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Abstract: Phosphorus slag is an industrial waste

produced in the production of yellow phosphorus

Brokent
ballmilling
screening
mixing

by the electric furnace method. For each 1 t of

2

yellow phosphorus produced, it is necessary to
discharge 8~10 t of phosphorus slag. Coal gangue

is a solid waste produced in the coal industry. It is
discharged from 10% to 15% of annual coal

production. It has accumulated more than 4.5 C %-

billion tons of storage, which is the largest solid
waste in China. Since a large amount of

—)ﬁ
agricultural  land, safety problems and

Feedback

unexploited solid waste occupied industrial and

environmental pressures are presented. The disposal of solid waste is an urgent task. Therefore, the effective use of
the solid waste resources and turning waste into treasure have important practical significance. In recent years, the
glass-ceramics based on solid waste has been widely used in building decoration field. However, the technology has
not been widely used due to high cost and defects in the preparation process. In this work, the feasibility of preparing
glass-ceramics by the combination of phosphorus slag and coal gangue was studied. The effects of heat treatment
temperature on the crystalline phase composition, microstructure and properties of the glass-ceramics were also
discussed via differential scanning calorimetry (DSC), X-ray diffraction (XRD) and scanning electron microscopy
(SEM). Powder base glass was obtained by melting phosphorus slag with coal gangue at 1250 °C for 2 h. The results
indicated that the sintered glass-ceramics with pseudo wollastonite Cas(SizOo) as the main crystallization phase could
be prepared after heat treatment at 850°C for 2 h. The flexural strength, microscopic strength and bulk density of the
sample were 74.4 MPa, 566.9 HV and 2.75 g/cm’, respectively. In addition, with the increase of heat treatment
temperature, the main crystalline phase of the glass-ceramics changed from Casz(SizOo) to wollastonite (CaSiOs3), the
morphology of the crystal developed from spherical to the needle-like and short column, which were beneficial for
improving the flexural strength. Both the microscopic strength and bulk density increased first and then decreased
with the increase of heat treatment temperature.
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Table 1

Main chemical component of raw materials

Raw material -
SIOZ F6203 A1203 CaO

Coal gangue 52.37 3.77 22.23 1.76
Phosphorus slag 35.95 0.99 2.42 44.50

Component/wt%
MgO K,O Na,O SO3 P,05 Loss Others
0.32 1.13 0.64 0.21 0 16.67 0.90
2.87 0.58 0.22 0.46 3.23 0 8.78




372 o TR 919 %
8000 2
5000 - 1. Kaolinite
b 2. Quartz
w4000 p 6000 -
& o
g S
23000 g
2 2 4000 -
E 2000 =
2000 |- 2 1
[ 1 1211 2 2 1
1000 LM ' 1 1 2
0 [
L L L L L L L L L

1 JEEFA ) XRD
Fig.1 XRD pattern of coal gangue

1, 2 43 BRI S ) XRD 3% . fH BT 0,
W TG W AT, LRI R T IR R A
JERT A R B I H BN A R =S A . ARSI Pl CAS
ZAAHEH CaSiOs TERIX N H bR XK, 2 HilE I 5
AT A R LN 8:2, 6:4, 4:6, 2:8 AT IME S Kb B 52
5o ST R IUBEE AT ABC o 8:2 B, BERHIEIL
76 1250 °C FitReiamvEs, Hbratkae RAF, RebTi
IR A [Cas(SizOo) ] i i o 785 RS 5 AR K% fik i 39 335 1
BE, ASZIGIEPEREA R A R E N 8:2 fE N EER B
R L .
22 LWRRES TN

i HSC-4 Bl Z/mAfMERM AL EA SR & A
P23 B ZEAS [ R 2 X S At 35 55 3CRE 1 DSC i
2, HT MBI FERE ST dn s J1 ek B, THRE R
WEAN 5,10, 15 F120°C/min. FH SX2-36-12 FY [
(% PN SERE ol AT BR A &) b B sR % 35 . FH DS
Advance B X AT HHU(XRD, {8 E Bruker A &) 54T
AN 7] AR A B FSE T BT o) 0 A B S RO DA o o B B T
WITHIFRIZ 120 s Jami4Ab®E, F SU8220 M7k 14
HL 7 2 8% (SEM, H A Hitachi 23 7)) & H 5
23 XWH*E

BT A FIBRAE R, 43 0)d 160 H (96 pm)iii. i
PV HEC T HE AR E SIS AT R, VR EILE S 30
min J5 BRI B, TEpi At By Ll 15 °C/min H2
FHEZ 900°C, FLL 5°C/min MR THEF] 1250 °C, #fb
{35 120 min, HGEEIN 20 TR 2B KEE, HEFIH
WORDIR SRR BE ML T Fp e, BREE, 1 200 H(75 pm)
A3 FE R B IR AR . HOE SR AN 15wt% /K OBE, TR
GYSEAFIMAERHLLL 8 MPa & 77 E K E &
15 mm WA S, fFEKOEERG, FREEBN
HLBE A A, DL 5 °C/min B 2845 5 FHR 2 750, 800, 850,
900, 950 1 1000°C, R 120 min JGFEIAE1, 7373

20°

2 BEAH) XRD i
Fig.2 XRD pattern of phosphorus slag

A BRI AL

SR = R0 R E R S LT R, INBGH T 1
mm/min, AR 30 mm. KA EIRNRIE M B
MHRE, ORI IE] 15 so F i 12U 25 B SR FH B B oK Z HE
IKIEDE -

3 HRE0®

3.1 EAIEIE DSC o4f

3 NARENINFAGE R A S DSC thk. H
BRI, 700~750 ‘CIEA — N3, SIS HAGIR R X
[A] . PSP AR SR IR DX, DAL BN )
WS, BRFIALIREAE DSC b R BN L B ik
PeTh, HMOERZEY . 29 850 CAME —ANIHIE . kN
RELLIRFMG, DM LIERE RS AT S SO IGE, R
RO TSR, S5 I PR FBE B A e A IR o 24 950 “C AR iR
PG TT RS SR A AR i B AR AR T . 54 XRD 4T
ZE L, NG 43 318 CaSi0s Al Cas(SizOo) HIHT il

A 1.2

g0l A ‘ 863.18 948.3
B Heating rate/("C/min)

0.8
0.6

0.4

Heat flow/(mW/mg)

0.2 -

927.57

0.0 |-

-02 -

700 800 900 1000

Temperature/C

K3 FLA A R TR 3 2R ) DSC #hZk
Fig.3 DSC curves of parent glass at different heating rates
F Johnosn—Mhhl-Avrami(JMA)f& 1E 75 #2718 51
RS 25T T s BEE AT S E AL RE Eae B4 4 In(Tv/ar)



F2H

Wrhse: AARERIR 0 B AT A Tl S 45 M A 1 RE AR R 373

5 it EHEMMEXRR, REN E/R, HIEER
In(E/RV), W ANTEREIRFE To FHEER o ASARHL
R, TFEAFHE—HTEIENT VSRS E.=269.35 kJ/mol.
AT, ARSI S — T AR BT SR AL RERN, B ST
fn 100, Hi4E DSC 45 RANATHANT fb S, 5E HUb PR
% 750, 800, 850, 900, 950 A1 1000 ‘C A5 M & .

12.0

114

ln(sz/a)

! . ! . ! . ! . !
0.001161 0.001170 0.001179 0.001188 0.001197

7K
K4 In(Tv¥e)5 v RAEHE
Fig.4 Relationship of In(7p%a) vs. Tp~!

32 YIRS HH S

5 ANIRIFAAE B L A I X S AT A
W HEATIL, 750 CRARTA Cas(Si:O0) AT H,
800 CH HHL CaSiOs fir i IRTHT I, BHIR ST i,
s AT P 0 i FEE ST A 51, R ] AR BT L SR B i
Hio WJEET 850 CJa Cas(SizOo)fiT Hf U6 i FE PRI,
CaSiOs AT TR AR 2L G598, CaSiOs FAL N T i,

30

L@ 5 |
25? /\ ./ |
20 - Q

O

—_
(=1

——

15+

L ~ —
10 - 5 "

L 5 ]
Sr / \O

L i

0 T B R S|
750 800 850 900 950 1000

W

Crystallinity of wollastonite/%

S

Crystallinity of pseudo-wollastonite/%

Temperature/'C

Ca3(Si300) Al & AH o

1. CaSiO, ! Temp./'C
2. Cas(Si309)1 rRiy o110 [ 1000
1
11121 2 2 950
>
g Ayt 2
5 2 22 2 900
=
= 2| 2 2
2\ k) 22 850
21,7 22 4 800
A 2 750
L L L L L L L L L L
10 20 30 40 50 60
20°

K5 AFEFRAC B L N OR BOR K XRD %
Fig.5 XRD patterns of glass-ceramics at different heat treatment
temperatures

Kl 6(a) & AN A AL ER G S NI s 33 CaSios
H Cas(SizO0) FINT &R, RN, Bl # A FRE T &
CaSiO; FAH & EIZHTIIIN, Cas(SizO0)dFH & = Je 1 i
JE 8/ o B 6(b) &I A Jade FAFHNA V1545 H R0l i B
AT o B AAKL BRI B AR AL, AR AN, BE A AR
JE T v R T ot B I o, >4 T 2 850 'C
Wrdn B LA BT R, TEARHIE ST € I FE X ]
W, RIEXAEF T Cas(Sis00) AT, =iEXHF T
CaSiOs g AHNT H, FEAli3 R v 78 5 58 (1 # A 21 Y [
PIAT A

100

)
80

60 -
40 - —

20 -

Crystallinity of glass-ceramics/%

[
0 1 L 1 L 1 L 1 L 1 L 1

750 800 850 900 950 1000

Temperature/'C

Bl 6 NFEPAFIRE T CaSiOs, Cas(SisOo) Rl 5k HE HIHT & &

Fig.6 Crystallinities of wollastonite, pseudo-wollastonite and glass-ceramics at different heat treatment temperatures

B 7 AR AC R LR Pl i B ) SEM. [
Fro HHERTLAEH, 750 F1 800 °C T BTl i fik e s o
an R BRI, SR ERIEA P AERKKES . B
ACPRFETF v, FEAARG RE IR, AR UERINE,
A B e O AT R B e, MBERIRAR R, HorAe

BT 950 CREPIRE AR, MBUEAER MR, K
AT AR, SV R B AR AR
1000 CHfFEAER d R0 KK, Ho b AR (R AR LA 44
T A RN, AAAL PRI R R R R S S AR
BIEMMI AT REBARNS, BB, /SR



374 IR TR W

¥ 19%

(a) 750°C

(b) 800°C

(c)850C

(e) 950°C

(f) 1000°C

K7 FEFAE RN R R K SEM R

Fig.7 SEM images of glass-ceramics at different heat treatment temperatures

(d) 900°C
11.0 2.8
| i - |
s 105+ ™~ \ P
Eﬂ t [ \ . E
< 100 - | E)
E i >
z 426 2
3 o A
k= z
»nn 90 u 125 aa]
8.5 -
T B R BN 2.4

750 800 850 900 950 1000
Temperature/ C

8 ANIFIAAKE TR IR L T Gl B (1 B 45 WAL A R R
Fig.8 Sintering shrinkage and bulk density of glass-ceramics at
different heat treatment temperatures

SIATTEESL A b BRIRE T &, AR B BOES:
(P28 B BR3P R 5
3.3 EMMERE
3.3.1 kedittae

B 8 S m B R S I R A U A S AR R S . el
BRI O, 3 Bl A R B AR A e A R A AR R . TR
B 750 CHHZ 850°C, RRAHRRS:, STMAHZRT K )
B, BORLIE =B R T, BRI . ER A,
TR ZERUR (B B R0, RS FLBR R PR, TR
B 3 1 2R US4 R AR AR 25 P K . 850 °C KL B FIT A3 F
sl o A U 2R RV 3 BE 35 B K, 43 3l DN 10.71%F0 2.75
glem®. BTt EIRAE, BT KE CaSios fidTE % S:

13.0 6
| ]
104 1°
0 X
s 14 8
= o) o=
'B\ 78 - | §
8 L 13 B
— 172}
o =)
A~ 521 1 I
—_ i
26 1 o/ O 1, =
0.0 ————— 0

750 800 850 900 950 1000

Temperature/C

K19 AN[R AL BRI FE N SR B A R K 2R AL IR 3
Fig.9 Water absorption and porosity of glass-ceramics at
different heat treatment temperatures

(B SR IN 2%, ST BT ARRL BE RS OK,  FEAS RO — 20 508
HEH, ARTAAGRE, FEF 5 e as Wn R A TR %
FE TR, RIINT ARG P AE AR o AT AT
P REHCIRBR AR IR N 750 °C, #1000 °C IG5, 3 58 I
GRAL, eAEIR FEVE LTS, R T A AR

P O ATl B B B RO IR /K S RN FL B R, e PR )
TR B BRI B AR A AR R, B AR B AR
i AH I . 800~950 °C [A) ik di I K 2K T 1.75%,
TEIE 1000 °C I ET B HALIR S, s B IR
T = AR B R ASCEL, FF i (LR 28 A /K 2838 00
3.3.2 JitERe

B 10 ol BB A b O AT R, 2551 7 WAL,



F2H

Wrhse: AARERIR 0 B AT A Tl S 45 M A 1 RE AR R 375

7E 750~850 ‘Cu [ P, BEH A BH IR FE Ty, dn A28,
m AR T 5], Priss iz s s . 900 CRY
REECR AT B BS54 T s sia b & 7(d)],
PO RER AT . THEZE 950°CINF, AF 32 AR A& 2E i
RUELAR, FHASEE MRS, SRS, PLirasE T
B dk2ETHEZ 1000°C, BEIRFEMEURMEEC, (HBk
ARABIAR S FEAR b A B SBCFR AR A ELAE R U 25 IR 54
X AR A F

80

75 -

VAV
/

55 -

Flexural strength/MPa

50 -

451 o
| L | L | L | L | L |
750 800 850 900 950 1000

Temperature/ C

B 10 AR FA AL B P N T S I T o
Fig.10 Flexural strength of glass-ceramics at different heat
treatment temperatures

B 11 DTt B he A SO . R,
TR EE B IR LT i S S KRN, AR S bedh M e
HAMF . PEAACERE T, AR AT L, BT

AR R 58 SR o A it AR 485 7 — JES W BB 54, S i
FEMR. MREFFE 850 CHE, FEdH Cas(Sis00) N E
A, AT AR IR K (B 6), Cas(SizOo) kB AR
TR, B DA SBCR AE in BE P tB 25 3 « IREAX 1000 °C
I SR AR PR H SRR RS AR RIS R A 7(D)]s
PHASBHS AR IR m A%, A S AH (B B BRTC A I 7S, &
B B TR A R

600

[ n
550 |- \\\
[ ]
500
| |

450 -

400 -

Microscopic strength/HV

350 -
! . ! . ! . ! . ! . !
750 800 850 900 950 1000

Temperature/ 'C

B L1 ASTRIER A B 2 S A0 0 B30 A S Al i

Fig.11 Microscopic strength of glass-ceramics at different heat

treatment temperatures

R 2 NP IR B S R AR A KB R b A

PEREECAL, T WA HI B RRAT A0 525 1l 26 A Tl 353
PEBE AT, AT AL SRR R ER

R 2 MEWEESRRAMILEELLE

Table 2 Comparision of properties of glass-ceramic with natural stone

Material Bulk density/(g/cm®)

Flexural strength/MPa Microscopic strength/HV

The sintered glass-ceramics 2.43~2.75
Marble =23
Granite =2.56
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=7.0 157~535
=8.0 669
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