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Requirements of an environment protection concerning limitation of volatile substan-
ces emission are forcing changes of several technologies applied in foundry practice. In the
first place the application of technologies using easily evaporating substances, including
alcohols, is limited. Restrictions concern alcohol protective coatings, which are substituted
by water coatings. Ethyl silicate, ceramic sands binding agent, is successively substituted by
colloidal silica in investment casting technology.

Drying and the following hardening of layers produced with using binders dissolved in
water solutions is a much slower process than the one with alcohol as a solvent. In some
processes, as e.g. at drying protective coatings on moulds and cores, these drying procedure
can be accelerated either by warming the mould (core) or by blowing warmed air. However,
such solution is not possible in the case of the investment casting technology, since mould
warming could cause deformation of a wax model. In the transitory period, and that is the
actual situation concerning this technology, the alternate building of layers: one with the
colloidal binder and the next with ethyl silicate is applied in several industrial plants. This
procedure accelerates the drying process, but can not be considered the final solution.
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From the point of view of a drying rate of ceramic moulds, for obtaining high yield in
the multilayer moulds production, the optimal temperature could be considered the maximal
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one at which such moulds can be produced. This temperature is, in turn, related to the
strength of wax model systems. Investigations were performed to determine the temperature
influence on a tensile strength of wax mixtures widely used in the investment casting tech-
nology. The obtained results are presented in Figure 1.

These examinations indicate and indirectly confirm industrial practice, that the maxi-
mum temperature of drying the successive ceramic layers should not exceed 25 oC. On the
basis of the obtained strength results, this temperature should be considered the optimal one
for the ceramic moulds drying process in the investment casting technology. This tempera-
ture is currently applied in industrial practice.
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Drying of ceramic layers at a relatively not high temperature (~25 oC) is quite slow.
Deposition of the next layer, in the production of a multilayer mould, should be done only
when the drying process of the previous one is practically finished (under the applied drying
conditions, temperature and air humidity) and the weight loss of the mould being dried is
very small. Electrical conductivity measurements or resistance changes of the drying layer
were used, up to the present, to determine this moment in the drying procedure. A conti-
nuous measurement of the mass (weight) of the drying mould is also a simple method.
The ultrasound method was developed recently [1–6]. Within the hereby presented paper
measurements were performed by means of all three techniques, including the following
simultaneous (parallel) measurements:
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Performing parallel (and simultaneous) measurements of the kinetics of the drying
process should allow to determine more accurately the time when the single layer is nearly
dried as well as should allow to assess the measuring accuracy of individual methods. In
addition, it creates the possibility of estimating the suitability of these methods for the tech-
nological inspection of the pathway and control of the ceramic moulds drying process.

2.2.1. Investigations of kinetics by the resistance and weight methods

The parallel examinations of the ceramic moulds drying process were performed by
simultaneous measuring the sample weight (by using balance-dryer) and resistance. The
photograph of the experimental stand is shown in Figure 2. The obtained results were re-
corded on line by means of the computer.
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The ceramic moulding sand used in investigations consisted of colloidal silica
(Ludox SK or Ludox AM) and Al2O3 flour being a matrix. For sprinkling the ceramic
sand layer – deposited on the model – also the Al2O3 matrix, of an average grain size
dL = 0.20÷0.30 mm, was used. The aim of these investigations was to determine the course
of the sand hardening caused by drying and to find out at what sand moistness an increased
resistance occurs.

The idea of measurements carried out by the current technique is based on the determi-
nation of the current value in the system, in which the ceramic mould is one of the elements.
A constant reference voltage is applied to the drying layer via electrodes and the passage of
current values is recorded. The current value is determined by recording the voltage on the
resistor connected in series with the drying sand. The current passing through such electric
circuit causes the voltage decrease on the measuring resistor, which is recorded. When the
layer is drying an amount of electrolyte (water) decreases and to this end the electric resis-
tance in the system increases while the voltage measured on the resistor decreases. Either
the voltage or current or resistance of the tested layer can be the measured value. Measuring
the resistance was applied in the described examinations of the drying ceramic moulding
sand. Out of several methods, the direct measuring of the series resistance was selected on
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account of easiness of its recording. Other methods such as technical or bridge mea-
surements could have been selected but it would render the recording difficult at only in-
significant improvements of the measuring accuracy. The performed examinations were of
a qualitative character (not quantitative), since at this stage of research they were only
aimed at acquainting with the drying effect and relating it to other parameters. The resis-
tance measuring and recording was carried out by means of the multimeter communicating
with the computer via the RS232C port. A constant range of measuring resistance of
40 MOhm was established. The results were recorded every 10 seconds.

In case of investigations of the moisture content changes in the drying layer, the resis-
tance creating elements are: the sand layer adjacent to electrodes and the interelectrode
layer. The ceramic sand itself, built out of metal oxides, is an insulator – thus, the current is
conducted by a solvent – in this case: mineralised water.

All measurements were performed on the insulated base in order to prevent other
current passages than only in between electrodes through the ceramic layer. All electrode
connections with the measuring system were insulated, only side surfaces of the electrode
roll were left active.

Electrodes were made of brass dusted with gold. Such treatment was aimed at mini-
mizing additional electrochemical reactions at the contact: wet sand – electrode. As it can be
seen the electrode material did not change visibly the results (comparison between the brass
and brass dusted with gold electrodes). According to the second Ohm’s law the resistance
depends on the electrode surface area. The resistance of the conductor segment (of a con-
stant cross-section) is proportional to the segment length and inversely proportional to the
cross-section surface area

l
R

S
= ρ (1)

where:
l – conductor length,
S – cross-section surface area,
ρ 3 +�������
��������"���
 =#/������
�����������).

The results of the kinetics of drying are presented in Figures 3 and 4. Since the main
aim of investigations was the comparison of weight and resistance change pathways, the
measurements were carried out at an increased temperature (for shortening the experiment
time). It is seen (Fig. 3), that water losses are, in approximation, linear, and it was only when
the drying was in its final phase that the H2O content change was much smaller.

Resistance changes of the drying layer are of a different character (Fig. 4). For a long
drying period the resistance of the tested layer remains constant and close to zero (for the
measuring range of 40 MΩ). Barely in the final phase of drying a quite violent increase
of the resistance is observed. Probably, the sand layer drying oriented from the outer surface
(uncovered) in the direction of the surface adjacent to the model, is the reason of such
pathway. A current, regardless of the drying process progressing, is conducted by the near
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model layer up to the moment when in this layer the water content starts also to decrease.
Thus it can be concluded, however it still requires further investigations, that the electric
method (current) enables to determine – quite well – the end point of the ceramic layer
drying.
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The results presented in Figure 4 allow to notice that the resistance increase occurs
when the water content decreases from the initial 16% to app. 2%. The electric method,
which basis on the resistance measurements of the drying ceramic layer, can be used for the
determination of the moment when the drying process is nearing its end.
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2.2.2. Investigations of the kinetics of hardening performed by the resistance
and ultrasound method

The essence of investigations by the ultrasound method is the measurement of changes
of the dynamic elasticity modulus of the drying ceramic layer. The wet layer, in its initial
phase is of a fluid moulding sand consistence. Later on, in the further phase of the drying
process, the layer state changes via the viscous-elastic state into the solid one, which is
characterised by a significantly higher elasticity (modulus of elasticity Ed). This process
causes an increased ultrasound wave propagation velocity in such medium. Equation (2)
provides the dependency between the modulus of elasticity and wave velocity

2( )d LE c= ρ⋅ (2)

where:
Ed – dynamic modulus of elasticity,
ρ – density,

cL – wave velocity.
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The schematic presentation of the probe for ultrasound testing is given in Figure 5a,
while the probe prepared for the parallel ultrasound and resistance investigations is seen in
Figure 5b. The multilayer ceramic shell, prepared for ultrasound testing, is deposited on the
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„model” sample – according to the scheme shown in Figure 5a. In order to force the wave
propagation through the ceramic layer (being hardened) and to create conditions for mea-
suring the wave velocity in this very layer (and not in the core), the sample core is made of
the material which ability for wave suppression is higher, than the material used for shell
forming. Admittedly, the wave is propagating via both mediums but the receiving head
records the arrival of the first signal. For the wave velocity measuring the time of the wave
propagation, from the sending to receiving head, is needed. This time is recorded by the
computer in the required time intervals, e.g. every 10 seconds.

The essence of ultrasound investigations allowing to monitor the kinetics of the ceram-
ic layers hardening consists of measurements – in an actual mode – of the medium (being
under testing) ability to propagate ultrasound waves. Hardening of the ceramic layer is
accompanied by an increase of the propagated wave velocity in the hardening material
(medium). The wave velocity increment is a measure of the hardening degree (bonding)
increment. Measurements are carried out in the chamber, with the stabilised temperature
and air moistness (Fig. 6a and 6b).
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The parallel measurements of the kinetics of the ceramic sand hardening with ultra-
sound and resistance changes measurements were carried out. The recorded pathways are
presented in Figures 7 and 8. The course of the wave velocity changes is of a typical charac-
ter, indicated in the previous works of the author [3, 4]. In the initial phase, when a water
‘excess’ evaporates from the ceramic moulding sand, and notwithstanding the sand does not
become elastic, the wave velocity does not change. It is seen in Figure 7 that this period –
under the applied conditions – lasts slightly above 15 minutes. At further drying the visible
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increase of the wave velocity occurs and lasts, in the discussed case, for app. 60 min. Still
further drying of the ceramic layer does not cause significant changes neither of the wave
velocity nor of the modulus of elasticity.
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Investigations of the ceramic layer resistance lead to slightly different observations.
During the first 15 minutes a small increase of the resistance occurs, later on – between 15
and 60 minutes of drying – the resistance is again small and close to the initial one. It was
only after app. 60 minutes, when in the ultrasound investigations the wave velocity stabili-
sation was noticed (sand layer elasticity), a quite fast resistance increment was seen. This
period – under the applied condition – lasts slightly above 20 minutes. Juxtaposition of the
obtained results of the wave velocity (cL) and resistance (R) provides the picture shown in
Figure 8. Time is eliminated from graph 7, since de facto it is situated on the third coordi-
nate of the spatial picture of function: cL, R = f (τ).

The results juxtapositioned in Figure 8 provide the following pathway of physical
property changes of the hardening ceramic moulding sand: in the first phase of drying,
when there is an „excess” of water – the wave velocity is constant (400 m/s) and the resis-
tance increases only insignificantly. At further drying (the second period) the layer strength-
ening starts and is accompanied by the increasing wave velocity. The shell hardening pro-
ceeds from the outer (open) surface via the successive, more deeply situated layers. Such is
the nature of drying the layers, which are open on one side. During the second period, as it
was previously noticed at the weight-resistance investigations, the layer resistance remains
at the low and stabilized level. In the final phase, when – as can be assumed – the water loss
process spread already across the whole shell thickness, the wave velocity stabilization is
observed at the level of maximum values (cL ≈ 2.600 m/s) and the period of the fast resis-
tance increases occurs. The resistance increased to app. 400 kOhm in the final process
phase (the resistance value in the performed test depends, among others, on the size and
placement of electrodes). This is a period of evaporating of ‘left over’ water, from the
range: H2O < 2.0�.
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Examinations of changes in the moisture content (W) of the drying layer were supple-
mented by investigations of its strength as a water content function. In the investment
casting technology this interoperation strength is called ‘strength in wet condition’ or
‘green strength’. The obtained results of this strength measurements for the described here
ceramic moulding sand are shown in Figure 9. Investigations were made after the deposi-
tion of 4 layers. An initial moisture content of such multilayer mould is above 15�. It is
seen in Figure 9, that the ceramic mould gains strength when the water content decreases, in
practice, below 4.0�, while the visible increases of Rm occur only when the water content is
below < 2.5 – 2.0�. Within this range the decisive resistance increase of the ceramic layer
is observed as well as maximum velocities of the ultrasound wave are obtained (maximum
values of the modulus of elasticity Ed). Within the same wetness range a distinct decrease of
the drying rate is observed, which indicates that the physical character of the drying process
has changed.
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Investigations presented in the paper should be treated, at the current stage, as a contri-
bution to the development of the new method of examinations the drying process of ceramic
moulds used in the investment casting technology. This is the technology based on modern,
environment friendly colloidal binders. Determination of time, after which it is possible to
deposit the successive layer of the ceramic moulding sand, is crucial for this technology of
the moulds production.

Several important conclusions can be drawn on the bases of the investigations per-
formed by means of the weight method (recording of mass losses), by the measurements of
resistance changes and by the ultrasound measurements estimating changes of reological
properties of ceramic layers.
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