
中国计量大学新增博士研究生指导教师申请表

申请一级学科： 仪器科学与技术

除表中另有说明外，所填报各项与时间相关的内容均截至 2021年12月30日，

“近五年”的统计时间为2017年1月1日至2021年12月30日。

一、基本情况

姓名 吴琼 性别 女 出生年月 1981.11

高层次人才 / 联系方式 13588017815

最高学位及授予单位 博士，中国科学院宁波材料技术与工程研究所

最高学历，毕业时间，毕业单位 博士研究生，2012.07，中国科学院研究生院

职称，获得职称年月 正高级工程师，2019.12

目前所在学院和一级学科 材化学院，材料物理与化学学科

主要研究方向 磁性材料，材料检测方法

主要学习和工作经历，从研究生开始

自何年月 至何年月 单位 学习或工作

2003.09 2006.06 中国计量大学 硕士研究生

2009.09 2012.06 中国科学院宁波材料技术与工程研究所 博士研究生

2006.07 至今 中国计量大学 教师

2016.12 2017.03
德国联邦物理技术研究院/德

国国家计量院（PTB）
访问学者

二、指导研究生情况

序号 年级
研究生姓名

（层次）

本人担任的

主要工作
研究生培养单位

学院

审核人

1 2015级 杨洋（硕士生） 第一指导教师 中国计量大学

2 2017级 李进婷（硕士生） 第一指导教师 中国计量大学

3 2018级 涂元浩（硕士生） 第一指导教师 中国计量大学

三、近五年立项主持的代表性科研项目

项目名称及编号
项目来源

（项目类型）
起止时间

经费

（万元）

本人排名

/总人数

学院

审核人

磁-热-力协同作用

MnBi/Nd2Fe14B复合

永磁体的织构控制及

交换耦合机理

（编号：51771176）

国家自然科学基金

（面上项目）

2018.01-

2021.12
57 1/6



稀土效能溯源与高

效利用评价体系研

究（编号：

2019YFF021720）

国家重点研发计划课题

（国家重点项目）

2019.11-

2021.11
90 1/10

高耐蚀耐温高性能

低重稀土钕铁硼研

发（编号：

2021C01190）

浙江省重点研发计划

（省级重点）

2021.03-

2023.12
390 1/20

近五年到账总经费： 785 （万元）

四、近五年发表的代表性学术论文

序号 论文名称 刊物名称 发表时间

SCI（中科院

发表当年度分

区）、SSCI收

录

本人排名/

总人数

学院

审核

人

1

Coercivity
mechanism and
FORC analysis of

MnBi-based
permanent alloy

Journal of
Magnetism

and
Magnetic
Materials

2020.02 SCI(三区) 1/6

2

Magnetic properties
enhancement by
microstructure
refinement for Ti

doped α-
Fe/Nd2Fe14B alloys

Journal of
Magnetism

and
Magnetic
Materials

2019.12 SCI(三区) 1/6

3

Study of the role of
Ti doping on

magnetic properties
of some

nanocomposite
alloys of α-

Fe/Nd2Fe14B type

Journal of
Magnetism

and
Magnetic
Materials

2019.02 SCI(三区) 1/6

4
Enhanced coercivity
in C/Fe/Pt thick-
film magnets

Journal of
Magnetism

and
Magnetic
Materials

2017.11 SCI(三区) 2/6
通讯作者

5

Effect of the Ga
Content on the

Magnetic Properties
and Microstructure

of the
Nanocrystalline Ce-

Fe-B Alloys

Journal of
Superconductivity

and Novel
Magnetism

2021.05 SCI(四区) 3/7
通讯作者



五、近五年出版的学术专著

序号 专著名称 出版社名称，时间
本人排名

/总人数

学院

审核人

1 XXX XXXX出版社，XXXX.XX 1/XX

六、近五年获省部级及以上科研成果奖

序号 获奖名称 授予单位，获奖等级，时间
本人排名/

总人数

学院

审核人

1
粘结复合永磁体三维可控构筑

技术及产业化应用

浙江省人民政府，三等奖，

2021.12.31
1/9

2
基于硬磁主相设计的稀土永磁

材料关键制备技术及产业化

浙江省人民政府，二等奖，

2020.12.31
2/11

七、近五年授权发明专利

序号
专利名称

（国别及专利号）

授权

时间

专利有效

期止

技术转让

到账经费

(万元)

本人排名/

总人数

学院

审核人

1
一种强韧性高性能钐钴磁体的制

备方法（中国专利，专利号：

201910811537.9）
2021.03 2041.03 5 1/5

2
一种各向异性SmCo/MnBi复合磁

体及其制备方法（中国专利，专

利号：201811571457.2）
2020.05 2040.05 5 1/5

3

一种氮类稀土配合物制备高矫顽

力钐铁氮磁体的方法（中国专利

，专利号：ZL 201810920168.2
）

2019.08 2039.08 5 1/5

4

提高Fe3B/Nd2Fe14B系磁性合金

内禀矫顽力的制备方法（中国专

利，专利号：

ZL201510803892.3）

2018.10 2038.10 5 1/5

5
一种磁粉芯饱和磁感应强度的检

测方法（中国专利，专利号：

ZL201610288267.4）
2017.12 2037.12 未技术转让 1/5

专利技术转让到校总经费： 20(万元)

八、近五年主持制定并颁布实施的规程/规范/标准

序号 成果名称（编号） 发布单位 发布时间及类别
本人排名/

总人数）

学院

审核人

1 无 XXXXXX XXXX.XX，国家标准 1/XX

九、近五年获正省（部）级及以上领导肯定性批示

序号 成果名称 批示领导及职务 批示时间
本人排名/

作者人数

学院

审核人

1 无 XXX XXXX.XX 1/XX



与学位授权点学
科方向契合的成
果（至少填一项

）

第 三 项，第 2 条

第 七 项，第 5 条

第 项，第 条

第 项，第 条

第 项，第 条

第 项，第 条

本人以上填写内容真实性、准确性无误，工作中未有学术不端行为，自觉践行“四

个统一”，做学生成长成才的指导者和引路人。

申请人签名： 年 月 日

申请人所在学院、党委审核推荐意见（明确填写是否符合博士生导师任职资格条件

，是否同意推荐）:

院长签名： （学院盖章） 党委书记签名： （党委盖章）

年 月 日 年 月 日

学科委
员会
意见

应到委员人数 实到委员人数 同意票数 反对票数 弃权票数

是否推荐：是 否 委员会主任签名： 年 月 日

研究生院复核意见：

（研究生院盖章）

分管领导签名： 年 月 日

校外

专家评
审

结果

评审专家数 强烈推荐 推荐 一般推荐 不推荐

校学科
建设委
员会
意见

应到委员人数 实到委员人数 同意票数 反对票数 弃权票数

是否通过：是 否 委员会主任签名： 年 月 日

学校意见：

（签章）

年 月 日



包括：合同首页、参加人员

页、经费页、签名盖章页。

包括：检索证明、封面、 目录、

正文首页、刊号。

包括：封面、 目录、相关内容。

获奖证书。

专利证书。

相关材料全文。

：相关材料全文。

相关证明材料。















国家重点研发计划

课题任务书

课题名称： 稀土效能溯源与高效利用评价体系研究

所属项目：

稀土磁性材料稀土原子物态检测、效能溯源与高效利

用评价技术

所属专项： 国家质量基础的共性技术研究与应用

项目牵头承担单位： 安徽大地熊新材料股份有限公司

课题承担单位： 中国计量大学

课题负责人：

执行期限：

吴琼

2019 年 12 月 至 2021 年 11 月



课题名称 稀土效能溯源与高效利用评价体系研究

课题编号 2019YFF0217205

所属项目 稀土磁性材料稀土原子物态检测、效能溯源与高效利用评价技术

所属专项 国家质量基础的共性技术研究与应用

密级 ■公开 □秘密 □机密 单位总数 1

课题类型 □基础前沿■重大共性关键技术□应用示范研究□其他

课题活动类型 □基础前沿■应用研究□试验发展

课题研究

所属学科

材料科学

材料检测与分析技术

课题成果应

用的主要国

民经济行业

科学研究和技术服务业

专业技术服务业

质检技术服务

课题的社会

经济目标

工商业发展

产业共性技术

经费预算 总需求 90.00 万元， 其中中央财政专项资金需求 90.00 万元

课题周期节点
起始时间 2019 年 12 月 结束时间 2021 年 11 月

实施周期 共 24 个月 预计中期时间点 2021 年 01 月

课题

承担

单位

单位名称 中国计量大学 单位性质 大专院校

单位所在地 浙江省 杭州市 江干区 组织机构代码 123300004700090

698

通信地址 浙江杭州下沙高教园区学源街 邮政编码 310018

银行账号 1202026209008932114
法定代表人

姓名
宋明顺

单位开户

名称
中国计量大学

开户银行

(全称)
102331002622|中国工商银行股份有限公司杭州高新支行
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课题

负责

人

姓 名 吴琼 性 别 □男 ■女 出生日期 1981-11-21

证件类型 身份证 证件号码 340821198111213026

所在单位 中国计量大学

最高学位 ■博士□硕士□学士□其他

职 称 □正高级■副高级□中级□初级□其他 职务 无

电子邮箱 wuqiong@cjlu.edu.cn 移动电话 13588017815

课题

联系

人

姓 名 马正 电子邮箱 mazheng1227@cjlu.edu.cn

固定电话
0571-86836062

移动电话 18858176692

证件类型 身份证 证件号码 321102198202111519

课题

财务

负责

人

姓 名 陈国旗 电子邮箱 chenguoqi@cjlu.edu.cn

固定电话
0571-86836058

移动电话 13958167092

证件类型 身份证 证件号码 132132197109064614

其他

参与

单位

序号 单位名称 单位性质 组织机构代码

课题参

加人数
8 人。其中：

高级职称 3 人，中级职称 2 人，初级职称 0 人，其他 3 人；

博士学位 3 人，硕士学位 1 人，学士学位 4 人，其他 0 人。

课题

简介

(限 500

字以

内)

在获得不同稀土磁性材料的稀土元素分布结构特征的基础上， 利用有限元仿真分

析， 结合不同的边界条件， 综合分析不同稀土/重稀土元素分布及其与其他元素的

结合状态对磁体反磁化行为的作用机理，构建低重稀土烧结钕铁硼、高丰度稀土

永磁材料、表面扩散稀土永磁材料、稀土永磁铁氧体材料等稀土磁性材料“重稀

土元素分布-微磁学模拟-性能”的关系传递链，采用数据驱动技术建立材料性能

预测模型，形成稀土元素效益评价体系。
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1.专业技术职称： A、正高级 B、副高级 C、中级 D、初级 E、其他；

2.投入本课题的全时工作时间(人月)是指在课题实施期间该人总共为课题工作的满月度工作量；累计是指课题组所有人员投入人月之和；

3.课题固定研究人员需填写人员明细；

4.是否有工资性收入： Y、是 N、否；

5.人员分类代码： B、课题负责人 C、项目/课题骨干 D、其他研究人员；

6.工作单位： 填写单位全称，其中高校要具体填写到所在院系。

序

号
姓名 性别 出生日期 证件类型 证件号码

专业技

术职称
职务

最高

学位
专业

投入本课题的

全时工作时间

(人月)

人员分类

代码

在课题中分

担的任务

是否有

工资性

收入

工作单位

1 吴琼 女 1981-11-21 身份证 340821198111213026 副高级 无 博士
磁性材料

检测
12

课题负责

人
课题负责人 是

中国计量大学材料与化学

学院

2 颜冲 男 1969-01-14 身份证 43040319690114051X 正高级 无 博士 材料学 12 课题骨干 微磁学分析 是
中国计量大学材料与化学

学院

3 杨杭福 男 1986-01-07 身份证 331023198601075138 中级 无 博士
测试计量

技术
20 课题骨干

检测技术研

究
是

中国计量大学材料与化学

学院

4 王子生 男 1981-12-25 身份证 372526198112254113 中级 无 硕士
磁性材料

测量
18

其他研究

人员
样品检测 是

中国计量大学材料与化学

学院

5 徐玫 女 1967-05-20 身份证 410203196705200023 副高级 无 学士 质量管理 12
其他研究

人员

不确定度分

析
是

中国计量大学材料与化学

学院

6 李进婷 女 1994-04-14 身份证 13072219940414602X 其他 无 学士
材料物理

与化学
20

其他研究

人员
样品检测 否

中国计量大学材料物理与

化学

7 曾未佳 男 1995-12-24 身份证 330922199512241014 其他 无 学士
材料物理

与化学
20

其他研究

人员
数据分析 否

中国计量大学材料与化学

学院

8 涂元浩 男 1995-12-01 身份证 50010419951201081X 其他 无 学士
材料物理

与化学
20

其他研究

人员

有限元软件

计算
否

中国计量大学材料与化学

学院
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固定研究人员合计 134 ／ ／ ／ /

流动人员或临时聘用人员合计 0 ／ ／ ／ /

累计 134 ／ ／ ／ /
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课题(2019YFF0217205) 承担单位基本情况表
表B1

填表说明：1.组织机构代码指企事业单位国家标准代码，单位若已三证合一请填写单位统一社会信用

代码，无组织机构代码的单位填写“000000000”；
2.单位公章名称必须与单位名称一致。

课题编号 2019YFF0217205 执行周期(月) 24

课题名称 稀土效能溯源与高效利用评价体系研究

课

题

承

担

单

位

单位名称 中国计量大学

单位性质 大专院校

单位主管部门 浙江省教育厅 隶属关系 地方

单位组织机构代码 123300004700090698

单位法定代表人姓名 宋明顺

单位所属地区 浙江省 杭州市 江干区

电子邮箱 kjc@cjlu.edu.cn

通信地址 浙江杭州下沙高教园区学源街

邮政编码 310018

相

关

责

任

人

课题负责人

姓名 吴琼

身份证号码 340821198111213026

工作单位 中国计量大学

电话号码 0571-87676292 手机号码 13588017815

电子邮箱
wuqiong@cjlu.ed

u.cn
邮政编码 310018

通信地址 浙江省杭州市下沙学源街258号

课题财务负责人

姓名 陈国旗

电话号码 0571-86836058 手机号码 13958167092

传真号码 0571-86836049

电子邮箱 chenguoqi@cjlu.edu.cn
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课题预算表

表B2 课题编号： 2019YFF0217205 课题名称：
稀土效能溯源与高效利用评价体系研
究 金额单位：万元

序号

预算科目名称 合计 中央财政专项资金 其他来源资金

(1 ) (2 ) (3 ) (4 )

1 一、经费支出 90.00 90.00

2 (一)直接费用 75.00 75.00

3 1、设备费

4 (1)购置设备费

5 (2)试制设备费

6 (3)设备改造费

7 (4)设备租赁费

8
2、劳务费、专家咨询费、会议/差旅/国际合作交
流费、其他支出 15.00 15.00

9 ( 1 )劳务费 3.00 3.00

10 ( 2)专家咨询费 5.00 5.00

11 (3)会议/差旅/国际合作交流费 7.00 7.00

12 ( 4)其他支出

13
3、材料费、测试化验加工费、燃料动力费、出版
/文献/信息传播/知识产权事务费 60.00 60.00

14 ( 1 )材料费 30.00 30.00

15 ( 2)测试化验加工费 20.00 20.00

16 ( 3)燃料动力费

17 (4)出版/文献/信息传播/知识产权事务费 10.00 10.00

18 (二)间接费用 15.00 15.00

19 二、资金来源 90.00 90.00

20 (一)中央财政专项资金 90.00 90.00 /

21 (二)其他来源资金 /

22 1、地方财政资金 /

23 2、单位自筹资金 /

24 3、其他渠道获得资金 /
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扫描全能王 创建





































Journal of Magnetism and Magnetic Materials 50 3 (2 0 2 0 ) 16 6 6 0 0

Contents lists available at ScienceDirect

Journal of Magnetism and Magnetic Materials

journal homepage: www. elsevier. com/ locate/ jmmm

Research articles

Coercivity mechanism and FORC analysis of MnBi-based permanent alloy
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The Mn5 5Bi45 −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 Kronmüller 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
Kronmü ller 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 Hc in the x = 1
sample, indicating a concentrated distribution of the interaction, which resulted in a single- phase magnetized
oop 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 signifi cant and crucial. It has been found out that manganese pos-
sesses large magnetic moment which could be used in the fi eld 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 diffi cult 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
Kronmü ller [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. [ 1 0 ] reported that coercivity mechanism could be
defi ned by nucleation of reverse domains, where the nucleation fi eld 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. [ 1 1 ] . Yang et al. [ 1 2 ] in-
vestigated that the Ga-doping increased the Curie temperature of
Mn5 5Bi4 5 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 [1 3 –15 ] . However, there are few studies on Zr
doping MnBi alloy.

Based on the fi rst- 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 Mn55Bi45 − xZrx ( x = 0, 1 , 3 and 5) alloys were discussed
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n this work, the correlation between the microstructure and magnetic properties for (Nd0.8Ce0.2 )1.6Fe12Co2BTix
x = 0~ 2 wt% ) 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 Hcj. It is shown
hat the enhanced maximum energy products (BH)max of 14.5 MGOe and coercivity Hcj 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 Dw 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 Nd2 Fe1 4 B alloys with La or
Ce [3–5] , which is of great signifi cance 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 Hcj: 7.8 kOe, maximum energy products (BH)max: 16 MGOe)
for (Nd0.8Ce0.2 )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 (Hcj = 6.02 kOe) with Zr-doped. Nevertheless,
compared to the (Nd0. 8Ce0. 2 )2Fe12Co2B alloys, the comprehensive
magnetic performance of the Zr- doped nanocomposite alloys are not
impressive, especially for the intrinsic coercivity ( Hcj) and the micro-
structure refinement mechanism in the (Nd0.8Ce0.2 )2Fe12Co2B nano-
composite alloy is not understand yet.

As a feasible method for optimizing the magnetic performance and
refi ning the microstructure in α - Fe/ Nd2 Fe1 4 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

size and result in improvement of the magnetic performance. Also,
Derewnicka- Krawczyń ska et al. [ 1 0 ] 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 (Nd0.8Ce0.2 )1.6Fe12Co2BTix 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
(Nd0.8Ce0.2)1.6Fe12Co2BTix (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 Ta 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 - μm-
thick. Magnetization measurements were made with the magnetic fi eld
direction in the plane of the ribbons in order to minimize the de-
magnetization eff ect. Magnetic domain structures of the annealed alloys
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In the present work, the (Nd0.8Ce0.2 )2Fe12Co2 −xTixB (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 Hcj of 7.13 kOe and maximum energy product (BH)max of 16.24 MGOe with
a slight decrease in Br 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
refi nement 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 ρ of the major peak and the flat surface is responsible for the stronger inter-phase exchange
coupling and better magnetic performance.

1 . Introduction

Nd2 Fe1 4 B- type nanocomposite magnets consisting of hard and soft
magnetic phases have attracted considerable attention, especially for
the melt- spun Nd2Fe1 4 B- 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
Nd2 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) 2Fe14B. 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- Krawczyń 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 Nd8Fe74B14Ti4 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

and refine the microstructure. However, the literature that system-
atically reported concerning the mechanism of Ti addition in improving
the magnetic properties and refi ning 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 (Nd0. 8Ce0.2 )2Fe12Co2 −xTixB (x = 0–0.6) magnets.
Meanwhile, the magnetization reversal processing of these nano-
composite alloys were also investigated by measuring the fi rst- 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 (Nd0. 8Ce0.2 )2Fe12Co2 −xTixB (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 Kα 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 lms with different confi gurations were prepared by pulsed laser
deposition technique and their microstructures and magnetic properties of FePt thick- fi lms have been
investigated. Compared to [Fe(0.972 mm)/Pt(1.192 mm)] and [Fe(0.486 mm)/Pt(0.596 mm)]2 multilayer
thick- fi lms, higher performance of magnetic properties with the coercivity about 8 7 5 kA/ m was obtained
in the [Fe(0 .243 mm)/Pt(0 .298 mm)] 4 fi lm because of the enhancement in interdiffusion among the thinner
Fe and Pt layer. Additional C layers refi ne grains of the fi lms, leading to an enhancement of the coercivity
up to 1 2 0 0 kA/ m and a stronger exchange- coupling between the hard and soft magnetic phase.

@ 2017 Elsevier B.V. All rights reserved.
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1 . Introduction

Thick- fi lm 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 fi lm 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
fi lm with a thickness of less than 10 0 nm prepared by sputter
deposition [6 , 7 ] and molecular beam epitaxy (MBE) [8 ,9 ] , FePt
thick- fi lm magnets with superior hard magnetic properties have
less reported. To date, Nakano et al. [ 3 , 1 0 ] prepared hard magnetic
FePt thick fi lms by a high- speed pulsed laser deposition method
and investigated the magnetic properties of the obtained fi lms
with the laser power. They obtained a ( BH) max value exceeding
1 00 kJ/m3 in an anisotropic Fe-Pt thick- fi lms. Yanai et al. [1 1 ] fab-
ricated Fe- Pt thick- fi lms by electroplating method successfully and
a coercivity of 7 0 0 kA/ m was realized after an annealing treatment.
The above- mentioned FePt thick- fi lms magnet, however, had
mainly alloy fi lms, FePt thick fi lms with a multilayer structure have
not been investigated.

In this paper, FePt thick- fi lms magnets with different multilayer
structures have been prepared by pulsed laser deposition method,
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the structural and magnetic properties of FePt thick- fi lms 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- fi lms. In the preparation process, Fe, Pt, and C tar-
gets were used separately. For PLD, a KrF excimer laser with
2 4 8 nm wavelength, 2 5 ns pulse width and at 1 0 Hz repetition rate
was used. The distance between a target and a substrate was fi xed
at 2 5 mm. The fi lms were deposited with a substrate temperature
of 200 。C, a laser energy of 300 mJ and a base pressure of 1 x 10 —4

Pa. The films were deposited in 1.0 Pa high purity Ar
atmosphere. The as- deposited fi lms consist of a structure with
[C( tC mm)/ Fe( tFe mm)/Pt( tPt mm)] n on a glass substrate. For this set
of fi lms, ( tFe + 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 fi lms can be thus determined as
[Fe(0.972 mm)/Pt(1.192 mm)], [Fe(0.486 mm)/Pt(0.596 mm)]2 and
[ Fe(0 .243 mm)/Pt(0 .298 mm)] 4 , respectively. The as-deposited fi lms
were then annealed at 6 0 0 。 C for two hours in vacuum at a pres-

sure better than 1 x 1 0 — 4 Pa. X- ray diffraction ( XRD) was used to
examine phase composition. Microstructure investigation was
carried out by a Hitachi 48 0 0 field emission scanning electron
microscope ( FE-SEM) . The thickness of fi lms was measured by
using FE- SEM to observe cross section of the fi lm. Vibrating-
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Abstract
In this work, the Ce17Fe78-xB6Gax(x= 0~3) nanocrystalline alloys are prepared by the direct melt spinning method with the wheel
speedof 18 m/s. The effect of Ga content on the hard magnetic properties and the crystal structure of Ce17Fe78-xB6Gax(x=0~3)
nanocrystalline alloys has been investigated.The results show that the Curie temperature (Tc) and the phase content hard
magnetic Ce2Fe14B phase can be increased by adding appropriate amount of low melting point Ga element. The results of
magneticpropertiesshowthat the enhanced magnetic properties are obtained for the alloy withx=1:Hcj=5.61 kOe,Br= 5.4 kG,
Hk/Hcj=0.49, and(BH)max= 5.1 MGOe. The magnetization reversal characteristics ofthe alloys are analyzed by the recoil loops
andthe6M-Hcurves;the sample with the Ga-doped shows a single hard magnetic behavior. The positive peak of6M-Hcurve of
thesample (x= 1) isobviouslysharperandthe peakvalueis higher, indicatingthe strongest magnetic interaction betweengrains.
Thereasons of the enhanced magnetic properties for the Ce-Fe-B alloy by the Ga addition are analyzed depending on the
microstructure.

KeywordsCe-Fe-B . Magneticproperties . Exchange-coupled effect . Microstructure

1 Introduction

Withthecontinuous expansion ofthe application field andthe
increasingdemandofrare 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
withhighabundance are over stocked [1–3]. Meanwhile, the
separationandpurificationprocesses of rare earth cause seri-
ousenvironmental pollution. Therefore, due to the high mag-
neticperformance and analogous structure, the development
ofthe high abundance rare earth permanent magnetic magnets
cannotonlyreducethe production cost, but also realize the
comprehensiveandbalanced utilizationofrareearth resources
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[4–6]. In additionally, the Ce2Fe14B alloy obtains a higher
saturationmagnetization(4πMs) and ambient anisotropic field
(μ0HA)[4], it indicates that the Ce2Fe14Bmagnet is identified
asa potential substitution of Nd2Fe14B permanent magnets
[7–13].

In recent years, in the study of Ce2Fe14B-type magnet with
Ce2Fe14B phase asthe mainhardmagneticphase,Herbst et al.
[9] successfully prepared Ce 17Fe78B6 alloys by melt
quenching method and finally obtained a favorable magnetic
performancewiththe (BH)max= 4.1 MGOe andHcj= 6.2 kOe.
Furthermore, Xu et al. [14] suggested that the Ce17Fe78B6

ribbonwith Zr addition can refine the microstructure and en-
hancetheexchangecoupling interaction. Therefore, the opti-
mization of Ce-Fe-B alloy composition and preparation pro-
cessparameters is the key to obtain high magnetic properties
performanceof the Ce2Fe14B-type alloys.

In the current work, the effect of Ga content on the hard
magnetic properties and the crystal structure of Ce17Fe78-

xB6Gax (x= 0~3) nanocrystalline alloys has been systemati-
cally studied. Furthermore, the magnetization reversal charac-
teristicsof 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
Ce2Fe14B-type magnets by controlling the composition to
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