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Effect of Boron/Phosphorus Compound Doping on Formation and Properties of
Sulfate-Rich Belite Sulfoaluminate Clinker
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Abstract: Sulfate-rich belite sulfoaluminate cement is used in rapid construction of marine engineering, but the strength of the clinker
developed is not enough in the later period. The improvement of the strength in the later stage was investigated via boron/phosphorus
composite doping. The effect of boron/phosphorus composite doping on the mineral formation, microstructure, and hydration of high
sulfur belite aluminate clinker was analyzed by X-ray diffraction combined with Rietveld full spectrum quantitative analysis, scanning
electron microscopy, isothermal calorimetry and thermogravimetric analysis. The results show that boron and phosphorus both can
exist in the crystal structure of dicalcium silicate, form the crystal defects, and increase the content of a-C,S and ¢c-C4A3$, thus
promoting the early hydration and later strength development of the clinker.
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Table 1 Chemical composition of raw materials w/%
Raw material SiO, AL O3 Fe 03 CaO MgO SO; Loss
Limestone 0.78 0.76 0.18 53.38 1.41 42.83
Bauxite 21.72 52.40 7.63
Malmstone 92.05 2.23 0.69 0.18 0.38 0.00 0.55
Anhydrite 1.35 1.55 1.10 34.25 2.28 40.35 16.94

W is mass fraction.
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Table 2 Design mineral phases, proportion of dopants, and chemical composition

W%

Design mineral phases Proportion of dopants Chemical composition

Clinker samples

C4A5$ C.S C4,AF C$ H;BO; Ca3(POy), CaO SiO, ALO; Fe,05 SOs B,0; P,0s
Control 30 50 5 15 0 0 52.05 17.50 16.05 1.65 12.75 0 0
BoPo4 30 50 5 15 0 1 52.03 17.33 15.89 1.63 12.62 0 0.40
Bo.1sPoa 30 50 5 15 0.27 1 51.88 17.28 15.84 1.63 12.59 0.15 0.40
Bo3Po4 30 50 5 15 0.55 1 51.72 17.22 15.80 1.62 12.55 0.30 0.40
BoPos 30 50 5 15 0 2 52.01 17.16 15.74 1.62 12.50 0 0.80
Bo.15Pos 30 50 5 15 0.27 2 51.86 17.11 15.69 1.61 12.46 0.15 0.80
BosPos 30 50 5 15 0.55 2 51.71 17.06 15.64 1.61 12.43 0.30 0.80
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Fig. 1 Mineral composition of clinker samples
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Table 3 Rietveld quantitative analysis of clinker minerals W/%
Minerals 0-C4A3$ c-C4As8 2CiA3$ a-C,S o' -C,S B-C,S ZC,S f-CaSO, C4AF C,F Rwp
Control 21.12 8.76 29.88 4.80 5.58 40.54 50.92 8.22 2.03 9.44 10.66
BoPo4 20.84 9.49 30.33 0.96 5.39 38.40 44.75 7.50 4.30 10.10 10.04
Bo.15Po4 18.19 12.23 30.42 7.47 10.11 39.14 56.72 8.95 1.52 6.61 12.48
Bo3Poa 18.40 13.28 31.68 9.03 3.50 34.32 46.85 10.20 1.29 10.69 13.20
BoPos 19.95 10.80 30.75 8.31 20.92 15.24 44.47 12.31 1.51 11.26 13.06
Bo.15Pos 14.63 19.27 33.90 20.30 7.13 21.88 49.31 6.60 1.00 8.93 9.28
BosPos 15.69 14.51 30.20 12.59 1.12 36.76 50.47 7.45 2.13 10.38 12.84
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(a) Control (b) Bo.15Po4 (c) BosPos

(d) BoPos (e) Bo.isPos (f) BosPos
B2 #ARHEE R AR e B R
Fig. 2 SEM micrographs of clinker samples

(a) Spot P, in Fig. 2(a) (b) Spot P, in Fig. 2(a)

(c) Spot P in Fig. 2(b) (d) Spot P4 in Fig. 2(d)

X is mole fraction.
K3 2ORHEE ) EDS BELE 7
Fig. 3 EDS spectra of clinker samples
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Fig. 4 Heat revolution curves of co-doped clinker samples
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Fig. 5 XRD patterns of hydration products of co-doped

clinker samples
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Fig. 6 TG-DTG curves of hydration products of co-doped
clinker samples
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Table 4 Rietveld Quantitative Analysis of Hydration
Products W/%
Samples Ettringite Monosulphate
Control 28 d 54.10 0.55
BoPo4_28d 52.63 0.63
Bo.15sPo4_28 d 51.88 0.77
Bo3Po4 28 d 52.87 0.79
Bo3Pos 28d 53.86 0.32

x5 KUTHMAREEEST

Table S Thermogravimetry Quantitative Analysis of

Hydration Products wW/%
Samples Deo Dago Difference
Control_28 d 99.95 86.21 13.74
BOP1_28d 99.19 85.24 13.95
BIP1 28d 99.67 82.23 17.44
B2P1_28d 99.84 83.07 16.77
B2P2 28d 99.86 83.06 16.80

Dgo represents the percentage of product in the sample at a temperature of
60 C, and Dy represents the percentage of product in the sample at a

temperature of 200 C.
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Fig. 7 Compressive strength of co-doped clinker samples
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