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The article discusses the issue of the influence of colloidal solutions of nanoparticles of ZnO obtained using original 
method on physical and chemical properties (cohesions, adhesion, wettability) of water glass. Adhesion and cohe-
sion strength has been determined on the basis of own methodology of measurement using a special apparatus. 
The results of the above measurements have been supplemented with selected measurements of quartz wettabil-
ity by the modified binder. Also, exemplary results have been presented of tests involving basic properties of mould-
ing sans containing an addition of the aforementioned binder. In conclusions, the influence of binder modification 
on the properties of moulding sands have been presented. 
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INTRODUCTION

Moulding sands with water glass are an alternative 
for moulding sands with toxic organic binders widely 
used in foundry. The advantages of such moulding sands 
include: good flowability, small gas productivity, and 
very low toxicity. However, this is not generally used. 
Factors limiting its broad application include: high sen-
sitivity to ambient conditions (hygroscopic properties 
of binder), low cohesion strength (which negatively af-
fects the strength of moulding sand), poor knock-out 
properties, and regeneration capacity of sands contain-
ing it [1-5]. Therefore, attempts are made to modify wa-
ter glass aimed at improvement of cohesion strength 
and wettability of the base by the binder.  Most studies 
on modifications of water glass focused on application 
of organic compounds using their function groups [4-6]. 
The development of nanotechnology has allowed for 
water glass modification using nanoparticles [1, 7, 8], 
which due to their specific properties (multiplied spe-
cific surface, capacity of entering into chemical reac-
tion with the binder) give favourable properties to the 
modified material. It should be emphasized that demon-
strated significant changes in the physical-chemical 
properties of the modified binders may also affect the 
another moulding sand properties and in consequence 
such important technological processes as moulding 
sand preparation (for example reducing energy con-
sumption in these processes) [4, 9, 10-12].

MATERIALS, MEASUREMENT 
METHODOLOGY AND MEASUREMENT 
EQUIPMENT

Modification was performed on sodium water glass: 
R “145” with module M = 2,5 and density d20 = 1 470 
kg/m3, pH = 11,2.

Modifiers were colloidal solutions of ZnO nanopar-
ticles in propanol (modifier I - 5 mas. %) and in metha-
nol (modifier II - 3 mas. %) with concentration of 
0,3 M. Average diameter of nanoparticles dn < 20 nm.

Methodologies for determining cohesion and adhe-
sion strength were tested in prior studies on various bind-
ers [8, 9]. In the study, apparatus for adhesion and cohe-
sion forces was used [8] with holders for cross samples. 
Load velocity on samples of 1 mm/min was applied. 

The assessment of wettability of quartz by the binder 
was performed by analysis of wetting angle value in the 
quartz - binder system at thermostatic condition at 
20 °C. Quartz surface was prepared by washing samples 
in distilled water [8]. 

Verification of moulding sand strength was per-
formed by testing tensile strength Rm

u after 24 h of hard-
ening. 

Binder modification was performed by introduction 
of 3 and 5 % of colloidal solutions of ZnO nanoparticles 
in methanol or propanol.

RESULTS OF THE STUDIES AND DISCUSSION

Figure 1 presents the results of the series of tests of 
cohesion strength of cast or cut samples. The material of 
samples was binder - water glass modified with colloi-
dal solution of ZnO nanoparticles in propanol.
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On the basis of diagrams in Figure 1, one can state 
that the influence of the sample preparation method on 
cohesion strength results of the binder containing ZnO 
nanoparticles with propanol as solvent is marginal. This 
is testified to by trend line equations for both test series, 
where the coefficient values (Figure 1) for both cut and 
cast sample series are very similar. The differences are 
also small (from the point of view of measurement 
method accuracy) in the case of comparison of coeffi-
cient values - a for series of cast and cut sample series 
with trend line coefficients determined for the series 
comprising all measurement data for binder with ZnO 
nanoparticles (jointly).

The form apparently did not significantly affect the 
occurrence of inhibited contraction in the samples, 
which could, in turn, cause contraction stress that re-
duces cohesion strength. At the same time, one can as-
sume that during sample cutting in “flexible” state (in 
the appropriate moment – before turning to the state that 
can be referred to as “brittle”), there is no sample dam-
age e.g. in the form of cracks that could reduce their 
cohesion strength. In both series of tests (cast and cut 
samples), in correlation of cohesion strength and sam-
ple thickness, one can assess the value of R2 coefficient 
as 0,9 (Figure 1).

The presented correlation can be described within 
the range of the experiments with general exponential 
equation (1):
 σT = a · e – b · g (1)
where constant “a” is the limit cohesion strength of the 
binder (for very small thickness g of sample). Constant 
“b” expresses the rate of strength change in relation to 
thickness change. 

Trend lines and constant “a” values clearly point to 
the positive influence of nanoparticle addition to water 
glass – towards increased cohesion strength. 

Observations in the study also included the influ-
ence of nanoparticle addition on physical-chemical sta-
tus of the binder. With free pouring of binder layer on 
Teflon plate, one could obtain layers of smaller thick-
ness (especially with propanol  as solvent)  as compared 
to non-modified water glass. This is confirmed with 
quartz wettability tests by the binder modified with col-
loidal solutions of nanoparticles of ZnO in methanol 
and propanol (Figure 2). All tested binders are charac-
terized by decreasing (in time) of the contact angle – θ 
from the maximum value - θ max to the value of the equi-
librium – θ eq.

As shown (Figure 2), modification of the binder 
with suspensions in propanol is more effective as com-
pared to the binder modified with ZnO modifiers in 
methanol.  The change of contact angle in time are well 
described by equation (2):
 θ = (θmax – θeq) · e –α·√−

τ + θeq (2)

The relative errors between measured and calculated 
values are not exceeded 5 %.

Properties of the binder modified with colloidal so-
lutions of ZnO nanoparticles are also affected by the 
solvent used (Figure 3). These tests involved very long 
sample hardening, but this did not lead to very high in-
crease in cohesion strength as compared to shorter hard-
ening times.

Its appropriate selection is important due to possibil-
ity of occurrence of unfavourable physical-chemical 
phenomena. For example, application of a modifier in 
the form of colloidal solution of ZnO nanoparticles in 
methanol as solvent caused binder coagulation and 
small wettability of quartz – Figure 2 [7, 8]. 

Figure 3 presents results of the cohesion strength 
tests depending on the surface of destruction of the sam-
ple analysed
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Figure 1  Correlation between cohesion strength σT and 
sample thickness g. Binder composition: water glass 
with 5 % modifier I and 3 % modifier II. Constant 
loading v = 1 mm/min

Figure 2  Influence of the addition of colloidal solution of ZnO 
nanoparticles in propanol and methanol on 
wettability in the quartz - binder system; α - values 
of coefficient in equation (2)
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Results of adhesion strength test on the destruction 
surface have been presented in Figure 4. Adhesion 
strength diagram σA has been made in the destruction 
surface function (specifically area of connection footage 
projection on plate surface). In the adopted methodology 
of sample preparation, determination of connection thick-
ness would involve high measurement error. When per-
forming cross samples, it is very difficult to stabilise the 
volume of binder dosed. Therefore, different connection 
destruction surface size was obtained. On the basis of 
preliminary tests, no material correlation was found be-
tween connection strength and their surface. Due to rath-
er large range of measurement results.

Figure 4 presents average values of adhesion strength 
of connections for both series of measurements. For the 
binder with nanoparticles, slightly lower average was ob-
tained as compared to the binder without the addition. 
Reduced adhesion strength of the binder on the basis of 
water glass is favourable from the point of view of proc-
esses of regeneration and recovery of sand base [4-9]. 

On the basis of the comparison of average values 
with cohesion strength values (assessed on the basis of 
constants in regression equations), it can be stated that 
adhesion strength for water glass with nanoparticles are 
of the same order as cohesion strength values. In the 
case of non-modified water glass, the adhesion strength 
of connections is significantly higher than cohesion 
strength. Mean value of adhesion strength σA – 7,6 MPa 
(Figure 4) and mean value of cohesion strength 
σT – 0,77 MPa for samples thickness range- g from 0,62 
to 2,0 mm (Figure 1). 

The cause of varying results of the measurements 
can include: complex stresses in the bond (difficult to 
entirely eliminate even despite the application of toggle 
connections in holders), differences in accuracy of 
quartz plate preparation, difficulties in precisely sym-
metrical (central) placement of binder drop, placement 
of too much binder on the plate.
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Figure 3  Correlation between cohesion strength - σT and 
destruction surface area of the sample- A ; hardening 
time: 21 days, constant loading v = 1 mm/min

The aforementioned limitations also affect variable 
thickness of bond layer between the plates. This param-
eter is difficult to control with satisfactory accuracy. In 
publications, this factor is deemed very important for 
adhesion strength [8, 10].  

Figure 5 illustrates the influence of water glass mod-
ification on tensile strength (Rm

u) of moulding sand after 
24 hours of hardening. Sand base - 100 weight parts, 
binder - 3 weight parts;  modifier I: 5 % of colloidal 
solution of ZnO nanoparticles in propanol, modifier II: 
3 % of colloidal solution of ZnO nanoparticles in meth-
anol (calculated to the binder). 

Compacted by vibrations. Hardening conditions: 
time - 24 h, ambient temperature - ta = 22 oC, relative 
humidity - RH ≈ 39 %. 

Significant increase in tensile strength was deter-
mined (by approx. 26 %) after binder modification with 
5 % of colloidal ZnO suspension in propanol (modifier I). 

Figure 4  Correlation between adhesion strength - σA and 
destruction surface  - A 

Figure 5  Influence of water glass modification on tensile 
strength Rm

u of moulding sands
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SUMMARY 

The study performed revealed favourable influence 
of modifications on cohesion and adhesion properties, 
and wettability of quartz surface in the aspect of useful-
ness for moulding sands. The several - fold increase in 
cohesion strength was accompanied with preservation 
of constant level of adhesion strength.

The modification improves the binder capacity to 
wet the quartz base. Modifier I more effectively im-
proves wettability than modifier II. 

The above physical - chemical studies correlate with 
the strength of moulding sands. The positive influence 
of the colloidal solutions of ZnO in the alcohols (espe-
cially in propanol) results from the acid-base interac-
tions (Lewis acids) between oxygen atoms from ZnO 
and the OH groups  from the alcohol and water glass 
[11-16]. These interactions cause the creation of hydro-
gen bonds which are  responsible for physic- chemical 
properties of the binder and as a result the strength of 
the moulding sand.

The final result is improvement of the cohesion 
properties of binder and wettability, as well as genera-
tion of bridges in the moulding sand with favourable 
geometric structure [2-10].
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