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Table 1 Chemical composition of cement and wollastonite whisker w/%
Oxides CaO SiO, ALOs Fe,0; SO3 MgQ K,O TiO, Na,O
Cement 63.11 20.86 4.35 3.02 2.71 1.71 0.57 0.26 0.17
Wollastonite 46.34 51.80 0.23 0.38 0.01 1.00 0.07 0.02

W is mass fraction.
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Fig. 2 Size distribution of cement and wollastonite whisker
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Table 2 Mix proportion of concrete  kg/m’
Sample No. Code Cement Sand Gravel Water CS AM APS MBA
1 R 380 760 1090 180

2 Cl1 380 760 1090 180 3.8

3 C4 380 760 109 180 15.2

4 P500 380 760 1090 180 19

5 P550 380 760 1090 180 19 0.95

6 P551 380 760 109 180 19 0.95 0.019
7 C1P531 380 760 109 180 3.8 19 0.57 0.019
8 CIP551 380 760 109 180 3.8 19 0.95 0.019
9 C2P551 380 760 109 180 7.6 19 0.95 0.019

AM is C3H5NO; APS is (NH4)2S203. MBA is C7H10N202.
F3 KEFERREE L

Table 3 Composition ratio of cement paste w/%
Sample No.  Code  Cement Water CS AM APS MBA

1 R 100 40

2 C2 100 40 2

3 P331 100 40 3 0.09  0.003
4 P531 100 40 5 0.15  0.005
5 C2P331 100 40 2 3 0.09  0.003
6 C2P531 100 40 2 5 0.15  0.005
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Fig. 4 Flexural stress—strain curves of wollastonite whisker modified concrete
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Fig. 5 Fracture energy and compressive strength of wollastonite whisker modified concrete



o5 52 &5 2 3 TR S R AR S

A HRA G0 R+

e 537 -

6 N P gk fe SR A 5 K VR LT S B -
AR 2R IR o P 7 R TR e i AT R A e VR
BRI W M PUEREL R, 5 CS
AE, A5 AM AR ECRE L &N R NS
REJT, XTEMME R NEE, SRER: 3 d&
KPS RS AT 2L R 7 5l AR 22.7%F0 13.5%, iX
AAEAE AM R SRR SR TR AR 2 AN RS 5L
(1. 1 APS P AT LA R AM BARTE K8 A4
hRARE, FEERL 3 d M 28 d & KIS N
3N 5.5%F0 29.1%, WiZdRE 7 H 34 75.3%F1
61.4%, XA[RERHT, —HM, AM RAEME
GIBRALIX, TEIREE L N R SCRERRS. /7, 554k 5

FEEFET BT, AM BE4S 5K L
oo BL 2 B s G, T RO ML JE ML L 5 W 45 25
AL 1T ST S Pt il ] N2 SR 2 S o
(R 2 om B, AT B VR gk = i . T MBA (1)
SIN, (15 AM HARTER A SO T RAEZEL, Xt
TREE LB P T — e A, (HIFA R
. R, 5REZHMRE Y SRR A,

AM HAR (KR A I R 2 BB A K Ve K AL BERER®,
REVRIEG, @ FEETEMEBIER T 5 5Kk A
e s R, T ™ 5 R AR TR PR SR
HEE 7o AT, AM JRAL R A 45 VR B i BT 5
JE BRAR 25%~40%.

6 6 6
—R f/\
5 f,,,,fgggg 5t 5t JF e~ T
< < <
& r e P551 | =
=y =41 241
2 s 2 A
5 X g o
23l AN e g3 Z3|
%2' y ) S 52— %2-
= TR [ =
1t | 1+ 1
0 ) . IR 0 . . . SRS 0f . . L L
0.00 0.02 0.04 0.06 0.08 0.10 0.00 0.02 0.04 0.06 0.08 0.10 0.00 0.02 0.04 0.06 0.08 0.10
Flexural strain/% Flexural strain/% Flexural strain/%
(a) Cured for 3 d (b) Cured for 7 d (¢) Cured for 28 d
Bl 6 PR T e R AR 5 e P VR = PR B 2 7 - A i 28
Fig. 6 Flexural stress—strain curve of acrylamide in-situ polymerization modified concrete
1 000 70
vV
— ; 2R
P500 5 60 F E—1P500 7
KXX]
800 B }Zig? K N o R P550
T = S sof ERessi
= N s g 7 ks
< 600 ] 2 X
> 9% = - RNEXXI
&4 RS g 40t N o
) KX —1 b7 — ]
5 % = : (7 o =N
2 400 o — Z 301 RS =N
= be% — 3 \:‘:’:‘ RNEXX]
g — £ e N SN
£ = Rl A\ Nl A\
— IR — %)
200 = S N \% =\
— 10 \:’:’:‘ \':‘:‘: —NN
| Ne N7 =\
— 3 N
0 0 A RS —INNR
3 28 3 7 28
Age/d
(a) Fracture energy (b) Compressive strength
7 T T P D A 5 e P VR e Y DT 2R e R e T e P
Fig. 7 Fracture energy and compressive strength of acrylamide in-situ polymerization modified concrete
212 WM IRALR & S-SR ARAUTRE  -NARHZ. FTRURIL, 5 CS A AM RE R

ESPEPEREMORN B 8 ATTRNER AR
ST AT R A TR 7 R R B 0 0 25 B

—AEFAALE, CS E& AM HARRS X R THRE ©
HIIE R A D ERN . B 9 NI 5 A R &



+ 538 CRERR Sh2230)

J Chin Ceram Soc, 2024, 52(2): 533544

2024 4F

0 17 T 2R A o 50 e VR 11 BRI 24 B AT T 5
. B 9a AT L, METHEAMEH R, FESMER
et 3.7 d 28 d HUE N S UEAE 4 3
60.9%. 41.4%F1 31.5%, XS24 6E 5 45 1
Sy I 453.8% 126.7%A1 91.4%, RTFHHEE
BN, XATERHT AM RARR AT
FE R R AT KEAKLE, AR EED TR
B ISR LB 5T TR SRS, 4
BRFEID, RIE T PSRRI G, (HEEE KA
WRET, 76 APS MG RIERTF, AM R&ELEH|

AR, 155 BB R 08 1 R A 1R SR AL B A R
KA =W Z T R 2, 5 SO0 0 1 1 4 v 2%
RBTHA. 125 AR TE KA 547 76 58 2 1 ik
BFa, HEREVERRAEBH 2, 5 A BE A KA E R A B
ek, AR R KA PR I R FEE AR,
P PR R — e M = s Al I 9b B
WL, CS BB N0 LA SUFME AM AR A S 8N
REE LR RIR, HEERANEK, %
IMEMEHRMAENEE, SREY, B+
C2P551 119 28 d HiJE st BEAN PR T 5.4%.

7 7 7
— R —R —
6L ----C1P531 6L ----CI1P531 6 ----CIP531
s b CIP551 |s | 0o e 851};22% s | AN e C1P551
_____ = - & N
%5 I C2P551 = 5L = sl C2P551
Zal g a4t g4
g z z
T3¢ 3} g 3t
= H
3 5 ] 5 0
-&:2- &) 20 o 2
I 1 1By
0

0 . . . PR () L L I I - . . . .
0.00 0.02 0.04 006 0.08 0.10 0.12 0.00 0.02 0.04 0.06 0.08 0.10 0.120.00 0.02 0.04 0.06 0.08
Flexural strain/%

Flexural strain/%

(a) Cured for 3 d

(b) Cured for 7 d

0.10 0.12
Flexural strain/%

(c) Cured for 28 d

8 A M L g S A7 B 5 W TR ek AR A i S P JR - AR 470 25 1 )28 e 25

Fig. 8 Flexural stress—strain curves of concrete modified by acrylamide in situ polymerization and wollastonite whisker
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Fig. 9 Fracture energy and compressive strength of concrete modified by acrylamide in situ polymerization and wollastonite whisker
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Synergistic Toughening Mechanism of Concrete Based on Polymerization of Acrylamide
Monomer and Wollastonite Whisker
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(1. School of Material Science and Engineering, Southeast University, Nanjing 211189, China; 2. State Key Laboratory of High
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tended Abstract

Introduction Conventional concrete is a porous heterogeneous quasi-brittle material, which has some problems such as poor
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toughness, low flexural tensile strength and poor durability, and cannot meet the needs of modern construction for high strength, high
crack resistance and high durability of concrete materials. The existing methods used to toughen concrete are fiber reinforcement and
matrix toughening. Among them, fiber is an extrinsic toughening. The toughness of cement matrix can be improved with polymers
and nanomaterials. In addition, compared with mixing polymers directly, the modified method of in-situ polymerization of organic
monomers can improve the flexural strength of cement pastes. However, the effect and mechanism of this method on toughening
concrete are still unclear. Therefore, the effect of in-situ polymerization of acrylamide (AM) monomer and wollastonite (CS) whisker
on the mechanical properties, hydration heat release, phase composition and microstructure of concrete were investigated to provide
an idea for toughening concrete matrix.

Methods Raw materials were P-II 52.5 Portland cement, quartz sand with the fineness modulus of 2.6-2.9 and basalt with the
particle sizes of 5-16 mm. The composite modified materials used were all adscititious, in which an organic monomer was acrylamide
(AM), an initiator was ammonium persulphate (APS), and a crosslinking agent was N,N'-methylenebisacrylamide (MBA). The
inorganic modified material was wollastonite (CS) whisker, and its micromorphology was dense and short rod fibrous. The
water-cement ratios (W/C) of concrete and cement paste were 0.47 and 0.40, respectively. The dosages of CS were 1% (in mass
fraction), 2% and 4% by the mass of cement. The dosages of AM were 3% and 5% by the mass of cement, the dosages of APS were
3% and 5% by the mass of AM, and the dosage of MBA was 0.1% by the mass of AM.

The compressive strength, flexural stress-strain curve and fracture energy of concrete specimens (100 mmx100 mmx>100 mm
and 100 mm>100 mmx400 mm) were tested after curing under standard curing condition (20 ‘C, 95% RH) for 3, 7 d and 28 d. The
hydration exothermic curve of the cement paste in the early 72 h was recorded at 20 ‘C by a model TAM-Air micro-calorimeter (TA
Instruments Co., USA). After the cement paste was cured for 3, 7 d and 28 d, the phase composition was qualitatively and
quantitatively analyzed by a model D8 ADVANCE X-ray diffractometer ( Bruker Co., Germany). The hydration degree of cement
was determined by a model TG-209F3 thermal gravimetric analyzer (Netzsch Co., Germany), and the functional groups were
characterized by a model Nicolet IS10 Fouri infrared spectrometer (Thermo Scientific Co., USA). The microstructure was observed
by a model Quanta 3D FEG scanning electron microscope (Fei Co., USA).

Results and discussion The effect of single-doped CS on the flexural strength of concrete is not significant, but it can improve the
compressive strength to a certain extent at 3 d and 7 d in the early hydration stage. Adding AM has a negative effect on the bending
resistance of concrete at each stage. The addition of APS and MBA can make AM crosslinked and polymerized in cement hydrated
matrix, which can significantly improve the peak flexural stress and fracture energy. However, the film forming characteristics of AM
polymerization lead to a poor compatibility with cement matrix, directly affecting the hydration process of cement and reducing the
compressive strength. Under the synergistic effect of CS and AM polymerization induced by APS, the maximum flexural stress and
fracture energy of concrete at 28 d are increased by 31.5% and 91.4%, respectively, compared with control group. Note that the
compressive strength of concrete at 28 d remains unchanged.

Hydration heat results show that the main exothermic processes of AM monomer polymerization and cement hydration are not
synchronized. AM polymerization can immediately release a lot of heat and delay the hydration reaction of cement, while the addition
of CS has little effect on the hydration process of cement. Neither CS nor AM polymerization can change the types of cement
hydration products, but CS can participate in cement hydration reaction and increase calcium hydroxide (CH) content. Under the
action of initiator, AM monomer polymerization can promote ettringite (AFt) formation and reduce CH content. The addition of CS
can fill the void in the hydrated paste, and promote the hydration reaction of cement, thus reducing the porosity of concrete. However,
AM monomer polymerization can form an organic plasticizing zone, strengthen the bonding force between hydration products such as
CH, and interact with needle-shaped AFt, effectively forming an organic-inorganic interpenetration network structure.

Conclusions AM in-situ polymerization and CS could improve the toughness of concrete. The 28-d flexural stress peak and fracture
energy were increased by 31.5% and 91.4%, respectively, and the compressive strength remained unchanged. CS whiskers could
promote cement hydration, exert filling effect and reduce the porosity. AM polymerization could build a plasticized zone in cement
pastes and weaken stress concentration in concrete. The synergistic effect enhanced the bonding force between the hydration products,
formed an organic-inorganic interpenetrating network structure, optimized the structure of concrete across scales, and provided an
effective technology for toughening concrete matrix.

Keywords acrylamide monomer polymerization; wollastonite whisker; concrete; mechanical properties; hydration; microstructure



