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Effects of Metakaolin, Glass Powder and Limestone Filler on

Microstructure and Properties of Cement Paste
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Abstract: The effects of metakaolin, glass powder and limestone powder on the strength and thermal expansion

coefficient of cement paste were studied. The hydration products, pore structure and microstructure of cement paste

were also studied by thermogravimetric analyzer, mercury intrusion porosimetry and scanning electron microscope.

The results show that the thermal expansion coefficient of cement paste decreases with the increase of content of

metakaolin, glass powder or limestone powder. The addition of metakaolin can increase the hydration product,

decrease the porosity, improve the microstructure, increase the compressive strength and decrease the thermal

expansion coefficient of cement paste; the addition of glass powder can decrease the hydration product, increase the

porosity, and greatly reduce the strength and thermal expansion coefficient of cement paste ; the strength and thermal

expansion coefficient of cement paste with limestone powder decrease the most.
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Table 1 Chemical composition of raw materials

w/%
Material ALO, SiO, Fe,O, CaO MgO Na,O SO, IL
Cement 4.49 21.88 3.45 64.65 2.36 0.51 2.44 1.31
Metakaolin 45.41 51.44 0.43 0.15 0.01 0.22 0.15 0.43
Glass powder 2.18 71.21 0.38 10. 14 1.52 12.87 0.18 1. 60
Limestone powder 1.47 2.35 0. 36 54. 89 0.53 0.08 0.05 43.73
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Fig.2 Thermal expansion coefficient of cement pastes

22 HEREMITEE

B e s = DI ALK AR R KA
PL T 9 J3E RN A i 5 L IR 3. pl 1R 3 Ca) TR0 - i 25 i
fe A 45 B BN, KR A B B R R R R K 5 2 A
W+ 5155 h 8% .16 % Fl 24 % 1, /K U8 A1 AT 35
FEF T PC L4503 T 16.1% .29.6 % Ff41.8%.
TX B F g e 04 1 S AR 0N KL BRI T B
(ELRIL2.6). F1 I 3(a) 8 AT LA H « Bl 2 8% 58 4 A6
JRAT K45 BB 3N, K U6 A i B S o 3 R AIG 5 M B B
3 FAT AT K BB R 8 %6 BE, K T A7 BT R i B R
L PC AL A BIFEAR T 6.1% F114.5% ; 4 3% 55 45 Al
TRATHS (4Bl 24 % IF 7K U8 A7 T TR 55 A Ee PC
A IAR T 21.3% M 44.6%  FHEEEN & 758
A R 2 E T 3B K AR 1 K e A B R 5 B AIK
T8 B 5 Ry 0 K U A BT R L 3 2 B B R B 9
PES T4 KA R 3G PE . 3(h) Al A, J 08+
BE TSR R4 I AR B9 3B 0 AR BT A R A R R
AP 580 B 2L, it 5 O v 0 - (55030 389 43 1A K A1
B3 )45 5 N, K VR BT T R B (kA

21
Replacement rate/%:
" 7o N
< 18 L
£ B 16 & 24
2
515
=
o
b=}
=12
g 83
2 =
3} kI
ool SE
B
o
R
kS —
o

6
Metakaolin ~ Glass powder Limestone powder
Mineral admixture

(b) Flexural strength

P 3 KA Y40 R B R A A 5 3

Fig. 3 Compressive strength and flexural strength of cement pastes



776 pi

WM B % W %254

23 BREHMH

4 2 45 K U8 A 0 B e — 22 S0 i o b
(TG-DSC) £k .

M & 4(a) AT LB H L gk A R 2A 3406
W R - 100 “C 22 A7 1y W FA 06 fR K Ak i TR 595 B
(C-S-H) W HE 7K BT 885450 “CAe A7 W B il R 4 AL
5 (Ca(OH),) W FBE K BT ; 700 “CZE A 1Y W FR I p sk
R4S (CaCO,) W I fiff I 35048 A = 08 £ (1 K e A
A AR W #R g 435043 T 100,180,450,700 °C
Ak 100,450,700 “C Ak i B iy o B 32205 N
C-S-H.Ca(OH), 1 CaCO iy W 3fiff , 11 180 “CAEA
) W AR U 2 F K AR R R 5 (CLASHL) W 34 i 7K B
A, R 4C) IR T LA B D A 118
B3, CaCOH), Y 53 fiff 5 o7 W B e T AR U /) . 3k AT
PLA A A i v 08 - 5ok e A b i Ca(OHD, & A T
KR LR, T AR T /K e A7 v Ca(OH), R & i

HE4(b)  (c) Al LLAE 148 A 35 5k Al A K
Ak K e A 34 W FA e, 55 ali K e A i 45 SR A
6] s X HITE T, 8 A B M RO KA B e, K e
Ca(OH), 1Y 3 fifk W v e 1T FRU 4 4 7K U A W] 300 i /)
X 32 B B R R B A R 1 A R AR A L

100
< 90F ~
: :
= 80| S
3 =
E E
5 0 E
&0 N =
T CH 1-10
C-S-H C,ASH;
50 ‘ ‘ : : =20
0 200 400 600 800 1000
Temperature/°C

(a) Cement paste mixed with metakaolin

100

TR BEAR T /K U8 A Ca(OH), 1Y & & . i 18 4(c)
WA LU B A KA R B R 3En, CaCO,L 1 43
it W AU 57 [ A S B, O FL DA TR R R X R
TKAT K 0948 A 0] DL R K A0 R CaC O, 1 40 fif i
A & Thiery % B0 55 2 W, CaCO, 1 W A 14
J3E it 5 HL 235 o 1 B R 49 K

Hallet 51 Liu %545 T K Je A A # 85 4
KB (w,) BT Ca(OH), & i (wey) B R

Wy = Wsp-550C (1)

Wen — 18 X Wao-500¢ (2)

R w0 K IBATTE 30~550 “CZ ] il R i 2 %
Waoo-s00 K IEATTE 400~500 “CZ [8] 1) i 2 %

M =L (1) L (2) 73 5 & KA k2 45 &
KA Ca(OH), 1y & i, 45 R an 1l 5 i 7 . f 181 5(a) /]
A 54k e A PC A E 18 0 5 0% 4= 0T L3 & K
e A1 Ak 24 25 G K I & 6 T A8 0 3 35 8 LA K
B W R A T 7K e A1 A2 25 G K i & i AE B R A
[ 15 DL T, 48 s s 0 7K e A 1 fk 24 25 A K &
R KL BN RS R K e A IR Z L BINA KA kK
e A7 0 J5e /0N . 3 326 W48 i D 125 04 1= 7K U8 & A K Ak =

100

s % ~
11
E s
- 80 >
2 =
£ E
ERRL =
2 60 P T

50 : : : : -20

0 200 400 600 800 1000

Temperature/°C

(b) Cement paste mixed with glass powder

90 -
80 -
70 +

60 -

Residual mass ratio/%

50

Heat flow/(uV - mg™")

40 ‘ ‘
0 200 400

: ‘ -20
600 800 1000

Temperature/C

(c) Cement paste mixed with limestone powder

B4 kP ) TG-DSC i £k
Fig.4 TG-DSC curves of cement pastes



5583 DR 45 < i g e b B A0 IR A A of K R AT ROUL 45 ) A0 BE Y 5 ) i

PR e 22, B AT AT B K VA K AR 080 i s e BB s A0 A 19 K LR 28 A A
i/ B A e R KA LB R B, RO AR B AR S A B K AR K P AT Y
BAA KA G KA RR R (WL 2.4). HE S Ca(OH), & i K, BN K Ie A 1k Z, B
(b) AT DL - Bt b oo U = BCHEOAD R K AR B i D oK DA B8 R/ 3k 3 A e 0 = 9 KR I
B, kP Arrh CaCOH), 95 B FRAR, X BB T PRl , SRR A0S P 2, A0 A A A T P A 555

22 15
Replacement rate/%: Replacement rate/%:
20 - 0 8 r 0 8
=2 13 L B16 24
18 - 12F 7 7 7
o % v S
S 6f é St
= / EY
7 10 .
14 |- % N 3
g o
12 g ol %
%
7 X
Metakaolin Glass powder Limestone powder Metakaolin Glass powder Limestone powder
Mineral admixture Mineral admixture
(a) Content of bound water (b) Content of Ca(OH),
KIS ARIAT L R4 5 K Ca(OH), /9 35 4
Fig.5 Contents of bound water and Ca(OH), in cement pastes
24 AEBESTWRILBEE B R (IR FR 38, T IR . el 181 6 (a) AT 77T LU 2 46
K6 FE 7250 T KA MFLEE &AL KA R FLBR 2 R 20.24 Y0, FLAR 5347 il 26 10 0By
0.8 0.25
0T F o PC = o PC
o * MKS %020 * GP8
E 0.6 |- 2 MK16 E A GP16
S o5l v MK24 T 015F v GP24
g E
§ 0.4 + T;
0.10 -
£ 03f 5
a a
= 02F = 0.05F
= =
2 0.1F 2
= N g Of e
a O0r . A
_0‘1 Il Il L L L - _0‘05 L L L L L
10° 10! 10% 10° 10* 10° 10° 10° 10! 10? 10° 10* 10° 100
Pore size/nm Pore size/nm
(a) Cement paste mixed with metakaolin (b) Cement paste mixed with glass powder
0.30
75.6 nm o PC
T 0251 « LF8
.—El 38.5nm a LF16
s 020r v LF24
= 015¢
>
2
g 0.10 -
=
= 0.05r
g
k= L
A 0
_0.05 L L L L L
10° 10! 10? 10° 10* 10° 100

Pore size/nm
(c) Cement paste mixed with limestone powder

K6 ki iy fLAR o3 A ith £k

Fig. 6 Pore size distribution curves of cement pastes



778 @®mOs M

B %254

38.5 nm; 8 A = I 4 5 K Je A7 B FLBR R AR, LA
AT 2 R U6 (i I Sk 1) FL AR /N B O 1) RS B0 5 24 i
W+ BB R 24% B, K TR A B L BR R A
10.31% , FLA2 43 A1 1 42 1 WA X A 3.0 nm. 3 35 W fi
o U4 = A9 ok R R AT DA S 3 AT K U A Y L BR
KA LA . f B 6(b) MK 7 AT LLE 48
A ISR 5 K Ve A FLAR o3 A h 6 i W (B VA K AR AR
b (¥ 38.5 nm) , {H I 45 BB B 7K U A1 1 FL B e 4%
Al K YA K X FEIE BT B 1T PR LK 8 2
R, B A5 5 K U8 A KA 7= P /b | B ok
TR A B FLB R 338 K [ s 3 By LA — 2 1 R
WML T RLS Ca(OH), & A K Ak i A i C-S-H #E
Jie , 2 T A3 K U A R A AL R SG R L AR X 2 B VR T

32
Replacement rate/%:
28 - 0
8
24 +

%
%
K
X
X
o
o
X
%
b

20

XXX ARRX
a9a0. 000,99

CRRIARRHAKR
Ya9u00a0a0, 00009

16 |

Porosity(by volume)/%

12 -

A

8

Metakaolin Glass powder Limestone powder

Mineral admixture

F7 IRUEAT Y FL B A

Fig.7 Porosity of cement pastes

(c) GP24

CERRCWR B IS B 10 K e A FLAR 2 A il 4 11 i
A LS. mE6(OMEBTATLUEL , BAA
IR AT I 7K e A FL AR S A it 2 (B 75.6 nm, [F]
i K YA 18 L BR 36 B A K A A 45 %) 348 o 39 K
X B T AR AR T PR A, FE K R A
R BN, R B0 K A R K A S R R R
B EEA R 2ME T LA B R B R A A A &1
T B K AR KA LB R A, A K R A
He/IN s B0 2 08 KR A A LR SR RN B ik &R
i oK X EEAHE T B0 = 08+ 378k A K
AR I K U8 A K AR B 8BS (D 2.2) . Shui 45
FRBIF 5 v A O 55 1) L B SR A /N R K R A LA R Y
Pk =5
2.5 SEM & #T

8 Ry sk U £ i) SEM BE R . i &1 8(a) 1T WL, 7
afi 7Kg A Rl OULES B B 5 A C-S-H &R AR Y
Ca(OH), iR FERIR 19 AFt A, 30 26 K £k 7= Wy 4 .
A& S T RBUR IO S5 48 . 5 gk e A A H L it
FEMK24 &7 5 £ 19 C-S-H BRI, WOW 25 F4 t 5 fin
g, WIE 8(b). Ak, ik A MK 24 1 JLF-F A 2Btk
) Ca(OH), fb PR FET IR AY ARt S A . X FhER 42 n )5 25
F LA I 3800 = 08 498> 1 /K I FH =, 328 i s
AT Ca(OH), A AF Y 2E B 5 i v 0% 4 14 2k Lk
J2 R AT ATHFE K Je K A4 i) Ca(OH), 5 3R MK 24
oS A R 1 C-S-H&EE, T C-S-H & i ol LA 37

K8 JKIEATHY SEM [
Fig. 8 SEM images of cement pastes



5583

FLUR I, 25 < i v 0 BB AT IR A M3 6T 7K 8 A BOUL 85 ) R BE 4 52 1 779

Ca(OH), AT AF tin A , i A Z) o 54 5] .

F 8 (c) AT UL, B 55 495 114 Ji) 1] 5¢ 42 B Kk 7=
B, Sk ABESE XRHIEEHEA —En
UL BTE L b L 8(d) BT L, A K A A R 1) 2 1T
A i W BE R KAL), X R A KA e 28 d
BF 7K AL R B A . e A, iR LEF 25 v i L B 450
WL WA BN B XL ] 5 TG-DSC
FTMIP B 25 - —2.

2.6 FImALH o4

P v 8 - 32 R R T e T RERR 4R (AL O, - 2S10,)
ZH B, TE TR PR EE T, i e 0 23 U S R Y ALO,
1 S10,,. 1 28 55 P 49 5 T L5 7K 98 7 P i Ca(OH),
KA K AR R A R K AR = ) (C-S-H .C,ASH,
Al C,AH,, %) " C-S-H /Y #41% Jik & %0k 15X
100 °C 1 Bk e A7 C-S-H 77 7 — E R
AT DA K Ve A AR K R B Dy — DT i e
0 Ll B v 2 I FE K e A i Ca(OH),.Ca(OH),
B K R B0 25.5 <10 °°C1 ag i K Tk IR A
B P K 2R (10X 10 °~20X 10 °°C ), K /1 h
Ca(OH), 7 & Wyl /)y b SR T BOUK U8 A0 #4085 80
W S S T A, B AR U R K
T A 0 Ak 2 B0/ (WL 2) . 75 2200 B0 2 I
1o U = HEAT LR A B K AR 8, AT LR S
KU A 1 ST FL B, DA /N K 8 A R FL B R ol 3
AU W FLAR A3 A, A5 /K R A Y 40 i B B AT
5 8 4 i (DL 3) . (] Bl e 04 - g A AL A28 28 /)
(UL 1), AT DA 58 7K U J50RE 1Y) 25 B, 388 K U8 A 1
WS B K VR AT R

AT IRAT K53 R IR 53 (8 L BRI MR . B A R
AR R B I, K DS SRR b A R B A L 1Y) 5
1%, A5 KAk 7= s 2 (K e A v C-S-H #l Ca(OH),
F 5 o [ BFREAIG, DL I 5 RTIET 8) , BRI ikt 5 48 Jon i o5 0
A LGB A A R B B R AT LB G [ I
KU A 1 AR R B 2) B A IR AT K 0 B 2
B3 AU K AR = AR K U A Y L BR e K 3 i
A5 7K Ve A I T R BT R RS . S A KA
P A L, 3% 380y ELAT B 0 Ll R W M 7R 4B 1 A [
BIZAETR L 38 B 55 0 K U A L B S5 T AL ik
(UL 3).

3 #Hig

(1) i e U B B 3 147 A 43 948 AT LA e
R 7K e A1 0 R K A K, e A e 2 Bt 6 48 AR
BRI K A B A E R SR AET 20w

U K U A 1 A ik R B0 K, 48 N BB K e A
R 2, 3B A KA K K e A 1 B /)

(2) 3B Il =5 08 £ )5 K 8 f B k2 45 A K &
B, i A A Ak S e b B T R R i B A
Bm B B8 FA KA R R KA A2 A5 A KR
SRS B s I K R R I L RS AR
B AR 02T B A KA R K e A A R
5 O B KL B N B R K e A B IR 22, BB A e 04
oKV B )

(3) B s = 0 195 5 090 38 & 24 %0, K e
AR FLBR 2 R 20.24 %6 FEAK S 10.31 %, LR 43 1 Y
WA 38.5 nm FAAK A 3.0 nm , Bl 7K I8 A 1Y 95 52 i
VG B 2 5 . 450 B B R 5 K e A B L AR ) A e
ANAE AR FLBR AR A, DR B RIS B 0 K A Ry
Jei K U6 A Y FL B R RN L AR 43 A W4 (B X5 18 K, T R
JEE R AT 5 B IR ALK

S % Uk :

[ 1] QIANG Z, LIK, FEN-CHONG T, et al. Effect of porosity on
thermal expansion coefficient of cement pastes and mortars[J].
Construction and Building Materials, 2012, 28(1) :468-475.

[ 2] MEYERS L S. Thermal coefficient of expansion of Portland
cement: Long time tests[ J]. Industrial and Engineering Chemistry
Research, 1940, 32(8):1107-1112.

(31 meh, KA, FAEM] . BE ALK I A4 RN IR P BE B I 75 K AL
HAEFELT]. mk AL S AM AR, 2009, 7(6):228-230,233.
ZHANG Rui, SHUI Zhonghe, WANG Guiming. Adjustment of
thermal expansion behaviour of hardened cement paste and its
mechanisms [J]. South-to-North Water Transfers and Water
Science & Technology, 2009, 7(6):228-230,233. (in Chinese)

[4] KRS, KR, B KU HA AL o3 R ASTE 22 5 5

[J] R TR, 2007, 29(1) :30-32.
XUAN Dongxing, SHUI Zhonghe, CAO Beibei. Investigation
on thermal deformation divergence between components of
cement-basted materials [J]. Journal of Wuhan University of
Technology, 2007, 29(1):30-32. (in Chinese)

[ 5] A% BUARR BE 1 5 0% 20 340 ik 22 el A5 0 K i JH (D ).
AR A, 2010.

HUANG lJie. Prediction model of thermal expansion coefficient
of modern concrete and its application in early age[ D]. Nanjing:
Hohai University, 2010. (in Chinese)

[6] T KEAPATFEIEREREIIZID]. Bt KB R, 2006.
DING Shiwei. Experimental research on thermal deformation of
hardened cement paste[ D ]. Nanjing : Southeast University, 2006.
(in Chinese)

[7] SHUI Z H, RUI Z, CHEN W, et al. Effects of mineral
admixtures on the thermal expansion properties of hardened
cement pastel J]. Construction and Building Materials, 2010, 24
(9):1761-1767.



780

#OR

MoB % )

o5 25 %

[8]

WA, EAEE, PR, A R ARB TR K e B R T 0 1R
JI Beox JE i AR B 52 (). REFR R 224, 2017, 45(11)
1582-1593.

SHI Caijun, WANG Dehui, JIA Huangfei, et al. Role of
limestone powder and its effect on durability of cement-based
materials[ J]. Journal of the Chinese Ceramic Society, 2017, 45

(11):1582-1593. (in Chinese)

[13]

[14]

37(7):1047-1058.

HALLET V, DE BELIE N, PONTIKES Y. The impact of slag
fineness on the reactivity of blended cements with high-volume
non-ferrous metallurgy slag [J].
Materials, 2020, 257:119400.
LIU S H, WANG L, L1 Q L, et al. Hydration properties of

Construction and Building

Portland cement-copper tailing powder composite binder [J].

[9] Z=8ME, FERMSC, Beft, 55 . RO A KPR BE -+ v iy g T F Construction and Building Materials, 2020, 251:118882.
FEVER[T]. RERRER AR, 2020, 39(8):2449-2457. [15] SHUI Z H, ZHANG R, CHEN W, et al. Effects of mineral
LI Bixiong, WANG Zhiwen, RAO Dan, et al. Review on admixtures on the thermal expansion properties of hardened
application of waste glass in cement concrete[ J]. Bulletin of the cement paste[ J]. Construction and Building Materials, 2010, 24
Chinese Ceramic Society, 2020, 39(8) :2449-2457. (in Chinese) (9):1761-1767.

[10] SHIZG, SHUIZH, L1Q, et al. Combined effect of metakaolin [16] ZHAO D D, KHOSHNAZAR R. Microstructure of cement paste
and sea water on performance and microstructures of concrete[ J]. incorporating high volume of low-grade metakaolin[ J]. Cement
Construction and Building Materials, 2015, 74:57-64. and Concrete Composites, 2020, 106:42-50.

[11] BAKOLAS A, AGGELAKOPOULOU E, MOROPOULOU [17] ABDOLHOSSEINI QOMIM, ULM F J, PELLENQ R J M.
A, et al. Evaluation of pozzolanic activity and physicomechanical Physical origins of thermal properties of cement paste[ J]. Physical
characteristics in metakaolin-lime pastes[J]. Journal of Thermal Review Applied, 2015, 3(6):064010.

Analysis and Calorimetry, 2006, 84(1):157-163. [18] XU H, ZHAO Y, VOGEL S C, et al. Anisotropic thermal

[12] THIERY M, VILLAIN G, DANGLA P, et al. Investigation of expansion and hydrogen bonding behavior of portlandite: A
the carbonation front shape on cementitious materials : Effects of high-temperature neutron diffraction study[J]. Journal of Solid
the chemical kinetics[ J]. Cement and Concrete Research, 2007, State Chemistry, 2007, 180(4):1519-1525.

B T L T e T N N S LIV S

(Egg772T])
property of its nano composites with EVA [J]. Composite designed for preferential CO oxidation[J]. Journal of Catalysis,
Structures, 2003, 62:391-395. 2009, 266(2):207-217.

(161 s/, BRI RS, TR, 4F . 20 HOWZS A 1 U B A9 il 4 [18] GOMES CM, OLIVEIRA A K D S D. Effects of filler cabonates
HSRAE[T]. A5 T ,2018,47(3) : 14-21. on magnesium-oxide based pastes[J]. Construction and Building
XU Jiaxin, YAN Fenge, HUANG Jiancui, et al. Study on Materials, 2020,262:119913.
preparation of hexagonal magnesium high dispersion hydroxide[J]. [19] 22, &k, 45 . SEABERGS M2 ER ], etk
Journal of Salt Science and Chemical Industry,2018,47(3) : 14-21. #12,2003,19(8) :837-841.

(in Chinese) XITANG Lan, JIN Yongcheng, JIN Yong. Study on the growth of

[17] TOMPOS A,MARGITFALVIJTL,SZABOE G Y, et al. Role magnesium hydroxide crystals[ J]. Chinese Journal of Inorganic

of modifiers in multi-component MgO-supported Au catalysts

Chemistry,2003,19(8) :837-841. (in Chinese)



