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Fig.l1 XRD patterns of the Mn-20Ga magnetic composites under
various annealing conditions: (a) unannealed, annealed at 300,
385 and 415 C for 4 h and (b) annealed at 385 C for 2, 4, 6
and8h
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Fig.2 SEM-BSE images and EDS results of marking points for the Mn-20Ga magnetic composites under various annealing conditions:

(a) unannealed; (b) 300 ‘C/4 h; (c) 385 ‘C/4 h; (d) 385 ‘C/8 h
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Fig.3 Magnetic properties of the Mn-20Ga composites at various annealing temperatures: (a) hysteresis loops, (b) remanence and coercivity, and

(c) energy product (BH)max
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Fig.4 Magnetic properties of the Mn-20Ga composites annealed at 385 ‘C for various time: (a) hysteresis loops, (b) remanence and coercivity,

and (c) energy product (BH)max



7k MREE: Mn-20Ga 44K 5 G RGP R 4 RO PE R A AL <319 -

%1
30f a
g 25¢ §\§\§ 3
s N
= 20} ¢
% —o— Mn, ssGao 15
= 15F —0—Mn,Ga
10t \;/§
300 320 340 360 380 400 420
Annealing Temperature/ C
30 b
) 4\
; ?
N 20+
(g —&—Mn,Ga, \§\
.‘g 15 —e—MnGa §\§——’§
10+ §/§\§_§/§\§
5 1

T 2 3 4. 5 6 7
Annealing Time/h

5 AFEBEKEME T Mn-20Ga & 4 T G 9 KA R~
Fig.5 Grain size of the magnetic nanophase in Mn-20Ga alloys at
various annealing temperatures for 4 h (a) and at 385 C for

various annealing time (b)

Mno.gsGag 15 FH(B-Mn), DL REYE T MnsGa Ao Hi AR
WL Mn-Ga & 4 P 4K i R BEAR K A 1 AR A
DR RETEAS AR KA F 7B v s 7
B 385 CLAN, BEAIRKIRER LT, 2 Pt
HH Mn3Ga 5 MnggsGag s fihe RS 35 R R, Tt /g [
i BTt BbAh, FEIROKEFE 6 h DUR, B R K1
FEK:, MnggsGags ik ST R R%, FlfE T, XFFE0
(2) PRI, 3R A S0 v F B P A it RS R TR A
AR, 183 P MnggsGag s M &k R ST RE 1 g itk
RERIHRTE o 1T M dibn KT HK, R T RS A K R,
TEAORL R AR TEAS R AR, oL A AN A7 7 2 e il
AR RO B AZ R A 110 B AT AT A BILLE Tk 1] 2
F, fEIBKIR I (] 3a: 385, 400 A1 415 C), o iR
KIS IAIAS 215 (& 4a: 2, 4 h), KA Ming gsGag 15 AH 1 ikt
A NS I A S v R (SR A NP AT
RIS S EE AR Na T2/

3 &

1) ARIBKH) Mn-20Ga &< EEH A NLE Mn 5
2 Ga, 1B KJEE AR T ERIAMER MnsGa AHATIE 2k
FGTE) MinggsGag s #H,  PA L SEAL T 2 2> B MnO, A
IBKAZIFH) MnsGa A1 MnggsGag s 70l T1B K

ATAHZUTR R Ga SR X 51K Ga X,

2) 1B IR B3E 2 Ft e TR R RG | 7 S R
FUIE R, 7E 385 CHIR K IR EEMIMIPERE . B K
WP REK A2 6 h Al el d S A RE RS /B R, (B0
77 BB K T (AR LA /N

3) MnyGa 44K AH RU~T il # b R 26 R AR AL s, (H
I IE Y R R R R AN e K R R A, ] BRI
Mno gsGag 15 KA1 T, 58070 7 T = i 5 A0 — 2.
FIATE Mn-Ga GUKHEER R RTE I PR Mg gsGag 1
1 oL R ST R BB B T

SE
[1] Gruji¢ A, Talijan N, Stojanovi¢ D et al. Journal of Mining and
Metallurgy[J], 2010, 46(1): 25

References

[2] Pan Shuming(i%&#} B). Strong Magnet-Principle, Manufacture
and Application of Rare Earth Permanent Magnetic Material (5%
T AR-F Tk BEA BB L 1)1 5 8 FH)[M]. Beijing: Chemical
Industry Press, 2011: 387
[3] zhong Buging, Wang Lingging, Liang Tao et al. Atmospheric
Environment[J], 2017, 167: 40
[4] Fingers R T, Rubertus C S. IEEE Transactions on Magnetics[J],
2000, 36(5): 3373
[5] Minakuchi K, Umetsu R Y, Kobayashi K et al. Journal of Alloys
and Compounds[J], 2015, 645: 577
[6] Saito Tetsuji, Nishimura Ryuji. Journal of Applied Physics[J],
2012, 112(8): 83 901
[7] EI-Gendy A A, Hadjipanayis G. IEEE Transactions on Magnetics[J],
2014, 50(11): 1
[8] Wu Feng, Mizukami Shigemi, Watanabe Daisuke et al. Applied
Physics Letters[J], 2009, 94(12): 122 503
[9] Kunimatsu K, Suzuki K Z, Mizukami S. Journal of Crystal
Growth[J], 2019, 514: 8
[10] Feng J N, Liu W, Gong W J et al. Journal of Materials Science
& Technology[J], 2017, 33(3): 291
[11] Zhu Lijun, Nie Shuaihua, Meng Kangkang et al. Advanced
Materials[J], 2012, 24(33): 4547
[12] zhang Fangfang, Xie Zhiwei. Rare Metal Materials and
Engineering[J], 2012, 41(2): 663
[13] Cui Baozhi, Liu Xubo, King Alexander H et al. Acta
Materialia[J], 2020, 196: 528
[14] Oztirk Sultan, icin Kirsat, Oztirk Blent et al. Metallurgical
and Materials Transactions A[J], 2017, 48(10): 5017
[15] Wang Wei(E f§), Ma Tianyu( X 5), Luo Wei(¥ ) et al.
Rare Metal Materials and Engineering(%# 6 @M k5 T
F£)[J], 2008, 37(6): 1081


http://www.doiserbia.nb.rs/Article.aspx?ID=1450-53391001025G#.YAfxvHYzYkI
http://www.doiserbia.nb.rs/Article.aspx?ID=1450-53391001025G#.YAfxvHYzYkI
https://www.sciencedirect.com/science/article/pii/S1352231017305216?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1352231017305216?via%3Dihub
https://ieeexplore.ieee.org/document/908805
https://www.sciencedirect.com/science/article/pii/S0925838815012396?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0925838815012396?via%3Dihub
https://aip.scitation.org/doi/10.1063/1.4759351
https://ieeexplore.ieee.org/document/6971436
https://aip.scitation.org/doi/10.1063/1.3108085
https://aip.scitation.org/doi/10.1063/1.3108085
https://www.sciencedirect.com/science/article/pii/S0022024819301356?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0022024819301356?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1005030216300378?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1005030216300378?via%3Dihub
https://onlinelibrary.wiley.com/doi/full/10.1002/adma.201200805
https://onlinelibrary.wiley.com/doi/full/10.1002/adma.201200805
https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&dbname=CJFD2012&filename=COSE2012S2160&v=FicFKz6rFoqHUC2p%25mmd2F7T8FGm0LBLILPLcfZ5SkD8DaWvFTd1WuEa%25mmd2Bpuyk4mrsabPW
https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&dbname=CJFD2012&filename=COSE2012S2160&v=FicFKz6rFoqHUC2p%25mmd2F7T8FGm0LBLILPLcfZ5SkD8DaWvFTd1WuEa%25mmd2Bpuyk4mrsabPW
https://www.sciencedirect.com/science/article/pii/S1359645420304936?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1359645420304936?via%3Dihub
https://link.springer.com/article/10.1007/s11661-017-4259-7
https://link.springer.com/article/10.1007/s11661-017-4259-7
http://www.rmme.ac.cn/rmme/ch/reader/view_abstract.aspx?file_no=200806260&flag=1

*320 -

WA e MRS TR

%5 51 45

[16] Xie Wei, Polikarpov Evgueni, Choi Jung-Pyung et al. Journal of

Alloys and Compounds[J], 2016, 680: 1

[17] Bither Tom A, Cloud William H. Journal of Applied Physics[J],
1965, 36(4): 1501

[18] Niida Hiroshi, Hori Tomiei, Onodera Hideya et al. Journal of
Applied Physics[J], 1996, 79(8): 5946

[19] Hakimi M, Venkatesan M, Rode K et al. Journal of Applied
Physics[J], 2013, 113(17): 17B101

[20] Cui B Z, Marinescu M, Liu J F. IEEE Transactions on
Magnetics[J], 2013, 49(7): 3322

[21] Lu Q M, Wang D J, Li H F et al. Journal of Magnetism and
Magnetic Materials[J], 2020, 510: 166 883

[22] Mix T, MUler K H, Schultz L et al. Journal of Magnetism and
Magnetic Materials[J], 2015, 391: 89

[23] Brown Daniel R, Han Ke, Siegrist Theo et al. AIP Advances[J],
2016, 6(5): 56 012

[24] Zhang Lin, Xu Naikang, Chen Menglong et al. JOM[J], 2020,
72(8): 2826

[25] Brown Daniel R, Han Ke, Siegrist Theo. Journal of Applied
Physics[J], 2014, 115(17): 17A723

[26] Feng Weicun(#%4E7£), Gao Ruwei(fikfh), Li Wei(Z= P).
Acta Metallurgica Sinica(4:J&2%#)[J], 2005, 41(4): 347

[27] Jin Hanmin(4:7X ES). Physics of Magnetism( P4 #2)[M].
Beijing: Science Press, 2013: 206

[28] Herzer G. IEEE Transactions on Magnetics[J], 1990, 26(5): 1397

[29] Scherrer P. Nachr Ges Wiss Gottingen[J], 1918, 26: 98

[30] Arcas J, Hernando A, Barandiaran J M et al. Physical Review
B[J], 1998, 58(9): 5193

Fabrication and Magnetic Properties of Mn-20Ga Nanocomposite Magnetic Materials

Zhang Lin', Chen Menglong™?, Gao Yulong?, Zhao Chenxi?, Wei Haoyu?, Liang Ning®, Wang Engang®
(1. Key Laboratory of Electromagnetic Processing of Materials (Ministry of Education), Northeastern University, Shenyang 110819, China)
(2. School of Metallurgy, Northeastern University, Shenyang 110819, China)

Abstract: The Mn-Ga alloy displays high coercivity and a relatively large magnetic anisotropy. These characteristics suggest that it is a good
potential magnetic material for the future. Herein, we prepared Mn-20Ga (at%, the same below) nanocomposite magnetic materials through
mechanical alloying using high-energy ball milling. The samples were annealed at a temperature range from 300 °C to 415 °C for a holding time
range from 2 h to 8 h. This study focused on the variation of magnetic phases types, nanocrystalline size and magnetic properties with annealing
conditions. The results show that the main phases of the unannealed Mn-20Ga alloy are pare Mn and Ga, the main magnetic phases in Mn-20Ga
magnetic material after annealing are nano-sized Mn;Ga and Mng gsGao.15, in addition to a small amount of MnO; phase caused by oxidation. The
remanence, coercivity, and maximum magnetic energy product can be improved by enhancing the annealing temperature into a proper range.
Extending the annealing time properly is also beneficial to the improvement of remanence and maximum magnetic energy product. The optimal
magnetic properties in this research are obtained at annealing temperature of 385 °C for 6 h, which show a remanence of 63.21 kA/m, a coercivity
of 648 kA/m, and a maximum magnetic energy product of 1.2 kd/m®. The size of MnogsGaos nanophase can be decreased by a proper
enhancement of annealing temperature and annealing time, which corresponds to the increase of coercivity. The decrease of MnggsGao 15 crystal
size is beneficial to the enhancement of magnetic properties of the alloy.

Key words: Mn-Ga; nanoscale magnetic materials; high-energy ball milling; annealing; magnetic properties
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