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Preparation and Properties of Alkali-activated Gelling Polymer
with Metakaolin for Ancient Ceramic Restoration

LI Qijiang, WANG Xianlv, YUAN Feng, ZHANG Maolin, WU Jun

(Research Center of Ancient Ceramic, Jingdezhen Ceramic Institute, Jingdezhen 333001, Jiangxi, China)

Abstract: Aiming at the highest repair requirements for white porcelain body, ultra white kaolin was selected as the raw material
of aluminosilicate, while sodium silicate and NaOH were used as the composite activators, alkali-activated gelling polymer
materials that can be used for the repair of ancient ceramics have been prepared. The effects of calcination temperature, activator
modulus, dosage of activator and water consumption on flexural strength and hydrolysis resistance of the samples were studied
and discussed. Whiteness, transmittance, flexural strength of the bonded white ceramic body and shrinkage of the optimized
samples were compared with those of gypsum, with their structural characteristics to be analyzed by using SEM and XRD. It was
demonstrated that the nano spherical silica alumina gel polymer was formed through polymerization, without the presence of
crystal or quasi crystal. Specifically, the optimized sample reached a flexural strength of 10.72 MPa and the highest hydrolysis
resistance. The activation temperature of kaolin and water consumption had the stgrongest influence on the performance of the
materials. The strengths of the porcelain body and pottery were 31.71 times and 5.29 times of gypsum, respectively. The
whiteness and light transmittance of the optimal samples were similar to those of gypsum, but their expansion coefficient was
higher than that of gypsum. This work broadened the application field of alkali-activated gelled polymer, which is of great
significance to the restoration of ancient ceramics.
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B & iR dr . B R AR B E A 2
SRWLEY o — 5 THT A2 A BT A S Y L By B R R
B J—Jrm, BEMEHR T+ K -
YR SBEE TR, EXCWRR. Cfhis
AR R B BB NAS I R e TR
A% O T) R 2 6 A vy B 8 R M A8 5 b R 1) A
il A8

HEr, T MBEE TA/EFREL BT NHE.
Pri . FhLE . AMERRPE@ . o, MR R OCHE
) — DT, KRB =Morik . —RAaEhae,
sy, AR, 2 B T S s A
SR EZE DL, B SRS BN . R 2
WK PR, Bl I BRSO Bk B R
K& R ARk, (B A8 —JE PRk |
BRCE AR, RIS A7 B — 1 5 I A [ 1Y
B % F, DIRIFT S BB S Ak, XEFERR, A5
(i I

VE Aoty B 2 15 52 MR B R AR b b AN (Y
R BARIE(<200 °C)n [EALP), b7 Ao
L T AT RE . AR R Ak ok Y B
JHE B 3R 5 A RS — B B TEHLAE 4 IS e B
Z VN RIRFERERR AR ) oy F 2R, 5l il
KRNEWFTIRE G, 1E 20 °C-100 °CHKIR A1
TR FERU SR R SERL, DU RERRER
HE, BAMELEEREY BT, [
B FESE 0 - AT 5I0E A VLR G WAL )

ST, VR LA MR . W% . KRS
FORHAODL AL, A BB KT B A PR

ZEFN Ay B 08 5 T B TC LS B

B & S AT RN T3, (H E AR B R 5
FEAE LR AR . KK 0B S BiE
) e AN R R AR ) A5 B PERE B K VR TR BE 1 .
TRIEA R, A5 AR E RS AR i
78 70 4R, HEERFESE Davidovits 2510 DT 4R
el R EORE, RIS A8 TS B AR B A
BERAMEL, BUS TRZHR, W5 EZ ik
= N R o 1 L A A LR e 1B R 4 e
FeABHNE A7, Temuujin 2V SRS T B8 % B
U8 - R SR A AR S AN AR R S5 R RE,
Si:Al=2.5 Fll Na:Al=1 B il £ BB AN G5 30 FIIK

BN ARG BRFI B K T 3.5 MPa, 1T AR AR 3R 1Y
W2 Geraldes S WAL HFY T 9RIMUR IR A 4
BHEGEAE S P Sh SR SR RS BT . T 2%
R4, (H A AR G5 MR . R TR S
B g A 07 AT ST o IR, AR SO SR
JHF iy B e A8 52 1A Bl A i v e - R 5 3R 6 4
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1.1

A SCAZEG ORI T AR E S AR R
RERRERJEURE, HALAAI ISR 1. RAHSK B B /E
FEA, IR R TR A R A A A,
H IR 40 'Be, HECH 3.3, [WAHS HE 34%,
K NaOH 1875 /K B 38 AR50 K pH, R KT E
MeAb2E R S A R A F A, HOR e, =
AN BERT 94%.

1.2
1.2.1 L5 T AR

ARSIl A5 R R IS R A R, R L
NS 40 mm=30 mmx13 mm. 50 mmx20 mmx
13 mm,

ST AR ', MEAEK EETH
Wrrf, FE—EBERH N e AL, PRI 20 min
JAR I EZRATEGE, DoBLERIK=1:2:1 [ HLBI,
AT EEREEHLLL 500 rpm % 3 BREE 30 min, 15
TE 105 °C AR 2 h, PR m om0 25
BENEEE 1 RIE, o FRBUT T S AL
MEBETFAK, AR ERMGER R P E, Fm
A Frits e ARk B8 o e b, R A RIS R
Fs B, BB ar R R EARE A BIAR R,
AT FE S, RR A — MR s
HEABLE R, FE38 YR T SR Ak, R
WA, ARAS B RB I A I B SR S M
1.2.2 SE9eiitIrik

SIEIG VR PR IE A S0 Ty ik F LR R LG AR
fblickhim . WS E e ISR | IR FIBLEL
(Si02/NayO) . I & 5 1 DA S 2 B85 - 7K FH 2 X+l
I EE R A AR RESZ )

1 (wt.%)
Tab. 1 Chemical composition of the kaolin clays (wt.%)
Material S102 A1203 Fezo3 T102 CaO MgO KQO NaZO
Dehua Kaolin 56.43 40.69 0.16 0.06 0.15 0.47 0.52 1.51
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TEAS S HE I Lo(3YIEAS# . LIMBRE I 111
FIE 100 g R3tatia, 2 HERP 3 AKF-ansk 2 i
G, MRYESCIGAE AL, X TCH A R R T A
R,

AREE T EHNESH NP, FPRE N
60 °C, FEPEHE R 12 ho BB RIS HISEE T2
ARl Bk EE 30 min,

1.3

R B o B8 SR 5 A IR R, DA 4% b
BHEEPERL 1 d JERES BT8R R P K i 1 fg
VBN IE 22 SEE0 I PEBEFE AR o BU/K A 12k BB 2 3l 7K
B HEIET R HEEE , LI pH i 212
OH MR £ .

K 8 ] A 4 50 D8-Advance %I X SRR MY
(XRD) 3 Br il % BE i W AH AL % s R A OA
HITACHI AH] SU-8010 7%k 44 i 7 B f%
(SEM) 7 A7 il £ A i IR SOM 4544 o

2 wR5itk

2.1

Lo(3H)IER KL | LUl 511445 15 T
%3, K 3 kopy 1 Koy 20518 RIZRBCR 1K
SERFARRLAY 3 4> 1 d BT B RUK A pH 15
BERZHN, koo M Ky 73901 25 IR IR 2 7K
P AR Y 3 A4~ 1 d LS5 B AR AT pH IR0 25
RZH, kops 1 Kons 7390 025 IR B 3 AKF-
FHIZAY 3 A 1 d U250 B FIK AW pH I gn 25
Z o X EQDI . EQDZ . EQm 512 kopi ~ kopa
koos 341, |me . IZpH?) . Ep]—B 532 Komi « Kz«
s B Rao W Kopy Koy« Ko FIBEE.
Ry M Ele N EPH3 . EPH3 Mt 2, BRI 145
A 253G F B b e K AR D 25 B/ IME T AR 25
o BT EHMMEL, HRRAACPE DR, 1d
U ORI SOKIEW pH VE AR, Zefildebr 5 A
REXRE, WK1,

AR S0 of Bl A A JE 3R 5 B il T S R R

2

FEARER B . B 22 R FHRAAM T 45 IR 5
SRR BT, R 3 AT, B 4
A HC Ak PR 2] LR i (A BT AL 3 R ) R R
2N e R > IK F >R RISk
FUFH o Xl A (A B8 & IS 5 3R A o BT 25 i B
S i KPR 2R R = 08 g feERE, AT A%
N RCA SIS BRI R, R K E, A
SRR, /N E RS, E 1
S DR R X BT i 5 e ik R T AL, A —
AR X EE R A pE B i AR AN AR ] .
A T ABBEIRE SN 700 CCHT AR S AR 40 25 i 3 d
o KD AR S P as o BB, FHE /T
20 g JEXTPUASE A AR S . B R R
Bk /N, A B s B B 5 B R i B A N B
Wk, /NF 1.25 LU EHREREUN, FERPUSR
JEE AR /N, SEIS HARECR 1.0 Fefl . A R
2 RSP R, (R 105 ¢ 2 )5,
FESh DU T B AN, B 1 45 R R
U R S Y B R T, KR A
WORFIECH 1.0, JRFIHE R 115 g, AKHE
15 g, 700 °CHEREmIS +

AR S NTRE At K pH H8 B 2R VR G
3% 3 M 25 Ron AT, 4510 4 A Fokk a2 3L
FE KA pH 2RI B R R K>
U4 - 4B T B >V 39 FH > R IR B XA
i /K pH S e R i PR 2R K B i, HEO:
S BB, FERMANNAE, RS
TR TSR, I 2 4552 KRR K TR
pH SZ ARSI AT T, 7K FH R D U RE K TR TR
pH /N, HE/NT 20 g JaxHEERK B pH 281k
W S e k2 o A (R B T R v 0 A AR S Y
TR pH AR L ST o B AR L LA — 3K, ]
FESE 700 CHEBEmIS M RE At . 1% 70
/N, FESKIA W pH R/, (HH R 105 ¢ 25,
e pH /R EE B4R, X5 ORI R A v
HISZIR AR B o Bl TR IR 3 G, 25 i i
BESR A MPRMRE AW pH G0/ NG 1SR, fETE A
JME, Bl TSN 1.25 I pH /b, A 1

Tab. 2 Factor level of the orthogonal experiments

Level Activator modulus Dosage of activator (g)  Water consumption (g)  Calcination temperature (°C)
1 1.00 95 15 700
2 1.25 105 20 800
3 1.50 115 25 900
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S PRI 2R X i /K S VR pHL 52 e 1) 3 T AT AT
WK AE R BEFIBECY 1.25, #RFIH
o 95 g, KN 15 g, 700 CCHRBEEIA 1,

i LR, HER) 4 ATk 2 =LA
P25 58 B R KPR pH G52 Wi B A S 5 4 —
o KR B B U - JBERE IR O f A A
R, NPUS R A LK pH 852 2R 3
A S, R — 2, R RK K&
15 g, il - IBBE IR EE A 700 °C, FE S ok R v
Do AR IE D 2 0 = AT AR PR e, AR R K A
o R M E X VR L 1 R A PR 2R Ry R AR S
KAV, HXTHUE 50 B KoKW pH B35 i ]
ANTE A — B BRI BRI e 3R & MR K T

pH AUFZ I S B AR /INME, B & IR ECH 1.25 1
pH SR/, AHDN Hb T 5 B i AR A KR, IR 2
i 380 R A SR /)N LB 25 i R G o ek 2% 17 A 4
M, R, WOk IR A K N R 1.25, R
TR B 0] e B SR A B S i B e HOK A W pH
[ 52 e D) 58 4 AH B, FR T A S 3R A0F 5 R % =
W B EE R A AR EEH TR RERIAR, $k
{1 R P A TR [ IR 3 A ) FH e X T A
FEsZ /N, I, BRI & ALK F
95 g,

IEAC S A KA R ORI R
1.25, #EFIHE N 95 g, KHEN 15g, 700 °C
HBbe s+

3 Lo(3%)
Tab. 3 Orthogonal experiments of Lo (3%)
. S Bending
Activator Dosage of Water Calcination
Test No. modulus activator (g) consumption (g)  temperature (°C) strength at one IdpH
& P & p day (MPa)
1 1(1.00) 1(95) 1(15) 1(700) 4.22 12.13
2 1 2(105) 2(20) 2(800) 1.81 12.55
3 1 3(115) 3(25) 3(900) 3.09 12.52
4 2(1.25) 1 2 3 2.36 12.23
5 2 2 1 1 3.54 12.20
6 2 3 3 2 2.28 12.34
7 3(1.50) 1 3 2 0.99 12.56
8 3 2 1 3 2.76 12.32
9 3 3 2 1 2.77 12.49
kopi 9.12 7.57 10.52 10.53
kon2 8.18 8.11 6.94 5.08
kops 6.52 8.14 6.36 8.21
= 23.82
|(QD1 3.04 2.52 3.51 3.51
I(QD2 2.73 2.70 2.31 1.69
kQD3 2.17 2.71 2.12 2.74
Rop 0.87 0.19 1.39 1.82
Kpni 37.2 36.92 36.65 36.82
Kpnz 36.77 37.07 37.27 37.45
Kpns 37.37 37.35 37.42 37.07
= 111.34
kal 12.40 12.31 12.22 12.27
kaz 12.26 12.36 12.42 12.48
kpH3 12.46 12.45 12.47 12.36
Rpn 0.06 0.14 0.25 0.21
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1 pH
Fig. 1 Flexural strength and pH value of water solution soaked with samples
2.2 BER S PARHRE R O R R B, DTS2 e L SR A b 1

LKA AT S5 IER LR HAER (1 5)
AN—5, T X E AR A2 A e AT I E SE 5
FRARRE S PUETRIE N 9.30 MPa, KA pH
12.10, UEBHAE TR A 60 °C, FEPIFH] R 12 h,
JBEBE R A BRI 30 min 19 T. 254 F, RAIER
SR T AR S0 U A PR 2R KO N ) S L BE
Ak A

HRYEXTIE 1 #5520 PR 25 P2 ok B KR
pH 2R 00, 7EIEASSEIR I %A 5
K e B i % 350 e A R 2R A BRAEL, IR
TELL SIS BN R b, SRk & Rk
R P R 20 8 3R B M R BE 5

KA S EE R W 4. KRR S g it
il B 1 J Bl A T 25 i 3 e, K AR T pHL B
AN, IR 10 g BURESL, AIZKAIRE S
YU R AL I, KRR pH s . KRR HORL
WK A R R G O I R ok T B 1 3R A

SRR Eh RS RN TR SE SR 2 —, K
RS SN AT o Kb, BRI Y

LA A LIRS 218 5 Koyl 2, SRRk
FTRI PRI A, [RIRE S SR S IO R A K
A S HERE, ARSI R oK 2k 2 BRI

AEo AL T K R AFF L, il & 15
BER S PORLCBOR TR BE AN i . ATk (9 i e
REMBIBXELABEFE 2, ok 5 g RBER &
FERLRBE T LIBEREY ), BARREBE R, [HLia

Scgh A IERE, AKHEATEN 5 go
4
Tab. 4 Single factor experimental results of water
consumption
Sample Water Bending
numger consumption strength at one 1dpH
(g day (MPa)
PSO 0 7.13 12.35
PS5 5 10.72 12.06
PS10 10 9.85 12.08

TEK I 5 g iF, OGRS g 2
WL 5 o B VR R 0 ) 5 A S BE A R
AR TR, KA pH BT R  BU)
FH X BT 25 5 B ) 5 W) AL T S S g AL —
2, XHPUKRERER RN AR B, N, #OkGRH]
RN 95 g IFPERER . PR R A
e e TS PERE SR IR A FE il B D, e TR G
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S A I, 35 A AT T il F B A R ) i
KAgse k. SCm, BRI, A& 0
R A A REROBRG R B AR N W ey, A &
7 80 g B ZRBEIEIR A IR SRR . 57K
FHE S AR, ANINZK ) PSO 5352 50380 & 577 U AH
4 95 g, PIL80 5315 80 g &7 5 g /KA
() IR AHEE N 85 g, 1H PSO 5525 v i AH %I i v
W%+ ) 5E I TEAUR T PIL80 5, U TR AR X
s R EAGR I B, KA PR O TR
R, KRR FIMERE M B R .

5
Tab. 5 Single factor experimental results of activator dosage

2021 4
6
Tab. 6 Flexural strength of the bonded white ceramic body
Material category PSS (MPa) Gypsum (MPa)
Ceramic body at
1300 °C 13.00 0.41
Ceramic body at 450 085

1150 °C

Sample Water Bending

number  consumption (g) strgg}%t(};;g;))ne IdpH
PJL8O 80 7.99 12.16
PJLS8S 85 9.08 12.11
PJL90 90 9.20 12.10

3 A EH A RAE

R4 DL F S, FeAEoRl & T Hl & iy PSS
SRR R IR EE R A AR 1 d PrASTR A
iKE] 10.72 MPa, M8 58 A 5 5 B DL & K e
SR, (HEENBER FVE RN A Z I 5
BRI PERE DL Sl i R, R EE I
BE OB ARSI PSS RER AT L EMERE
FAELL K XRD F1 SEM 434t o
3.1

P #NEC AR, T R Bl i 22 (B A A e R KG
ORI, A AN S I B R R TR 0 AN
B TE , RS B BAR A B RN ECAE B AR .
ARSI B FHATT S 5 B A DT B i e 0 1
BER AR R S0

e R A B A. TH REE A R
il & B R 2%, 43 IAE 1300 °CAH1 1150 °CHEm AL
ST AL 1) B T P S R A A e 485 11 Pl I Pl e A
%%, RSN PTWRE SE B A SR Tl . Hak,
HI PS5 BLHEER A MBLRGZE B IR TR, 3R
CS Ty Sy = SN g SR R W= e 3 A o @ )
BRG 25 P B RE S BT FER S, SR g R L 6.

H1 2% 6 N1, PSS EBER A MR S5 1 RE IR
T4, PS5 K45 14 1300 °CRa iR 1150 °CHa
BHEIRIN 2.9 1%, I .5 F PSS ARIEE 5L E S5

1300 °CHZERRTIER T 50 %A A MBS
A, X LB RS A AY 35 B4 AN TG E T R AR RE TR
RO B R AR B EE AT R B CE T SRR R B T
TE RN RERRER , PSS ICHER G A BL T A UL 7 BERE
52 RS i T —E R - R A N,
BT HARSE S, 1150 cCH & IR R best, BhFg
HE R, RIS, PSS BEER A M EIA
RE S5 Z AT R - A L, (X BE-55 A AW 1w 119348
53 Si-O. Al-O WA Tiwss ;s hs, HJ2 PSS et
REWAE KT IERTT 2EA G AR W 25 B &

R, FrK 4R e R ROV SE U, i
Wi =S BN AN PSS ICEESR S AR A —1K, W
B T RG4S, DPIHORS45 T 8eig.

3.2

P 2 A MO A RE R A 5 B A L Bt
LR INIIR AR, K7 H PSS, AT,
BEGRE DL RO s R A . g ST, PSS I H
FERE IR 5 A B A ; W46 %0 0.34% LA F R
WK, Bk, A HTBEERGALS ) FEK
HEAUR e I P A R O KR S B 75 PSS
I BER A AR T8 2 k45 ) B8 ER &G
VT TET ) At 245 0 SR TH A R AR B [ A e i 7 A B B R
HIGHIE o
3.3 XRD

2 Sk 700 °CHERE I £ f2 PS5 HEAR Y XRD
Mk, HE 2(a)af %0, 700 °CHEbsE A s id A
FRIECH R, (% B AT =08 A i AH (00 1) TG S U,
AU A BN A S AR AT S I AR, R
AR IA AR BEF] 700 °CAHikL 20 min I, BRI AT Ak
IRy im0 A AR 25, ol 2 A R A 1 D v

7 PS5
Tab. 7 Performances of PS5, gypsum and Jingdezhen white
porcelain clay

Light

Material Whiteness ; Shrinkage
category (%) tranm(l:/lt)tance (%)
()
PS5 75.9 3.8 0.34%
Gypsum 78.5 3.5 —0.02%
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W T B A IS AL PERE . 1 2(0) KB, i A il de e
i PSS b, HUE A0 A A SR g, AR
o U T it AR 85 A T R A 1o A R e 0 — 2B e TR
PR, XRD B SR R BLRHOIR . IR
A RN AR A T R AR
3.4 SEM

&l 3 4 700 °CHRE & 1 f PS5 £ 54 SEM
Kl aniEl 3(a) s il B 28 700 °CHY, C ks
W1k, EIE i FRIE SRS AS R, AR A
Rz, (AR EE 2R RRE . (il - rp
[Si04]VU T4 24 FF EE AR, [AlO6]/\ TR 2 25
ZERE K S WA R REAR 22 B LA 2 Fh R S 4540 I Y
SR P 3(0)F W RS A RN A A

2700 °C

(@

NARGHNERIRFERR I BER &Y, BoA i
J, AR BB ATTEAUIIURL . B A R RV 5E
2B O i U IR SUBORE , 5 RBER G W G R
HESRAE AL A TR

M

& 1

4
(1) BT A At vy D - 5 Jg 6 5 5 b R R 3
Tty B R TG AR Y — B I RIS Y
PEREHT AL TCHLEBER L
(2) A8 A A A v U R O 2R 5 M R Y
Bk, X T S 5 B BB K AR R R i e K
1R R U s AR RE MoK R . D

PS5 XRD

(b)

Fig. 2 XRD patterns of the calcined kaolin at 700 °C (a) and PS5 (b)

3700 °C

(a)

PS5 SEM

(b)

Fig. 3 SEM images of the calcined kaolin at 700 °C (a) and PS5 (b)
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RERIR AR 58 2l i e T AL W e £1 454, RE X
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