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BT FH B R AR5 9 Tk Jok), A A .
Wl RS, HALSFA WL 1 R, REARIE
MgO i A o & J i 2 I i Esk, AKkA
MR EE I S R A K F, TR, FeoOs Fll CaSO4
K 53 A Ak 25 R R A OR: TE kL. BEAh,
BI85 24 U5 53 93 B 4 A 4l MgCO3 Al Caz(POa)2 ik
FIERAE, SR HLL MgO 1 P.Os 25 E L & &
THE RFRIER, BT Cag(POs) 5l N —E & 1145,
BT R L 5] NS & B B e . BEAAT
A7 FH 1 0 A A K700 35 o [ 24 4R A 2 R0 A R
Gk
1.2 HEEH&E

A5t FH S RB R ATLK RS ORI HOIR Tl J50R i
1, SR 5 HAR JFRIZE 105 CF48 h it 2 1E =,
BE— 00 T JEOREE T BREENL o8BS 30 min. AR#E

WK, TR L ERREUER, BT AT A RR
BEHLAF LA 360 r/min F i m RS I 1 h, ff
Ak 80 um TR EILT 10%, BIkIAS/KIEA R . FRE
250 g ARl 5 8% EFKFES G A ¢120 mm
FEFEAREE A, 76 20 MPa £ 58 TR K 2 min 18 34
BHRE. BB ET 105 CTEEAET RS TR,
SRJE TN 950 “C 1)Ly #hb Hhftloe 30 min, [ 5 PRk
¥ 7% 22 1320°C (1 T FEb o DR 60 min R AR S S
FH H X TR A ER I B T IR AE FH IR Sh o BE
WUBRE, AT EWHEBNA B Z 45 um R &N 10%,
13 B 7K Ve 2k

AW FLRE, #okld MgO Al P,Os 35 EA
B R, B RER  FER A ERY, R, R
i MgO Fl P20s 75T 4 7 R [ i A R DA S &
WAL, =il BCSA 2okl MgO 1 PoOs 1 fk =
58 N 5% 1.3%. BRI BTHE AL N 50%
C2S. 30% CsAs$. 13% CaSO, A1 7% C.AF. ZkH1L
S, LS MgO il PoOs I BAR B B3R 2 Bk,

x1 REOUEFERR

Table 1 Chemical compositionsof raw materials w/%
Raw material Loss SiO; Al,O3 Fe,03 CaO SO3 MgO P,Os
Limestone 43.29 0.37 0.13 0.23 54.98 0.07 0.52 0.06
Bauxite 15.02 17.99 54.44 5.98 2.74 0.06 0.32 0.23
Fly ash 2.32 52.47 34.02 2.92 4.80 0.27 0.69 0.15

w is mass fraction.

x2 BRHLFEMR

Table 2 Chemical compositions of clinkers w/%

Sample No. SiO; Al,O3 Fe,03 CaO SO3 MgO P,0Os
Control 17.07 16.21 2.26 51.07 11.34 0.60 0.10
Mo.6Po 17.01 16.15 2.25 50.95 11.29 0.60 0.40
Mo 6Po 7 16.95 16.12 2.23 50.78 11.28 0.60 0.70
Mo P10 16.90 16.08 2.23 50.62 11.25 0.60 1.00
Mo 6P13 16.87 16.00 2.22 50.49 11.21 0.60 1.30
M;Pg.4 16.94 16.11 2.25 50.74 11.24 1.00 0.40
M;Pg7 16.90 16.03 2.23 50.60 11.23 1.00 0.70
MiP10 16.84 15.99 221 50.45 11.21 1.00 1.00
MiP13 16.79 15.95 221 50.30 11.15 1.00 1.30
M 5Poa 16.87 16.02 2.23 50.48 11.18 1.50 0.40
M sPo7 16.80 15.96 2.23 50.33 11.18 1.50 0.70
M sP1o 16.75 15.93 2.23 50.17 11.13 1.50 1.00
M sP13 16.71 15.85 2.20 50.04 11.11 1.50 1.30
M3P.4 16.60 15.77 2.19 49.73 11.03 3.00 0.40
M3Po7 16.56 15.72 2.18 49.56 11.01 3.00 0.70
M3P10 16.49 15.66 2.17 49.41 10.99 3.00 1.00
M3P13 16.44 15.62 2.17 49.26 10.94 3.00 1.30
MsPo.4 16.25 15.43 2.15 48.70 10.80 5.00 0.40
MsPg 7 16.20 15.38 2.14 48.55 10.77 5.00 0.70
MsP10 16.16 15.34 2.13 48.39 10.72 5.00 1.00

MsPy 3 16.10 1531 2.13

48.22 10.70 5.00 1.30
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1.3 MiXSRME

K STA 449F3 B[R] 5 B o3 M 4SOt A= B i it
17 R B HT(DSC)- I E A HT (TG), W&k
FESE R 30~1350 'C, FHE#EZR 10 C/min. RSN
ES, Vi 20 mL/min. %H] D8 Advance B! X 44k
FTHALOKRD) I FAKEE S T D2 i, — 4R A
Lynxeye #RI#%, Cu Koo fT5S, &K 40 kV,
BN 100 mA, TG Y 20=5°~80°, FiH
FES 4 (°)/min. FH Rietveld 77340 2okt b4
S, AR ICSD R 5 R 3. KA
Quanta 250 FEG %37 & S BB 434 v~ R Al — X
FL - (SEM) A1 UG FL - (BSE) 45 20U 4% 2Ok} A
(IS o

%3 HFT Rietveld £iE AR ST HHH0 ICSD FH
Table 3 ICSD collection codes for all phases used for the
Rietveld refinements

Phases Space group ICSD code Reference
B-C.S P2:/n 81096 [22]
a’-C3S Pnma 81097 [22]
a-C3S P63/mmc 81099 [22]
0-C4A3$ Pcc2 80361 [23]
c-CsAs$ 143m 9560 [24]
C,AF Ibm2 2841 [25-26]
f-CaSO, Amma 16 382 [27]
MgO Fm3m 8863 [28]

2 LR5iH

21 Hus ARk 2R m

Kl 1 4 MgO Al P2Os Ji5 I A BHE I #hid fi v
() DSC-TG £k, MK 1 7 W., 7ETHREFEH B
T 6 N 4 R . 105 ChEA HILES 1
MR, FIREAMER RS K, R\TEL

BCSA R L GIKFE K . 5 2 DMRAIEN T2
500 'C, TG HhZkfEpaH FER K, XKIHFETHEILL
PN 40 ks ) BUSR S 25 A K BT, 700~800 °C
[RIR FAE S CaCOs - fifiE ), [FIRT TG M4 A
BENRERR. 5 4 DMRABLTE 950 C, JhEf
FHETE S A 18] 7740, 1100~1200 °C WS & i T
CaSO, LN A B ERRES (CsS28) 70 i F 2y,
W1 CaSO4 7 fhBfi /b & SOz ¥R, R EK.
G 1 MNRRRLILE 1260 C, I CoS JTHHA K&K
BRI, XFEE SRR AT MgO & EAR R HI& A A LA
P20s & EIFE ST MosPoas MosP1o P UL, [E#E P2Os
SEIEIN: 1) CaCOs /M IR NS A FEIK, i &4
SRIEIN, X RIS AR BEIE SR B, EHH CaCOs
IR, 2) F 900~1320 CiREJuHEN, &
(A4 2 C2S W Bl A BT FEAI, [ CaSO4 Al
CsSo$ 1 73 il B AR M. T R, X UEBH Tid & P20s
BNE R T AR PIRIER . X5 A ARERAT
Cag(POu)2 AEA R FAAE CaASSIE iR I AL 45 1B 4
W&, XFLEAHIE P2Os 55, 1 MgO & AR
FE i MosPo.a A1 M15Po.4, fii MgO 5 & 1938 111, CaCOg
IIRIRFER CoS TR E AL, RWH T MgO &
BEAEIE CoS BRI BBy,
2.2 SRIBHS AR Y02E AR RV SN

B 2 A BRLRE S 7E 20°~65°f XRD i .
B2 T 0L, 7E 1320 CHEEARIR 60 min J5, ZEFE
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KAMEEE| f-CaO HINTHIE, RF\MRT MO ER S
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LB I E . IX T RENAT MgO LA
JiBEA (F-MgO) T A7 LE A 82, H 15 &1 i
BRI .
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Fig. 1 DSC-TG curves of raw meals
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Fig. 2 XRD diffraction patterns of the samples
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Fig. 3 XRD diffraction patterns at 23.0°-24.5° and 32°-35°
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} i 888 : Clinker minerals Mass fraction
13.000 L C,Sbeta(MUMME) 20.80%
12.000 - R,,;=6.16% C,Salpha MUMME)  33.80%
11.000 Ca,Al0,,S0,-¢ 6.70%
10.000 |- Ca,AlL0,,S0,-0 25.48%

9.000 - A6\ 1200y . Q
2 8.000 | C,AFtrans 4.28%
2 7.000 - Anhydrite 6.35%
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3.000
2.000
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20/(°)

Rwp represents the error factor, indicating the precision and accuracy of the Rietveld whole pattern fitting.

Kl 4

75 AR L TE 5°~80°K Riteveld #8141 2%

Fig. 4 Rietveld fitting curve of Control sample at 5°-80°
T4 FARET AR

Table 4 Mineral compositions of clinkers w/%
Sample No. a'-C,S B-C.S >C,S 0-C4A3$ c-C4Az$ > C4As$ C,AF f-CaS0, f-MgO f-CaO Rwp
Control 33.40 20.98 54.38 27.27 6.63 33.90 4.70 6.73 0.08 0.21 6.16
Mo 6Po.4 43.01 11.47 54.48 27.25 6.84 34.09 4.48 6.75 0.07 0.13 6.30
Mo 6Po7 47.29 7.48 54.78 26.38 6.77 33.15 4.86 6.96 0.07 0.19 6.90
Mo6P10 51.05 3.90 54.95 26.05 6.96 33.01 478 6.90 0.08 0.23 7.30
MoeP13 51.41 3.20 54.61 2531 7.66 32.97 4.70 6.91 0.12 0.20 6.89
M;Pg.4 4152 13.84 55.36 25.84 6.75 32.59 4.84 6.72 0.32 0.17 7.10
M;Pg7 45.23 9.51 54.73 27.42 6.75 34.17 421 6.46 0.30 0.12 6.57
M;P10 49.38 5.32 54.71 26.28 6.94 33.22 455 6.85 0.38 0.19 7.60
MiP13 51.91 3.26 55.17 26.53 6.67 33.20 4.67 6.38 0.37 0.21 7.54
M1 5Po4 41.47 14.13 55.60 27.23 6.00 33.23 422 6.02 0.81 0.12 751
M15Po7 46.76 6.94 53.70 27.39 6.49 33.89 474 6.60 0.92 0.15 6.56
M1sP1o 49.46 5.27 54.73 26.09 6.52 3261 4.82 6.50 1.11 0.22 6.75
MisP13 51.28 3.32 54.60 2571 7.34 33.05 4.66 6.51 1.07 0.12 6.32
M3Po.4 38.72 14.77 53.49 27.07 5.35 32.42 481 6.58 2.54 0.16 6.50
M3Pg7 43.98 9.46 53.43 26.73 5.93 32.66 471 6.63 2.53 0.13 6.97
M3P10 46.99 6.54 53.53 26.78 5.75 3254 4.86 6.40 2.45 0.22 6.96
M3P1 3 4959 3.58 53.17 26.01 6.51 3252 481 6.62 2.65 0.23 6.70
MsPo.4 35.13 16.63 51.76 27.02 5.61 32.62 475 6.42 433 0.12 6.50
MsPo7 4221 9.62 51.84 25.98 6.24 32.23 4.82 6.37 452 0.22 6.49
MsP10 47.37 5.56 52.93 25.73 5.99 31.72 474 6.08 443 0.11 6.62
MsP13 4952 2.92 52.44 26.07 5.66 31.73 475 6.43 452 0.13 6.55

PRI = I 50 PAPO LY S R AT A

Kl 5 25 7 2R SEM-BSE B . HIE
5a I 5e il WL, ZIONKCIRETZE C.S 74, 27
T 22 CaAsSIT ), HFTE CoS Ml CaAs$Z
], SAAEE BRI IRES B %A . X
5a A&l 5b I L, BRI LS LR &0 Y5t 5T
TEM R B RAF 1124 POs B EA T 1.3%0, FEA

SR YD I AR IR R, R [A] ) SRR AR
W, BEAC T as SR, W] 5e FE] 5d REALIX I8
TN LE I 5e~F 5h AT L, ZHEFEH CoS RF41
10~20 pm, CsASTZ1N 3~6 um; B/ R A5 2¢
f8 C2S 1 CaAs$l™ 1) iR RSE 73 7l ek /N 22 8~15 pm
A1 3~4 um. IE4h, MgO &L 2| 5%, TSR]
f-MgO HIf#7E, ULl Bh 41X 1.
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E 5 BEES SEM-BSE B /7
Fig.5 SEM-BSE images of clinkers
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Extended Abstract

Introduction  The long-term strength development of high-sulfur belite-calcium sulfoaluminate (high-sulfur BCSA) cement remains
constrained by the low hydration reactivity of B-dicalcium silicate (B-C2S) and the difficulty in obtaining its high-temperature active
polymorphs. lonic doping, which activates and stabilizes highly cementitious dicalcium silicate/calcium sulfoaluminate (CsAs$)
crystalline phases while inducing lattice distortion, has been proven as an effective approach to enhance mineral reactivity.

With the depletion of high-grade limestone resources, the utilization of low-grade magnesian limestone and phosphorus-
containing solid wastes, such as phosphogypsum and phosphorus slag, for producing high-sulfur BCSA has become an inevitable
trend. This leads to the unavoidable coexistence of Mg?*/P%* in the clinker mineral system. However, existing studies have primarily
focused on the doping effects of individual ions, while the synergistic influence and underlying mechanisms of magnesium/
phosphorus components in the quaternary clinker system (C2S-CsA3$-C4AF-CaSOs) on sintering behavior and performance remain
poorly understood.

In this study, MgCOs and Caz(PO4)2 were employed as the sources of MgO and P20s doping, respectively, to systematically
investigate the effects of Mg/P co-doping on the phase composition, crystal structure evolution, and mechanical properties of
high-sulfur BCSA clinker, along with the associated mechanisms. The findings not only provide a theoretical foundation for
optimizing the strength development of high-sulfur BCSA cement but also establish a technical basis for the large-scale, high-value
utilization of Mg/P-bearing industrial solid wastes.

Methods The designed mineral composition of high-sulfur BCSA clinker was as follows (mass fraction): 50 % C:S, 30% CsAs$,
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7% C4AF, and 13% f-CaSO4. The raw meal samples were prepared using industrial raw materials and analytical-grade chemical
reagents with varying Mg/P doping levels. Specifically, MgO was incorporated at 0.6%, 1.0%, 1.5%, 3.0%, and 5.0%, while P20s was
added at 0.1%, 0.4%, 0.7%, 1.0%, and 1.3%. The raw mixes were fired at 1320 °‘C for 60 min to obtain clinker samples.

The effects of Mg/P co-doping on the sintering behavior and properties of high-sulfur BCSA clinker were investigated through
X-ray diffraction combined with Rietveld refinement, scanning electron microscopy, and mechanical strength testing.

Results and discussion The Mg/P co-doping exhibits a significant synergistic effect, with an appropriate doping ratio effectively
enhancing the content of highly reactive mineral phases, including cubic-calcium sulfoaluminate (c-C4As$) and o'-dicalcium silicate
(a’-C2S ). P20s demonstrates a favorable stabilizing effect on high-activity crystalline phases such as o'-C2S and c-CsAs$, whereas
MgO shows an adverse influence, particularly when the P20s content is low (P20s < 0.4%). The maximum o'-C2S formation in
clinker is achieved at a doping level of 1% MgO and 1.3% P20s. Moreover, Mg/P co-doping reduces the grain size of CzS and
C4+A3$ minerals. However, excessive P20s doping 1.3% leads to noticeable melting corrosion, resulting in decreased crystallinity.

At low doping levels [w(MgO) < 1.5%, w(P20s) < 0.7%], the 3 d compressive strength improves while the 7 d strength
remains stable, with all samples showing varying degrees of enhancement in 28 d compressive strength, though excessive MgO
doping leads to periclase formation and significant strength reduction. The 3 d and 28 d compressive strengths exhibit linear
correlations with the total contents of CsAs$ and C2S, respectively, with appropriate Mg/P doping promoting C.S formation,
particularly at 1.5% MgO and 0.4% P2Os, which yields the highest C2S content and achieves a 28 d strength of 74.5 MPa.

Conclusions Optimal Mg/P co-doping effectively reduces the decomposition temperature of CaCOs while enhancing its decomposition
rate, and lowers the formation temperature of intermediate minerals CsS2$ and C»S within the 900-1320 ‘C range, thereby
promoting the formation of clinker minerals like C2S. Furthermore, Mg/P doping demonstrates significant synergistic effects: P5*
selectively substitutes calcium and aluminuny/silicon sites, stabilizing reactive phases such as o'-C2S and c-CaAs$. As P20s content
increases from 0.4% to 1.3%, the concentrations of o'-C2S and c-CaAs$ markedly rise. In contrast, Mg?* competes with P5* for
calcium sites, leading to reduced o'-C2S and ¢c-C4As$ content with increasing MgO doping. The highest relative a'-C2S content (51.5%)
is achieved at 1% MgO and 1.3% P20s doping levels.

The 28 d compressive strength of doped clinker was improvd to varying degrees, initially increasing with MgO content but
declining when excessive MgO forms periclase. Similarly, strength first rises then falls with increasing P2Os content. Both 3 d and 28
d compressive strengths exhibit linear positive correlations with the total contents of C4As$ and C2S, respectively. Maximum C2S
formation and peak 28 d strength (74.5 MPa) occur at 1.5% MgO and 0.4% P20s doping. Comprehensive analysis of mineral
formation, crystal phases, and performance reveals an optimal doping range: w(MgO)<3% and w(P20s) 0.3%-1.3%, which balances
clinker sintering efficiency and mechanical properties.

Keywords high-sulfur belite-calcium sulfoaluminat cement clinker; magnesium; phosphorus; ao’-dicalcium silicate; calcium
sulfoaluminate; strength
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