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Table 1

nickel slag (mass fraction, %)

Chemical composition analysis of secondary

SiO, MgO CaO Fe,0, ALO,

47.84 15.02 14.69 2.59 8.17
FeO TiO, Na,O K,O Other
6.01 1.28 0.35 1.45 2.6
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Fig.1 XRD spectrum of secondary nickel slag
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Fig.2 SEM images of secondary nickel slag
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Fig. 3 Experimental process for preparation of cast stone with molten secondary nickel slag (Note: MSNS—Molten
secondary nickel slag; CH—Clarification and homogenization;, MQTS—Molten quenched and tempered slag; SIM—

Supercooling injection mold; CF—Crystallization furnace)
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Fig. 4 Phase diagram of CaO-MgO-SiO, ternary system with Al,O, content of 10%
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Table 2  Chemical composition of augite (mass
fraction, %)
Si0, ALO; MgO CaO Fe,0,+FeO Na,0+K,0

46-52 13-19 3-14 7-13 2-19 2-4
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Table 3 Experimental proportioning scheme for preparation of cast stone with molten secondary nickel slag

. Residual Flexural
w(MSNS)/  w(Si0,)/  w(ALO;)/ w(NaNO,)/ w(Sb,0;)/  w(ZrO,)/ w(CaF,)/ .
silicon strength/

% % % % % % % .

coefficient MPa
82 8 4 2 0.5 0.5 3 128 136
84 6 4 2 0.5 0.5 3 97 154
86 4 4 2 0.5 0.5 3 56 102
88 2 4 2 0.5 0.5 3 26 70
90 0 4 2 0.5 0.5 3 -7 50
87 8 4 0 0 0.5 0.5 125 123
89 6 4 0 0 0.5 0.5 92 176
91 4 4 0 0 0.5 0.5 59 108
93 2 4 0 0 0.5 0.5 25 69
95 0 4 0 0 0.5 0.5 -9 43

MSNS—Molten secondary nickel slag
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Table 4 Factor level table of orthogonal test for heat

treatment system of cast stone

Level
Factor
1 2 3
NT 630 C 730 °C 780 C
CT 880 C 930 C 980 C
Holding time 30 min 60 min 90 min

NT—Nucleation temperature; CT—Crystallization temperature
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Fig. 5 Effect of mass fraction of molten secondary nickel slag on residual silicon coefficient and flexural strength of cast

stone: (a) Proportion test; (b) Supplementary test
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Fig. 6 Effect of different heat treatment systems on flexural strength of cast stone: (a) Nucleation heat treatment; (b)

Crystallization heat treatment



BREHSH

IR, 55 FADES —RESR R % n

1463

AR AR (3, Jel KR, &
AR E N 730 C, fAEMAGIRZ 980 C, f
T IR ) 359 24 60 ming  FF HOGHf € ) Fi Ak 3] B AT
AR, WAL TIT IR 172 MPa, 5 2 [H
PREEK

4 WEBANGSHSMEED

4.1 HBRBARNMEST

MmO AMUEAG T EE A e, I H Rk
JUHE @A AN, —RIEEGKIEEN, /T
geRARL, B A ERE AR . AR AT GG
T € HORRHAC b R FA A P S 300 S 0 6 0, &
] K 3 SRR A Ao S, A B A % T
AR WES iR HESTLUEH: PERERN
894.3 MPa, PUHT5E %N 174.8 MPa, (h#IHE N
2.82 kJ/m?, T BEME N 0.025 glem?, TRt BREEE 23 1) Ky
99.5% H199.2%, % Tk g #41 T- A5 #E JC/T 263—
1993 FHFLE,

—_
(O8]
(=]

(a) —=— Nucleation temperature
- —e—Holding time

—_—
NN
S W
T

115
110
105 |

Average flexural strength/MPa
)
S

O
W
T

1 2 3
Factor level

7 O A PR TR A IR AT R A SRR

42 MBRBEASEMSHAKRST
42.1 BANSRIEEH

I ] A& R SR B A A S M HE S R R
FH P35 B A2 2N 50~60 nm (19 R 41 & 4 AH B 5K ]
M, WE8Mw. HESALIEH: %680 Ci
A AR 30 min B, TG BE A AR R B R ST 50~
100 nm F & 2% (L1 8(a)), I L8 5 it A e fk 2R ]
TR AR B 8(b) s A s 3 A A T2 2
f A AR TP TR 730 CIFHRDIR S A, HOR S
B, HAARS BRI A B iEiE, 8
TN S50 R B B2 980 °C I iR 60
min J&, A AT 2 1 3 B A 1) B A B K
A, B 8(e)~D i, HHAZHMMBKS S
B, TS B REARDS20 IF BAET SR o
ARG, AR ETES &, i 8(c)
B, el oy AR RO A BROIR S 4, T A 4 T
AR ISR = Pl 2D TR TR N P
8(d)F(e) BT 7 43 il 9 W b AN [E) T 55 i A< 1) SEMUAZ
Bz 8(c)y (d)F(e), EI8MDTMMmETELEZ, 3K
N TR IR < N AN I 5N S LD R N

—_—
[
(=]

(b) —m— Crystallization temperature
—e— Holding time

—_
N
S

Average flexural strength/MPa
¥
S
I

90 1 1
1 2 3

Factor level

Fig. 7 Range analysis results of orthogonal test for heat treatment system of cast stone:(a) Nucleation heat treatment;

(b) Crystallization heat treatment
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Table 5 Performance index of molten secondary nickel slag cast stone

Acid and alkali resistance

Compressive Flexural Impact .
Wear resistance / ) NaOH
Index strength / strength / toughness / o H,SO, solution .
5 (grcm™) 4 solution
MPa MPa (kJ-m™) (1.84 g-cm™)

(w=0.20)

Cast stone 894.3 174.8 2.82 0.025 99.5% 99.2%
Standard =588 =63.7 =1.57 <0.09 =99% =98%
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Fig. 8 SEM images of molten secondary nickel slag cast stone heat treatment system: (a) Nucleation temperature of 680 C;
(b) Temperature before crystallization of 730 ‘C; (c) Microcrystalline cast stone; (d) Spherical crystal ; (¢) Granular crystal,
(f) Mixed crystal; (c)—(f) Crystallization temperature of 980 C
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Fig. 9 XRD patterns of molten secondary nickel slag cast stone:(a) NT=730°C and CT=980°C;(b) NT=730C and CT=800~
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Fig. 12 SEM images((a) 880 C, (b) 980 C, (c) 1030 C) and EDS diagram (d) of cast stone at different temperatures

5 45

1) ZIRERE B IS 5 45 LA AR 1R 4 AT I
WMEER, £ ERLS N Si0,. MgO #l CaO 5. R 4%
Ca0-MgO-ALO,-SiO, UL HH I, 456 “ REETEEL
7 BT O S BE EE R AR RS, IR AL B
il BEHEAT WAL, B E B AT L R e R
Si0,. ALO,. ZrO, il CaF, & &4 7 N 89% 6%-
4% 0.5%F10.5%.

2) fERERALIRE A 730 'C I tE iR N
980 °C. iR 18459 60 min 6 1F T, —IRARHE
i 56 47 PR 5 B A 894.3 MPa, PLIFHRJE N 174.8
MPa, i 8]0 A 2.82 kl/m?, i B P 0.025 g/
em®. TR FR A 43 )N 99.5% F199.2%, 4T I1C/
T 263—1993 Frifk.

3) BEE d IR ) BT, TR A N BT AR OE
WA, GBI IEES S IREE MR A
HFZ RS @A 5 BN

REFERENCES

[1] World steel association. Steel Statistical Yearbook 2018
[EB/OL]. [2018 - 04 —25]. https://www. worldsteel. org/steel-
by-topic/statistics/steel-statistical-yearbook.

[2] ZE/NEH, TR W, OB, A5 B TEIRAGR HBUDR &K R &
PBAHTI]. MREFHR, 2017, 31(5): 100-105.

LI Xiao-ming, SHEN Miao, WANG Chong, et al. Current
situation and development of comprehensive utilization of
nickel slag[J]. Materials Reports, 2017, 31(5): 100-105.

[3] WANG D W, WANG Q, ZHUANG S Y, et al. Evaluation of
alkali activated blast furnace ferronickel slag as a
cementitious material: Reaction mechanism, engineering
properties and leaching behaviors[J]. Construction and
Building Materials, 2018, 188: 860-873.

[4] SUNIJ W, FENG J J, CHEN Z H. Effect of ferronickel slag
as fine aggregate on properties of concrete[J]. Construction
and Building Materials, 2019, 206: 201-209.

[5] mARA AR 30, AR, 5. AR Z YR E 40 10 704
ERE LKA HLER[T]. FERR 3h 244k, 2013, 41(5): 612-619.
GAO Shu-jie, NI Wen, LI Ke-qing, et al. Preparation and



BREHSH

IREIL, 58 RAES R EH &%

1467

(6]

(7]

(8]

[9]

[10]

(1]

[12]

[13]

[14]

hydrated mechanism of mine filling material of water-
granulated secondary nickel slag[J]. Journal of the Chinese
Ceramic Society, 2013, 41(5): 612-619.

RARA, R 3T, Wi, 55 Rietveld 25L& T EE IR
LV R B R R N [0 RE R SR B IR, 2014, 33(9):
2365-2369.

GAO Shu-jie, NI Wen, LIN Hai, et al. Rietveld full spectrum
fitting technology in secondary nickel slag glass-ceramics[J].
Bulletin of the Chinese Ceramic Society, 2014, 33(9):
2365-2369.

W ER, U, EAKET, 55 A KA SRE R TT A8
T 75 S8 B R R I BT AT (D). A TR SRR, 2014, 36(8):
1498-1506.

YANG Zhi-giang, GAO Qian, WANG Yong-qian, et al.
Experimental study on new filling cementing material using
water-hardening nickel slag tailings of Jinchuan Mine[J].
Chinese Journal of Geotechnical Engineering, 2014, 36(8):
1498-1506.

HUANG Y D, WANG Q, SHI M X. Characteristics and
reactivity of ferronickel slag powder[J]. Construction and
Building Materials, 2017(156): 773-789.

KIM H, LEE C H, ANN K Y. Feasibility of ferronickel slag
powder for cementitious binder in concrete mix[J].
Construction and Building Materials, 2019(207): 693-705.
QI W, YANG C J, YANG J M, et al. Influence of nickel slag
powders on properties of magnesium potassium phosphate
cement paste[J]. Construction and Building Materials, 2019
(205): 668-678.

BT, IR, BRI R R v ) A e 3 ) T
FOL]. IR R 54R (E AR B2 RR), 2005(4): 82-87.

XIAO Han-ning, SHI Hai-xia, CHEN Gang-jun. Study on
preparation of glass-ceramics from recycling chromium
slag[J]. Journal of Hunan University(Natural Sciences),
2005(4): 82-87.

O (I e AN DS = D2 T 8 o T R 37
0. &, 2017, 38(1): 76-81.

QI Hao, HE Feng, YAN Fang-ling, et al. Preparation of foam
glass-ceramic Journal of
Ceramics, 2017, 38(1): 76-81.

i U, KRB, 5K S0 . A AT ] A0S B A IR S D],
EOHE TR 22253, 2014, 36(1): 44-47.

HE Feng, ZHENG Min-dong, ZHANG Wen-tao. Research

from molybdic tailings[J].

on cast stone preparing by Au-Cu tailing[J]. Journal of
Wuhan University of Technology, 2014, 36(1): 44—47.

FRIFIE . Ml A ) 4 i D). red: i Z0K%7, 2007

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

ZHANG Sheng-xiao. Preparation of glass-ceramics produced
from industrial slag[D]. Jinan: Shandong University, 2007.
TG, M B AL, WAL, A5 R VA R 35 A T
FE[I]. TERRERIER, 2012, 31(5): 1204-1207, 1211.
LI Qiao, YANG Zhi-hong, XIE Hong-jia, et al. Research
preparation of glass ceramics with copper slag[J]. Bulletin of
the Chinese Ceramic Society, 2012, 31(5): 1204-1207, 1211.
TN R B I HI[D]. 22 M 2200 B TR, 2006.
NAN Xue-li. Preparation of glass ceramics[D]. Lanzhou:
Lanzhou University of Technology, 2006.
KOCHE, BT, A R, A B RO B ) %
CMSA Z ol ity 35 3 16 IF 90 [J]. RE R k3@ ¢, 2014, 33(12):
3359-3365.
ZHANG Wen-jun, LI Yu, LI HONG, et al. Preparation of
CMSA glass ceramics with nickel iron slag and fly ash[J].
Bulletin of the Chinese Ceramic Society, 2014, 33(12):
3359-3365.
RS . MBS FRAR A 1) 48 T 353 T AR ALk 2 ] 2 AT
FL[D]. A LR, 2015,
GAO Shu-jie. Preparation and heat-treatment schedules of
glass-ceramics with nickel smelting de-iron slag[D]. Beijing:
University of Science Technology Beijing, 2015.
e R AR R R Y ) SR BEWE A (D). 0 25
K2, 2017.
GAO Yi-zhi, Preparation and investigation of performance of
nikel slagglass-ceramics[D]. Lanzhou: Lanzhou University
of Technology, 2017.
FERK e, KK, XIS, S BERT A AT T
POV 25 KO R g 2 MR BE (D). M e B A RS R, 2015,
44(S1): 234-238.
WANG Chang-long, ZHENG Yong-chao, LIU Shi-chang, et
al. Microstructure and mechanical properties of glass-
ceramics prepared with coal gangue and iron ore tailings[J].
Rare Metal Materials and Engineering, 2015, 44(S1):
234-238.
JC/T 514.1—1993. % A il i 85 A B[ S].
JC/T 514.1—1993. Cast stone products. Cast stone plates[S].
T, BRI, KRG, A5 . AL B ST R AR
WA GRS 2R RESL R[], M REAAEFT 224, 2015,
36(11): 13-18.
WANG Chang-long, LIANG Bao-rui, ZHENG Yong-chao, et
al. Effects of heat-treatment on microstructure and
mechanical properties of coal gangue and iron ore tailings
of Materials and Heat

glass-ceramics[J]. Transactions

Treatment, 2015, 36(11): 13-18.



1468 [ E B4 R 2022 %5 A
[23] S, A SC, EAEF) . B i & ol B i 0 &6 i sy g 2 [24] A, A5 3C, s, 55 . A Bk S v i 2% i i T B

Jegt i A R[], AR RHE R 22544k, 2007(2): 168-172. FIWFFE[I]. &)@ 1, 2008(1): 138-141.

MA Ming-sheng, NI Wen, WANG Ya-li. Crystallization WANG Ya-li, NI Wen, ZHANG Jin-rui, et al. Effect of CaO/
kinetics and process of the glass-ceramic produced by nickel SiO, on crystallization of glass ceramic made from nickel
slag[J]. Journal of University of Science and Technology slag[J]. Metal Mine, 2008(1): 138-141.

Beijing, 2007(2): 168-172.

Preparation of cast stone from molten secondary nickel slag

WEN Zhen-jiang" %, GAO Qian" % YANG Zhi-giang”*, YANG Xiao-bing" %, NI Wen'-?

(1. Key Laboratory of High Efficient Mining and Safety of Metal Mine of Ministry of Education,
University of Scienceand Technology Beijing, Beijing 100083, China;
2. School of Civil and Resource Engineering,
University of Science and Technology Beijing, Beijing 100083, China;
3. Jinchuan Group Co., Ltd., Jinchang 737100, China)

Abstract: In order to seek the resource utilization of secondary nickel slag, the preparation of cast stone with
molten secondary nickel slag(MSNS) as the main raw material was carried out. Firstly, the material was analyzed
by physicochemical method, and the optimum ratio test was carried out by using CaO-MgO-Al,0;-SiO, phase
diagram. Then, the heat treatment system was studied to determine the optimal nucleation and crystallization
temperature and holding time, and the performance indexes were determined. Finally, XRD, IR, DSC, SEM and
EDS were used to test and analyze the structure and microstructure. Combined with the mechanical properties test,
the effect of heat treatment on the properties of microcrystalline cast stone and its crystallization mechanism were
explored. The results show that, cast stone is prepared by mixing 89% molten secondary nickel slag, 6% quartz
sand(QS), 4% alumina, 0.5% zirconia and 0.5% calcium fluoride. The supercooled molten nickel slag is obtained
at the homogenization temperature of 1500 ‘C and holding for 300 min. Then, when the nucleation temperature is
730 °C and the crystallization temperature is 980 ‘C, both holding time of them are 60 min. After cooling, the
microcrystalline cast stone is obtained. Finally, its compressive and flexural strength are measured to be 894.3
MPa and 174.8 MPa, respectively, impact toughness(IT) is 2.82 kJ/m?, wear resistance(WR) is 0.025 g/cm?, acid
and alkali resistance(AAR) are 99.5% and 99.2%, respectively.

Key words: secondary nickel slag; cast stone; heat treatment system; microscopic test; performance
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