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Abstract: To investigate the influence of hardened cement paste on the calcination and properties of Portland clinker, the
calcination characteristics of hardened cement paste at 1 000—1450 ‘C were investigated. The effects of hardened cement paste
content (i.e., 0%, 10%, 20%, and 30%) and calcination temperature (i.e., 1 350, 1400 ‘C and 1450 C) on the sintering and
properties of Portland cement clinker at the same target values were also studied. The results show that C;S phase is formed again
after the calcination of hardened cement paste at 1 300 ‘C. For a partial replacement of raw cement material with harden cement
paste, the temperature of a liquid phase appears and the apparent activation energy decreases. Its optimal dosage is 20%. The raw
cement material with a higher content of harden cement paste can stabilize the crystal formation of C,S, resulting in a difficulty of
C;S formation. Also, the crystal formation of C;S changes from R form to M form. The incorporation of an appropriate amount of
hardened cement paste (i.e., 20%) improves the mechanical properties of clinker in later stage, which may be related to the
difference in C;S crystal form, C,S activity and the development quality of cement clinker.
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Table 1 Main chemical composition of hardened cement
paste w/%

Chemical .

. SIOZ CaO A]203 F6203 MgO SO3 Kzo NaZO Loss
composition
P-142.5 cement 23.09 60.49 6.50 291 2.07 2.37 0.72 0.15 1.19
Hardened 17.76 50.23 3.18 3.11 1.40 234 0.11 0.05 21.44

cement paste

w—Mass fraction.
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Fig. 1 XRD pattern of hardened cement phase at duration (1 a)
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Table 2 Mix proportion of raw cement material m/g

Sample No. Hardened cement paste  SiO,  ALO; Fe,O3;  CaCO;

T-0 0 2374 553 326 12047

T-1 10 21.26  5.07 2.86  108.40

T2 20 18.97 4.61 2.47 96.34

T-3 30 16.58  4.15 2.07 84.27
m is mass.
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Fig. 2 XRD patterns of hardened cement paste after
calcination at different temperatures
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Fig. 3 In-situ XRD pattern of hardened cement paste after
calcination at different temperatures
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Fig. 4 Thermal decomposition curves of hardened cement paste



. 1620 - CREFR Eh22 4D

J Chin Ceram Soc, 2022, 50(6): 1616-1625

2022 4

4518: 30~120 CEZZ HHKMZK: 110~170°C
FERAESIA A E . BRI 2R 180 ~
600 'C =%y C-S-H B 15 i lisK; 450~550 C
FF N Ca(OH), M5 R K RS s 650 ~850 °C 2
N CaCO; [ AR 73 il SN o

7E 1050 ~ 1 400 CHEEEHE N, KA E
TR AT BRIR BRI i S Y, 6L DTG U S 1
ANAH 2 56 B AR FHE R FE Y DSC IR T &
F P R, X 32 B okl I R DL BRI H A
Ko FEEIIFE DSC HiZkH 1200 °C A4 g 3=
BRI I AH [ T S 3L
2.2 WBKRARIBERTIKRHRHG A EY 2T
221 KEER G et RSB 15 R &
3 RBEAKIE A B EX KA M £-Ca0 & &
Psgm . R 3 FTLUEH, 75 1350 CH&M4 F ke
BRI PAEPEHRZ M £-Ca0, Ui IR Tk
N CS MK K BRI RIFIAERKIEE ., B BE
BRI E, -Ca0 WMEEA 1R M
1400 °'C5 1450 °C, BaHEMEAKIEABERIEN,
IKVE KL £-CaO & ERE I =y, UL REE ALK T
HB RN, KRR G Rt %=,

Fz3 KRR -Ca0 [REF5LL

Table 3 Mass fraction of f-CaO in cement clinker w/%

Calcining temperature / ‘C T-0 T-1 T-2 T-3
1350 2.36 1.12 1.02 1.13
1400 0.67 0.72 0.88 0.90
1450 0.68 0.70 0.86 0.92

TERERR K Je 2R G s F2 v, CS 2
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SR —3. FEM T-0. FES T-1. AEA T-2. R T-3
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Table 4 C;S conversion rate at different temperatures in

clinker w/%
Sample No. 1350°C 1400 °C 1450°C
T-0 89.97 95.45 95.38
T-1 92.39 95.11 95.24
T-2 93.07 94.02 94.16
T-3 92.32 93.89 93.75

15.21 kJ/mol; HE{L/KIEABEN 20%0F, C3S [
WG AE A MK

RS CSTUWELREITESH
Table S Calculation parameter of C;S apparent activation

energy
Sample No.  T/K f(a) k<1075 UTx10YK™' Ink
T-0 1623 0.1451 8.061 6.161 -9.426
T-0 1673 0.2362 13.122 5.977 -8.939
T-0 1723 02354 13.077 5.804 -8.942
T-1 1623 02045 11.361 6.161 -9.083
T-1 1673 02322 12.899 5.977 -8.956
T-1 1723 0.2338 12.988 5.804 -8.949
T2 1623 02108 11.712 6.161 -9.005
T2 1673 0.2203 12.239 5.977 -9.008
T2 1723 02217 12.317 5.804 -9.002
T3 1623 02039 11.327 6.161 -9.086
T3 1673 02189 12.160 5.977 -9.015
T3 1723 02175 12.084 5.804 -9.021

T is absolute temperature; k is constant rate.

Fo CS RIEBEWRETHEER
Table 6 Results of C;S apparent activation energy

Sample No. E,/(kJ-mol ™) IR|
T-0 113.59 0.8712
T-1 31.38 0.8955
T2 11.80 0.9253
T3 1521 0.8325

E, is apparent activation energy; |R| is correlation coefficient.

222 mEEREME B S AARRFEKEAERE B
AR RIRMAR . BT AR i 2. A
S5A[ W, EFHEEREF, 700 ~ 950 CEERAM IR
MK CaCOs [ 7 fift, A T-0 F A 2 7E & B A4
R B SRR B, R H CaCOs & Efi M o
MIREAE 950~ 1 350 ‘CIX[A] A, £l T-1~4F4h T-3 3
WA SRR, RAEBRIgR ES IS T-0
M, TEMGIERE X JA] P 3 B R H AR R SR AT B IR
ERIFAETE R, B LB AT S BURE R
AL G, 7E 1350~ 1400 C, SAFERIEAEMA
Al B B /NIRRT /ER
FBINAHER 2, CS IR KEMM, HIEmERE
FREH W) SIS, ARELFHE S 1550 'C, BEi
C3S W HHEEA R N 584, HIBAHE RSN, =fE
SRR SRR Bl IR B ) T i T . R R K e A
LRGN, FE &S IR AR, AR,
Ui AL K e A 1 9 AR RHE NI, 75 1350~ 1400 C
VN AT RE— @R B4 TGS BB AR



25055 6 1

MW 55 A KYE ARCRHTERR EhK e RHE R P 5 70 22 R .+ 1621 -

1400~ 1550 ‘CYEFEIN, HIFH00 1 20BE SN AT
B, EEHEM CS RGN
105 T T
100 [it-rasspsmptyetipiiiiing
95+

I

§ 90t E zone
<
= | Decomposition of CaCO, !
_5 85 : Melting|
= I
g 80 | \ | \‘
> —— T-0 | : : N
%D 75+ —— T-1 ! ! |
k) —— T-2 1 l :
= 70 T-3 ! ! ‘

651 | | Softening|

60 L L

0 200 400 600 800 1000 1200 1400 1600
Temperature/C

(a) Height variation rate

110
100

90 Reaction|
zone

80 r
Decomposition of CaCO,

70 - \

60 r

Volume variation rate/%

1
—— T-0 : Melting
50 —— T-1 | :
— T2 l .
40r T3 ! Softening :
| I
30

1 1 1 | 1 1l
0 200 400 600 800 1000 1200 1400 1600
Temperature/C

(b) Volume variation rate
5 AEZKPRERHIEHATR o L Bl B2 1 A2 £ ith 2k
Fig. 5 Height and volume variation of raw cement materials
as a function of temperature

2.3 WAKRABERKRHARIE RN

231 #EAHE B e 5K 7 8 1400 5
1 450 CIRE N /KEABEAN 0~30%117/KIEH
KL XRD i, HE 6 5K 7 vJLLEH, EEANEE
T, 4 MUKJEREHTHI(C3S CoS. C3A. C4AF)IAT
SHIGETETAT W, KB RIF. C3S AR TEKYE#El
BEEM A, G 2F iR, AR R AL
A RE A H R R ZE R . CHk[16-17]F4
H CsS TER AR MTUEEAS | AR I BRI B, 3
JAEFAEFRSUX. 31.5°~33.0°, 51.2°~52. 204047 S
SRS XILE, % P9AT SRR 5 2 E
T A CS M. N TR AR KR
F 155 AN FNR B K Bk C5S S AR5 A 1)
i, mE 6 5K 7 e LUEH, TE 1400 CHI
1 450 C FAEIKIEHART C3S FEH /AR EFR 4

X AT . BT-0 HATHFIELE 260 =31.5°~3.0°H I
2AES X, BHXFRMEELF; 78 20 = 51.2°~52.2°
YO 1R AT (220) &7 TR A7 555 068 5 0] L BTG AR 110) 2 /7N
AIAIZ C3S MAVA =& R B, ARG C5S
AULEVER S R @AM Rl koK

#CS vC,S ¢C,A 4CAF 1CaO

z
z BT-2
=
BT-1
BT-0
10 20 30 40 50 60
20/)
(a) 10° — 60°
(009) (224)
BT-3
z
z BT-2
E
BT-1
BT-0
315 32,0 325 33.0
20/°)

(b) 31.5° — 33.0°

420 —
420 (240)
a——_—’—/\m

=
g BT-2
=

220 BT-1

BT-0
51.5 52.0
26/(°)

(c) 51.2°-52.2°

6 1400 CHBEAS B IR MK XRD i
Fig. 6 XRD patterns of clinker obtained by calcination at
1400 C



+ 1622 - CRERR R 2540 J Chin Ceram Soc, 2022, 50(6): 1616-1625 2022 £

P BEN 10%MHELLE 20=31.5°~33.0° 42417 &4 Mg™'. S %51, alLIUL ca® 8 si',
TE 2 Mg, 76 20 =51.2°~52.2° FA77E 2 Mt eS8 CsS AR K KA T —FidEfR
W, PiHIIET CaS WAL R BUTTHAHE N M1 B, BE @RS Tk & AR f T A Ap 120

HERAKEAB RIS, 16 51.20~52.2° K FFiFIE f# ] Rietveld 5543 M7 7K Y8 2Rk £ ZH 4 )
RBEE AR ., XFEEZFAMEKEAT &E, SGRINE 8 iR, 1400°C5 1450 CHRAMAT
W be ) & SR IR H KL C3Sy CoS BAK £-CaO 18

#C,SvC,S ¢C,A 4CAF 1 Ca0

. EHEAK, UHTE 1400 CE&MHT LA LUBKE
: . . CT3 60
s N s C,S B-C,S
E37v-GS [ TotalC,S
= 50 CJcA [CCAF
g CT-2 - - ]
= W0 -
c\@ O f— b
CT-1 = i
2 30t
=) -
CT-0 = n - /
20} : 7
10 20 30 40 50 60 g i %
Cu LHI VA YR (o
- g = — 71
(a)10° — 60° 0 = o= H -
AT-0 AT-1 AT-2 AT-3
(009) (224) (a) 1350 °C
CT-3 60
(O B-C,S
EcA C,AF
z N N ’
2 CT-2 N N
= 40 + L
¢\° iy
CT-1 E 7 77
30 [ 7
- / ?
CT-0 . 20 F /
315 32.0 325 33.0 0 %
20/°)
(b) 31.5°-33.0° 0 = =
BT-1 BT-2 BT-3
@0 (b) 1400 C
(240) 60
C.S B-C.S
CT-23 < EJC.A B3 CAF
50 F N
z N
z CT-2 w0k N
g S — )
mn 7 7
CT-1 2 30t % Z
= Z
CT-0 201 / Z
515 52.0 10+
20/(°) o LA 7
(c) 51.2°-52.2° CT-0 CT-2
K7 1450 CHREEEAEBIHIKJEHEL XRD i (©)1450°C
Fig. 7 XRD patterns of clinker obtained by calcination at 8 HLHIKYR ARl b 3 A ) B

1450 C Fig. 8 Main mineral content in different cement clinkers



55 50 &5 6 3] KWy & HIEA KA ERHT

TERR SR K Y BRLRE RS 5 70 2 1 e

e 1623 -

HBUF KRR, THTE 1400 C, BEA& AR HAE
WK BRI, KIEHEH CS & ERFK,

CoS W& B, Ui R A /KYe A B E KN,
IKULERHN Syt 22, X £-CaO M4, R —
B AR 1450 CHEIL T REE, FRERBIE T
TEAL K A H &5 A B 2 A KA R KPR JURE, 242K 7K
IR YRR & R R, XK Te AR B 2

(c) BT-2

£ A

K 9 ki BT 2K e 2R T B F 8
P 9a AT WL, C3S —MEANTHREAIR, CS —
W EINIERLIE o B R K e A B 2N, BSE
KR e CoS W AHIZ I 22, IX 5] 8 KT #kHy
ERHTET R — 3. B 9a FRER REREAT
EDS Jt & 7 BB ARl .

(b) BT-1

(d) BT-3

9 BT HAFZKIEHEH T B EIE
Fig. 9 BSE images of different clinker (BT group)

B 10 AAFEIKIBEEL CS B AT S STEME
. HE 10 fLUEH, CSH Y S TR & Ehifd

04r
7y
®
T 03F
&
=y
2
E 02F Z
=
E
Coort 2
0.0 Z e o,
BT-0 BT-1 BT-2 BT-3
Sample No.

K10 BT 4Kk S TR G
Fig. 10 Solidification rate of S in cement clinker (BT group)

KV 1B m BN 3G 0, £ 5 BT-1. 4% BT-2.
FEfh BT-3 4KEZRH S TR E =SSN
0.12%- 0.25%F11 0.36%. & FIELLAKPEAFT5IN
[f) SO~ & &, SO CS hRAE T EHE. X
BR[19, 2212 H1: BEAL/KYE A FFAEAEM SO, 4k
FFE CoS b BUMIE, #0H1 T CoS 55 CaO KRS,
AHF Alite BIFE K.

232 JutEPERE B 11 R&5E 1400 51450 C
WA 21 1 2 LK Ve B R I PUR R EE o IBUIR B
1350 ‘CHy 4 ZH7KVEHEHE I 1 A FIFE B 8 A3
%, XRHTREZM C,S AR i p &
ARy y SR, T y-CoS JLP T KAETER), WAy
BT SRR . I 11 ATA, BAKIRIE R
3d PUESEAMLE, It HREMKIEA SR



. 1624 - CREFR Eh22 4D

J Chin Ceram Soc, 2022, 50(6): 1616-1625

2022 4

hns IR IR R LS TR B 1 450 CHA3 2 A /K Ve 5k
JEEINE =T 1400 “C 2. 2= 2R i BT-0 5FE5 CT-0
(1) 7 d SR P ARRE A T A SR IR2H , 75 28 d W IR, B
FE& CT-3 dH4h, HoAthSEIGAH /K V8 1 2% 5 B 4 s
HAE TR B KA B RN 20%H, 1400
551450 ‘CH3211) 28 d 7K VB 19 50 5 43 9l % 1 AL
i BT-0 FIFE & CT-0 27 1 29.81%5 13.62%.

140

z23dE=7d C328d
120 | - = = M

100 |

Compressive strength/MPa

BT-0 BT-1 BT-2 BT-3 CT-0 CT-1 CT-2 CT-3

11 SRR IUERRE

Fig. 11 Compressive strength of cement paste
233 KfE# B 12 BRI BR KA
Mz, & 7 NKWBEIZ R IES 8. HE 12
Mz 7 ATLLE W, B ZH 1400 CHYhn#
1450 CI, F£iih CT-0 B il BT-0 2k i 2
23T R AT 4T 1400 °C5 1450 CHEEEH
FHKE R, BEEEAKTEA BRI, Kk
IKACHIE SHIE KLY, 3d KL ER A RILT
Feriads, XmRs 7’ 11 P EAKRFK 3 d 5E
FERE K e ARk B AL /K e A 45 B 1S N T P AR AR R A

HE 12 5% 7 & AR H, SRR 3 d
KATEFGE R 52 A A BT TR, B 11 BoR s
HAKVeRk} 3 d PUEMREREMTTEH, H284d
DEFEELS A E BN BT . 28 d PR LS
REKJe#EH CS & EEIRUTA —ENT)E,
Kl 8 R SRIR K HEHTY) C5S B BT FH4A,
EPERIS b2 2 ) 28 d Pk s v TS50 4

FT T DA AT A6 R 8t R 7K U AR k] 2% 7K e 24
BHOBTF R 725, B BT A3 2 B 7K U8 24
BHE AR AR 25008, BAE 5 I B s i 7k Ak
Ak AE A, X —J7 T AT e S KR Bk R CsS &
R A 9% o £ RO BT 20 JEURMYE Dy 2 3K e A= Rt
BRI 2B S H R 2 CS 0 AH, H2h T
AABTE TR, AR CsS d K2y R AL,
i R R BN IR B/ BB, 380 T C3S KAL)

Gibbs [ 1Ak, HAEKH VAR MR, pis
B KJe A FEKTRZE RIS N, CsS b7l R A%
AN M B, ARSI L TR SR AT et 1
BRI RS KA, ARSI R BERE 7 -
i, BEEAKEAB RN, CS M

1.8
—— BT-0 —— BT-1
1.6 —— BT-2 —— BT-3
14t ——CT-0 ——CT-1
~ ——CT-3
by L
2 1.2
Z 10f
£
= 081
=
<§ 0.6 '
T 04f s
02{
00 1 1 1 1
0 20 40 60 80
Hydration time/h
(a) Hydration heat flow
250
——BT-0 —— BT-1
~ ——BT-2 ——BT-3 W,w’*'
I‘QED 200 - ——CT-0 —— CT-1 /,,x
= ——CT-2 ——C(CT-3
£ 150t
<
2
2
g 100 |
=1
g
=
3 sof
O 1 1 1 1
0 20 40 60 80

Hydration time/h

(b) Accumulative hydration heat

12 FLKPE R AT h 2k

Fig. 12 Hydration heat curves of cement clinker

®7 BHENCERRIKUHAREBFHES B
Table 7 Typical parameters of clinker hydration heat

curves
Sample No. to/h ti/h vi (mW-g™) Hydration healt of
3d/(mW-g)
BT-0 9.02 23.72 1.27 210.02
BT-1 9.66 24.37 1.40 213.72
BT-2 10.26 24.78 1.34 193.67
BT-3 11.04 26.16 1.36 192.36
CT-0 9.07 22.18 1.59 231.02
CT-1 10.06 23.52 1.55 225.49
CT-2 11.05 24.70 1.59 219.80
CT-3 11.62 25.99 1.44 206.87

to is Terminal time of induction; #; is Terminal time of acceleration; v, is

maximum heat flow.
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