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Silane coupling agents are widely used to improve the interfacial adhesion between the 
inorganic filler and the organic polymer matrix of polymer concretes. The mechanical 
properties of the concretes are also found to improve on the addition of silane coupling 
agents. This paper compares two methods of silane application; pretreatment of 
aggregates with silane and direct addition of silane to the resin, on the interfacial 
adhesion in polyester resin concrete for three different silanes. The effects of other 
parameters, such as the silane loading, predrying of aggregates before silane treatment, 
addition of CaC03 microfiller and pH of the silane treatment medium, are also 
investigated. 
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Owing to their superior properties, polymer concretes are 
replacing conventional cement concretes for various specific 
applications t-s. Polymer concretes, which are essentially 
the composite materials of inorganic aggregates and poly- 
meric resin binders, differ widely in their properties depen- 
ding on the nature of the binder and the aggregate used, 
and the conditions of preparation. For a given type of 
polymer concrete, the properties are dependent upon the 
binder content, aggregate size distribution, nature and 
content of the microf'fller, shrinkage reducing agent used, 
curing conditions, etc. Studies on the effects of these 
parameters on the properties of a polymer concrete based 
on polyester resin as binder and crushed quartzite aggre- 
gates (called polyester resin concrete) is reported in previous 
publications. 6'7. 

In addition to the above parameters, the adhesion at 
the binder/aggregate interface governs the properties of 
these composite materials. Adhesion at the interface, in 
the absence of any chemical bonding, may be sufficiently 
good even when it is due to the secondary forces between the 
two phases. 

The use of silane coupling agents, which may provide 
chemical bonding between the two phases, considerably 
improves the interfacial adhesion and thereby enhances the 
mechanical properties of these materials. 8-~ 

The bonding mechanism of the resin and the inorganic 
aggregate through silane has not been fully investigated 
for the inorganic aggregates studied here. However, a possible 
mechanism, based on investigations of other systems, for 
the reaction between the silane and the two components of 
the composite is shown in Fig. 1. The silanes are of the 
general structure R'-Si-(OR)a, where R' is the functional 
group and R is an alkyl group. Firstly, the alkoxy groups 
hydrolyse to form reactive silanols, which then further 
react with the inorganic base; and secondly, the functional 
group reacts with resin. 

The reactivity of the functional groups with the resin 
may vary depending on the nature of the silane and the 
resin. This suggests that the choice of silane is highly 
significant for the interfacial adhesion between the resin 
and the aggregates. 

A wide variety of silane coupling agents is now available, 
but the choice of a suitable silane for any new composite 
material becomes a problem as there is not sufficient infor- 
mation available about their suitability for various polymer 
resins and fillers. The efficiency of any particular sflane 
coupling agent depends on: 

• its reactivity with the components of the given polymer 
concrete, ie the properties of a given polymer concrete 
will depend on the nature of the silane used; 

• method of application, and any particular method also 
depends on the conditions such as the silane content, 
medium of application etc. 

Various methods of applying silane coupling agents to 
such materials are suggested in the literature t2'la. These 
include: 

i) the surface treatment method ~2, which involves the 
pretreatment of aggregates with a solution of silane in 
water, or in a mixture of water and methanol, or some 
other suitable organic solvent. 
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Fig. 1 Schematic representation of bonding through the silane 
coupling agent 
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2) the integral blend additive method 12, which involves the 
addition of silane directly to the binder.aggregate mix. 

3) the dry silane concentrate method 13, which involves the 
exposure of the aggregates to silane vapours, or spraying 
the silane directly onto the aggregates. 

Each of these three methods have their own advantages 
and disadvantages, hence any one of these may be adopted 
according to the convenience of the user. 

A comparison of the various methods on any given system 
is not well illustrated in the literature. 

In this paper, a study is made of the effect of silane 
coupling agent on the interfacial adhesion of a particular 
system, viz polyester resin concrete (PC). The efficiency of 
adhesion at the polymer/aggregate interface is measured in 
terms of  the improvement of mechanical properties, such as 
compressive strength and tensile strength. PC of constant 
composition and identical methods of preparation were 
used in these studies. Two types (ie two compositions) of 
PC samples were investigated; PC without microfiller and 
PC with CaCO3 micro£dler. 

A comparison of the effect of methods of application 
1) and 2) on the properties of these samples is presented 
using three different types of silane. The method 3) could 
not be studied owing to experimental limitations. This 
study also revealed information about the effect of the 
nature of the silane on the properties. Finally, the effects of 
pH of the medium of treatment and the predrying of the 
aggregate, silane and microfiller were also explored for 
both the methods of application of the silane coupling 
agent. 

Experimental 

Materials 

The binder used was a general purpose unsaturated poly- 
ester resin, supplied by Crystic (India) Ltd. The catalyst 
and the accelerator were, respectively, a 50% solution of 
dimethyl phthalate in methylethylketone peroxide and 1% 
solution of cobalt naphthenate in styrene, added as 2% by 
weight of the resin. A mixture of the resin, catalyst and 
accelerator is termed the resin-mix, or simply the binder, 
in the subsequent discussion. 

The coarse aggregates used were crushed quartzite 
(specific gravity 2.72 and no organic impurities) of maximum 
size 10 mm. The fine aggregates used was siliceous sand 
(locally known as Badarpur sand, of specific gravity 2.6 
and no organic impurities) of size which passed through an 
IS 120 sieve (size 1.2 mm) and was retained on an IS 15 
sieve (size 150/am). 

Calcium carbonate (CaCO3) powder, used as a micro- 
filler in some cases, had a particle size ranging from 2.0 to 
2.5/am. 

Three silane coupling agents were used, two of which 
(AMEO and MEMO) were manufactured by Nobel Dynamit 
Co and the third which was manufactured by Polyscience 
Inc. The commercial and chemical names and formulae 
of these three silanes are shown in Table 1. 

Method of preparation 

The optimum values of aggregate size distribution, binder 
content and curing conditions, described in previous 
publications 6'7 were used for the preparation of these PC 
samples. 

PC samples were prepared by mixing together the 
appropriate quantities of the aggregates and binder. The 
binder content was 12 wt % and the aggregate grading 
employed was that with grading modulus 6.42 ram- 1, 
mean diameter 4.12 ram, and fineness modulus 4.40 TM. 
The binder-aggregate mix was homogenized, poured into 
cylindrical moulds and compacted. After room temperature 
curing for 24 h, the specimens were demoulded and further 
cured at 70°C for 24 h. 

The CaCOa micro£tller, wherever used, was added as 
6% by weight of the total weight of the mix, before mixing 
the aggregates and resinous binder. 

Silane coupling agents were applied by either the integral 
blend method or by direct surface treatment, as described 
below. 

In the direct surface treatment method, the aggregates 
were treated with 0.5% solution of the silane in water or 
water-methanol mixture for 1 h and then dried for 4 h at 
110°C. In some cases, the pH of the silane treatment medium 
was adjusted to desired values (from pH = 4 to 10) using 
acetic acid or ammonium hydroxide Is. The total silane 
loading in all these surface treatment methods was kept 
constant at 1% by weight of the binder. 

In the integral blend additive method, the silane was 
added to the resin mix in varying proportions ranging from 
0.3 to 1.5% by weight of the binder. 

Conditions of preparation of the various samples are 
shown in Table 2. PC samples without microfiUer are 
denoted as q'C', while those with CaCO3 microfiller are 
denoted as 'PC/CaCO3'. The samples without silane treat- 
ment are denoted as 'PC-control' or 'PC-untreated'. 

Measurement of properties 
Compressive strength (Oc) and split tensile strength (Or) were 
measured on the cylindrical specimens of 50 mm diameter 
and 100 mm length on an Avery Compression Tester as per 

16 
Indian Standards IS-516-1959 (with amendment-l) and 
IS-5816-197017, respectively. The loading rates were 
140 kg/cm2/min for the oc tests and 15 kg/cm2/min for the 
ot tests. Measurements were carried out on three to five 
specimens in each case and the deviation of results around 
the mean value was less than 5 to 8% in all cases. 

Table 1. Details of the three silanes used in this study 

Commercial name Chemical name Formula 

Dynosilon AMEO 

Dynasilan MEMO 

Polyscience VTES- 

~ / -  ominopropyltriethoxy silane 

~(-mel 'hacryloxypropyl tr imethoxy silone 

vinyl#riel"hoxy silone 

HzN--CH:~--CH::,--CH2--Si --  (OC2H5) 3 

CH 3 
I 

CHz= C- -  C - -O (CH2) 3 - -  S i -  (OCH3) 3 
II 
O 

CHz=CH--Si-- (OCzHs) 3 
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Table 2. Methods of application of silane coupling agent 

Method of application Treatment Type of 
medium silane used 

Silane 
concentration 
(wt %) 

pH Other conditions 

Pretreatment of Water-methanol 
aggregates mix (60:40) 

Integral blend additive 

Water 

m 

AMEO 
MEMO 
VTES 

AMEO 
MEMO 
VTES 

AMEO 
MEMO 
VTES 

0.5 
0.5 
0.5 

0.5 
0.5 
0.5 

0.3-1.5" 
0.3-1.5" 
1.0" 

7 
7 
7 

7, 10.5 
7,4.0 
7 

Aggregates were dried for 4 h at 
110°C after treatment 

Aggregates were dried for 4 h at 
110°C after treatment 

D 

B 

*Indicates content with respect to resin 

Results and discussion 

Effect of method of application of =ilane 
The compressive strength (Oc) and split tensile strength (Or) 
of the PC samples prepared by both methods of application 
of silane are shown in Table 3. It can be seen that the o c 

of the PC-control sample (420 kg~cm ~) increases on applica- 
tion of the silane coupling agent (476 to 675 kg/cm 2) 
depending on the nature of the silane used and the method 
of silane application. The at also shows a similar effect. It 
is further noted that for any given method of applying the 
coupling agent, the improvement in the properties follows 
the order: AMEO < MEMO ~ VTES. For any particular 
silane, the improvement in the properties is greater for the 
direct surface treatment method than for the integral 
blend additive method. Furthermore, in the former method, 
the silane treatment through water-methanol medium 
produced greater improvement in properties than the 
aqueous medium. 

In the PC/CaCO3 samples, the nature of the silane and 
the method of silane application (shown in Table 4) have a 
similar effect to that found for PC. However, the strengths 
were somewhat higher for the PC/CaCO3 samples than for 
the corresponding PC samples. 

The role of silanes in improving the adhesion at the 
aggregate/polyester interface depends on the mechanism 
of interaction of the functional groups of the silane with 
the siliceous aggregate and the polyester resin. The present 

results clearly support this, when they are viewed in the 
light of the information supplied by the manufacturer of 
the silanes MEMO and AMEO. AMEO is classified as a 
'non-reactive, type, while MEMO is stated as 'reactive' 
with respect to polyester resin. However, the possibility 
of secondary bonds should not be ruled out in the non- 
reactive silane. Hence the adhesion efficiency of these two 
types of silane would differ such that in MEMO primary 
bonding at both the reactive ends of the silane may be 
expected, while in AMEO there might be primary bonding 
at one end of the silane and secondary bonding at the 
other end. The lower strengths of the Pc samples with 
AMEO compared with those with MEMO seems to support 
the role of these silanes. The silane VTES, which is 
recommended for polyester resin, showed better results 
than MEMO, probably owing to its greater reactivity with 
the respective components. 

In the direct surface treatment method, the greater 
improvement in interracial adhesion observed in the water- 
methanol medium compared with the pure acueous medium 
may possibly be due to better wetting of the aggregate 
surface in the former, and/or due to better hydrolysis of 
the aggregate surface suitable for bonding with reactive 
groups of the silane coupling agent. 

In the integral blend additive method of application, 
the efficiency of adhesion would depend on the ease of 
migration of silane molecules from the resin matrix to the 
resin/aggregate interface. Though some authors have 

Table 3. Effect of method of application of silane coupling agent 

Method of application Type of 
silane used 

Compressive strength, Split tensile strength, 
o c (kg/cm 2) ot (kg/cm 2) 

Pc-untreated 

Pretreatment of aggregates with 0.5% water-methanol 
solution of silane 

Pretreatment of aggregates with 0.5% aqueous silane 
solution 

Integral blend additive (1% resin) 

- 420 110 

AMEO 527 118 
MEMO 657 130 
VTES 675 133 

AMEO 510 120 
MEMO 574 124 
VTES 578 130 

AMEO 476 113 
MEMO 540 121 
VTES 555 120 
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Table 4. Effect of silane coupling agent in Pc/CaCO 3 

Description of specimen Method of application Type of 
silane used 

Compressive strength, Split tensile strength, 
o¢ (kg/cm 2) o t (kg/cm 2) 

PC-untreated and no 
microfiller 

Pc-untreated/CaC03 

Pc/CaCO 3 

- - 420 110 

- - 510 108 

Pretreatment with water- AM EO 615 129 
methanol silane solution M EMO 861 162 

VTES 892 168 

Pretreatment with aqueous AM EO 592 130 
silane solution M EMO 829 162 

VTES 696 138 

Integral blend additive AM EO 554 115 
M EM 0 693 123 
VTES 645 126 

stated that the performance of the integral blend additive 
method was as good as the other methods, these results 
show this method to be somewhat lower in efficiency 
compared with the direct surface treatment method. The 
fact that there is an improvement of mechanical properties 
confirms that there is a migration of silane from the resin 
bulk to the interface region. In infra-red spectroscopic 
studies ~s evidence has been found of bonding at the 
aggregate surface in the presence of silanes applied through 
the integral blend additive method. 

The lower efficiency of the integral blend additive 
method might be also due to lower efficiency of migration 
of silane from the resin bulk to the resin surface, and/or 
the presence of voids in the structure, in which the silane 
molecules at the resin surface may not contribute to 
bonding with aggregate surface. The effect of silane loading 
was significant in the case of the integral blend additive 
method, as described below. 

Optimization of silene loading 

In the integral blend additive method, the ultimate proper- 
ties of the PC depended on the amount of the silane used 
(the silane loading). Fig. 2 shows the effect of silane loading 
on the oc and o t of PC with the two silanes MEMO and 2 
AMEO. As the silane loading increases, both o= and o t first ~_ 
increase to a maximum value and then decrease. These 
maxima occur around 0.5-1.0% silane loading in all these 
cases, and the loading corresponding to these maxima may 
be called the optimum silane loading. 

Below the optimum silane loading, the bonding at the 
interface apparently increases with silane loading and reaches ~" 
a maximum at the optimum silane loading. At a silane 
loading higher than the optimum, the observed low 
efficiency of adhesion might be due to part of the silane 
undergoing self-condensation after hydrolysis and leading 
to the deposition of layers of oligomeric silanols at the 
aggregate/binder interface ~s. 

Effect of predrying the aggregates 

The role of surface moisture in the bond formation 
between the silane and aggregate is well known 12't3. A study 
of the effect of predrying the aggregates before silane 
treatment, presented below, confirms this role and provides 
indirect evidence that bonding occurs through silane at the 

aggregate surface when the silane is applied by the integral 
blend additive method. 

PC samples (with silanes MEMO and AMEO and without 
any silane treatment) were prepared with identical composi- 
tions of all the constituents but differing in the atmospheric 
exposure of the aggregates. Two sets of samples were 
prepared for each composition; one with the aggregates 
exposed to ambient atmosphere (relative humidity "" 65%), 
and the other with aggregates dried in an oven at 100*C 
and mixed with the binder, so that the possibility of 
surface moisture could be minimized. 

The oc of these samples are shown in Table 5. PC 
samples without any silane showed no appreciable difference 
in o c when the aggregate type was varied. In the PC samples 

L • PC/MEMO 
0 PC/AMEO 

E 120, 

a 
i i i 

I10 

I00 

90 

600 

-~ 550 
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45o 

, 

4 0 0  

b 1 i i 
0 0,5 1.0 1.5 

Silane coupling agen'r content (% wt of resin) 

Fig. 2 Variation of (a) ,split tensile strength and (b) compressive 
strength with coupling agent content in PC 
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Table 5. Effect of predrying the aggregates 

Description of 
specimen 

Compressive strength, Oc (kg/em 2) 

With oven-dried 
aggregates 

With normal air 
dried aggregates 

Pc-untreated 426 420 
PC/AMEO 396 476 
PC/MEMO 424 540 

prepared with oven-dried aggregates, no significant improve- 
ment in o e was achieved on treatment with either of the 
two silanes. However, in samples prepared with the 
aggregates exposed to the ambient atmosphere, oe 
increased on silane treatment, depending on the nature of 
the sflane. This suggests that in the absence of aggregate 
surface moisture, the silane becomes less effective in 
improving the interfacial adhesion in these composites. 

Effect of diane coupling agent in PC/CaCO 3 

The results presented in Table 4 illustrate the role of 
silane coupling agent in PC/CaCO3. The use of CaCO3 
microf'dler, in general, increases the o c and o t of PC due to 
its void-filling property, thus providing a greater possibility 
of binder-aggregate contact tg. The oc of PC was increased 
by 70% when CaCO3 was used and an increase of over 
100% was observed for the I~/CaCO~/MEMO or VTES 
system. These improvements may have been due to the 
simultaneous effects of better adhesion at the aggregate 
surface through silane bonding and better cohesion of the 
whole structure produced by the space-filling property of 
the microf'tller. Silanes, however, have no tendency to 
form chemical bonds at the CaCO3 particle surface. 

Effect of the pH of the silane treatment medium 

Hydrolysis, which is necessary for the condensation 
reaction of the silane, depends on concentration, method 
of application, pH of the treatment medium etc is. A fast 
hydrolysis reaction makes the silanols needed for covalent 
bond formation with the hydroxyl groups of the aggregate 
surface more readily available. The H+ and OH- ion 
concentration in the aqueous phase also affect the 
potential on the hydrated mineral surface and thereby 
influence the orientation (or alignment) of silanols on the 
aggregate surface. The pH of the medium required is 
different for each silane as shown in the work of 
Subramanian and Shu 15 on basalt fibre/polymer composites. 

The need to use the appropriate pH for each of the 
silanes is clearly illustrated in the results obtained on the 
water-methanol medium vis,a-vis the aqueous medium (see 
Tables 3 and 4). To ascertain the effect of pH, experiments 
were carried out by controlling the pH of the medium to 
three fixed values 4, 7 and 10.5 by the addition of suitable 
chemicals. Values of oc of the samples prepared under 
these differing conditions are shown in Table 6, for the 
silanes MEMO and AMEO. 

The results show that by using a silane medium of 
appropriate pH, a o¢ as high as 925 kg/cm 2 (more than 
200% higher than that of the l~-control sample) can be 
achieved. Furthermore, adjusting pH to obtain optimum 
properties is clearly cheaper than adding methanol in the 
production of PC on a larger scale. 

Table 6. Effect of pH of silane medium on the properties 
of PC 

Description of pH of Compressive strength, 
specimen the medium Oc (kg/cm 2) 

Pc-untreated - 420 
PC/AMEO 7 510 
PC/AMEO 10.5 547 
PC/MEMO 7 574 
PC/MEMO 4 644 
PC/CaCO3/AM EO 7 592 
PC/CaCO3/AM EO 10.5 656 
PC/CaCO3/MEMO 7 829 
Pc/CaCOz/MEMO 4 925 

Conclusions 

The use of silane coupling agent in polyester resin concrete 
improves its mechanical properties due to improved 
adhesion between the binder and aggregates at the inter- 
face. The direct surface treatment of aggregates with silane 
in a water-methanol medium gives better properties than 
the pure aqueous medium of treatment or the integral 
blend additive method of silane application. By controlling 
the pH of the silane treatment medium, comparable 
improvements in properties can be achieved. 

In the integral blend additive method, there is an 
optimum silane loading beyond which the strength 
diminishes. The effect of surface moisture confirms that 
bonding at the binder/aggregate interface occurs through 
the silane. The results also confirm that the microfiller, 
used to reduce voids, produces a considerable improvement 
in properties. The silanes VTES and MEMO are more 
suitable than the silane AMEO for the present binder] 
aggregate system. 

Compressive strengths as high as 800-900 kg/cm 2 can 
be obtained for the presently studied polyester resin 
concrete by using the most appropriate aggregate grading, 
binder content, curing conditions, microf'fller content, 
type of silane coupling agent and the method of applica- 
tion of silane coupling agent. This value of compressive 
strength is quite comparable to the values reported in the 
literature s'9 for various polyester resin concretes (viz 700 
to 1200 kg/cm2). 

References 

1 Baker, C.A. Proc of Syrup on Concrete Research and 
Development, Sydney, Australia (1973) p 11 

2 Melkote, R,S. and Suri, S.B, Proc of the 44th Ann Research 
Se~ion, Chandigarh, India (Central Board of Irrigation end 
Power, New Delhi, 1975)Publication No 123 p 146 

3 Browne, R.D., Adam=, M. end French, E.L. in "Polymers in 
Concrete" (The Construction Press, Lancaster, 1976) p 433 

4 Depuy, G.W. end Selender, C.E. Proc of the Second Int 
Congress on Polymers in Concrete, Austin, USA (1978) 
p 461 

5 Demure, K., Ohama, Y., Yamamoto, T and Komiyema, M. 
Proc of the Third Int Congress on Polymers in Concrete, 
Koriyama, Japan ( 1981 ) p 614 

6 Mani, P., Krishnemoorthy, S. end Gupte, A.K. Proc of the 
National Syrup on Binder Economy and Alternate Binders in 
Road and Building Construction, New Delhi, India (1981) 
paper 16 

INT.J.ADHESION AND ADHESIVES JULY 1983 153 



7 Mani, P., Krishnamoorthy, S. and Gupta, A.K. Proc of  the 
National Seminar on Polymeric Materials and their Engineering 
Applications, Trimndrum, India (1981) p 15 

8 Valore, R.C. and Naus, D.J. in "Polymers in Concrete" (The 
Construction Press, Lancaster, 1976) p 216 

9 Kobayuhi, K and Ito, T. ib id p 236 

10 Konaka, T., Okada, T., Matsura, T. and Nojiri, Y. Proc of  
the Third Int Congress on Polymers in Concrete, Koriyama, 
Japan (1981) p 462 

11 Kawakzmi, M., Tokuda, H. and Kagaya, M. ib id p 524 

12 'Bonding agents 'DYNASYLAN' ' Technical Information 
(Dynamit Nobel Chemicals, Troisdorf - Oberlar, West 
Germany) 

13 Rosen Meyer, R. J Coating Technology 50 No 644 (1978) 
p 70 

14 "Civil Engineering Materials" edited by N. Jackson (ELBS, 
Macmillan Publications, Nongkong, 1978) p 124 

15 Submmanian, R.V. and Shu, Kusng-Hua H. Proc of  the 
34th SPI Conference (Reinforced Plastics/Composite 
Institute, 1979) section 17-C 

16 'Methods of test for strength of concrete' Indian Standard 
516-1959 (with amendment No 1) (Indian Standards 
Institution, New Delhi, 1978) 

17 'Method of test for splitting tensile strength of concrete 
cylinders' Indian Standard 5816-1970 (Indian Standards 
Institution, New Delhi, 1978) 

18 Mani, P., Gupta, A.K. and Krishnamoorthy, S. J Mater Sci 
Letters 1 (1982) p467 

19 Mani, P., Gupte, A.K. and Krishnamoorthy, S. J Mater Sci 
(in press) 

Authors 

The authors are with the Centre for Materials Science and 
Technology, Indian Institute of Technology, Hauz Khas, 
New Delhi 110 016, India. Inquiries should be addressed to 
Dr Gupta. 

154 INT.J .ADHESION A N D  ADHESIVES J U L Y  1983 


