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ABSTRACT

The MnssBiss -xZrx (x =0, 1, 3 and 5) permanent alloys are prepared by melt-spinning process with subse-
quently annealing. The microstructure evolution of Mn-Bi-Zr alloys was systematically studied by XRD, DSC and
TEM, their coercivity mechanism was discussed by Kronmiiller equation and magnetic behaviors were analyzed
by FORC. The XRD results showed the proportion of the low temperature phase (LTP) MnBi in the as quenched
MnBi ribbons increased with the addition of Zr, and improved by annealed treatment. According to the
Kronmiiller equation, the coercivity mechanism for the Zr-free and Zr-doped MnBi alloys is explained by the
nucleation of reverse domains. The FORCs diagram showed that more than one major peak appeared for x = 0
sample, demonstrating the dispersive distribution of the interaction, resulting from isolated LTP MnBi grains by
the Mn matrix from TEM HAADF image, and the dispersive distribution of the interaction led to collapsed
hysteresis loop. Comparing to the Zr-free sample, one stronger peak is located at the lower H; in the x = 1
sample, indicating a concentrated distribution of the interaction, which resulted in a single-phase magnetized
1oop and the lower coercivity.

1. Introduction

With the development of science and technology, rare- earth per-
manent magnets with higher properties are considered as a kind of
potential materials for electronic devices, chips, micro motors and so
on. Nevertheless, the price of rare earth rises sharply due to the re-
duction of rare earth resources that limits its applications. Therefore,
the study on rare earth free permanent magnet with high performance
is significant and crucial. It has been found out that manganese pos-
sesses large magnetic moment which could be used in the field of new
magnets [1]. The high performance of Mn-based magnetic alloys has
been thoroughly studied and reported by many scholars [2,3]. High
magnetocrystalline anisotropy fi eld and positive coercivity coeffi cient
are characteristics of the low temperature phase (LTP) MnBi alloys,
which are attractive for many applications at higher temperatures
[4,5]. Although the substantial performance of MnBi alloys could be
improved by many ways, the theoretical value of coercivity for MnBi
alloy is difficult to achieve due to the coarse grains [6,7]. Under-
standing the coercivity mechanism is crucial and essential to develop
permanent magnets with high properties. Some works associated with
the coercivity mechanism of MnBi alloys have been reported so far. For
example, coercivity of MnBi melt- spun ribbons were investigated by
Guo et al. [6]. According to the work of Rao et al.[7], it was found out
that the coercivity of MnBi alloys was governed by nucleation-

controlled process which is consistent with the results reported by
Kronmdller [8]. J. Zamora et al. [9] prepared MnBi alloy rods by suc-
tion casting and discussed the switching of coercivity mechanism with
their phase distribute and microstructure in MnBi alloys. Moreover,
Betancourt et al. [10] reported that coercivity mechanism could be
defined by nucleation of reverse domains, where the nucleation field is
determined by the MnBi/Bi interface.

Element doping is considered as a kind of methods to improve the
magnetic performance of MnBi alloys. It is reported that the Pr element
doping stabilized the low- temperature phase, and the changed mag-
netic properties were explained as competing ferromagnetic and anti-
ferromagnetic interaction between Mn atoms on interstitial sites and
the original Mn lattice by P. Kharel et al. [11]. Yang et al. [12] in-
vestigated that the Ga-doping increased the Curie temperature of
Mns 5Biss alloy and the phase transformation temperature of LTP-MnBi
to HTP-MnBi. The doping of a series of metals, such as Sb, Al, Cu and Ti,
has also been studied [13—-15]. However, there are few studies on Zr
doping MnBi alloy.

Based on the first-order-reversal-curves (FORC), the magnetization
reversal behavior and exchange coupling for these alloys could be de-
termined to show the message about the distribution of interaction or
switching fi eld and the ratio of the (ir) reversible magnetization pro-
cesses in the sample. In this paper, coercivity mechanism and FORC
analysis of MnssBiss -xZrx (x = 0, 1, 3 and 5) alloys were discussed
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Keywords:
Microstructure
Nanocomposite magnet
Domain

Magnetic properties

1 n this work, the correlation between the microstructure and magnetic properties for (Ndo sCeo.2)1.6Fe12C0,BTix
x = 0~2 wi%) alloys are investigated. The results reveal that proper Ti addition tends to result in relevant
mprovements of magnetic properties by microstructure refinement, especially in the coercivity H. It is shown
'hat the enhanced maximum energy products (BH)max Of 14.5 MGOe and coercivity H of 6.63 kOe have been
‘obtained with Ti content at x = 0.5 and x = 1.5, respectively. The magnetic domain structures show that the Ti-

doped alloy with the regular and homogeneous domains structure with stronger contrast is in charge of the
better magnetic performance and give the evidence for the increase of domain width D, and domain wall energy
w resulting in a strong increase of exchange coupling interaction.

1. Introduction

Rare-earth permanent magnets are used in various industries as
functional materials since they were first reported in 1983 [1,2].
However, the rapid development and large- scale application of per-
manent magnets have led to the ever-rising costs and rapid consump-
tion of critical elements. In recent years, many researchers are focusing
on permanent magnets by replacing Nd in Nd,Fe 4B alloys with La or
Ce [3-5], which is of great significance for saving the key elements Nd
and developing the rare-earth permanent magnets. In 2015, Pathak
et al. [6] successfully achieved the best overall magnetic properties
(coercivity He: 7.8 kOe, maximum energy products (BH)max: 16 MGOe)
for (Ndo.sCeq.2)2Fe12Co2B ribbons. Furthermore, as reported in our
previous study for the low rare-earth Nd-Ce-Fe-Co-B [7] and Nd-Ce-Fe-
Co-Zr-B [8] nanocomposite alloys, we have obtained a fairly better
magnetic properties (Hg = 6.02 kOe) with Zr-doped. Nevertheless,
compared to the (Ndo.sCeg 2)2Fe12Co,B alloys, the comprehensive
magnetic performance of the Zr- doped nanocomposite alloys are not
impressive, especially for the intrinsic coercivity (Hg) and the micro-
structure refinement mechanism in the (Ndo.gCeg.2)2Fe12Co2B nano-
composite alloy is not understand yet.

As a feasible method for optimizing the magnetic performance and
refi ning the microstructure in a - Fe/ Nd; Fe14 B alloys, doping with Ti
element is an eff ective method and has been reported before. For in-
stance, Wu et al. [9] found that the addition of Ti could refine the grain

" Corresponding authors.

size and result in improvement of the magnetic performance. Also,
Derewnicka- Krawczynska et al. [10] suggested the nanocrystalline al-
loys with Ti doped are the most eff ective comparatively with those
traditionally doped with other elements. Therefore, the magnetic
properties and microstructure of (Ndo.sCeo.2)1.6Fe12C0o2BTiy are sys-
tematically investigated. Particularly, the eff ects of Ti doping on the
characteristics of domain structures will be discussed.

2. Materials and methods

A series of Ti-doped ribbons with compositions
(Ndo.sCeo.2)1.6Fe12C02BTix (x=0, 0.5, 1, 1.5 and 2 wt%) were pre-
pared with a wheel speed of 25 m/s. The samples hereafter named Ti-0,
Ti-0.5, Ti-1, Ti-1.5, and Ti-2, respectively. The as-spun Ti-doped ribbons
were subsequently annealed between 813 K and 983 K for 5 min and
then quenched in furnace to determine the temperature T, at which the
energy product (BH)max Was maximized and obtain a homogeneity
microstructure. The phase constitution and thermal behaviors were
recorded by X-ray diff raction (XRD) and diff erential scanning calori-
meter (DSC, METTLER TOLEDO-1LF1600), respectively. The magnetic
measurements were recorded by Lake Shore VSM, the ribbons for the
magnetic measurements were 1~2 mm-wide, 6 mm-long and 30-pum-
thick. Magnetization measurements were made with the magnetic field
direction in the plane of the ribbons in order to minimize the de-
magnetization effect. Magnetic domain structures of the annealed alloys
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In the present work, the (Ndy sCep.2)2Fe12Co, -4TikB (x = 0—-0.6) permanent alloys are prepared by melt-spin-
ning method. Ti addition has proved to result in relevant improvements in the microstructure and magnetic
properties. The enhanced coercivity H of 7.13 kOe and maximum energy product (BH)nax of 16.24 MGOe with
a slight decrease in B, only have been obtained with the Ti content at x = 0.4. Microstructural observations
reveal that the significant improvements of magnetic properties originate from the hard 2:14:1 magnetic phase

refinement by introducing Ti element. The magnetization reversal behavior and energy loss characteristic have
also been thoroughly investigated. The first-order reversal curves (FORCs) suggest that the Ti-doped sample with
a higher maximum p of the major peak and the flat surface is responsible for the stronger inter-phase exchange
coupling and better magnetic performance.

1. Introduction

Nd; Feq 4 B-type nanocomposite magnets consisting of hard and soft
magnetic phases have attracted considerable attention, especially for
the melt-spun Nd,Feq4B-type ribbons which are used as raw materials
for the production of bonded magnets and hot- pressed magnets due to
their outstanding combination of magnetic properties [1,2]. However,
the use of the heavy rare earth (HRE) such as dysprosium (Dy) and
terbium (Tb) raises the production cost of the permanent magnets,
which is unfavorable to the development of Nd-Fe-B industry. As a
result, the scientifi c researchers pay a great interest in the low- cost
permanent Nd-Ce-La-Fe-B by using the abundant rare-earth metals such
as La and Ce to substitute Nd element [3,4]. However, the magnetic
properties of these Nd-Ce-La-Fe-B alloys are much inferior to the
Nd; Fe14B-type magnets, the discrepancy between these two nano-
composite alloys is primarily due to the low intrinsic magnetic prop-
erties of the (Ce/La),Fes4B. Recently, it has also been shown that ad-
ditives can enhance the coercivity effectively by refining the
microstructure and modifying the phase formation process. For in-
stance, Derewnicka- Krawczyn ska et al. [5] reported that the alloys of
Nd doped with Ti are the ones that behave best with respect to the
(BH)max (13.82 MGOe) in the NdgFez4B14Tis nanocomposite alloys.
Also, Wang et al. [6] suggested that the addition of Ti in the nano-
crystalline monophase Nd- Fe- B magnets can inhibit the grain growth

" Corresponding authors.

and refine the microstructure. However, the literature that system-
atically reported concerning the mechanism of Ti addition in improving
the magnetic properties and refining the microstructure of the Nd- Ce-
Fe- B nanocomposite alloys is limited.

In the present work, the eff ect of the Ti content on the magnetic
properties, microstructure and the demagnetization reversal behavior
were studied for the (Nd gCeq.2)2Fe12Coz —«TixB (x = 0-0.6) magnets.
Meanwhile, the magnetization reversal processing of these nano-
composite alloys were also investigated by measuring the first- order-
reversal- curve (FORC), which contained the detailed information about
the magnetic properties and exchange- coupling behavior.

2. Materials and methods

The samples were fabricated using the following technique: the
ingredients of (Ndo.gCe.2)2Fe12C0, «TixB (x = 0-0.6) were initially
alloyed by threefold arc melting in order to obtain a homogeneous
composition. Metals of Nd, Ce, Fe, Co and Ti with purity of 99.99%, and
FeB (B: 18.69 wt%) were used. As-quenched ribbons were produced
under argon atmosphere onto a rotating molybdenum wheel at a sur-
face speed of 18 m/s and subject to characterizations. The phase con-
stitution of these as-quenched samples was characterized by X-ray dif-
fraction (XRD) using Cu K, radiation at a scanning speed of 1°/min, the
phase volume fraction was estimated by Jade software. Magnetic
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Fe/ Pt and C/ Fe/ Pt multilayer thick- fi Ims with different confi gurations were prepared by pulsed laser
deposition technique and their microstructures and magnetic properties of FePt thick- fi Ims have been
investigated. Compared to [Fe(0.972 mm)/Pt(1.192 mm)] and [Fe(0.486 mm)/Pt(0.596 mm)], multilayer
thick- fi Ims, higher performance of magnetic properties with the coercivity about 875 kA/m was obtained

in the [Fe(0.243 mm)/Pt(0.298 mm)], film because of the enhancement in interdiffusion among the thinner

Keywords:
Fe/ Pt multilayer thick fi Im

Pulsed laser deposition
Carbon layer addition
Magnetic  properties

Fe and Pt layer. Additional C layers refine grains of the films, leading to an enhancement of the coercivity
up to 1200 kA/m and a stronger exchange- coupling between the hard and soft magnetic phase.

@ 2017 Elsevier B.V. All rights reserved.

1 . Introduction

Thick- film magnet has recently received increasing attention
due to its potential application in the fi eld of microactuators and
micromotors for micro- electro- mechanical systems ( MEMS) tech-
nologies and small- size devices[1—-3]. As a promising material can-
didate for the next generation high-density magnetic recording
medial [4,5], FePt film has been widely studied due to its high sat-
uration magnetization, large magnetocrystalline anisotropy, high
Curie temperature, good thermal stability, and good corrosion
resistance. However, most of the research works focus on FePt thin
film with a thickness of less than 100 nm prepared by sputter
deposition [6,7] and molecular beam epitaxy (MBE) [8,9], FePt
thick- fi Im magnets with superior hard magnetic properties have
less reported. To date, Nakano et al. [3,10] prepared hard magnetic
FePt thick fi Ims by a high- speed pulsed laser deposition method
and investigated the magnetic properties of the obtained films
with the laser power. They obtained a ( BH) max Vvalue exceeding
100 kJ/m® in an anisotropic Fe-Pt thick-films. Yanai et al. [11] fab-
ricated Fe- Pt thick- fi Ims by electroplating method successfully and
a coercivity of 700 kA/m was realized after an annealing treatment.
The above- mentioned FePt thick-films magnet, however, had
mainly alloy films, FePt thick fi Ims with a multilayer structure have
not been investigated.

In this paper, FePt thick- fi Ins magnets with different multilayer
structures have been prepared by pulsed laser deposition method,

* Corresponding author at:  Magnetism Key laboratory of Zhejiang Province,
College of Materials Science and Engineering, China Jiliang University, 258 Xueyuan
Street, Hangzhou 310018, China.

E- mail address: wugiong@ cjlu. edu.cn (Q. Wu).

http://dx.doi.org/10.1016/j.jmmm.2017.06.003
0304-8853/@ 2017 Elsevier B.V. All rights reserved.

the structural and magnetic properties of FePt thick- fi Ims magnets
have been investigated. Additionally, the infl uence of the addition
of a carbon layer on magnetic properties has been discussed.

2 . Experimental procedure

Pulsed Laser Deposition ( PLD) was employed to prepare Fe/ Pt
multilayer thick- films. In the preparation process, Fe, Pt, and C tar-
gets were used separately. For PLD, a KrF excimer laser with
248 nm wavelength, 25 ns pulse width and at 10 Hz repetition rate
was used. The distance between a target and a substrate was fi xed
at 25 mm. The films were deposited with a substrate temperature

of 200 , C, a laser energy of 300 mJ and a base pressure of 1 x 10 —*

Pa. The films were deposited in 1.0 Pa high purity Ar
atmosphere. The as-deposited films consist of a structure with
[C(tc mm)/Fe(tre mm)/Pt(tex mm)], on a glass substrate. For this set

of films, (tee + tpt) X N was kept as constant. The thickness of every

layer was calculated by a deposition speed which can be obtained
by measuring the thickness of Fe, Pt and C single layer deposited
for 60 min. The thicknesses of the three single layer films
are 0.486 mm, 0.596 mm, and 0.920 mm, respectively. The structure
of three multilayer thick films can be thus determined as
[Fe(0.972 mm)/Pt(1.192 mm)], [Fe(0.486 mm)/Pt(0.596 mm)], and
[Fe(0.243 mm)/Pt(0.298 mm)]4, respectively. The as-deposited films

were then annealed at 600 , C for two hours in vacuum at a pres-

sure better than 1 x 10 —* Pa. X-ray diffraction (XRD) was used to

examine phase composition. Microstructure investigation was
carried out by a Hitachi 4800 field emission scanning electron
microscope (FE-SEM). The thickness of films was measured by
using FE-SEM to observe cross section of the film. Vibrating-
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Abstract

In this work, the Ceq7FezsBsGax (x = 0~3) nanocrystalline alloys are prepared by the direct melt spinning method with the wheel

speed of 18 m/s. The effect of Ga content on the hard magnetic properties and the crystal structure of Cey7FezgBcGax (x =0~3)
nanocrystalline alloys has been investigated. The results show that the Curie temperature (T.) and the phase content hard

magnetic Ce;Fe 4B phase can be increased by adding appropriate amount of low melting point Ga element. The results of
magnetic properties show that the enhanced magnetic properties are obtained for the alloy with x =1: Hj=5.61 kOe, B, = 54 kG,
Hi/Hg =049, and(BH)max = 5.1 MGOe. The magnetization reversal characteristics ofthe alloys are analyzed by the recoil loops
and the BM-H curves; the sample with the Ga-doped shows a single hard magnetic behavior. The positive peak of 6M-H curve of
the sample (x = 1) is obviously sharper and the peak value is higher, indicating the strongest magnetic interaction between grains.
The reasons of the enhanced magnetic properties for the Ce-Fe-B alloy by the Ga addition are analyzed depending on the

microstructure.

Keywords Ce-Fe-B - Magneticproperties - Exchange-coupled effect - Microstructure

1 Introduction

With the continuous expansion ofthe application field and the
increasing demand of rare earth permanent magnetic mate-
rials, a large number of critical raw rare earth elements (as
Dy, Tb, Nd) are over consumed, while the La, Ce, Y elements
with high abundance are over stocked [1-3]. Meanwhile, the
separation and purification processes of rare earth cause seri-
ous environmental pollution. Therefore, due to the high mag-
netic performance and analogous structure, the development
ofthe high abundance rare earth permanent magnetic magnets
can not only reduce the production cost, but also realize the
comprehensive and balanced utilization ofrare earth resources

*  QiongWu
wuging@djlu.edu.cn

* YongGu
guyonghz@126.com

Magnetism Key Laboratory of Zhejiang Province, China Jiliang
University, Hangzhou 310018, China

2 Qianjiang College, Hangzhou Normal University,
Hangzhou 310036, China

[4-6]. In additionally, the Ce,Fe14B alloy obtains a higher
saturation magnetization @mtiM) and ambient anisotropic field
(MoHA)[4], it indicates that the Ce,Fei,Bmagnet is identified
asa potential substitution of Nd,Fe4B permanent magnets
[7-13].

In recent years, in the study of Ce,Fe;4B-type magnet with
CesFeq4B phase as the main hard magnetic phase, Herbst et al.
[9] successfully prepared Ce 17Fe;gBg alloys by melt
quenching method and finally obtained a favorable magnetic
performance with the (BH)max = 4.1 MGOe and H;= 6.2 kOe.
Furthermore, Xu et al. [14] suggested that the Ce;7Fe;sBg
ribbon with Zr addition can refine the microstructure and en-
hance the exchange coupling interaction. Therefore, the opti-
mization of Ce-Fe-B alloy composition and preparation pro-
cess parameters is the key to obtain high magnetic properties
performance of the Ce,Fe;4B-type alloys.

In the current work, the effect of Ga content on the hard
magnetic properties and the crystal structure of Cej7Fezs.
«BeGax (x = 0~3) nanocrystalline alloys has been systemati-
cally studied. Furthermore, the magnetization reversal charac-
teristics of the alloys are analyzed by the recoil loops and the
6M-H curves. These studies have a certain theoretical value
for obtaining the enhanced magnetic properties of the
CejFe4B-type magnets by controlling the composition to
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