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Fig.1 Dimensional diagram of tensile specimen
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Fig.2 Optical micrographs of the as-cast GZ32K-xTi (x=0, 0.5, 1.0, 1.5) alloys: (a) x=0, (b) x=0.5, (c) x=1.0, and (d) x=1.5
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Fig.3 Grain size distribution of the GZ32K-xTi (x=0, 0.5, 1.0, 1.5) alloys: (a) x=0, (b) x=0.5, (c) x=1.0, and (d) x=1.5
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Fig.4 XRD patterns of as-cast GZ32K-xTi (x=0, 0.5, 1.0, 1.5) alloys
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Fig.5 SEM images and EDS element mappings of as-cast GZ32K-xTi alloys: (a) x=0, (b) x=0.5, (¢) x=1.0, and (d) x=1.5
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Table 1 Element contents of points marked in Fig.5 (at%)

Point Mg Gd Zn Zr Ti
A 73.64 0.28 0.50 25.58 -
B 89.08 431 6.55 0.03 0.03
C 89.06 6.70 1.65 - -
D 84.44 0.80 0.98 12.13 1.65
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Fig.6 Tensile stress-strain curves of as-cast GZ32K-xTi (x=0, 0.5,
1.0, 1.5) alloys
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Fig. 7 Metallographic microstructure of as-cast GZ32K alloy after

homogenization
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Fig. 8 Optical micrographs of as-extruded GZ32K-xTi alloys: (a) x=0, (b) x=0.5, (c) x=1.0, and (d) x=1.5
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Fig.9 Grain size distribution of as-extruded GZ32K-xTi alloys: (a) x=0, (b) x=0.5, (c¢) x=1.0, and (d) x=1.5
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K110 $fH RS GZ32K-xTi < Mk i (K] SEM B v K T & 11 73 A
Fig.10 SEM images and EDS element mappings of as-extruded GZ32K-xTi alloys: (a) x=0, (b) x=0.5, (c) x=1.0, and (d) x=1.5
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Table 2 Element contents of points marked in Fig.10 (at%)

Point Mg Gd Zn Zr Ti
A 74.36 10.22 15.42 - -
B 98.42 0.38 1.09 0.06 -
C 63.35 12.96 23.56 0.06 0.07
D 95.45 1.68 2.79 0.07 0.01
E 98.63 0.34 0.87 0.13 0.34

Element. ¢
Mg
Gd 14.68
Zn 12.56

t%
9

Element ‘wt% a
Mg 6923 8
Gd. 1633+ 3
Zn 1435 6
Zr. ,0.04 0

Ti 0.04 0
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7
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)
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) B o € IX A 7 A 4 P AR v 3K — A B A A5
AN TE A P46 i X 3. AR 28 P IR R IS 58 A T 45 i X
WIAFAE P DASR i & 608 K5 B, A R T i R #
SRALAH RO HY o 1B 12 T 126 D)2 B 4 RO PR R0 S AR 1
RIAE A &b RAATE R4 . B 132 F1 13b 4 g kL

Element  wit%
Mg
Gd 12.35
Zn 9.70  4.33

Zr 0.16 _ 0.05

Element / )

“ Mg .89 85.56"

.. Gd 13.40 . 291
Zn 12.67 » 662+
Zr v 1296 1 485,

11 5 EZS GZ32K-xTi A4 1E ED J7 [ i) SEM [IR J
Fig.11 SEM images of as-extruded GZ32K-xTi alloys along the ED direction: (a) x=0, (b) x=0.5, (c) x=1.0, and (d) x=1.5
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Fig.12 Orientation maps (a—b), KAM maps (c—d), and pole maps (e—f) obtained from EBSD data of as-extruded GZ32K (a, c, ¢) and GZ32K-

1.5Ti (b, d, f) alloys
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I () TEM B3z 8 R X B AT 5 B [ 14e Rl DL
A AR ST N 1 pm 247, JF @ i FRT 399 28 — A
W AH s [F] B 7E B 14d T LA H LT A2 2 Al /N B R AT
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Ti TG RN AR Ty AT H .
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Fig.13 Grain size statistics of the as-extruded GZ32K (a) and GZ32K-1.5Ti (b) alloys along the ED direction
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Fig.14 HAADF-STEM images and EDS element mappings of as-extruded GZ32K (a) and GZ32K-1.5Ti (b) alloys; TEM bright-field images and
corresponding SAED patterns of as-extruded GZ32K-1.5Ti alloy along [0001] (c) and [1120] (d)
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Fig.15 HAADF-STEM images and EDS element mappings of as-extruded GZ32K (a) and GZ32K-1.5Ti (b—d) alloys after annealing
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Fig.16 Engineering stress-engineering strain curves of GZ32K-xTi(x=0, 0.5, 1.0, 1.5) alloys at room temperature under various states:

(a) extruded state and (b) extruded state followed by annealing treatment
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Table 3 Tensile properties of as-extruded GZ32K-xTi(x=0, 0.5,

1.0, 1.5) alloys after annealing treatment

Sample YS/MPa UTS/MPa EL/%
GZ32K 193.01 276.77 14.64
GZ32K-0.5Ti 226.35 292.24 21.29
GZ32K-1.0Ti 246.14 311.03 23.08
GZ32K-1.5Ti 260.78 322.69 15.17
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T, ARACEE DL B IR T2 % 07 SOREETH M R 1) 77 2 1
Ao 18 AR 7L 1 & 4 5 HoAth 2% 38 R AR I AU AR

17 H5EA GZ32K~xTi & 4B K5 AR 11 T30
Fig.17 Fracture morphologies of as-extruded GZ32K-xTi alloys after annealing treatment: (a) x=0, (b) x=0.5, (c¢) x=1.0, and (d) x=1.5
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Fig.18 Performance statistics of Mg-Gd-Zn-Zr alloys"™ *¥
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Fig.19 Strength contribution distribution map
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Fig.20 Schematic diagram of microstructure evolution mechanism of GZ32K-1.5Ti alloy in different processes: (a) as-cast, (b) Ti added, (c) as-

extruded, and (d) after annealing

4 £

DA GZ32K & 4 1 WA 2 E B0 o-Mg F AR A
B T AR [ AN T 4 R 3 AL A 0 W (Mg, Zn, Gd ) AR FIFE
B Y JBUREIR 20 A (1) W (Mg, Zn,Gd,) A, B L #5AR 11
Zr BRI . NINJCE Ti )G, GZ32K & & a-Mg F 1k
AW ARG 2 7 4l , IR 1Y) Ze Foks ) &2 R o3 A
H It 3 Ti fl Ze BURL A A A7 AE 5 A 4 dob ST A GZ32K
(7 103.67 um F# % GZ32K-1.5Ti [f] 49.84 um. %% % [
GZ32K-1.5Ti & & IR 1F i I 1% M 8 (Y S=109.26 MPa,
UTS=201.63 MPa,EL=16.03%) .

2)GZ32KTi G Hr BT h R 4B T 5% 4 F 45
B B a0 R R S N 4.41 pm BEE 1.98 um, 5

IS JC 3R T 8 S AR s (R & & N ATty
B ERKGENEE T Zo CRMTIi LR ER
GG AT AR, PR EE SN
F1EEMERE o B IR A GZ32K-1.5Ti & 4 7E i k5 3k 15
Bt 5 1 7 2 1 fig (Y'S=260.78 MPa, UTS=322.69 MPa,
EL=15.17%) .

D FFIEA GZ32K A 4 1 58 FF F 52 2] iy Fam Ak
(o)~ A 5RAL (o, ) VLR TTE 384K (o) FOREI o 3X o
At R AL (o, I TTRR R K . IINTCER TiZ S5, 28/
KRS 3 — 25K T di sl G, ) BT SR K SR

SE K
[1]Wu Xuan, Wang Yong, Chen Yi et al. Journal of Materials

References



* 2618 ¢

W] B RS TR

554 3%

Research and Technology[J], 2022, 21: 929

[2] Zhang Yuan, Liu Wei, Liu Yun et al. Rare Metal Materials and
Engineering[J], 2023, 52(9): 3065

[3] Yan Lin, Zhang Zhimin, Xue Yong et al. Journal of Alloys and
Compounds[J], 2022, 906: 164406

[4] Gong Yuan, He Junguang, Wen Jiuba et al. Rare Metal Materials
and Engineering[J], 2023, 52(2): 508

[5] Zhang  Yuwenxi,
Electrochimica Acta[J], 2023, 460: 142594

[6] Tong Xin, Wu Guohua, Easton M A et al. Additive Manufacturing[J],
2023, 67: 103487

Fan Lingling, Guo Yangyang et al

[7] Liu Wei, Zhao Yuhong, Zhang Yuntao et al. International Journal
of Plasticity[J], 2023, 164: 103573
[8]Li Yongfei, Zhang Ang, Li Chuangming et al. Journal of
Materials Research and Technology[J], 2023, 26: 2919
[9] Wu Guogqin, Li Zhaocan, Yu Jianmin et al. Materials & Design[J],
2023, 232: 112114
[10] Lu Ruopeng, Jiao Kai, Li Nanting et al. Journal of Magnesium
and Alloys[J], 2022, 12(3): 1131
[11] Yang Bowen, Ma Chuanchuan, Xue Chuan et al. Rare Metal
Materials and Engineering[J], 2023, 52(1): 125
[12]Rong Wei, Wu Yujuan, Zhang Yu et al. Materials
Characterization[J], 2017, 126: 1
[13]Gao X, He S M, Zeng X et al. Materials Science and
Engineering A[J], 2006, 431(1-2): 322
[14] Nie Jianfeng. Metallurgical and Materials Transactions A[J],
2012, 43(11): 3891
[15] Easton M, Stjohn D. Metallurgical and Materials Transactions A[J],
1999, 30(6): 1613
[16] Xiao L, Liu L, Esmaeili S et al. Metallurgical and Materials
Transactions A[J], 2012, 43: 598
[17]1Ali Y, Qiu Dong, Jiang Bin et al. Journal of Alloys and
Compounds[J], 2015, 619: 639
[18] Stjohn D H, Qian M, Easton M A et al. Metallurgical and
Materials Transactions A[J], 2005, 36: 1669
[19] Wang Yingxin, Zeng Xiaoqin, Ding Wenjiang et al.
Metallurgical and Materials Transactions A[J], 2007, 38(6): 1358
[20] Wu Shouzhong, Zhang Jinshan, Zhang Zhifu et al. Materials
Science and Engineering A[J], 2015, 648: 134
[21] Chen Jingai, Sun Yan, Zhang lJinshan et al. Journal of
Magnesium and Alloys[J], 2015, 3(2): 121
[22] Cheng Peng, Zhao Yuhong, Lu Ruopeng et al. Materials Science
and Engineering A[J], 2017, 708: 482
[23] Nan Xiaolong, Wang Huiyuan, Wu Zhiqgiang et al. Scripta
Materialia[J], 2013, 68(7): 530
[24] Yu Huan, Sun Yu, Hu Lianxi et al. Journal of Alloys and
Compounds[J], 2017, 704: 537
[25] Chen Xiang, Xia Dabiao, Jia Qixiang et al. Journal of Materials

Science & Technology[J], 2024, 185: 69

[26] Chen Gong, Song Jiangfeng, Yang Hong et al. Journal of
Materials Research and Technology[J], 2024, 29: 2238

[27] Pu Dongmei, Chen Xianhua, Wang Jingfeng et al. Materials
Science and Engineering A[J], 2023, 879: 145278

[28] Hao Jianqgiang, Zhang Jinshan, Xu Chunxiang et al. Materials
Science and Engineering A[J], 2018, 735: 99

[29] Yin Siqi, Zhang Zhiqiang, Liu Xuan et al. Materials Science and
Engineering A[J], 2017, 695: 135

[30] Qiao Mingliang, Sha Jianchun, Yin Siqi et al. Journal of
Materials Research and Technology[J], 2022, 18: 1607

[31] Song G L, Stjohn D. Journal of Light Metals[J], 2002, 2(1): 1

[32] Ho W F, Chen W K, Wu S C et al. Journal of Materials Science:
Materials in Medicine[J], 2008, 19: 3179

[33] Okazaki Y, Rao S, Asao S et al. Mater Trans JIM[J], 1998, 39
(10): 1053

[34] Liu Yong, Yuan Guangyin, Zhang Song et al. Materials
Transactions[J], 2008, 49(5): 941

[35] Gui Zhenzhen, Kang Zhixin, Li Yuanyuan. Journal of Alloys and
Compounds[J], 2016, 685: 222

[36] Hu Yaobo, Zhang Chao, Zheng Tianxu et al. Materials[J], 2018,
11(10): 1942

[37] Xia Xiangsheng, Guo Yiwen, Li Ming et al. Journal of Materials
Research and Technology[J], 2024, 30: 2458

[38] Ma Yajie, Liu Chuming, Jiang Shunong et al. Journal of
Materials Research and Technology[J], 2023, 27: 1509

[39] Ma Dong, Xu Chunjie, Qi Yuanshen et al. Journal of Materials
Research and Technology(J], 2023, 27: 6974

[40] Xu C, Zheng M Y, Wu K et al. Materials Science and
Engineering A[J], 2013, 559: 364

[41] Zhang Junyi, Kang Zhixin, Zhou Lianli. Materials Science and
Engineering A[J], 2015, 647: 184

[42] Cao Lijie, Wu Yujuan, Peng Liming et al. Transactions of
Nonferrous Metals Society of China[J], 2014, 24(12): 3785

[43]Xu C, Zheng M Y, Xu S W et al. Materials Science and
Engineering A[J], 2013, 559: 844

[44] Luo Shifeng, Wang Nan, Wang Yan et al. Materials Science and
Engineering A[J], 2022, 849: 143476

[45] Hagihara K, Kinoshita A, Sugino Y et al. Acta Materialia[Jl],
2010, 58(19): 6282

[46] Lyu S, Xiao W L, Zheng R X et al. Materials Science and
Engineering A[J], 2018, 732: 178

[47] Gypen L, Deruyttere A. Journal of Materials Science[J], 1977,
12: 1028

[48] Gypen L, Deruyttere A. Journal of Materials Science[J], 1977,
12: 1034

[49] Zhang Duxiu, Tan Zhen, Huo Qinghuan et al. Materials Science
and Engineering A[J], 2018, 715: 389



510 3 T A%, BIITTR Ti Mg-3Gd-2Zn-0.5Zr & & H R K 12 RERF AT <2619 ¢

[50] Liao H, Kim J, Lee T et al. Journal of Magnesium and Alloys[J], [52] Zou Yan, Wu Xiaodong, Tang Songbai et al. Journal of
2020, 8(4): 1120 Materials Science & Technology[J], 2021, 85: 106

[51] Gao L, Chen R S, Han E H. Journal of Alloys and Compounds[J], [53] Xiao Lei, Yang Guangyu, Qin He et al. Vacuum[J], 2020, 181:
2009, 481(1-2): 379 109651

Study on the Microstructure and Mechanical Properties of Mg-3Gd-2Zn-0.5Zr Alloy with
the Addition of Element Ti

Wang Jie, Gao Lei, Gao Enzhi, Xu Rongzheng, Tong Wenhui, Wu Baolin
(College of Material Science and Engineering, Shenyang Aerospace University, Shenyang 110136, China)

Abstract: In this work, Mg-3Gd-2Zn-0.5Zr-xTi (GZ32K-xTi) (x=0, 0.5, 1.0, 1.5wt%) alloys were prepared, and the effect of Ti addition on the
microstructure and mechanical properties of as-cast and extruded GZ32K-xTi alloys was investigated. The results indicate that with the addition of
element Ti, the a-Mg matrix of as-cast GZ32K-xTi alloy is refined, the discontinuous network distribution of W(Mg,Zn,Gd,) phase at the grain
boundary becomes uniform and fine, and the clustered Zr particles and element Ti are accompanied by each other and diffusely distributed. The
average grain size of a-Mg in as-cast GZ32K-1.5Ti alloy is the smallest of 49.84 um, and the size distribution is the most uniform. The addition of
Ti hinders the growth process of dynamic recrystallization, which causes the complete recrystallization of the extruded GZ32K-xTi alloys and the
refinement of the grains, and promotes the precipitation of the y’ phase. After annealing of the extruded alloy with element Ti, the nanoprecipitate
phase of the shell structure containing Ti is obtained, so that the best mechanical properties of the extruded GZ32K-1.5Ti alloy are obtained after
annealing (YS=260.78 MPa, UTS=322.69 MPa, EL=15.17%). The enhancement of mechanical properties of the alloys with Ti is mainly due to
the grain refinement, fine W phase and the Ti-containing nanoprecipitate phase with shell structure.

Key words: Mg-Gd-Zn-Zr alloy; elemental Ti; extrusion; tensile property
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