of the end-
members to 1200 grit SiC paper and then polishing using 1pum water-based diamond suspension
with 99% pure ethanol as lubricant. The two end-members were carefully pressed together, and
then clamped with a steel ring. After clamping, the sample is sealed in a quartz tube filled with

argon for annealing.

3.2 Key alloys preparation

Arc-melting furnace, equipped with a water-cooled copper crucible and a non-consumable
tungsten electrode, was used to prepare the samples under argon protective atmosphere. After
samples were melted three times to ensure composition homogeneity, they were sealed in an
evacuated quartz tube and later annealed at 900°C for a specified period of time. Inductively
Coupled Plasma/Optical Emission Spectrometry (ICP/OES) was used in determining the actual

compositions of these key alloys.

3.3  Characterization of samples

In this study, the tools used in characterization of phase equilibria are Scanning Electron
Microscopy (SEM), X-ray Diffraction (XRD), and Magnetic Force Microscopy (MFM).
Diffusion couples were characterized with SEM while key alloys were characterized with SEM,

XRD, and MFM.

3.3.1 Scanning electron microscopy

Hitachi S-3400N Scanning Electron Microscopy (SEM), which is coupled with Wave-Dispersive
X-ray Spectroscopy (WDS), has been used to analyze compositions, morphologies and
homogeneity ranges of the constituent phases observed in the diffusion couples and key alloys.

Pure Boron standard was used for calibration. Optimum 2500 cps for correctly measuring low
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boron content in WDS was attained using 20 kV accelerating voltage, around 92 nA probe
current and 30 nA beam current. The error of the SEM/WDS measurement is estimated to be

about +2 at.%.

3.3.2 X-ray diffraction

X-ray diffraction is used to determine the available phases, their relative amounts and provide
information on the crystal structures of the phases in the key alloys. XRD patterns are obtained
using PANanalytical Xpert Pro powder X-ray diffractometer with CuKa radiation at 45kV and
40 mA. The XRD spectrum is acquired from 20 to 90° 20 with a 0.02° step size. X-ray diffraction
study of the alloys is carried out using X’Pert HighScore Plus Rietveld analysis software.
Pearson’s crystal database [90] is used to export the crystallographic entry to check the known

phases in the Ce-Fe-{Ni, Si, Al}-B systems.

3.3.3 Magnetic force microscopy

Magnetic Force Microscopy (MFM) is a form of Scanning Probe Microscopy, in which a sharp
probe is scanned across a surface, and probe/sample interaction is monitored to reveal magnetic
sample’s domain structure in real space [90-91]. The parameters used to obtain MFM magnetic
micrographs are 30 mm scan size, 1 Hz scan rate, 0.2 integral gain, 0.4 proportional gain and
tapping mode. Key samples, with the compositions of the phases observed at the Fe-rich regions
of Ce-Fe-{Ni, Si, Al}-B quaternary systems, are prepared. Since the phase that is magnetic gives
clear contrast of magnetic domain, MFM tests is then used to screen out non-magnetic phases

from all the phases observed.
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3.3.4 Magnetic measurements

In developing new permanent magnetic material, the magnetic properties to be first considered
and tested are saturation magnetization, anisotropy field and Curie temperature, which are all
intrinsic magnetic properties [93]. Saturation magnetizations and anisotropy fields are measured
using a quantum design physical property measurement system (PPMS-9T) at 298 K. The
saturation magnetizations of different compositions are obtained in external fields up to 50 kOe.
Anisotropy fields are determined by the singular point detection (SPD) method, using second
derivative of magnetization (d°M/dH?) [93-95]. And a demagnetization factor of 1/3 was applied
to correct the contribution of the demagnetization field in Ce,(Fe, X)14B solid solutions,
assuming that the lump samples used are of spherical shapes [97]. Figure 3.1 shows a typical
d?M/dH? curve, obtained by SPD method, for Ce,(Fe, X)14B solid solutions, where X = Ni, Si
and Al. Using Perkin-Elmer 7 Series thermogravimetric analysis (TGA), Curie temperature of
the Cey(Fe, X)14B solid solutions was measured. Curie temperature was measured by drawing
tangents at the curve where magnetization vanished. The differences in the Curie temperature of
standard samples used for TGA calibration such as Ni metal and Alumel (Ni-Al-Mn-Si alloy) are

+5.1°C and -4.5°C, respectively.
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Figure 3.1: Typical d?°M/dH? curve from SPD method for determining anisotropy field in

the Ce,(Fe, X)14B solid solution (X = Ni, Si and Al)
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Chapter 4

Results and discussions

The main objective of this work is to first experimentally investigate the phase equilibria, using
diffusion couple and key alloy techniques in the Fe-rich regions of the Ce-Fe-{Ni, Si, Al}-B
quaternary systems. The magnetic phases are then identified from the observed phases using
MFM analysis. Quantitative intrinsic magnetic properties of the identified magnetic phases are
determined using PPMS-9T and TGA.

Diffusion couples were designed and prepared to investigate the Fe-rich sides of Ce-Fe-{Ni, Si,
Al}-B quaternary systems. Key alloys are prepared to further investigate and verify the results
obtained from the diffusion couples. XRD analysis is to confirm phases observed in the key
alloys after they have been characterized with SEM/WDS. MFM analysis is carried out on the
key alloys to identify and screen magnetic phases from all the phases present at the Fe-rich sides
of Ce-Fe-{Ni, Si, Al}-B quaternary systems. After identifying magnetic phases with MFM,
further tests were carried out to quantify the intrinsic magnetic properties of the promising
identified phases. These properties are saturation magnetization, anisotropy field and Curie

temperature.

4.1 Ce-Fe-Ni-B system

Both diffusion couple and key alloy techniques have been used to experimentally investigate Ni
interaction with Fe-rich corner of the Ce-Fe-B system as can be seen in Figure 4.1. In this
section, results of SEM/WDS, XRD and MFM will be explained in details and discussions of

these results will then follow in a separate sub-section.
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4.1.1 Solid-solid diffusion couples

Three diffusion couples were used in investigating the Fe-Ni side of the Ce-Fe-Ni-B quaternary
system. The actual compositions and annealing conditions of the end-members in these diffusion
couples are listed in Table 4.1 below. Figure 4.1 shows the compositions of the diffusion
couples, in two views, in the Ce-Fe-Ni-B system.

Table 4.1: Terminal actual compositions of the diffusion couples used to study the Ce-Fe-

Ni-B system, annealed at 900°C for 39 days

D(':];flljsllgn End-member 1 End-member 2
0] (o)
(DC) (at.%) (at.%0)
1 Ce9Fe83B8 Fe31Ni69
2 Cel5Fe74B11 Fe31Ni69
3 Cel5Fe74B11 Ni75B25
Ni

Ni B

\ ‘
<—-CezFe4B

Fe ~Ce 2Fe1sB Ce

Figure 4.1: Compositions of the diffusion couples in the Ce-Fe-Ni-B system
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4.1.1.1 Diffusion couple 1: Ce9Fe83B8 - Fe31Ni69 at.%

The end-member 1 is an alloy of Ce9Fe83B8. It contains three phases, namely a-Fe, Ce;1FesB,
(t2 in Figure 2.13) and CeyFe14B (1 in Figure 2.13). This is in agreement with the Ce-Fe-B phase
diagram shown in Figure 2.13. Figure 4.2(a) shows the BSE micrograph of the end-member 1.
The end-member 2 is an alloy of Fe31Ni69 actual composition. It contains Y'(Fe, Ni) solid
solution, which is consistent with the Fe-Ni phase diagram shown in Figure 2.4. After annealing
this diffusion couple for 39 days at 900°C, three diffusion layers were observed. SEM/WDS spot
analysis was performed to determine compositions of the phases in these zones and their results
are summarized in Table 4.2. Figure 4.2(b-f) shows BSE micrographs of phases formed in this
diffusion couple. From the end-member 1, the order of phases forming along the diffusion path is
deduced as: a-Fe + Ce;iFesBs + CeyFesB (end-member) — o-Fe + CepiFesBs + Ces(Feys.
xNix)B (0 <x < 1.5) — a-Fe + Cep1FesBs + Ce(NigxFex)B (0.19 < x <0.78) — Ce(NisxFey) (0 <
X < 1.44) + Y (Fe, Ni) — Y(Fe, Ni) (end-member). Diffusion zone 2 is a three-phase zone, which
contains a-Fe, Ce;iFesBs compound and a quaternary solid solution of Ni in Ce,Fei4B. The
measured content of Ni substituting Fe in CesFe14B in this layer is in the range of 0-9 at.%. Ni.
Figure 4.2(d) shows a BSE micrograph of zone 2. The next zone is also a three-phase equilibria
but among Ce; 1Fe4By, a binary solid solution of Fe and Ni, and a quaternary solid solution of Fe
in CeNisB. In CeNi4B, the amount of Fe substituting Ni was measured within the range of 32-46
at.% Fe. Figure 4.2(e) shows a BSE micrograph of zone 3. Diffusion zone 4 is a two-phase
equilibrium between a ternary solid solution of Fe in CeNis and a binary solid solution of Fe and
Ni. Fe substitutes Ni in CeNis in the range of 7-21 at.% Fe and the range of Ni in the binary solid
solution between Fe and Ni is 11-62 at.% Ni. Figure 4.2(f) shows a BSE micrograph of diffusion

Zone 4.
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Figure 4.2: BSE micrographs of the solid-solid diffusion couple 1 in the Ce-Fe-Ni-B system.

The numbers shown on parts (a), (b) and (c) refer to the diffusion zone numbers
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Table 4.2: Phase composition obtained by WDS spot analysis of diffusion couple 1 in the

Ce-Fe-Ni-B system

Diffusion . Phase Composition (at.%) Corresponding
zone Description hase
number Ce Fe Ni B P
1 99 0 0 aFe
1 Three-phase alloy
(end-member) 12 44 0 44 Ce11FesBy
12 82 0 6 Ce,FeisB
0-1 96-99 0-4 0 aFe
2 Three-phase zone 12 44 0 B c i?'ll:eﬁ4)8
€2(F€14-xNIx
12 73-82 0-9 6 (0<x<15)
0 96 4 0 aFe
3 Three-phase zone 12 44 0 44 CC(el\T'lF?BL)‘B
e(NIg-x€x
15 32-46 | 22-36 17 (0.19<x <0.78)
0 38-89 | 11-62 0 Y(Fe, Ni)
4 Two-phase zone Ce(Nis.xFey)
17 7-21 62-76 0 (0<x<144
One-phase alloy .
5 (end-memben) 0 31 69 0 Y'(Fe, Ni)
41172 Diffusion couple 2: Fe31Ni69 — Cel5Fe74B11 at.%

The end-member 1 is an alloy of Cel5Fe74B11 actual composition. It is comprised of CeFe;,

Ce11FesB,4 and CeyFe 4B phases, which is in agreement with the Ce-Fe-B phase diagram in

Figure 2.13. The end-member 2 is an alloy of Fe31Ni69 actual composition, which is a single

phase of Y'(Fe, Ni). This is consistent with the Fe-Ni phase diagram shown in Figure 2.4. Figure

4.3(a) and Figure 4.3(b) show BSE micrographs of the end-member 1 and the diffusion couple,

respectively. The two end-members were clamped together and five diffusion layers were
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observed after annealing at 900°C for 39 days. Results of SEM/WDS spot analysis of the
observed phases in the diffusion zones and the end-members are presented in Table 4.3. From
the end-member 1, the sequence of diffusion is deduced as: CeFe; + Ce; 1FesB4 + CesFe4B (end-
member) — Ce; 1FesBs + Cep(Fe1sxNiyx)B (0 <x < 1.5) — Ce(Ni,Fe), + Ce(Nis.xFex)

(0 <x<1.72) + Ce(NigxFey)B (0.19 <x <0.78) + a-Fe — a-Fe — a-Fe + Cez(Niy«Fey)

(0 < x < 1.14) + Ce(NisxFex)B (0.19 < x <0.78) — Y(Fe, Ni) +Ce(NisxFey) (0 <x <1.44) —
Y(Fe, Ni) (end-member).

From the end-member 1, diffusion zone 2 is a two-phase equilibrium between Ce; ;Fe;sB4 and a
quaternary solid solution of Ni in Ce,Fe14B. Quaternary solubility extension of Ni in Ce;Fe4B is
0-9 at.% Ni. Figure 4.3(d) shows a BSE micrograph of diffusion zone 2. Diffusion zone 3 is a
four-phase equilibrium among a-Fe, a ternary solid solution of Fe in CeNis, unlimited solid
solution between CeNi, and CeFe,, and a quaternary solid solution of Fe in CeNisB. The
measured amounts of Fe in CeNi; and CeNiyB are 37-43 at.%. and 16-18 at.%, respectively.
Figure 4.3(g) shows a BSE micrograph of diffusion zone 3. Diffusion zone 4 is a single-phase a-
Fe as shown in Figures 4.3(e-f). Next is the diffusion zone 5, which is a three-phase equilibrium
among a-Fe, a ternary solid solution of Fe in Ce;Ni; and a quaternary solid solution of Fe in
CeNiyB.18-25 at.% Fe substitute Ni in Ce;Ni; compound while 33-34 at.% Fe substitute Ni in
CeNisB compound. Figure 4.3(h) shows a magnified BSE micrograph of diffusion zone 5.
Diffusion zone 6 is a two-phase equilibrium between a ternary solid solution of Fe in CeNisand a
binary solid solution of Fe and Ni. Ternary solubility extension of CeNis is 5-24 at.% Fe and 10-
63 at.% Ni is measured in (Fe, Ni) solid solution. Figure 4.3(f) shows magnified micrograph of

diffusion zones 3 to 6.
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Figure 4.3: BSE micrographs of the solid-solid diffusion couple 2 in the Ce-Fe-Ni-B system.

The numbers shown on parts (a), (b), (d-f) and (h) refer to the diffusion zone numbers

36



Table 4.3: Phase composition obtained by WDS spot analysis on the diffusion couple 2 in

Ce-Fe-Ni-B system

Diffusion " 0 .
Sone Description Phase composition (at.%) Corresponding
. phase
number Ce Fe Ni B
Three-phase 33 67 0 0 CeFe;
1 aIon 12 44 44 0 Ceq1FesBs
(end-member) 12 82 0 6 CeoFewB
12 44 44 0 Ceq1FesB4
2 Two-phase zone Cey(Fe1sxNix)B
12 73-82 0-9 6 O<x<15)
0 96 4 0 a-Fe
_ _ Ce(NIS.xFex)
3 Four-phase zone ® i e i (Q=x<172)
P 33 26-35 32-41 0 Ce(Ni, Fe),
_ _ CE(NI4_XFGX)B
15 50-52 16-18 17 (0.19 < x < 0.78)
4 One-phase zone 0 95 5 0 a-Fe
0 91-93 7.0-9.0 0 a-Fe
Ce,(Ni7xFey)
5 Three-phase zone 23 18-25 52-59 0 (0<x<1.14)
_ _ Ce(N|4.xFex)B
15 33-34 34-35 17 (0.19 < x < 0.78)
0 37-86 10-63 0 Y'(Fe, Ni)
6 Two-phase zone Ce(Nis-xFey)
17 5-24 59-78 0 (0<x < 1.44)
One-phase alloy .
7 (end-member) 0 31 69 0 Y'(Fe, Ni)

4.1.1.3 Diffusion couple 3: Cel5Fe74B11 — Ni75B25 at.%

Diffusion couple 3 was annealed at 900°C for 39 days. The end-member 1 is an alloy with actual

composition of Cel5Fe74B11 at.%. As shown in Figure 4.4(a), it contains a three-phase

equilibrium among CeFe,, Ce;1FesB4 and CesFe14B, which is consistent with the Ce-Fe-B phase
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diagram in Figure 2.13. The end-member 2 is a single-phase alloy of NizB compound. Figure
4.4(b) shows the BSE micrograph of the end-members and diffusion zones in the diffusion
couple 3. Seven diffusion layers were observed in this diffusion couple as displayed in the
magnified BSE micrographs of Figure 4.4(d-f). Summary of the SEM/WDS spot analysis of the
compositions of the phases and end-members is presented in Table 4.4. Based on the observed
diffusion zones, the order of diffusion from the end-member 1 is deduced as: CeFe; + Cey.1FesBa
+ CeyFe4B (end-member) — Cey1FesB, + Cex(FeisxNiy)B (0 <x < 1.5) — a-Fe — Ce(Niz.xFey)
(0 < x < 1.72) + o-Fe + Ce(NisxFe,)B (0.19 < x < 0.78) — a-Fe + Ce(NisxFe,)B (0.19 < x <
0.78) + Fe;B — Ce(NisxFe)B (0.19 < x < 0.78) + Cep(Niz«Fey) (0 < x < 1.14) — Ce(NisxFey)B
(0.19 < x <0.78) — Ce(NigxFex)B (0 < x < 0.10) — (Fe1.xyNixCey)23Bs (0 < y < 0.062) (X =
0.832)— Ni3B (end-member).

As shown in Figure 4.4(d), diffusion zone 2, which is next to the end-member 1, is a two-phase
equilibrium between the Ce; 1Fe4B, compound and a quaternaty solid solution of Ni in Ce,Feq4B.
The amount of Ni measured in Ce,Fe14B is in the range of 0-9 at.%. Figure 4.4(d) shows a BSE
micrograph of diffusion zone 2. Diffusion zone 3 contains a single-phase a-Fe. A BSE
micrograph of diffusion zone 3 is shown in Figure 4.4(e). Diffusion zone 4 is a three-phase
equilibrium, consisting of a-Fe, a ternary solid solution of Fe in CeNiz and a quaternary solid
solution of Fe in CeNiyB. In both CeNiz and CeNi4B, the amounts of Fe substituting Ni are 37
at.% Fe and 48-53 at.% Fe, respectively. Figure 4.4(g) displays a BSE micrograph of diffusion
zone 4. Next is diffusion zone 5, which is also a three-phase equilibrium but among a-Fe, Fe,B
and a quaternary solid solution of Fe in CeNi4sB. The amount of Fe measured in CeNi4B phase is
30-47 at.%. Figure 4.4(h) displays a BSE micrograph of diffusion zone 5. Diffusion zone 6 is a

two-phase layer between a ternary solid solution of Fe in Ce;Ni; and a quaternary solid solution
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of Fe in CeNisB. Concentrations of Fe in Ce;Niz; and CeNisB are 18-24 at.% and 23-29 at.%,
respectively. Figure 4.4(i) displays a BSE micrograph of diffusion zone 6. Zone 7 is a single-
phase layer containing quaternary solid solution of Fe in CeNisB. Measured amounts of Fe in
CeNiyB are 1-7 at.% and 13-22 at.%. The gap in the compositions was observed between 7 at.%
Fe and 13 at.% Fe interval. The gap observed in this solid solution is due to the shape of the
homogeneity regions. The last diffusion zone is zone 8 of (Fe, Ni, Ce),3Bg¢ single phase. Content
of Ce substituting Fe in (Fe, Ni)23Bs phase is between 2 and 5 at.%. Figure 4.4(f) shows a BSE

micrograph of diffusion zones 7 and 8.
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Figure 4.4: BSE micrographs of the solid-solid diffusion couple 3 in the Ce-Fe-Ni-B system.

The numbers shown on parts (b) and (d-f) refer to the diffusion zone numbers
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Table 4.4: Phase composition obtained by the WDS spot analysis of diffusion couple 3 in

the Ce-Fe-Ni-B system

Diffusion o Phase composition (at.%) Corresponding
zone Description : hase
number ce e ! i "
Three-phase 33 67 0 0 CeFe;
1 alloy 12 44 44 0 Cey1FesBy
(end-member) 12 82 0 6 Ce,Fe14B
Two-phase 12 “ “ ° SorE
9 Cey(Fe14xNix)B
zone 12 73-82 0-9 6 0<x<L.5)
One-phase
3 0 94-96 4.0-6.0 0 o-Fe
zone
0 96 4 O U,'Fe
Ce(Ni3_XFex)
4 Thrii:ehase ® > o ° (0<x<1.72)
15 48-53 15-20 17 (0.19<x <0.78)
0 96 4 O U,'Fe
c Three-phase 0 65 1 34 Fe;B
zone Ce(Nig-xFex)B
15 30-47 21-38 17 (0.19 < x < 0.78)
Cex(Ni7xFey)
2 18-24 -
6 Two-phase 3 8 2309 ° O=x<1.14)
zone Ce(Nig-xFex)B
15 23-29 39-45 17 (0.19<x<0.78)
Ce(N|4_XFex)B
, Onsoaf;ase 15 13;_272' ‘gi’s 17 (0.19<x <0.78)
(0<x<0.10)
(Fel-x-yNixcey)23B6
-ph
8 O”;‘OFr’]ease 2.5 7-10 67 21 (0<y<0.062)
(x = 0.832)
One-phase
9 alloy 0 0 75 25 NisB

(end-member)
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4.1.2 Experimental results of the key alloys

Studies were carried out on the Fe-Ni side of the Ce-Fe-Ni ternary system and their results are
first presented. Later in this section, the phase analysis, XRD and MFM results of the key alloys

in the B-Ce-Fe-Ni quaternary system will be discussed.

4.1.2.1 Phase analysis of key alloys in the Ce-Fe-Ni ternary system

There are limited experimental data on the Ce-Fe-Ni system. It was reported that, ternary solid
solution of Fe in CeNis extends up to the CeNisFe composition and an unlimited solid solution
exists between CeNi, and CeFe; [47]. Results of the three diffusion couples discussed above
revealed that, Ce;Ni; and CeNis intermetallics also extend into the Ce-Fe-Ni ternary system and
that the extension of CeNis is more than the CeNisFe composition that was reported by [46, 84-
86]. Based on the observation in diffusion couples, Ni-Fe side of the Ce-Fe-Ni ternary system is
further investigated in this work. Five key alloys were prepared to further investigate the ternary
solid solutions of Fe in CeNis, Ce;Ni; and CeNis in the Ce-Fe-Ni ternary system. Table 4.5 lists
the compositions and annealing conditions of these key alloys. Figure 4.5 shows the
compositions of key alloys used in studying the Ce-Fe-Ni system.

Table 4.5: The compositions and annealing times of key alloys used in studying the Ce-Fe-

Ni system at 700°C

Actual global o
Key alloy composition (at.%) Annealing time
number . (days)
Ce Fe Ni

1 7 46 47 12

2 34 35 31 12

3 10 23 67 12

4 12 73 15 12

5 7 72 21 21
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Figure 4.5: The compositions, in at.%, of the key alloys in the Ce-Fe-Ni system
A two-phase equilibrium between a ternary solid solution of Fe in CeNis and a solid solution
between Fe and Ni are observed in key alloy 1 after its annealing for 12 days at 700°C. The
ternary solubility extension of Fe in CeNis is measured as 19 at.% Fe. Figure 4.6(a) shows a BSE
micrograph of key alloy 1. Key alloy 2 was annealed at 700°C for 12 days. A three-phase
equilibrium among a-Fe, a ternary solid solution of Fe in CeNis; and an unlimited solid solution
between CeNi, and CeFe, are observed. Amounts of Fe measured in CeNi; and CeNi, are 39
at.% and 30 at.%, respectively. Figure 4.6(b) shows a BSE micrograph of key alloy 2. Key alloy
3 was also annealed for 12 days at 700°C. A two-phase equilibrium between a Y'(Fe, Ni) solid
solution and the 7 at.% Fe in CeNis solid solution is observed. After annealing key alloy 4 at

700°C for 12 days, a three-phase equilibrium among a ternary solid solution of Fe in CeNis, a-Fe
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and the Ce(Ni, Fe), solid solution is observed. Concentrations of measured Fe in CeNiz and
Ce(Ni, Fe), are 41 at.% and 32 at.%, respectively. Key alloy 5 was annealed at 700°C for 21
days to make sure that equilibrium is obtained. A two-phase equilibrium between a-Fe and a
ternary solid solution of Fe in Ce;Niy is observed. 16 at.% Fe content was measured in Ce;Niy.
Table 4.6 summarizes the compositions of phases in the key alloys used in studying the Fe-Ni
side of the Ce-Fe-Ni system. Based on the experimental results from the discussed five key
alloys and the literature data, a partial isothermal section of the Ce-Fe-Ni ternary system at

700°C is drawn in Figure 4.7.

Ce(Fé;Ni), , T
J75 (FeNiCe)

: .;:._, A/’C ﬂ'(Nl ] Fe }71

G 20,06N 12 dmm x2 00k

Figure 4.6: BSE micrographs of key alloys (a) 1, (b) 2
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Table 4.6: Chemical analysis and the corresponding phases in key alloys 1 to 5 used in the

Ce-Fe-Ni system

Actual global Phase composition .
Keyalloy | 5 mnosition (at.%) (at.%) Corresponding
number e T e T NI | Ce | Fe | Ni phase
17 19 64 Ce(Ni, Fe)s
1 7 46 47 .
0 62 38 (Fe, Ni)
33 30 37 Ce(Ni, Fe),
2 34 35 31 2 97 1 a-Fe
25 39 36 Ce(Ni, Fe);
17 7 76 Ce(Ni, Fe)s
3 10 23 67 -
1 41 58 (Fe, Ni)
33 32 35 Ce(Ni, Fe),
4 12 73 15 25 41 34 Ce(Ni, Fe);
1 98 1 a-Fe
22 16 62 Ce,(Ni, Fe);
7 72 21
> 1 95 4 a-Fe
T - CeiMNIL Fep
p - CelMNi. Feys
r - CesfML Fe)-
A-Ceima, Fel
l-gp 1 iFe. Nij
2w oA (Fe Niy
L ¢ Fe

Figure 4.7: Partial isothermal section of the Ce-Fe-Ni system at 700°C

4.1.2.2 Phase analysis of key alloys in the Ce-Fe-Ni-B quaternary system

18 key alloys were prepared to further investigate quaternary solubility extensions of the

CesFe4B, CeNiyB and (Fe, Ni),3Bs phases. Table 4.7 shows the compositions and annealing
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conditions of these key alloys. Annealing time was increased for the alloys which did not reach
equilibrium after 10 days annealing as shown in Table 4.7. Figure 4.8 shows the compositions of
the key alloys used in studying the Ce-Fe-Ni-B system.

Table 4.7: Compositions and annealing times of key alloys used in studying the Ce-Fe-Ni-B

system at 900°C
Key alloy | Actual global composition (at.%) | Annealing time
number o = Ni 5 (days)
1 12 81 1 6 10
2 12 65 17 6 10
3 12 76 6 6 31
4 12 74 8 6 10
5 12 73 9 6 10
6 12 68 14 6 10
7 15 9 59 17 11
8 15 21 46 18 31
9 15 27 40 18 31
10 14 35 35 16 10
11 15 43 25 17 10
12 15 50 18 17 10
13 15 53 14 18 10
14 15 95 12 18 10
15 1 11 68 20 11
16 2 10 67 21 32
17 5 7 67 21 42
18 6 2 60 32 22
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Figure 4.8: The compositions of the key alloys in the Ce-Fe-Ni-B system

41221 Phase analysis of key alloys 1 to 6

To verify and further investigate the quaternary solid solubility of Ni in Ce,Fe14B, key alloys 1-6
were prepared. After key alloys 1 and 2 were annealed for 10 days at 900°C, a three-phase
equilibrium among o-Fe, Ce;;Fe,B, and a quaternary solid solution of Ni in Ce,Fe;sB was
observed. Ni contents measured in Ce,Fe;4B are 1 at.% and 4 at.% for key alloys 1 and 2,
respectively. Figure 4.9(a) shows a BSE micrograph of key alloy 1. Key alloy 3 was first
annealed at 900°C for 10 days. However, four phases among a-Fe, a ternary solid solution of Fe
in CeNis, Ce(Fe,Ni), solid solution and a quaternary solid solution of Fe in CeNi,B are observed.
Further annealing of this alloy for additional 21 days at 900°C resulted in a three-phase
equilibrium among a-Fe, Ce; 1Fe4B4 and quaternary solid solution of Ni in Ce,Fe14B. This shows
that the annealing of 10 days did not achieve equilibrium. Ni concentration in Ce,Fe14B was

measured as 6 at.%. Figures 4.9(b) and 4.9(c) show BSE micrographs of key alloy 3 after
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annealing at 900°C for 10 and 31 days, respectively. Key alloy 4 was annealed for 10 days at
900°C. A four-phase equilibrium among a-Fe, Ce;iFe B4, Ce(Fe, Ni), solid solution and a
quaternary solid solution of Ni in Ce,Fe;4B was observed. Fe amount in Ce(Fe, Ni), was
measured as 28 at.% while Ni amount in Ce,Fe 4B was measured as 8 at.%. Figure 4.9(d) shows
a BSE micrograph of key alloy 4. A four-phase equilibrium was observed in key alloy 5 after
annealing at 900°C for 10 days. Observed phases are a-Fe, Ce; 1FesB4, Ce(Fe, Ni), solid solution
and a quaternary solid solution of Ni in Ce,Fe14B. 25 at.% Fe and 9 at.% Ni concentrations were
measured in Ce(Fe, Ni), and Ce,Fe14B, respectively. After annealing key alloy 6 at 900°C for 10
days, a three-phase equilibrium among a-Fe, Ce;;Fe,B, compound and a quaternary solid
solution of Ni in Ce,Fe;4B was observed. Ni content in Ce,Fe;4B phase was measured as 9 at.%.
Table 4.8: lists the compositions of the phases obtained by WDS in the above-mentioned key

alloys
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Figure 4.9: BSE micrographs of key alloys (a) 1, (b) 3 after 10 days annealing, (c) 3 after 31

days annealing, (d) 4
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Table 4.8: Chemical analysis and the corresponding phases in key alloys 1 to 6

Key Actual global composition Phase composition .
alloy (at.%) (at.%) Corresponding
number | Ce Fe Ni B Ce | Fe | Ni B phase
12 81 1 6 Ceg(Fe, Ni)14B
1 12 81 1 6 12 | 44 0 44 Ce11Fe4By
5 94 1 0 a-Fe
12 | 78 4 6 | Cey(Fe, Ni)14B
2 12 65 17 6 12 44 0 44 Cey1Fe4By
1 98 1 0 a-Fe
12 | 76 6 6 | Cey(Fe, Ni)14B
3 12 76 6 6 12 | 44 0 44 Ce11Fe4By
1 91 8 0 a-Fe
12 74 8 6 Ceg(Fe, Ni)14B
12 44 0 44 Ceq1FesBs
4 12 4 8 0 1 96 3 0 a-Fe
34 | 28 | 38 0 Ce(Fe, Ni),
12 | 73 9 6 | Cey(Fe, Ni)14B
12 44 0 44 Ceq1FesBs
> 12 3 o 0 1 95 4 0 a-Fe
34 | 25 | 41 0 Ce(Fe, Ni),
12 | 73 9 6 | Cey(Fe, Ni)14B
6 12 68 14 6 12 | 44 0 44 Ce11Fe4By
1 97 2 0 a-Fe

41222 Phase analysis of key alloys 7 to 14

Key alloys 7 to 14 were prepared to verify the quaternary solid solubility of Fe in CeNi,B
observed in the diffusion couples. Table 4.7 shows the annealing conditions and actual
compositions obtained by ICP of these key alloys. A two-phase equilibrium was observed in key
alloy 7 after annealing at 900°C for 11 days. These phases are a quaternary solid solution of Fe
in CeNiyB and a binary solid solution between Fe and Ni. Concentration of Fe in CeNisB is

measured as 5 at.%. Figure 4.10(a) shows a BSE micrograph of key alloy 7. Key alloys 8 and 9
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were annealed at 900°C for 31 days. Two-phase equilibrium between a quaternary solid solution
of Fe in CeNisB and the Fe,B compound was observed in both key alloys. Amounts of Fe
measured in CeNi B of key alloys 8 and 9 are 14 at.% and 24 at.%, respectively. After key alloy
10 was annealed at 900°C for 10 days, a three-phase equilibrium among a quaternary solid
solution of Fe in CeNisB, the Fe;B compound and a ternary solid solution of Fe in Ce;Ni; was
observed. Quaternary solubility extension in CeNisB compound is 28 at.% Fe. Figure 4.10(b)
shows a BSE micrograph of key alloy 10. Key alloy 11 was annealed at 900°C for 10 days and a
two-phase equilibrium between a quaternary solid solution of Fe in CeNi,B and Fe,B was
observed. The extension of quaternary solubility of Fe in CeNi;B was measured as 42 at.%. After
annealing key alloy 12 for 10 days at 900°C, a three-phase equilibrium among a quaternary solid
solution of Fe in CeNi4B, a ternary solid solution of Fe in CeNi and a-Fe was observed. Amounts
of Fe measured in CeNiyB and CeNi are 50 at.% and 4 at.%, respectively. Figure 4.10(c) shows a
BSE micrograph of key alloy 12. Key alloy 13 was annealed at 900°C for 10 days. A three-phase
equilibrium among a quaternary solid solution of Ni in Ce,Fe14B, a quaternary solid solution of
Fe in CeNiyB and the Ce;iFesB, compound, was observed. 9 at.% of Ni concentration was
measured in Ce,Fe;4B and 52 at.% of Fe was measured in CeNisB. After key alloy 14 was
annealed at 900°C for 10 days, a four-phase equilibrium among a quaternary solid solution of Ni
in Ce,Fey4B, a quaternary solid solution of Fe in CeNisB, the Ce(Fe, Ni); solid solution and the
Ce;1Fe4B, compound was observed. Respective quaternary solubility extensions of Ce,Fe14B
and CeNi,B are found to be 9 at.% Ni and 53 at.% Fe. Figure 4.10(d) shows a BSE micrograph
of key alloy 14. Table 4.9 shows the phase compositions determined by WDS of key alloys 7 to

14.

50



(b) Cey(Nip Fey)

» Ce, Fe,B, |
Ce(Niy Fe,)B \ | el.l €4y

| ; £y
_"‘ CE(Ni]hEF e-ﬁ} . FY CE(NLI E'F Ex)E >
R i

"
DOEE . ,&

Figure 4.10: BSE micrographs of key alloys (a) 7, (b) 10, (c) 12, (d) 14
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Table 4.9: Chemical analysis and the corresponding phases in key alloys 7 to 14

Key Actual global Phase composition (at. c di
alloy composition (at.%) %) orrésponding
: . phase
number | Ce | Fe | Ni | B | Ce | Fe | Ni B
. 5! o | 5o | 7 [ 25 ] 5 63 | 17 Ce(Nl,F(?)4B
1 | 55 | 44 | 0 (Fe, Ni)
15 | 14 | 54 | 17 Ce(Ni, Fe),B
8 15 | 21 | 46 | 18 -
2 67 5 26 (Fe, Ni, Ce),B
15 | 24 | 44 | 17 Ce(Ni, Fe),B
9 15 | 27 | 40 | 18 -
1 68 2 29 (Fe, Ni, Ce),B
15 | 28 | 40 | 17 Ce(Ni, Fe),B
10 14 | 35 | 35 | 16 0 67 0 33 Fe,B
23 | 20 | 57 0 Ce,(Ni, Fe);
15 | 42 | 26 | 17 Ce(Ni, Fe),B
11 15 43 25 17 -
1 65 1 33 (Fe, Ni, Ce),B
15 | 50 | 18 | 17 Ce(Ni, Fe),B
12 15 | 50 | 18 | 17 | 50 | 4 | 46 | 0 Ce(Ni, Fe)
1 94 5 0 o-Fe
12 73 9 6 Ceg(Fe, Ni)14B
13 15 | 53 | 14 | 18 | 15 | 52 | 16 | 17 Ce(Ni, Fe),B
12 44 0 44 Cel_lFe4B4
12 | 73 | 9 6 Cex(Fe, Ni)14B
15 | 53 | 15 | 17 Ce(Ni, Fe),B
14 15 55 12 18
12 44 0 44 Ceq1FesBs
31 28 41 0 Ce(Fe, Ni),

4.1.2.2.3 Phase analysis of key alloys 15 to 18

Monnier et al. [98] investigated the (Fe, Ni).3Be phase and confirmed its occurrence with
Fe4sNigsBs composition. Stadelmaier et al. [99] reported FezNioBg composition and stated that
it is a metastable compound that solidifies from the melt. Diffusion zone 9 of the diffusion

couple 3 revealed the (Fe, Ni),3Bg phase, which is stabilized by substituting Fe with 2-5 at.% Ce.
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Key alloys 15 to 18 were prepared to further investigate (Fe, Ni, Ce).3Bg and Table 4.5 shows the
actual global compositions and annealing conditions of these key alloys.

Key alloy 15 was prepared and annealed at 900°C for 11 days. A BSE micrograph of Figure
4.11(a) displays four distinct phases. Compositions of the three phases, except dark

morphologies of (Ni, Fe, Ce),B phase, are very close and they all belong to the (Fe, Ni, Ce)23Bs

quaternary solid solution. The varying contents of Ce measured in the (Fe, Ni)23Bg are 1, 2 and 3
at.%. Same occurrence of varying close concentration of Ce in the (Fe, Ni)23Bs phase was
observed in key alloys 16 and 17. A three-phase equilibrium was observed in key alloy 16 after
annealing at 900°C for 32 days. From the XRD and SEM/WDS results, two of the phases show a
quaternary solid solution of Ce in (Fe, Ni)23Bg and the third phase is a ternary solid solution of

Fe in Ni B. Figure 4.11(b) shows a BSE micrograph of key alloy 16. After annealing key alloy

17 for 10 days at 900°C, non-equilibrium five phases were observed. Further 32 days annealing
resulted in a three-phase equilibrium in which two phases belong to quaternary solid solution of
Ce in (Fe, Ni)23Bg and the third phase is a quaternary solid solution of Fe in CeNi,Bg. Figures
4.11(c) shows a BSE micrograph of key alloy 17 after 42 days annealing. Key alloy 18 was
prepared and annealed for 22 days at 900°C. A three-phase equilibrium among a quaternary solid
solution of Fe in CeNiyB, a quaternary solid solution of Ce in (Fe, Ni)23B¢ and a quaternary solid
solution of Fe in CeNi;,Bg was observed. 1 at.% Fe was measured in both CeNi;,Bs and CeNi,B,
while 6 at.% Ce concentration was measured in (Fe, Ni),3Bs. Figure 4.11(d) shows a BSE
micrograph of key alloy 18. Table 4.10 shows the compositions of the phases in key alloys 15 to

18.
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Figure 4.11: BSE micrographs of key alloys (a) 15, (b) 16, (c) 17, (d) 18
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Table 4.10: Chemical analysis and the corresponding phases in key alloys 15 to 18

Key Actu_a[ global Phase composition Corresponding
alloy composition (at.%) (at. %0)
number | Ce | Fe | Ni | B | Ce | Fe | Ni | B phase
3 9 67 | 21 | (Fe, Ni, Ce)23Bs
15 1 1 63 20 1 12 | 67 | 20 | (Fe, Nf, Ce)23Bs
2 11 | 67 | 20 | (Fe, Ni, Ce)23Bs
0 68 | 25 (Ni, Fe);B
4 67 | 21 | (Fe, Ni, Ce)23Bs
16 2 10 67 21 1 12 | 67 | 20 | (Fe, Ni, Ce)23Bs
0 67 | 25 (Ni, Fe);B
5 67 | 21 | (Fe, Ni, Ce)23Bs
17 5 7 67 | 21 | 3 | 10 | 66 | 21 | (Fe, Ni, Ce)3Bs
6 2 60 | 32 Ce(Ni, Fe)12Bs
6 1 60 | 33 Ce(Ni, Fe)12Bs
18 6 2 60 32 6 6 67 | 21 | (Fe, Ni, Ce)23Bs
15 | 1 | 67 | 17 Ce(Ni, Fe),B

41224 XRD analyses of the Ce-Fe-Ni-B key alloys

XRD analyses were performed on key alloys 1 to 18. Si was used as an internal calibration
standard to correct the zero shift and specimen surface displacement. The analyses were to verify
the crystal structures and phase equilibria of the phases observed using SEM/WDS. Ce;(Fe,
Ni)14B solid solution observed in key alloys 1 to 6 crystallizes in tetragonal structure with
P4,/mnm space group and Nd,Fe14B prototype. The peak positions shift to higher angle with
decreasing Fe content. The substitution of Fe by Ni, which has a smaller atomic radius, decreases
the unit cell parameters of Ce,Fe;4B. This is confirmed by the increase of the 20 values of the
peak positions as the Ni concentration increases. Example of the Cey(Fe, Ni)14B solid solution

XRD pattern can be found in Figure 4.12(a-b), which corresponds to key alloys 3 and 5. Ce(Fe,
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Ni), solid solution, which was observed in key alloys 4 and 5, has MgCu, prototype and Fd-3m
space group. XRD analysis of the Ce(Ni, Fe)4B solid solution, which was observed in key alloys
7 to 14, shows that it crystallizes in hexagonal structure with P6/mmm space group and CeCo,B
prototype. Example of XRD pattern of the Ce(Ni, Fe)4B solid solution can be found in Figure
4.12(c), which corresponds to key alloy 11. The Ce,(Fe, Ni)14B and Ce(Ni, Fe);B solid solutions
identified in key alloys by SEM/WDS analysis were confirmed by XRD analysis. SEM/WDS
study of (Fe, Ni, Ce),3Bs phase has shown that it has varying Ce and Fe concentrations as
observed in key alloys 15 to 18. To further study (Fe, Ni, Ce).3B¢ phase, XRD analysis was
carried out on these key alloys. XRD results show that the varying concentrations of Ce and Fe
in (Fe, Ni, Ce),3Bg phase corresponds to the same crystal structure, which crystallizes in face-
centered cubic structure with Fm-3m space group and Crp3Cg prototype. Example of XRD
pattern of the (Fe, Ni, Ce)23B¢ solid solution is shown in Figure 4.12(d), which corresponds to

key alloy 16.
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Figure 4.12: XRD pattern of key alloys (a) 3, (b) 5, (c) 11, (d) 16

4.1.3 MFM characterization of phases at the Fe-Ni side of the Ce-Fe-Ni-B system

To identify the magnetic phases at the Fe-Ni side of the Ce-Fe-Ni-B system, MFM was used to
screen out non-magnetic phases. Under MFM test, it is known that the magnetic phase produces
contrast of magnetic domains while non-magnetic phase has no magnetic domains. The
parameters, (scan size for example) used for obtaining MFM micrographs during MFM tests are
the same for all the key alloys. From the results of diffusion couples and key alloys prepared for
investigating the Fe-Ni side of the Ce-Fe-Ni-B system, three quaternary solid solutions were
observed. These are (Fe, Ni, Ce),3Bs, Ce(Ni, Fe);B and Ce,(Fe, Ni)1sB. MFM analysis was
carried out at different compositions of each solid solution. Only Ce,(Fe14xNix)B (0 < x < 1.5)

solid solution shows visible contrast for the magnetic domains. Figure 4.13 shows the
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compositions of the key alloys and Table 4.11 lists the compositions and annealing conditions of
the selected key alloys used for MFM analysis of the magnetic Cez(Fe14xNix)B (0 < x < 1.5)
solid solution. Figure 4.14 shows examples of MFM micrographs in the Ce,(Fe14-xNix)B (0 < x <
1.5) solid solubility range at various Ni concentrations.

Table 4.11: Compositions and annealing conditions of the selected key alloys used for MFM

characterization of the Ce,(Fe14-xNix)B solid solution annealed at 900°C

Key alloy Actual global composition (at.%0) Annealing time
number . (days)
Ce Fe Ni B
1 12 81 1 6 10
2 12 65 17 6 10
3 12 76 6 6 31
4 12 74 6 10
5 12 73 9 6 10
Ni
Ce
Fe
B

Figure 4.13: Compositions of the selected key alloys used for MFM characterization of the

Ce,(Fe14xNix)B solid solution. The arrow represents increasing Ni direction
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Figure 4.14: MFM magnetic domain micrographs of key alloys (a) 1, (b) 2, (c) 5. Scan size

of each micrograph is 30 mm

4.1.4 Intrinsic magnetic properties of the Ce,Fe;4B modified by Ni compound

Four key alloys have been used to study the effect of Ni on the intrinsic magnetic properties of
CeyFe14B. The percentage volume of the CesFe14B dissolving different amounts of Ni in each
key alloy is greater than 70 %. The saturation magnetizations (Ms) were obtained in external
magnetic fields of up to 50 kOe at 298 K. The anisotropy fields (Ha) were determined, using
second derivative of magnetization (d°M/dH?), by singular point detection (SPD) method. The
magnetic measurements of the key alloys 1 to 4, which cover the homogeneity range of Cex(Fe1s-
«Niy)B solid solution, were determined and compared with Ce,Fe14B reference alloy, number 0
in Table 4.12. Table 4.12 shows compositions and magnetic properties of alloys prepared within

the homogeneity range of the Cey(Fe1sxNix)B solid solution. Figures 4.15 to 4.17 show the
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respective plots of the composition dependences of saturation magnetizations, anisotropy fields
and Curie temperature of the Ce,(Fe14xNix)B solid solution. These results will be discussed in
the next section.

Table 4.12: Magnetic properties of the Ce,(Fe14-xNix)B solid solution

Key
Ms (emu/g) | Ha (kOe)
alloy Ni addition (at.%) Tc (°C)
at 298 K at 298 K
number
0 0 130.0 28.1 151
1 1 127.9 27.1 159
2 3 124.3 26.1 174
3 6 114.8 24.1 197
4 9 106.3 24.1 210
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Figure 4.15: The composition dependence of the saturation magnetization (Ms) of the

Cey(Fe, Ni)14B solid solution at 298 K
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Figure 4.17: The composition dependence of the Curie temperature (T¢) of the

Ce,(Fe, Ni)14B solid solution

4.1.5 Discussion of the results of the Ce-Fe-Ni-B quaternary system

Fe-Ni side of the Ce-Fe-Ni-B quaternary system has been investigated using 3 diffusion couples
and 18 key alloys at 900°C. Quaternary extensions of Ce,Fe;4B, CeNiyB and (Fei-xNix)23Bs
phases were observed in the diffusion couples. Key alloys were prepared and analyzed to verify
and further investigate the compositions and structures of the phases observed in the diffusion
couples.

There is limited experimental data on the Ce-Fe-Ni ternary system in the literature. No phase
diagram of this system could be found in the literature and it has not been fully investigated yet.
Therefore, in this work, the Ce-Fe-Ni system has been partially investigated, focusing on the Fe-

Ni side. Investigation was performed in order to further verify the ternary extensions of the Ce-
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Ni intermetallics observed in the diffusion couples and key alloys used while studying the Ce-Fe-
Ni-B quaternary system. Annealing temperature of 700°C was selected for key alloys in order to
avoid formation of liquid in the Ce-Fe-Ni system. In this work, CeNi; and Ce;Ni; compounds
have been confirmed to extend into the Ce-Fe-Ni ternary system. Also, the ternary solid solution
of Fe in CeNis, which was reported to extend to the CeNisFe composition [46, 86], was not
observed in this work. Although the exact determination of maximum ternary solid solutions of
Fe in CeNis, Ce;Ni; and CeNis is not the purpose of this work, it has been confirmed that,
ternary solid solution of Fe in CeNis, Ce;Ni; and CeNis compounds extend to at least 41 at.% Fe,
16 at.% Fe and 19 at.% Fe, respectively at 700°C. The results from the three diffusion couples
used in studying Ce-Fe-Ni-B quaternary systems at 900°C have shown that, the ternary solid
solutions of Fe in CeNis, Ce;Ni; and CeNis compounds extend to at least 43 at.% Fe, 25 at.% Fe
and 24 at.% Fe, respectively. These results are self-supportive as Fe/Ni atomic exchange is
expected to increase by increasing the temperature from 700°C to 900°C.

Ni quaternary solubility in the Ce,Fe;4B compound was observed in the three diffusion couples
used in studying Fe-Ni side of the Ce-Fe-Ni-B system at 900°C. In the diffusion couples,
homogeneity range of Ni in the Ce,Fe14B compound is between 0 and 9 at.% Ni. Key alloys 1 to
6 were prepared to confirm and further investigate the quaternary extension of the Ce,Fe14B
compound observed in the diffusion couples. Results of the key alloys confirm the homogeneity
range of the Ce,Fei4sB quaternary solid solution in the Ce-Fe-Ni-B quaternary system to be
between 0 and 9 at.% Ni. Since the maximum solubility is 9 at.% Ni, the corresponding formula,
which represents the amount of measured Ni in this solid solution, is written as Ce,(Fe14xNiyx)B

(0 < x < 1.5). XRD analysis of the Ce,(Fe14xNix)B solid solution confirms the Ni substitution
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and shows that the compound crystallizes in tetragonal structure with P4,/mnm space group and
Nd,Fe14B prototype.

Quaternary solid solubility of Fe in the CeNiyB compound was detected in diffusion couples
used in studying Fe-Ni side of the Ce-Fe-Ni-B quaternary system at 900°C. Solubilities of Fe
measured in CeNisB from the diffusion couples are 1-7 at.% Fe and 13-53 at.% Fe. The interval
between 7 and 13 at.% Fe was not detected in the diffusion couples. Key alloys 7 to 14 were
prepared to verify these findings. Key alloys’ results confirm the compositions of the Ce(Ni-
xFex)4B solid solution obtained from the diffusion couples. The gap in the homogeneity range
(between 7 and 13 at.% Fe) can be due to the shape of the solid solution single phase region in
the quaternary system. However, because the Ce(NiyxFex)sB solid solution has no potential for
PM material, the exact determination of its homogeneity range is not the purpose of this work.
The corresponding formula is written as Ce(NijxFey)4B (0 < x < 0.10) and (0.19 < x < 0.78) at
900°C. XRD study of this solid solution confirms that it crystallizes in hexagonal structure with
P6/mmm space group and CeCo4B prototype.

Quaternary solid solubility of Ce in (Fe1xNix)23Bs phase was observed in diffusion couple 3.
Contents of 2 to 5 at.% Ce was measured in (Fe;.xNix)23Bgs from the diffusion couples. Key alloys
15 to 18 were used to verify and further investigate the quaternary solid solubility of Fe in (Fe;-
«Nix)23Bs. Varying concentrations of Ce and Fe were measured in the (Fej.yNixCey)23Bs solid
solution in key alloys 15 to 18 using the SEM/WDS analysis ranging from 6 to 12 at.% Fe and
from 1 to 6 at.% Ce. XRD study shows that the varying concentrations of Ce and Fe measured in
the (FeixyNixCey)23Bs corresponds to the same crystal structure, which crystallizes in face-
centered cubic structure with Fm-3m space group and Crp3Cg prototype. This shows that (Fe;-x-

yNixCey)23Bs is a solid solution which has a wide homogeneity range of Ce between 0 and 6
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at.%. Therefore, the corresponding formula of this solid solution at 900°C is written as (Fejx-
yNixCey)23Bg, where 0 <y < 0.062 and x = 0.832.

Out of CeyFe14B, CeNiyB and (Fe;-xNix)23Bs ternary phases which were observed to extend into
the Ce-Fe-Ni-B quaternary system, only Ce,Fe;4B quaternary extension has been identified to
exhibit magnetic domains in the MFM micrographs. Besides, the Ce,Fe14B ternary compound
has been reported to have potential for PM [72], and the visible contrast of its domains confirms
this report. The observed magnetic domain structure in the Ce,(Fe14-xNix)B solid solution is an
indication of a permanent magnet. After using MFM to screen out non-magnetic Ce(Ni;-xFex)4B
and (FeixyNixCey)23Bs solid solutions at the Fe-Ni side of the Ce-Fe-Ni-B quaternary system,
quantitative experimental investigation to determine intrinsic magnetic properties of the
Ce,(Fe14xNix)B solid solution was carried out at different Ni concentrations. Various studies
have been carried out on how Ni influences magnetic properties of RE;Fe;4B compound, other
than Ce,Fe14B, in the literature [14, 99-103]. To verify the intrinsic magnetic properties of pure
Ce,FesB compound and to study the effect of modifying this compound by Ni, saturation
magnetization, anisotropy field and Curie temperature of CeFe14sB were determined. The
anisotropy field of pure Ce,Fe;4B reported in the literature is 26 kOe [94, 95]. After the
correction of the demagnetization field contribution, the obtained value of anisotropy field of
CeyFesB in this work is 28.1 kOe. As illustrated in Figure 4.15, saturation magnetization
decreases almost linearly with increasing Ni concentration in the Ce,(Fe, Ni)14B solid solution.
This behaviour is in agreement with the other studied RE(Fe, Ni)14B solid solutions reported in
[14, 99-100, 102-103]. In this work, it is observed that the saturation magnetizations decrease by
about 3 emu/g for each 1 at.% substitution of Fe by Ni. As shown in Figure 4.16, increasing Ni

substitution of Fe in Ce,Fe;sB compound decreases anisotropy field up to x = 1 (6 at.%).
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Anisotropy field becomes constant at x > 1 (6 at.%). It is observed that the anisotropy field
decreases by about 0.67 kOe for each 1 at.% substitution of Fe by Ni. Effects of Ni addition on
the Curie temperature of RE,Fe14B series, except Ce,Fe14B, have been investigated in the past
[14, 99, 103]. They all reported that Ni addition to RE,Fe;4B series results in increasing of the
Curie temperature. The same trend is observed for the addition of Ni to Ce,Fe;4B compound in
this work. As shown in Figure 4.17, increasing concentration of Ni substituting Fe in Ce,Fe 4B
compound increases the Curie temperature linearly. It is determined that the substitution leads to
an increase of about 7.7°C per 1 at.% Ni.

From a practical perspective, the highest Curie temperature of 210°C and the associated
reductions in the saturation magnetization and anisotropy field observed at x = 1.5 (9 at.% Ni) in
the Ce,(Fe14-xNix)B solid solution may still deem this Ni doped compound to be promising for
the permanent magnet materials, comparing with 151°C Curie temperature of the un-doped

Ce,Fe4B.

4.2 Ce-Fe-Si-B system

Both diffusion couple and key alloy techniques were used to experimentally investigate the
effect of Si interaction with the Ce-Fe-B system. In this section, results of SEM/WDS, XRD and
MFM will be first explained and discussion of the results will then follow in a separate sub-

section 4.2.5.

4.2.1 Solid-solid diffusion couples

Three diffusion couples were used in investigating Fe-Si side of the Ce-Fe-Si-B system.
Diffusion couples 1 and 2 will be discussed in details while diffusion couple 3, which shows
similar diffusion path to diffusion couple 2, will not be discussed. The compositions of the end-
members of these diffusion couples and their annealing conditions are listed in Table 4.13.

67



Figure 4.18 shows the compositions of the diffusion couples, in two views, in the Ce-Fe-Si-B

system.

Table 4.13: Terminal compositions and annealing times of the diffusion couples used to

study the Ce-Fe-Si-B system at 900°C

Dégg;'lgn End-member | End-member | Annealing time
[0)
o) 1 (at.%) 2 (days)
Cel5Fe74B11 -

1 (aL%) Fe72Si28 36

2 Cel0Fe82B8 Si 31

3 Cel2Fe72B16 Si 21

Si
B
CezFe14B~/
ol Ce

Fe

Figure 4.18: Compositions of the diffusion couples in the Ce-Fe-Si-B system

4.2.1.1 Diffusion couple 1: Fe3Si - Cel5Fe74B11 at.%

End-member 1 contains a three-phase equilibrium among Ce;iFesBs, CesFe;sB and CeFey,

which is in accord with the Ce-Fe-B phase diagram shown in Figure 2.13. Figure 4.19(a) shows a

68



BSE micrograph of end-member 1. End-member 2 is Fe3Si single phase. A BSE micrograph of
end-member 2 is shown in Figures 4.19(e). After annealing diffusion couple 1 for 36 days at
900°C, five diffusion layers were observed and WDS spot analysis was carried out to determine
the composition of phases present in these layers. The results obtained from WDS spot analysis
are summarized in Table 4.14. Figure 4.19(c-e) displays the magnified micrographs of layers and
phases in diffusion couple 1. The order of the diffusion layers from end-member 1 is indicated
as: Cey FesB,4 + CeFe, + CesFe14B (end-member) — Cep 1FesBs + Cey(Fe1sxSix)B (0 < x <2.33)
— Ce3(SipxFex) (0 < x <0.1) — CeFeSi — CeFe,Si; — Ce(Fes«Six) (3.5 < x <5) — FesSi
(end-member).

As shown in the magnified BSE micrograph in Figures 4.19(c-d), diffusion zone 2 is a two-phase
equilibrium between Ce; 1Fe4B4 and a quaternary solid solution of Si in Ce,Fe14B. Concentration
of Si in the Ce,Fe14B compound is between 0 and 11 at.%. Diffusion zone 3 is CesSi; ternary
extension, in which Si is substituted by 2 at.% of Fe. Diffusion zones 4 and 5 belong to CeFeSi
and CeFe,Si, compounds, respectively. Diffusion zone 6 is a single phase of the ternary

solubility extension of Si in CeFe;3 with 33 at.% Si.
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Figure 4.19: BSE micrographs of the solid-solid diffusion couple 1 in the Ce-Fe-Si-B

system. The numbers shown on parts (a-e) refer to the diffusion zone numbers
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Table 4.14: Phase composition obtained by WDS spot analysis on diffusion couple 1 in the

Ce-Fe-Si-B system

Diffusion o Phase composition (at.%b) Corresponding
zone Description c F S; B hase
number ¢ ¢ ' P
) ) ’ 12 82 0 6 Ce,FesB
Three phase alloy
1 (end-member) 12 44 0 44 Ce11FesBy
35 65 0 0 CeFe;
12 44 0 44 Ceq1FesBy
2 Two-phase zone Ce,(Fe14Six)B
12 71-82 | 0-11 6 (0<x<233)
Single-phase Ces(Sip«Fey)
3 zone 61 2 37 0 (0<x<0.1)
4 Single-phase | ) | 35 | 34 | CeFeSi
zone
5 Single-phase | oy |\ 49 | 40 | o CeFe,Si
zone
Single-phase Ce(Fe13xSiy)
6 zone ! 60 33 0 (35=<x<5H)
Single-phase
7 alloy (end- 0 72 28 0 FesSi
member)

4.2.1.2 Diffusion couple 2: Cel0Fe82B8 at.% - Si

End-member 1 is an alloy of CelOFe82B8 actual global composition. As shown in Figure
4.20(a), it contains a-Fe, Ce;1FesBs and CeyFe14B which is agreement with the Ce-Fe-B phase
diagram shown in Figure 2.13. End-member 2 is pure Si. After annealing diffusion couple 2 at
900°C for 31 days, five diffusion layers were observed as displayed in Figure 4.20(b-d). WDS
spot analysis was performed on the observed layers and the results are summarized in Table

4.15. The order of diffusion from the end-member 1 is: a-Fe + Ce;iFesBs + CeyFesB (end-
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member) — a-Fe + CeyiFesBs + Cez(Fe1sxSix)B (0 < x < 2.33) — CeFe,Si, — CeFe,Si, +
Ce(Fe13xSiy) (3.5 <x <5) — FesSi — FeSi. — Si (end-member)

As shown in Figure 4.18(c), diffusion zone 2, which follows end-member 1, contains o-Fe,
Ce11Fe4B4 and a quaternary solid solution of Si in Ce,Fe;4B. Quaternary solubility extension of
CeyFe14B was measured as 12 at.% Si. Diffusion zone 3 contains single phase of CeFe;Sis.
Figure 4.20(c) shows a BSE micrograph of diffusion zones 2 and 3. Diffusion zone 4 is a two-
phase equilibrium between a ternary solid solution of Si in CeFe;3 and CeFe,Si,. The amount of
measured Si in this phase is 32 at.%. Diffusion zone 5 is a single phase of Fe3Si. Before the Si
end-member is the last diffusion zone 6 and it is a single-phase of FeSi. Figure 4.20(d) shows a
BSE micrograph of diffusion zones 4, 5 and 6.

The results of diffusion couple 3 confirmed those obtained by diffusion couple 2 because they

both had similar diffusion path.
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Figure 4.20: BSE micrographs of the solid-solid diffusion couple 2 in the Ce-Fe-Si-B

system. The numbers shown on parts (b-d) refer to the diffusion zone numbers
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Table 4.15: Phase composition obtained by WDS spot analysis on diffusion couple 2 in the

Ce-Fe-Si-B system

Diffusion Phase composition (at.%) .
zone Description Corresponding
P Ce Fe Si B phase
number
12 82 0 6 Ce,FesB
1 Three-phase alloy 5 m 0 m CorFouB
(end-member) ©117€4B4
1 99 0 0 a-Fe
Cez(Fe14_XSiX)B
, N h 12 70-82 | 0-12 6 (0<x<233)
fee-phase zone =5 44 0 44 Ce11FesBs
1-2 95-98 0-4 0 a-Fe
3 One-phase zone 20 40 40 0 CeFe;Si;
7 61 32 0 Ce(FessSiy)
4 Two-phase zone (3.5<x<5)
20 40 40 0 CeFe,Si;
5 One-phase zone 0 72 28 0 FesSi
6 One-phase zone 0 48 52 0 FeSi
Pure Si :
7 (end-memben) 0 0 100 0 Si

4.2.2 Experimental results of the key alloys

4.2.2.1 Phase analysis of key alloys 1 to 8

Based on the experimental results obtained from the three diffusion couples, 8 key alloys were
prepared to confirm and further investigate the Ce,(Fe, Si)14B solid solution in the Ce-Fe-Si-B
system. Table 4.16 summarizes the compositions and annealing conditions of these 8 key alloys.

Figure 4.21 shows the compositions of the key alloys used in studying the Ce-Fe-Si-B system.
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Table 4.16: Compositions and annealing time of key alloys used in studying the Ce-Fe-Si-B

system at 900°C
K Actual global composition
a"%y (at.%) Annealing time
g - (days)
number | Ce Fe Si B
1 12 81 1 6 21
2 13 79 3 5 10
3 13 76 6 5 10
4 13 73 9 5 10
S 13 70 12 5 10
6 12 68 14 6 10
7 13 67 15 5 10
8 14 66 15 5 10
Si
Si E
Ce
Fe
Fe Ce
B

Figure 4.21: The compositions of the key alloys in the Ce-Fe-Si-B system
From the experimental results of the diffusion couples, the Ce,Fe14B ternary compound was
observed to extend into the Ce-Fe-Si-B quaternary system by dissolving Si and the amount of Si

substituting Fe was measured between 0 and 12 at.%. To verify this quaternary solid solubility,
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key alloys 1 to 8 were prepared and annealed as shown in Table 4.16. Key alloy 1 was annealed
for 21 days at 900°C. This alloy was subjected to additional 11 days annealing compared to the
other alloys because equilibrium was not reached after first 10 days. A three-phase equilibrium
among o-Fe, Ce;jiFesB,s and a quaternary solid solution of Si in Ce,Fe;4B was observed.
Quaternary solubility extension of Ce,Fei4B is 2 at.% Si. Figure 4.22(a) shows a BSE
micrograph of key alloy 1. After key alloys 2 to 4 were annealed at 900°C for 10 days, a-Fe and
a quaternary solid solution of Si in Ce,Fe;4B were observed. Measured contents of Si in the
Ce,Fe14B compound for key alloys 2 to 4 are 4 at.%, 7 at.% and 10 at.%, respectively. Figure
4.22(b) shows a BSE micrograph of key alloy 3. In key alloy 5, a three-phase equilibrium was
observed after annealing at 900°C for 10 days. The present phases are CeFeSi, a ternary solid
solution of Si in Ce,Fe;7 and a quaternary solid solution of Si in Ce,Fe;4B. Concentrations of Si
in Ce,Fe;7 and CeyFe 4B compounds are measured as 15 at.% and 13 at.%, respectively. Figure
4.22(c) shows a BSE micrograph of key alloy 5. Key alloys 6 and 7 were prepared to determine
the maximum solubility limit of the Cey(Fe, Si)1sB solid solution. The same four-phase
equilibrium, among CeFe,Si,, a ternary solid solution of Si in Ce,Fe;7, a quaternary solid
solutions of Si in Ce,Fe1sB and (Fei.ySixCey)sB phase, was observed in key alloys 6 and 7.
Also, the same quaternary solubility extensions of Ce,Fe;sB and (Fe;Six)sB phases were
measured in alloys 6 and 7 as 13 at.% Si and 7 at.% of Ce, respectively. In key alloy 8, a four-
phase equilibrium, among CeFeSi, a ternary solid solution of Si in Ce,Fe;7, a quaternary solid
solutions of Ce,Fe4,B and a quaternary solid solutions of Fe,3Bg, was observed. Quaternary
solubility extensions of Ce,Fe14B is measured as 14 at.% Si. Figure 4.22(d-e) show BSE
micrographs of alloys 6 and 8, respectively. Table 4.17 lists the key alloys with their phase-

compositions obtained by WDS analysis.
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Figure 4.22: BSE micrographs of key alloys (a) 1, (b) 3, (¢) 5, (d) 6, (e) 8
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Table 4.17: Chemical analysis and the corresponding phases of the key alloys in Ce-Fe-Si-B

Key Actual g'lo.bal Phase composition
composition i
alloy (at.%0) Corresponding phase
number (at.%)_ -
Ce|Fe| Si| B | Ce Fe Si B
12 80 2 6 Cey(Fe1sxSix)B (0 <x <2.33)
1 12 | 81 1 6 12 44 0 44 Ceq1FesBs
1 99 0 0 a-Fe
12 78 4 6 Cey(Fe1sxSix)B (0 <x <2.33)
2 B3 |s 1 98 1 0 a-Fe
12 75 7 6 Cey(Fe14xSix)B (0 <x <2.33)
3 13176615 1 98 1 0 a-Fe
12 72 10 6 Cez(Fe14_XSix)B (O <x< 233)
4 By 9]s 3 94 3 0 a-Fe
12 69 13 6 Cey(Fe14xSix)B (0 <x <2.33)
5 1370|112 | 5 | 33 34 33 0 CeFeSi
11 74 15 0 Cey(Feq7xSiy) (0<x<3)
12 69 13 6 Cey(Fe14xSix)B (0 <x <2.33)
(Fel.x-ySixCey)gB
6 12 1 68|14 | 6 ! 00 8 25 (x=0.107, y = 0.093)
20 40 40 0 CeFe,Si;
11 74 15 0 Cey(Feq7xSiy) (0<x < 3)
12 69 13 6 Cey(Fe1sxSix)B (0 <x <2.33)
(Fel.x-ySixCey)gB
7 13|67 | 15| 5 ! 00 8 25 (x=0.107, y = 0.093)
20 40 40 0 CeFe,Si,
11 74 15 0 Cey(Feq7xSiy) (0<x < 3)
12 68 14 6 Cey(Fe1sxSix)B (0 <x <2.33)
(Fel-x-ySixCGy)nge
8 14 1 66 | 15 | 5 ! 63 8 22 (x=0.099, y =0.087)
34 33 33 0 CeFe,Si,
11 74 15 0 Cey(Feq7xSiy) (0<x < 3)
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4.2.2.2 XRD analyses of Ce-Fe-Si-B key alloys

After identifying the phases and the corresponding compositions in all the key alloys using
SEM/WDS, XRD analyses were performed to verify the detected phases. Si was used as an
internal calibration standard to correct the zero shift and specimen surface displacement. The
Cey(Fe14-xSix)B solid solution with 0-14 at.% Si homogeneity range was detected in key alloys 1
to 8. XRD analysis has shown that, Ce,(Fe14xSix)B solid solution crystallizes in a tetragonal
structure with P4,/mnm and Nd,Fe14B prototype. The peak positions shift to higher angle with
decreasing Fe content. The substitution of Fe by Si, which has a smaller atomic radius, decreases
the unit cell parameters in Ce,Fe4B. This is confirmed by the increase of the 20 values of the
peak positions as the Si concentration increases. Example of XRD patterns of the Cey(Fe14xSix)B
solid solution are shown in Figure 4.23(a-b), corresponding to key alloys 2 and 5.The Ce,(Fey7-
xSiy) solid solution observed in key alloys 5 to 8 has rhombohedral Th,Zn7 structure with R-3m
space group. In key alloy 5, CeFeSi crystallizes in tetragonal structure with P4/nmm space group
and PbCIF prototype. The (Feix.,SixCey)sB and CeFe,Si, phases are observed in key alloys 6 to
7. (FeixySixCey)3B phase has cementite (FesC) structure-type with Pnma space group while
CeFe,Si, has CeAl,Ga, structure-type with space group of 14/mmm. Example of the XRD
pattern of (Fei.,SixCey)sB is shown in Figure 4.23(c), which corresponds to key alloy 7. (Feq.x-
ySixCey)23Bs, Which is observed in key alloy 8, crystallizes in face-centered cubic structure with
Fm-3m space group and Crp3Cs prototype. In general, these results are in accord with those

obtained by diffusion couples but more discussion will be provided in section 4.2.5.
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Figure 4.23: XRD pattern of key alloys (a) 2, (b) 5, (¢) 7

4.2.3 MFM characterization of phases in the Fe region of the Ce-Fe-Si-B system

To identify the magnetic phases in the Fe region of the Ce-Fe-Si-B system, MFM was used to

screen out non-magnetic phases from the observed phases present in this region. Under MFM
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test, it is known that a magnetic phase produces contrast of domains while a non-magnetic phase
has no magnetic domains. The parameters, (scan size for example) used for obtaining MFM
micrographs during MFM tests are the same for all the key alloys. From the results of diffusion
couples and key alloys prepared to investigate the Fe region of the Ce-Fe-Si-B system, three
quaternary phases were observed. These are (Fe, Si, Ce)s;B, Cey(Fe, Si)14B and (Fe, Si, Ce),3Bs.
MFM analysis was performed on each phase and only Ce,(Fe14xSix)B (0 < x < 2.33) solid
solution shows visible contrast of magnetic domains. Figure 4.24 shows the compositions of the
key alloys and Table 4.18 shows the compositions and annealing conditions of the key alloys
used for the MFM analysis of the magnetic Ce,(Fe14xSix)B (0 < x < 2.33) solid solution. Figure
4.25 shows examples of MFM micrographs in the Cey(Fe14xSix)B (0 < x < 2.33) solid solution
range at different Si contents.

Table 4.18: Compositions of key alloys used in MFM characterization of the Ce,(Fe, Si)14B

solid solution annealed at 900°C for at least 10 days

Key Actual composition
alloy (at.%)
number | Ce Fe Si B
1 12 81 1 6
2 13 79 3 5
3 13 76 6 5
4 13 73 9 5
5 13 70 12 5
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Figure 4.24: Compositions of the selected key alloys used for MFM characterization of the

Cey(Fe14xSix)B solid solution. The arrow represents increasing Si direction

it

Figure 4.25: MFM magnetic domain micrographs of key alloys (a) 3, (b) 5. Scan size of

each micrograph is 30 mm
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4.2.4 Intrinsic magnetic properties of the Ce,Fe;4B compound modified by Si

Six key alloys have been used to study the effect of Si substitution on the intrinsic magnetic
properties of Ce,Fe14B. The percentage volumes of Ce,Fe14B dissolving different amounts of Si
in key alloys are all greater than 60 %, except key alloy 1 which has 56 %. Despite that the
content of the Ce,(Fe14xSix)B solid solution in the key alloy 6 is more than 70 %, it contains
traces of three other phases. The saturation magnetizations (Ms) were obtained in external
magnetic fields of up to 50 kOe at 298 K. The anisotropy fields (Ha) were determined, using
second derivative of magnetization (d°M/dH?), by singular point detection (SPD) method. After
measuring magnetic properties of key alloys 1 to 6, comparison was made with the magnetic
properties of reference alloy (0) in Table 4.19. This was carried out in order to uncover how the
Si affects magnetic properties of Ce,Fe;sB compound. Table 4.19 shows the actual global
compositions and intrinsic magnetic properties of alloys prepared within the homogeneity range
of Cey(Fe1sxSix)B solid solution. Figures 4.26 to 4.28 show the respective plots of the
composition dependences of saturation magnetizations, anisotropy fields and Curie temperature

in Ce,(Fe14-xSix)B solid solution. These results will be discussed in the next section.
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Table 4.19: Magnetic properties of the Cey(Fe14xSix)B solid solution

Key alloy Ms (emu/g) | Ha (kOe)
Si addition (at.%) Tc (°C)

number at 298 K at 298 K

0 0 130.0 28.1 151

1 1 123.1 26.1 163

2 3 116.1 26.1 183

3 7 110.4 22.1 200

4 10 104.2 13.7 219

5 13 93.0 9.1 243

6 15 88.8 6.8 252
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Figure 4.26: The composition dependence of the saturation magnetization (Ms) of the

Ce,(Fe14xSix)B solid solution at 298 K

85



H, (kOe)

20

10

X
in Ce,(Fe,, ,Si)B

Figure 4.27: The composition dependence of the anisotropy field (Ha) for the

Ce,(Fe14xSix)B solid solution at 298 K

86



300

260
=220 =

¥
180 $
140 f
0 0.5 1 1.5 2 2.5
X

in Ce,(Fe,, .Si,)B

Figure 4.28: The composition dependence of the Curie temperature (T¢) for the

Cez(Fe14xSiy)B solid solution

4.2.5 Discussion of the results of the Ce-Fe-Si-B quaternary system

Fe region of Ce-Fe-Si-B system has been successful investigated with 3 diffusion couples and 8
key alloys annealed at 900°C. Quaternary extension of Ce,Fe14sB compound was observed in
diffusion couple and key alloys were prepared to verify and further investigate the quaternary
solid solubility of Si in Ce,Feq4B.

In diffusion couples, homogeneity range of Si measured in Ce,Fe;4B compound is between 0 and
12 at.% Si. To verify these results, key alloys 1 to 8 were prepared and annealed at 900°C for 10

days, except key alloy 1 that was annealed for 21 days. Results of key alloys confirm the
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occurrence of the Ce,(Fe14xSix)B solid solution and the homogeneity range of Si in Ce,Fe14B
compound was measured between 0 and 14 at.% Si. The corresponding formula of Si
concentration in this solid solution is Ce,(Fe14-xSix)B (0 < x <2.33). XRD analysis confirmed the
solid solubility of Si in this solid solution and it also shows that this solid solution crystallizes in
tetragonal structure with P4,/mnm space group and Nd,Fe14B prototype.

FesB extends into the Ce-Fe-Si-B quaternary system through Si substitution. The (Fejx-
ySixCey)sB (x = 0.107, y = 0.093) phase is observed in key alloys 6 to 8. Detailed analysis of this
solid solution is not pursued in this study, because it has no potential for PM material.
Concentration of 7 at.% Ce and 8 at.% Si were measured in the (Feix.,SixCey)sB (x = 0.107, y =
0.093) phase. XRD analysis confirms the Si substitution and shows that it has cementite (Fe3;C)
structure-type with Pnma space group.

Quaternary solubility of Ce and Si in the Fe,3sBs compound was observed in key alloy 8.
Contents of Ce and Si measured in this compound are 7 and 8 at.%, respectively. XRD study
shows that the (Fe1.x,SixCey)23Bs crystallizes in face-centered cubic structure with Fm-3m space
group and Crp3Cg prototype. The corresponding formula of this compound is written as (Fejx-
ySixCey)23Bs, where x = 0.099 and y = 0.087.

The Cex(Fe1sxSix)B, (Fe1xySixCey)3B and (Fe1xySixCey)23Bs phases were analyzed using MFM.
Only Cey(Fe14xSix)B solid solution shows visible contrast of magnetic domains at different Si
concentrations. Quantitative determination of the intrinsic magnetic properties of the Ce,(Fey,.
xSix)B (0 < x < 2.33) solid solution was carried out after MFM analysis has revealed it to be
magnetic. Different studies have been carried out on the effect of Si on magnetic properties of
RE,Fe14B compounds, except CesFei4B, in the literature [15-16, 104-106]. Seven key alloys

were selected in order to study the effect of Si substitution on the magnetic properties of
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Ce,Fe1sB compound. The selected alloys cover the homogeneity range of the Ce,(Fe, Si)14B
solid solution. The trend of Figure 4.26 shows that saturation magnetization (Ms) decreases as
the concentration of Si substituting Fe in CesFe;sB compound increases. The saturation
magnetizations decrease by about 2 emu/g for each 1 at.% substitution of Fe by Si. This
behaviour is in agreement with the studies on RE;Fe; 4B series, other than Ce,Fe 4B, reported in
the literature [15-16, 104]. As shown in Figure 4.27, in general, anisotropy field decreases as the
concentration of Si in Ce,Fe 4B compound increases. However between x = 0.17 (1 at.% Si) and
x = 0.5 (3 at.% Si), increasing the Si concentration maintains anisotropy field value of about 26
kOe. Beyond x = 0.5 (3 at.% Si), increasing Si concentration in the Ce,Fe;4B compound
decreases anisotropy field rapidly. The trend of the plot of anisotropy field of the Cey(Fe14-xSix)B
(0 < x <2.33) solid solution at 298 K studied in this work does not seem to be similar to that of
the Nd,(Fe14xSix)B solid solution at 295 K reported by Jurczyk et al. [16]. In Ndx(Fe14«Six)B
solid solutions, the maximum anisotropy field is observed at x = 0.5 (3 at.% Si). While no
maximum is observed for the Ce,(Fe14.xSix)B solid solution, the same value of anisotropy field is
obtained at x = 0.17 and 0.5 (1 at.% Si and 3 at.% Si). The effect of Si on the Curie temperature
of RE,Fe14B compounds, except Ce,Fe14B, has been investigated in the literature [15-16, 106]. It
was found that, increasing Si in RE;Fe;4B compounds increases the Curie temperature. As
shown in Figure 4.28, increasing Si substitution for Fe in the Ce,Fe14B compound increases the
Curie temperature almost linearly. The Curie temperature increases, in the mean, by about 6.7°C
per 1 at.% Si.. From the practical perspective, the increase in Curie temperature from 151°C to
252°C by Si substitution may indicate the suitability of this solid solution, with an intermediate
Si content (that is, in the range 0 < Si < 14), for some PM applications despite the decrease in Mg

and Ha.
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4.3  Ce-Fe-Al-B system

Key alloy technique has been used to experimentally investigate the quaternary extension of the
Ce,Fe14B compound in the Ce-Fe-Al-B system. Based on the experience from the results of the
Cey(Fe, Ni)14B and Ce,(Fe, Si)14B solid solutions, key alloys containing various levels of Fe/Al
substitution in the Ce,(Fe, Al)14B solid solution were prepared. In this section, results of
SEM/WDS, XRD and MFM will be first explained in details and discussions of the results will

follow in a separate sub-section.

4.3.1 Phase analysis

9 key alloys were used to investigate the quaternary extension of the Ce,Fe;4B compound in the
Ce-Fe-Al-B system. Table 4.20 lists the compositions and annealing conditions of these 9 key
alloys. Figure 4.29 shows the compositions of the key alloys used in studying the Ce-Fe-Al-B

system.
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Table 4.20: Compositions of key alloys used in studying the Ce-Fe-Al-B system annealed at

Fe

900°C for 10 days
Key Actual composition (at.%o)
alloy
number Ce Fe Al B
1 12 81 1 6
2 12 79 3 6
3 12 78 4 6
4 12 76 6 6
5 12 73 9 6
6 12 70 12 6
7 12 64 18 6
8 12 66 16 6
9 12 68 14 6

Figure 4.29: : The compositions of the key alloys in the Ce-Fe-Al-B system

Ce

Fe
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The same three-phase equilibrium, among a-Fe, Ce; ;FesB, and a quaternary solid solution of Al
in CeyFe14B, was observed in key alloys 1 to 6 after annealing at 900°C for 10 days. Quaternary
solubility extensions of Ce,Fe14B measured in alloys 1 to 6 are 2 at.%, 3 at.%, 5 at.%, 7 at.%, 9
at.% and 12 at.%, respectively. Figure 4.30(a) shows the microstructure observed in alloy 1,
which is a typical microstructure observed in these six alloys. Key alloys 7 to 9 contain the same
four-phase equilibrium. These phases are o-Fe, Ce;iFe,By4, a ternary solid solution of Al in
CeyFei7 and a quaternary solid solution of Al in CeyFe14B. Quaternary solubility extensions of
the Ce,Fe14sB compound in alloys 7 to 9 are measured as 14 at.%, 15 at.% and 15 at.%,
respectively. Figure 4.30(b) shows the microstructure of key alloy 8 which is a typical
microstructure observed in the alloys 7 to 9. Table 4.21 summarizes the chemical analysis and

compositions of phases observed in the Al containing Ce-Fe-B key alloys.

»
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Figure 4.30: BSE micrographs of key alloys (a) 1 (b) 8
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Table 4.21: Chemical analysis and the corresponding phases in key alloys 1 to 9

Key Actual g.lo'bal Phase composition
alloy composition (at.%) Corresponding phase
number (at.%)
Ce | Fe | Al Ce| Fe | Al | B
12 | 80 | 2 | 6 | CexFeuxAl)B (0<x<2.5)
1 12 | 81 1 1 98 1 0 a-Fe
12 44 0 44 Ceq1FesBy4
12 | 79 | 3 | 6 | CexFeuxA)B (0<x<2.5)
2 12 | 79 3 1 96 3 0 a-Fe
12 44 0 44 Ceq1FesBy
12 | 77 | 5 | 6 | CexFenxA)B (0<x<2.5)
3 12 | 78 4 1 95 4 0 a-Fe
12 44 0 44 Ceq1FesBy
12 75 7 6 Cez(Fe14_XAIX)B (0 <x< 25)
4 12 | 76 6 1 93 6 0 a-Fe
12 44 0 44 Ceq1FesBy4
12 | 73 | 9 | 6 | Cex(FeuxAl)B (0<x<2.5)
) 12 | 73 9 1 91 8 0 a-Fe
12 44 0 44 C81.1F94B4
12 | 70 | 12| 6 | CexFenxAl)B (0<x<2.5)
6 12 | 70 | 12 1 87 |12 | 0 a-Fe
12 44 0 44 Ceq1FesBy
12 | 68 | 14 | 6 | CexFeuxAl)B (0<x<2.5)
1 86 | 13 | O a-Fe
7 12 | 64 | 18 12 | 44 0 | 4 Ce11FesBa
Cez(Fe17_XAIX)
11pes 20 (0<x<11.35)
12 | 67 | 15 | 6 | Ces(FewxAL)B (0<x<2.5)
2 84 | 14| O a-Fe
8 12 | 66 | 16 12 | 44 0 | 44 Cep1FesBy
Cex(Fer7xAly)
1perj2) 0 (0<x<11.35)
12 | 67 | 15 | 6 | CexFeuxA)B (0<x<2.5)
1 84 | 15| 0 a-Fe
9 12 | 68 | 14 12 | 44 0 | 4 Ce11FesBa
Cez(Fe17_XAIX)
116 230 (0<x<11.35)
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4.3.2 XRD analyses of the Ce-Fe-Al-B key alloys

XRD analyses were performed to identify the phases present in the nine key alloys used in
investigating the Ce-Fe-Al-B system. Si was used as an internal calibration standard to correct
the zero shift and specimen surface displacement. The Ce,(Fe1sxAlx)B solid solution was
observed in key alloys 1 to 9. XRD analysis has shown that the Ce,(Fe14-xAlx)B solid solution
crystallizes in a tetragonal structure with P4,/mnm and Nd,Fe 4B prototype. The peak positions
shift to lower angle with decreasing Fe content. The substitution of Fe by Al, which has a smaller
atomic radius, increases the unit cell parameters in the Ce,Fe;4B. This is confirmed by the
decrease of the 20 values of the peak positions as the Al concentration increases. Example of
XRD patterns of the Ce(FesxAlx)B solid solution is shown in Figure 4.31(a-b) which
corresponds to key alloys 2 and 5. The Ce; 1Fe4B4 compound was observed in key alloys 1 to 9.
Ce11Fe4B,4 crystallizes in tetragonal structure with P4,/n space group and NdCo4B, prototype.
The Cey(Fer7xAly) solid solution which was observed in key alloys 7 to 9 has Zn;7Th, prototype
and R-3m space group. . In general, these results are consistent with the SEM/WDS analysis

above-discussed but more discussion will be provided in section 4.3.5.
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Figure 4.31: XRD pattern of key alloys (a) 2, (b) 5

4.3.3 MFM characterization in the Fe region of the Ce-Fe-Al-B system

8 key alloys were selected to study the Cey(Fe, Al)14B solid solution with the aid of MFM.
Selection of the compositions of the key alloys was to cover the homogeneity range of Al in the
Cea(Fe1sxAlx)B (0 < x < 2.50) solid solution. The parameters, (scan size for example) used for
obtaining MFM micrographs during MFM tests are the same for all the key alloys in Table 4.20.

Figure 4.32 shows magnetic domain structures of alloys 2, 3 and 5.
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Figure 4.32: MFM domain micrographs of key alloys (a) 2, (b) 3, (c) 5. Scan size of each

micrograph is 30 mm

4.3.4 Intrinsic magnetic properties of the Ce,Fe;4B compound doped with Al

Six key alloys have been used to investigate the effect of Al addition on the intrinsic magnetic
properties of CeyFe;4sB. The percentage volumes of the quaternary solid solution of Al in
CeyFe4B in key alloys are all greater than 70 %, except for key alloy 6 which has 64 %. The
saturation magnetizations (Ms) were obtained in external magnetic fields of up to 50 kOe at 298
K. The anisotropy fields (Ha) were determined, using second derivative of magnetization
(d*M/dH?), by singular point detection (SPD) method. In order to investigate the effect of Al

addition on the magnetic properties of the Ce,Fe;4B compound, comparison was performed
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between magnetic properties of Ce,Fe 4B reference alloy (0) and the selected key alloys 1 to 6.
Table 4.22 shows intrinsic magnetic properties of alloys prepared along the homogeneity range
of the Cey(FesxAlx)B (0 < x < 2.50) solid solution. Figures 4.33 to 4.35 show the respective
plots of the composition dependences of saturation magnetizations, anisotropy fields and Curie
temperature on Al content in Cey(Fe14-xAlx)B solid solution.

Table 4.22: Magnetic properties of Ce,(Fe14-xAlx)B solid solution

0 0 130.0 28.1 151
1 2 * - 27.2 146
2 4 123.6 22.1 139
3 6 86.0 16.1 117
4 9 82.3 10.1 90
5 12 56.8 3.1 46
6 17 36.1 ko 72

*The measurement was not acceptable due to large error. **The test for anisotropy field was stopped
in key alloy 5 because the value is too low for PM materials.
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Cey(Fe14xAly)B solid solution at 298 K
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4.3.5 Discussion of the results of the Ce-Fe-Al-B system

9 key alloys have been used to investigate quaternary extension of the Ce,Fe14B compound in the
Ce-Fe-Al-B system at 900°C. Homogeneity range of Al in Cey(Fe1sxAlx)B solid solution is
between 0 and 15 at.% Al. The corresponding formula of this solid solution solid solution is
Cez(Fe1sxAly)B (0 < x < 2.5). XRD analysis confirmed the solid solubility of Al in this solid
solution observed in the key alloys by SEM/WDS. It also shows that this solid solution
crystallizes in a tetragonal structure with P4,/mnm space group and Nd,Fe14B prototype.

MFM analysis of the Ce,(Fe1sxAlx)B solid solution shows visible contrast of magnetic domains
in the MFM micrographs in Figure 4.32. After MFM analysis, further analyses were performed

to determine the intrinsic magnetic properties of the Ce,(Fe14xAlx)B solid solution at various Al
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concentrations. Various studies have been carried out to determine the effect of Al on the
magnetic properties of RE,Fe14B compounds, other than Ce,Fe14B, in the literature [13, 17, 105-
106]. And to study the effect of Al solubility in the Ce,Fei4sB compound on its magnetic
properties, key alloys 1 to 6 were selected. The compositions of the selected alloys cover the
homogeneity range of Ce(Fe1sxAlyx)B (0 < x < 2.5) solid solution. In Figure 4.33, it is illustrated
that saturation magnetization decreases with increasing Al concentration. This behaviour is in
agreement with the studies reported in the literatures for the RE,(Fe, Al)14B, other than Ce,Fe 4B
[17, 106]. As shown in Figure 4.34, anisotropy field decreases with increasing Al substitution of
Fe in CeyFesB. Unlike the result of Jurczyk [20] on the magnetic behaviour of Nd;Fes,.
xAlkC0o,B which shows that a maximum anisotropy field of 85 kOe is observed at x = 0.10 and
0.30 (0.6 at.% Al and 1.8 at.% Al), no maximum value of anisotropy field is observed in
Cey(FewsxAly)B solid solution. As shown in Figure 4.35, addition of Al to the Ce,Fe4B
compound reduces Curie temperature. This is in agreement with the previous studies on the
effect of Al on the other RE,Fe 4B discussed in the literature [14, 17, 106]. Beyond x = 2 (12
at.% Al in the Ce,Fe;4B compound), an unusual increase in Curie temperature is observed.
Comparing with the un-doped Ce,Fe14B reference compound, the addition of Al which reduces
the three intrinsic magnetic properties of the above-discussed Ce,(FeisxAlx)B solid solution
makes its elemental addition alone not to be promising for PM applications. Perhaps, the
interaction of Al with other additives such as Ni and/or Si will show different response. This will

be attempted in the future.
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Chapter 5

Conclusions, contributions and recommendations for future works

5.0  Conclusions

With the aid of the solid-solid diffusion couple and key alloy techniques, experimental
investigations in the Fe-rich regions of the Ce-Fe-Ni-B, Ce-Fe-Si-B and Ce-Fe-Al-B quaternary
systems have been performed. Phase equilibria in the studied regions were fully determined. No
new quaternary compound was detected, but it was identified that compounds such as: CeNisB
dissolves Fe, Fe,3Bg dissolves Ni and Ce, FesB dissolves Si and Ce, and Ce,Fe;4B dissolves Ni,
Si and Al. Homogeneity ranges of quaternary solid solutions of Ce,Fe14B in the Ce-Fe-{Ni, Si,
Al}-B systems were determined as0 <Ni <9,0<Si<14 and 0 <Al < 15, in at.%.
High-throughput method has been used to identify magnetic phases in the Fe-rich regions of the
Ce-Fe-{Ni, Si, Al}-B systems. This method allows investigating phase equilibria in the Fe-rich
regions of the Ce-Fe-{Ni, Si, Al}-B systems, using diffusion couple and key alloy techniques.
MFM analyses were used to screen out non-magnetic phases from all the identified phases in
these regions. Intrinsic magnetic properties of the magnetic phases were determined, using TGA
and PPMS.

MFM tests showed that only Ce,Fe;sB quaternary extension demonstrates potential for PM
material among the detected phases in the Fe-rich regions of the Ce-Fe-{Ni, Si, Al}-B quaternary
systems. The influences of Ni, Si and Al additives on the intrinsic magnetic properties of
Ce,Fe14B compound were studied. It was discovered that, increasing the concentrations of Ni, Si
and Al dissolving in Ce,Fe14B compound reduce saturation magnetization and anisotropy field.
The anisotropy field of Ce,Fe14sB compound, which was reported as 26.4 kOe by Grossinger et
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al. [94-95], was determined to be 28.1 kOe in this work. Ni and Si additions to Ce,Fe14B
compound increase Curie temperature, while Al reduces it. Highest value of 210°C Curie
temperature for x = 1.5 (9 at.% Ni) is observed for the Ce,Fe;4B containing Ni while highest
value of 252°C for x = 2.5 (15 at.% Si) is found for the Ce,Fe14B containing Si. The lowest value
of 46°C for x = 2 (12 at.% Al) is found for the Ce,Fe14B containing Al. From the practical
perspective, the highest Curie temperature of 252°C observed at x = 2.5 in Ce,(Fe, Si)14B solid
solution makes it to be promising for the PM materials, comparing with 151°C Curie temperature
of the un-doped Ce,Fe 4B reference compound. But in reality, this might not be the case since
the saturation magnetization and anisotropy field decrease with increasing Ni and Si contents.
Therefore, an intermediate composition with a compromised Curie temperature but with
optimum saturation magnetization and anisotropy field might be the most promising Ce-Fe-B
containing Ni or Si magnets.

Study of the Fe-Ni side of the Ce-Fe-Ni ternary systems showed that, CeNiz and Ce;Niy;
compounds extend into the ternary system through dissolving Fe. It is confirmed that the ternary
solid solutions of Fe in CeNis, Ce;Ni; and CeNis compounds extend to at least 41 at.% Fe, 16
at.% Fe and 19 at.% Fe, at 700°C and to at least 43 at.% Fe, 25 at.% Fe and 24 at.% Fe at 900°C,

respectively.

5.1 Contributions

There are no reports on the phase equilibria and magnetic properties of the phases in the Fe-rich
regions of the Ce-Fe-{Ni, Si, Al}-B quaternary systems in the literature, hence all the
contributions of this work were performed for the first time. In this work, the magnetic phases in

the Fe-rich regions in the Ce-Fe-{Ni, Si, Al}-B systems have been identified using high-
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throughput screening method. These phases are the quaternary solid solutions of Ni, Si and Al in

Ce,Fe14B. Additional contributions of this work are:

5.2

U Phase equilibria in the Fe-rich of the Ce-Fe-{Ni, Si, Al}-B quaternary systems were

established at 900°C based on the results of diffusion couples and key alloys. The
solubilities of Ni, Si and Al in Ce,Fe14B were determined using WDS and XRD analysis.
Micrographs showing the magnetic domain structures of the Cey(FeisxTx)B solid
solutions, where T denotes Ni, Si and Al, were obtained using MFM

The intrinsic magnetic properties of the Ce,(Fe14.xTx)B solid solutions, where T denotes
Ni, Si and Al, were determined. Increasing solubilities of Ni and Si in the Ce,Fe;4B were
found to reduce saturation magnetization and anisotropy field, but increase Curie
temperature. Solubility of Al in the Ce,Fei4sB reduces saturation magnetization,
anisotropy field and Curie temperature.

The Fe-Ni side of Ce-Fe-Ni ternary system was investigated in this work. There were
reports only on the ternary solid solution of Fe in CeNis and unlimited solid solution
between CeFe, and CeNi; in the literature. Extended solid solution of Fe in CeNiz and

CesNi; were observed at 700°C and 900°C for the first time in this work.

Recommendations for future work

Phase equilibria in the Fe-rich regions of Ce-Fe-{Ni, Si, Al}-B quaternary systems have been

experimentally determined in this work, studying other regions of these quaternary systems is

recommended.

Other recommendations are:

Influences of the simultaneous addition of Ni, Si and/or Al on the Ce,Fe;4B compound

are suggested for the future work;

104



Studying the extrinsic magnetic properties of Cey(Fe1sxTx)B solid solutions, where T
denotes Ni, Si and Al;

Studying the effect of fabrication process, that is melt spinning and casting, on these
magnetic properties;

Determining the phase equilibria in the Ce-Fe-Ni ternary system for the whole
composition ranges;

The use of the thermodynamic modelling coupled with the current experimental results is
recommended to construct a self-consistent database for the Ce-Fe-{Ni, Si, Al}-B

systems.
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