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Pour determiner comment la modification superficielle du mica 
influence la resistance B la flexion et la tenue B la rupture 
de composites B base de ciment renforce de mica, du mica a €te 
traits par de l'acide fluorhydrique et trois agents copulants : 
deux silanes (CVBS, IMPS) et un titanate (IDT). On a note des 
augmentations significatives des proprietes mecaniques, selon 
le type de traitement, la concentration de la solution de 
traitement, le temps de reaction et le rapport eau/ciment. 
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ABSTRACT 
To determine how t h e  s u r f a c e  modif icat ion of mica in f luences  f l e x u r a l  
s t r e n g t h  and f r a c t u r e  toughness of mica-reinforced cement composites, 
mica was t r e a t e d  wi th  EF a c i d  and t h r e e  coupl ing agents:  two s i l a n e s  
(CVBS, yMPS) and a  t i t a n a t e  (IDT). S i g n i f i c a n t  inc reases  i n  
mechanical p r o p e r t i e s  r e s u l t e d ,  depending on type of t reatment ,  
concentra t ion of t r e a t i n g  s o l u t i o n ,  r e a c t i o n  t ime, and w/c r a t i o .  

In t roduc t ion  

I n  t h e  l a s t  decade an inc reas ing  number of f ib re - re in forced  concre te  
products have become a v a i l a b l e  i n  which f l e x u r a l  s t r e n g t h  and f r a c t u r e  
toughness a r e  enhanced by t h e  incorpora t ion  of smal l  amounts of f i b r e  
reinforcement i n  t h e  cement matr ix  (1 ,2) .  Numerous inorgan ic  and o rgan ic  
f i b r e s  have been marketed, t h e i r  s e l e c t i o n  f o r  u s e  a s  reinforcement depending 
on engineer ing p r o p e r t i e s ,  c o s t ,  chemical s t a b i l i t y ,  and d u r a b i l i t y  i n  cement 
matr ices .  Among them, mica f l a k e s  o f f e r  a p o s s i b l e  low-cost a l t e r n a t i v e  t o  
g l a s s  f i b r e s  i n  cement systems (3-6). The a d d i t i o n  of mica f l a k e s  inc reases  
f l e x u r a l  s t r e n g t h  and f r a c t u r e  toughness s i g n i f i c a n t l y .  

It i s  genera l ly  recognized t h a t  t h e  p r o p e r t i e s  of t h e  f ibre-matr ix  
i n t e r f a c e  a f f e c t  the  f l e x u r a l  s t r e n g t h  and f r a c t u r e  toughness of cement 
composite. Equations f o r  p r e d i c t i n g  f l e x u r a l  s t r e n g t h  and f r a c t u r e  toughness 
contain  terms t h a t  i n d i c a t e  a d i r e c t  dependence between these  p r o p e r t i e s  and 
i n t e r f a c i a l  s h e a r  stress (2,7). The o b j e c t i v e  of t h e  p r o j e c t  now repor ted  was 
t o  inc rease  t h e  i n t e r f a c i a l  shear  s t r e n g t h  i n  mica f lake-re inforced cement 
composites by chemical modif icat ion of t h e  mica su r faces .  To achieve t h i s ,  
mica f l a k e s  were t r e a t e d  with  hydrof luor ic  a c i d  and t h r e e  coupling agents  (two 
s i l a n e s  and a  t i t a n a t e ) .  

S e l e c t i o n  of coupl ing agen t s  was based on work by Fav i s  e t  a l .  (8) 
desc r ib ing  the  i n t e r a c t i o n  of s i l a n e  coupling agents  wi th  mica. Their r e s u l t s  
i n d i c a t e  t h a t  t h e  adsorp t ion  of ind iv idua l  l a y e r s  of s i l a n e  can be c o n t r o l l e d  
down t o  the  f i r s t  l a y e r  and t h a t  the  s e l e c t e d  s i l a n e  molecules a r e  o r ien ted  
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normal t o  t h e  mica s u r f a c e s .  Plueddemann cons ide r s  t h a t  t h e  p r e f e r r e d  
o r i e n t a t i o n  of t h e  s i l a n e  molecules f o r  maximum e f f e c t i v e n e s s  i n  i n c r e a s i n g  
shea r  s t r e n g t h  would be normal t o  t h e  s u r f a c e  (9,101, and sugges t s ,  a s  wel l ,  
t h a t  t h e  t i t a n a t e  molecule i s  o r i e n t e d  normal t o  t h e  su r face .  

(b )  

FIG. 1 
Sur face  of a  mica f l a k e  t r e a t e d  wi th  24% HF s o l u t i o n  f o r  900 s 
( a )  t y p i c a l  a r r a y  of sub-micron protuberances 
(b) hexagonal e t c h  p i t s  
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Experimental 

Materials 

Cement: Portland cement composition: C AF = 6.7%; C3A = 12.7%; 
C S = 51.4%; C2S = 20.3% and CaSOV = 5.h as calculated by the Bogue method. 
~Taine fineness was 300 m2/kg. 

Mica: Phlogopite type, high aspect-ratio reinforcing grade marketed as 
"Suzorite Mica" (Marietta Resources International Ltd., Montreal, Quebec). 
Average aspect ratio was approximately 80. The flakes were generally of 
irregular shape, with a mean width varying between 250 and 1400 urn. Physical 
and chemical properties of the flakes have been established (6). 

Hydrofluoric acid: The acid supplied by Allied Chemical Co. (analysis by 
Baker and Adamson) was reagent grade HF, 48%. 

Coupling agents: Three coupling agents were used: 1) A cationic vinyl 
benzyl silane (CVBS) (obtained from Dow Corning, Inc.) designated N-0-(N-vinyl 
benzyl amino) ethyl-y-aminopropyl trimethoxy silane monohydrogen chloride; 
2) a methacrylate functional silane (yMPS) designated 
y-methacryloxypropyltrimethoxy silane (obtained from Union Carbide); 3) an 
isopropyl-tri(diocty1pyrophosphato) titanate (IDT) obtained from Kenrich 
Petrochemicals, Inc. 

A hydrolysis time of 900 s was chosen for the silanes because yMPS is 
sensitive to the time allotted for hydrolysis and adsorption may be inhibited 
after longer periods (8). 

Mixes: Three sets of cement paste mixes were made, using a conventional 
Hobart mixer: set 1 comprised control mixes containing no mica; set 2 
comprised mixes containing untreated flakes; and set 3 comprised mixes 
containing treated flakes. Each set was made up of two subsets, one made at 
w/c = 0.35, the other at w/c = 0.50. In addition, the subsets for set 3 
contained four groups of specimens corresponding to the four treatment types. 
Six test specimens were prepared for each test. 

All mica-flake-reinforced cement paste mixes contained 3% by volume of 
mica; this concentration provides significant increases in strength and 
toughness of portland cement matrices (5). Samples were demoulded after one 
day and moist cured for approximately 28 days prior to testing. 

Mica Surface Treatment 

HF treatment: Preliminary experiments revealed that damage to the flakes 
was dependent on the ratio of weight of mica to volume of HF. A value of 0.15 

I was chosen for this ratio. Final selection of the treatment regime for the 
test program was made after a series of trials, summarized in Table I. 

The 24% HF solution with a treatment time of 900 s was used on the mica 

in the test program (Fig. 1). The mica was washed in water following surface 
treatment. Energy-dispersive X-ray analysis indicates that treated surfaces, 
including submicron-size protuberances, are deficient in silica. The Mg/Si 

ratio was about 3.79 for the treated mica surface and 0.33 for the untreated 
mica. The protuberances remained attached to the mica surfaces after the 
washing in the ultrasonic bath. Hexagonal etch pits were also observed 

(Fig. l(b)). 

Coupling agents: All the experiments with coupling agents involved a 
solution method. The silane experiments were carried out in aqueous solutions 
where pH was adjusted to 5.5 with acetic acid; the titanate treatments were 
carried out in toluene. The silanes were hydrolyzed in deionized water for 
900 s, when mica was immediately added to the solution. Adsorption time was 
determined from the point at which mica was added. 

- 
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Table I 

Treatment of Mica Flakes  w i t h  HF 

T r i a l  Treatment Remarks 

1. 24% HF, 180 s Clean s u r f a c e ,  no e tch ing  
2. 24% HF, 300 s Clean s u r f a c e ,  no e t c h i n g  
3. 24% HF, 600 s Clean s u r f a c e ,  e t c h i n g  s t a r t s  
4. 24% HF, 900 s Etched s u r f a c e ,  many protuberances  
5. 48% HF, 60 s Etched s u r f a c e ,  many protuberances  
6 .  48% HF, 180 s Etched s u r f a c e ,  protuberances ,  

d i s i n t e g r a t i o n  s t a r t s  
7. 48% HF, 300 s Flakes d i s i n t e g r a t i n g  

Suspensions were cont inuously  a g i t a t e d .  A l l  t r ea tmen t s  were c a r r i e d  
ou t  a t  a temperature of approximately 23OC. Subsequently,  t h e  mica was washed 
(wi th  d i s t i l l e d  wa te r  f o r  CVBS, yMPS and to luene  f o r  IDT) and f i l t e r e d  w i t h  a 
Biichner funnel .  The mica samples were allowed t o  dry  f o r  a s h o r t  pe r iod  a t  
110°C. 

Two concen t ra t ion  and t h r e e  adsorp t ion  t imes  f o r  each coupl ing agent  
were used. A summary of t h e  t r ea tment  schedule  i s  g iven  i n  Table  11, 

Table I1 

Treatment Schedule f o r  Mica-Coupling Agent Mixtures 

Coupling Adsorption 
Agent Time Concentrat  ion  

CVB S 3 000 s 0.5, 1.0 g s i lane1100 g mica 
9 000 s 0.25, 0.50 g s i l a n e l l  H20 

13 000 s 

Y ~ S  4 000 s 0.5, 1.0 g s i lane1100 g mica 
7 000 s 0.25, 0.50 g s i l a n e l l  H20 

13 000 s 

IDT 2 000 s 0.5, 1.0 g t i t a n a t e / 1 0 0  g mica 
7 000 s 0.25, 0.50 g t i t a n a t e l l  H20 

13 000 s 

Adsorption t imes  were s e l e c t e d  t o  g i v e  coverage of one o r  more molecular 
l a y e r s  corresponding t o  d i s c r e t e  s t e p s  o r  p l a t e a u s  i n  t h e  adsorp t ion  t ime 
curves determined by Favis  e t  a l .  (8 )  f o r  t h e  adsorp t ion  of these  coupling 
a g e n t s  on mica su r faces .  

Technique 

F l e x u r a l  t e s t s  (3-point load ing)  were c a r r i e d  o u t  u s i n g  a n  I n s t r o n  
t e s t i n g  machine and a cross-head speed of 0.100 cmlmin. A Cambridge 
Stereoscan S-250 SEM was used f o r  examining mica s u r f a c e s ,  and a Kevex energy 
d i s p e r s i v e  probe a t tachment  f o r  determining composi t ional  f e a t u r e s  of mica 
s u r f  aces.  
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Resu l t s  and Discussion 

T e s t  r e s u l t s  f o r  s u r f a c e  t r ea tments  t h a t  provided inc reased  composite 
f l e x u r a l  s t r e n g t h  o r  apparent f r a c t u r e  toughness*, o r  both,  a r e  summarized 
i n  Table 111; r e s u l t s  f o r  t reatments  wi th  no i n c r e a s e s  a r e  not  included. 
Flexural  s t r e n g t h  and apparent toughness values  f o r  cement composites 
con ta in ing  t r e a t e d  mica a r e  expressed a s  r a t i o s  of corresponding va lues  f o r  
composites containing un t rea ted  mica. An example is given i n  Fig. 2 of 
load-def lect ion curves  used f o r  eva lua t ion  of a p a r t i c u l a r  t reatment .  

50 l l I I I . I I I I  
Treatment wi th  24% HF f o r  900 s 

r e s u l t s  i n  a 9% inc rease  i n  f l e x u r a l  s t r e n g t h  
/ i 3% M I C A  FLAKES and a 29% i n c r e a s e  i n  apparent  toughness f o r  
i TCVBS TREATED . . 

40 - . . . . - w/c = 0.35 specimens. The energy requ i red  
1' : 

I ; f o r  pull-out of t h e  mica f l a k e s  from t h e  

: 3% M I C A  FLAKES matr ix  may have increased a s  a r e s u l t  of 
0 

" 3 0 -  I: 1:: [PNTRBTED - g r e a t e r  i n t e r f a c i a l  f r i c t i o n  due t o  t h e  

Z 
1; I : presence of the  e t c h  p i t s  and sur face  
I! I ; protuberances.  The adhesion of t h e  f l a k e s  t o  

the  matr ix  was probably no t  s i g n i f i c a n t l y  
modified, s i n c e  f l e x u r a l  s t r e n g t h  d i d  no t  
inc rease  t o  any g r e a t  ex ten t  (3 ) .  Surface 
t reatment  wi th  HF had no b e n e f i c i a l  e f f e c t  on 
these  p r o p e r t i e s  f o r  w/c = 0.50 
specimens. 

0 1 2 3 4 5 6 7 8 9 1 0  The optimum concen t ra t ion  and r e a c t i o n  

D E F L E C T I O N ,  rnrn x 1 0  time f o r  CVBS-treated mica was 0.5% (weight 
% of mica) and 3000 s ,  which i s  s u f f i c i e n t  t o  

FIG. 2 provide a monolayer of su r face  coverage. The 
Load-deflection curves  f o r  inc rease  i n  apparent f r a c t u r e  toughness was 
cement composites containing 27%, more than twice t h e  inc rease  i n  f l e x u r a l  
mica t r e a t e d  with  CVBS s i l a n e  s t reng th .  CVBS t reatment  was no t  e f f e c t i v e  
coupling agent ,  un t rea ted  f o r  w/c = 0.50. 
mica, and no mica. 
Concentration of CVBS = 1%; For yMPS (w/c = 0.35) specimens, a 
r e a c t i o n  time = 9000 s concentra t ion of 0.5% and the  lowest r eac t ion  

time of 4000 s was s u f f i c i e n t  t o  provide a 
37% inc rease  i n  f r a c t u r e  toughness (only  1% 

l e s s  than  t h a t  f o r  t h e  maximum r e a c t i o n  t ime) .  The 4000 s r e a c t i o n  t ime 
corresponds t o  a monolayer of su r face  coverage (8). A t  w/c = 0.50 maximum 
toughness occurred f o r  t h e  longes t  r e a c t i o n  t ime, i . e . ,  13 000 s. Highest 
f l e x u r a l  s t r e n g t h  (w/c = 0.35) was achieved a t  a concentra t ion of 1% and 
r e a c t i o n  time of 4000 s ,  although 0.5% concentra t ion and 13 000 s was almost 
a s  e f f e c t i v e .  The 12, 4000 s specimens a l s o  had the  l a r g e s t  i n c r e a s e  i n  
toughness. A t  w/c = 0.50 t h e  maximum observed f l e x u r a l  s t r e n g t h  i n c r e a s e  was 
only 10% a t  1% yMPS. 

For w/c = 0.35 samples, monolayer coverage of yMPS appears t o  be 
s u f f i c i e n t  t o  give  maximum toughness, whereas maximum s t r e n g t h  appears t o  
r e q u i r e  more than  monolayer coverage. For w/c = 0.50 samples, s t r e n g t h  
inc reases  were l e s s  than lo%, and no c l e a r  dependence on concen t ra t ion  and 

*Apparent toughness i s  def ined a s  t h e  work of f r a c t u r e  e s t i m a t e  obtained by 
i n t e g r a t i o n  of the  complete load-def lect ion curve. 
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Table 111 

Strength and Toughness Ratios for Cement Composites 
Containing Treated and Untreated Mica 

Treatment Strength Ratio** Toughness Ratio w/c 

HF 

CVBS 

0.5/3000* 
1/3000 
1/9000 

YWS 
0.5/4000 
1/4000 
1/7000 
0.5113 000 
1/13 000 

0.5/4000 
1/4000 
0.5/7000 
0.5113 000 
1/13 000 

IDT 
0.5/2000 
1/2000 
0.5/2000 
112000 
1/7000 
0.5113 000 
1/13 000 

*First number refers to the concentration of the coupling 
agent as a percentage of mica by weight; second number 
refers to the reaction time in seconds for the coupling 
agent with mica. 

**Strength and toughness ratios are determined by dividing 
the values of these properties for treated mica systems 
by values for untreated mica systems. Values are the 

average for six test specimens. 

reaction time was apparent. Maximum toughness requires longer reaction time 
and multilayer coverage. 

For titanate (IDT), the maximum increase in toughness (33%) occurred at 
intermediate coverage, 1% and 7000 s reaction time (w/c = 0.50). Maximum 
strength increase (25%) and 26% increase in toughness occurred at 0.5% 
concentration and 2000 s reaction time. For w/c = 0.35, IDT treatment had no 

beneficial effect on strength but showed a 21% increase in toughness at 1%, 
2000 s reaction time. IDT modification of mica surfaces was more effective 
for w/c = 0.50 than for w/c = 0.35, in contrast with the results for the two 
silane treatments. 

For HF and silane treatment of mica surfaces, a decrease in the 
effectiveness of surface modification at higher w/c ratios may be due to fewer 
contacts between the polymer on the flake surface and the solid matrix because 
of an increase in total porosity at the interface. This argument does not 
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Table IV 

Effectiveness of Mica Surface Treatment 

Flexural Strength yMPS > CVBS > HF > IDT 
Toughness yMPS > HF . CVBS > IDT w/c = 0.35 

Flexural Strength IDT > yMPS 
Toughness yMPS > IDT 

explain, however, why IDT treatment appears to be more effective at higher 
w/c ratios than at lower ones. Differences in the strengthening mechanism 
with IDT (compared to silanes) may be related to the larger area occupied by a 
molecule on the mica surface and the much higher degree of molecular 
branching (8). 

Surface treatments are ranked according to their effectiveness in 
increasing flexural strength and fracture toughness in Table IV. 

Conclusions 

1. Flexural strength and fracture toughness of mica-flake-reinforced cement 
paste can be increased significantly by modification of mica surfaces with 
HF acid or coupling agents such as silanes and titanates. 

2. The effectiveness of HF in treating mica is dependent on the concentration 
of HF, the volumetric ratio of mica to acid, and the reation time. 

3. Increases in flexural strength and toughness are dependent on the 
concentration of the coupling agent in solution and the reaction of the 
coupling agent with mica surf aces. 

4. Silane coupling agents (CVBS, yMPS) are more effective in increasing 
strength and toughness of cement composites prepared at a water-cement 
ratio of 0.35 than at one of 0.50. 

5. Monolayer coverage with silane coupling agents apears to be sufficient to 

provide maximum strength increases for a w/c ratio of 0.35. 
6. Multilayer coverage with silane coupling agents is required to provide 

maximum increases in toughness for a w/c ratio of 0.50. 
7. Treatment of mica with a titanate (IDT) is more effective for a w/c ratio 

of 0.50 than for one of 0.35. Monolayer coverage of mica with IDT 
provides the best combination of increased flexural strength and fracture 
toughness. 
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