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Table 1 Experimental ingredients list (g)
Mg/TiO,, mol/mol
Material

1.6 1.8 2.0 2.2 2.4

TiO, 20.00 20.00 20.00 20.00 20.00

Mg 9.74 10.96 12.17 13.39 14.61

2R K E R S A B TR 6 R (ICP-OES, 3
E) FE RS (BrukerD8, #E[E) i,

2 ZR5UE

2.1 @®PURESKIFERE

T3] Mg-Tio, A R4 HGE & 1 fr
TNo THEARE R R B R % 8 DL 5 R AT

TiO,+xMg=(1-x/2) TiO,+x/2Ti+xMg0 x<<2 (1)

TiO,+xMg=Ti+2MgO+(x—2)Mg x>2  (2)
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Fig.1 Adiabatic temperature and measured temperature of

Mg-TiO; system
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Fig.2 Main Ti (a), impurity (b) phases and contents of Mg-TiO;
system at equilibrium (values of Mg/TiO, are indicated in

parentheses)



* 1472 -

Wit R RS TR

%5 51 45

| —=—MgTiO, (1.6) —e—MgTiO; (1.8) —A4—MgTiO, (2.0)
——Mg,TiO, (1.6) ——Mg,TiO, (1.8) — —Mg,Ti0, (2.0)
—»—MQgTi,0; (1.6) ——MgTi, 0 (1.8) —a—MgTi,0; (2.0)

o
=)

o
o

Amount of Substance/x10™* mol
o
>

0.2} /
7.
0.0 " . = b
1000 1200 1400 1600
Temperature/K

K3 Mg-TiO, & R-FHE GV K& &
Fig.3 Complex phases and contents of Mg-TiO, system at
equilibrium (values of Mg/TiO, are indicated in

parentheses)
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Fig.4 XRD patterns of the primary reduction products before (a)

and after (b) acid leaching
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Fig.6 Relative deoxidation rate of TiO, and utilization rate of

magnesium

K7 AR Mg/Ti RRIZE 7 YRR e i (¥ SEM JE5 K EDS T 341
Fig.7 SEM morphologies (a~e) and EDS element mappings of Ti (f), O (g) and Mg (h) corresponding to Fig.7e of the primary reduction

products under different Mg/Ti conditions before acid leaching: (a) 1.6, (b) 1.8, (c) 2.0, (d) 2.2, and (e~h) 2.4
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Table 2 EDS results of the primary reduction products of

zones A~F marked in Fig.7 before acid leaching

Zone  Ticontent, /% Mg content, Ti/Mg, mol/mol
ol%
A 41.41 58.58 1/2.79
B 20.85 79.15 1/7.49
C 12.20 87.80 1/14.18
D 87.92 12.08 1/0.27
E 18.03 81.97 1/8.96
F 16.94 83.06 1/9.65

WA JE = Mg e J5 1) SEM TS5 K EDS T 4714
(Mg/TiO, A 2.4) i’ 8 filr 7~ , EDS 45 R UK 3 i .
BR e 5 i S =y K E AL, FRR I 2 AL 4
451 EDS M 45 BN IR 2 7 & Mg B4,
FR e 77 W 1 K B LR 2 B P 1) £ BR S B R . EDS
TR AR E , BRI WEs 2 ALY
R W AR B BE R AT RERL Mg AT MgO IR AEAE; T
Mg 1 O X EDS 17 E A, RFEMRK
ArRe e LR G A AE (e, B TiO, f£ MgO i
ok [F 945 3 M PR U LE i AL TR IR T Mg TiO PO, ks ki
N L BRI F S PR R R R R T

8 R Mg/Ti FHIGGE R~ WIER B J5 i) SEM JE 3 K EDS T 346
Fig.8 SEM morphologies (a~e), SEM images corresponding to the white boxes marked in Fig.8a~Fig.8e (al~el) and EDS element

mappings of Ti (f), O (g) and Mg (h) corresponding to Fig.8e of the primary reduction products under different Mg/Ti conditions
after acid leaching: (a, al) 1.6, (b, b1) 1.8, (c, c1) 2.0, (d, d1) 2.2, and (e, el, f~h) 2.4
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Table 3 EDS results of the primary reduction products of

zones A~F marked in Fig.8 after acid leaching

Ti content, O content, Mg content,

Zon l% ol% ol% Ti/O, mol/mol
A 70.23 28.81 0.96 1/1.23
B 77.45 22.34 0.21 1/0.86
Cc 82.88 17.09 0.04 1/0.62
D 78.47 21.53 0.00 1/0.82
E 88.43 11.53 0.04 1/0.39
F 93.7 6.03 0.27 1/0.19

BRgk. B MglTiO, K, BRIk H] f 422 ik 57 10
W, Hidf Mg 232, i f Mg 75 RS R H R
AR B S AT SUAFAE TR A UKL () (1) (R B, A7 2K
FEAG T ER AL 2 (B el , P ) RORE I8 45 R 0 1 7%
FEB BRI . WAL E =Y H) L R AR FE Mg/TiO, 1%
Kk, i Mg/Tio, A 1.6~2.0 i) 1.65~1.77 m?/g

EKTF & Mg/TiO, A 2.2 i) 2.94 mPlg. FI40E 74
(1) 22 FL 45 b A ey b 2 T AR 1 R T R B O R i A v
WG J5 7= ) 5 38 790 85 1) B R A, oG8 IR BEE) 7
%A o ABYIZOR R =P LR T FE Mo/ TiO, i it
2 J& LI A K, o 2T AR A T B A A A R 2, g
HL T B8 38 BRR FE I T M A R e o AN R FC R L 2% TR A
IR JF P IER B G i) EDS M 3R BH - HAb 22 i AR 1k
B3, UYIGORJEREE 2R, FlanX A 5f
TiO #1, X B. C. D N TiO HHl a-Ti MRS,
X3k E. FN aTifH. XK C. D [F— M =2H 1L
SR AN S BB G AR — 0 IE SE T X R JE AR R
%157,

W8 5 7= W) R I 5 B ik B = v 1 B0 PR
SEM JE%i J EDS el 9 fion. A, HJET
s (X3 A 1B ) TilMg/O 43 %A 1/1.32/3.27 1
1/2.25/4.09) #iE T MgTiO; f1 Mg,TiOy, B ) 40k
R = VIR B J5 I ik B Bk LR A B IR R AEE . BN
H & ) 908 J5 ok A2 1 s iR IR A B & Tio, #

Zone A bf| zoneB j c
5 Ti/Mg/O (atom)=1/1.32/3.27 Ti/Mg/O (atom)=1/2.25/4.09
3 Mg
E i Mg
g H ﬁ
==
RO | Ti e T
N AT I Y . L
0 2 3 4 6 0 1 2 3 4 5 6
Energy/keV Energy/keV

B9 IR JE Py BUE B SEM JE 3R K EDS fig ik
Fig.9 SEM morphology of the dense block in the primary reduction product (a) and EDS spectra of zone A (b) and zone B (c) marked in

Fig.9a
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KN, BONBEE Mg/Tio, Bokl b1 K, oA
SAEES 5 JE S I MEFRIE K, T RS A
BRI RA T, 5 Y5 SR AR B IR R, AT A TR
38 Ji7 BE 5 By 71 2 S A Al . 24 MITIO, N 2 h il 4%
] Gd J5 7= 0 (T B0 AR 2 34.39 pm.
2.5 FREXRE

T A NIREEE JE =B B A AR, WA,
Mg/TiO, By 1.6 B, IR B 348 J5E 7= 4 B ke ¥ % & e
= AR S HIZOE E = B & S & & id ma k.
2 MgITiO, 6 K 5 1.8~2.4 I, ¥R FE B J5 7= v 1) B0k
B EPRCE 0.01%. HIZIE 5 7= 9 138 J5 2 B 2 5 i

—— Dgy=41.79 pm Dy=85.00 pm
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w
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Fig.10  Particle size distribution of the primary reduction
products after acid leaching (values of Mg/TiO; are

indicated in parentheses)
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Table 4 Magnesium and oxygen content of deep reduction

products
Mg/TiO,, mol/mol
Element
1.6 1.8 2.0 2.2 2.4
Mg content,
0.040 0.011 0.010 0.010 0.010
wl%
O content, w/% 0.360 0.342 0.274 0.415 0.470

HELRPHAS SR, RERE~YKE S EE
Mg/TiO, A KT 2 BB Mg/TiO, 3 KiZHTFFK. 4
Mg/TiO, 5 2 B, IREEEF G AR EIE . B8 =00
N 0.274%7F1 0.010%1 Bk K o A KT 4038 5 7 4 1) Lt
R RUZBIG K, 358 B Ak 5 B A 1 R, 7EH]
PR JE P YR S5 R T AR O E g T, IRFEIE R
JEPEHI R A A B AE MITiO, 1A% 2 JEBE Mg/Tio, 1
Ak el K 2T E S, BT, AERYIZOER
77 P ) % o TR R I Ji o) 26 AE SIS 2% 5 ke B Ak 1) T
PRI PRBE .

3 & it

D HEEYIRIEE SRR, B mEERE L
FOORL R T HEAT A5 R AL 2, IRIEAT IR IR I B, 134K
A R A TR Regh, T R A v bl SR T RRURI /N R
FEr A i1 2 FLEE M=)

2) R E S RN, RiE Tio, i
JE A0 BE 2 T R, AH = L P o T 6 = 4 i o
N, LR AR TE A o LS LT R R
I3 FCR FEE I 4 TR A

3) 24 Mg/TiO, 2y 2 I il & Y I I 43 SR 7= ) 8 &
HH[IA 16.04%, o-Ti M&EIS 85.14%, B F{Uk
B 0.62%, LR BAIFHIRIAES 5N 1.77 mPlg Fi
34.39 pm, ¥R P8 5 S AT 1 B BES EA N 0.274%
A1 0.010% 1) 12 J53 K %

%30k

[1] Nakamura Kotaro, lida Takahiro, Nakamura Nobuo et al.

References

Materials Transactions[J], 2017, 58(3): 319

[2] Fang Zhigang, Paramore James D, Sun Pei et al.
International Materials Reviews[J], 2018, 63(7): 407

[3] Chen Zheng, Fray Derek J, Farthing Tom W. Nature[J],

2000, 407: 361

(4]

[7]

(8]

[10]
[11]

[12]

[13]

[14]

Ono Katsutoshi, Suzuki Ryosuke O. JOM[J], 2002, 54: 59
Suzuki Ryosuke O. Journal of Physics and Chemistry of
Solids[J], 2005, 66(2-4): 461

Park 1, Abiko T, Okabe T H. Journal of Physics and
Chemistry of Solids[J], 2005, 66(2): 410

Choi Kyunsuk, Choi Hanshin, Sohn Il. Metallurgical and
Materials Transactions B[J], 2017, 48: 922

Bolivar Rafael, Friedrich Bernd. Journal of Sustainable
Metallurgy[J], 2019, 5(2): 219

Zhang Ying, Fang Zhigang, Xia Yang et al. Chemical
Engineering Journal[J], 2017, 308: 299

Jacob K T, Gupta Sapna. JOM[J], 2009, 61(5): 56

Suzuki Ryosuke O, Inoue Shuichi. Metallurgical &
Materials Transactions B[J], 2003, 34(3): 277

Okabe Toru H, Oda Takashi, Mitsuda Yoshitaka. Journal of
Alloys and Compounds[J], 2004, 364(1-2): 156

Zhang T A, Dou Z, Liu Y et al. Chinese Patent,
CN107236869A[P], 2017

Fan Shigang( 7 t 44 ), Dou Zhihe( & & i ), Zhang
Tingan( 5k & %) et al.
Engineering(F 1 & J&# £l 5 T#£)[J], 2020, 49(3): 1020

Fan Shigang, Dou Zhihe, Zhang Tingan et al.

Rare Metal Materials and
Rare
Metals[J], 2021, 40: 2645

Liang Yingjiao(£ 5 %)), Che Yinchang(%-fi ). Handbook
of Thermodynamic Data of Inorganic Materials(FCHLYI# 7
22 H04E FH[M]. Shenyang: Northeastern University Press,
1993: 64

Su Xianli, Fu Fan, Yan Yonggao et al. Nature
Communications[J], 2014, 5: 4908

Jin Yunxue(4: = %), Zhang Erlin(5k —#k). Self-Propagating
Synthesis Technology and In-Situ Composite Materials( [ %
G AR KR A B A4 5 A kM) Harbin: Harbin
Institute of Technology Press, 2002

Mohammadi M R, Fray D J. Journal of Sol-Gel Science and
Technology[J], 2012, 64(1): 135

Lee Y B, Park H C, Oh K D. Journal of Materials
Science[J], 1998, 33(17): 4321

Sun  Pei, Powder

Fang Zhigang, Xia Yang et al.

Technology[J], 2016, 301: 331


http://www.jim.or.jp/journal/e/58/03/319.html
https://www.tandfonline.com/doi/pdf/10.1080/09506608.2017.1366003
https://www.nature.com/articles/35030069
https://link.springer.com/article/10.1007/BF02701078
https://www.sciencedirect.com/science/article/pii/S0022369704002926
https://www.sciencedirect.com/science/article/pii/S0022369704002926
https://www.sciencedirect.com/science/article/pii/S0022369704002926
https://www.ingentaconnect.com/content/el/00223697/2005/00000066/00000002/art00039
https://www.ingentaconnect.com/content/el/00223697/2005/00000066/00000002/art00039
https://www.ingentaconnect.com/content/el/00223697/2005/00000066/00000002/art00039
https://link.springer.com/article/10.1007/s11663-016-0912-6
https://link.springer.com/article/10.1007/s11663-016-0912-6
https://link.springer.com/content/pdf/10.1007/s40831-019-00215-z.pdf
https://link.springer.com/content/pdf/10.1007/s40831-019-00215-z.pdf
https://link.springer.com/content/pdf/10.1007/s40831-019-00215-z.pdf
https://link.springer.com/article/10.1007/s11837-009-0072-0
https://link.springer.com/article/10.1007/s11663-003-0073-2
https://link.springer.com/article/10.1007/s11663-003-0073-2
https://link.springer.com/article/10.1007/s11663-003-0073-2
https://www.sciencedirect.com/science/article/pii/S0925838803006108
https://www.sciencedirect.com/science/article/pii/S0925838803006108
https://www.sciencedirect.com/science/article/pii/S0925838803006108
https://xueshu.baidu.com/usercenter/paper/show?paperid=182a0210db5u0p80b0140e60yu346106&site=xueshu_se
http://www.rmme.ac.cn/rmme/ch/reader/view_abstract.aspx?file_no=17Ti2019122&flag=1
http://www.rmme.ac.cn/rmme/ch/reader/view_abstract.aspx?file_no=17Ti2019122&flag=1
http://www.rmme.ac.cn/rmme/ch/reader/view_abstract.aspx?file_no=17Ti2019122&flag=1
https://link.springer.com/article/10.1007/s12598-020-01554-7
https://link.springer.com/article/10.1007/s12598-020-01554-7
https://link.springer.com/article/10.1007/s12598-020-01554-7
https://www.nature.com/articles/ncomms5908/
https://www.nature.com/articles/ncomms5908/
https://www.nature.com/articles/ncomms5908/
https://link.springer.com/article/10.1007/s10971-012-2839-y
https://link.springer.com/article/10.1007/s10971-012-2839-y
https://link.springer.com/article/10.1023/A:1004443728590
https://link.springer.com/article/10.1023/A:1004443728590
https://www.sciencedirect.com/science/article/pii/S0032591016303606
https://www.sciencedirect.com/science/article/pii/S0032591016303606
https://www.sciencedirect.com/science/article/pii/S0032591016303606

%4 W =R ISR - 22 00 SR ) 2 BIOM I T2 rh O I 0 SR L - 1477 -

Primary Reduction Mechanism in the Process of Multi-stage
Reduction to Prepare Titanium Powder

Yan Jianpeng’?, Dou Zhihe'?, Zhang Tingan'?, Yan Jisen'?, Zhou Xinyu'?
(1. School of Metallurgy, Northeastern University, Shenyang 110819, China)
(2. Key Laboratory for Ecological Metallurgy of Multimetallic Mineral, Ministry of Education, Shenyang 110819, China)

Abstract: In this work, the reaction mechanism and the effect of magnesium dosage of the primary reduction stage in the process of
multi-stage reduction preparation of titanium powder were studied. The results show that the reduction degree of TiO, can be improved and
the formation of impurity phase containing magnesium can be inhibited by increasing the amount of magnesium. In the process of primary
reduction, the reducing agent magnesium wraps on the surface of TiO, particles in the form of liquid phase fluid to form the reaction
products of heterogeneous microspheres. Moreover, the low valent titanium oxide products will be sintered under the action of self
propagating high temperature to form a porous skeleton structure. When the ratio of Mg/TiO, (mol/mol)=2, the oxygen content in the
primary reduction product is 16.04% (mass fraction, the same below), and the specific surface area and average particle size are 1.77 m%/g
and 34.39 um, respectively. The primary reduction product has good reactivity, and the oxygen content in the titanium powder obtained by
deep reduction is 0.274%, and the magnesium residue is only 0.010%.
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