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Abstract

Temperature measurement using thermocouples (TC’s) influence solidification of the
casting, especially in thin wall castings. The problems regarding acquisition of detailed
cooling curves from thin walled castings is discussed.

Experiments were conducted where custom made TC’s were used to acquire cooing
curves in thin wall ductile iron castings. The experiments show how TC’s of different
design interact with the melt and how TC design and surface quality affect the results of
the data acquisition. It is discussed which precautions should be taken to ensure reliable
acquisition of cooling curves. Measurement error depending on TC design and cooling
conditions is shown.

A method is presented that allows acquisition of cooling curves in thin walled ductile
iron castings down to thickness of at least 2.8 mm. The obtained cooling curves can be
used to compare nucleation and growth during solidification of castings with different
plate thicknesses.
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1. Introduction

In the recently years there has been increasing interest in solidification of thin wall
ductile cast iron. Most of work on the subject has been based on metallurgical
examination after solidification and cooling to room temperature, which also involves a
phase transformation during the cooling process. Temperature measurement, an
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important tool in investigation of solidification, has rarely been used. The most detailed
cooling curves found in literature is published by Labrecque and Gagné [1] with
temperature measurement in 3 mm plates. In the large “Thin Wall Iron Casting” project
temperature measurement in plates down to thickness of 1.5mm has been carried out
[2], although the results have mainly been used to determine the cooling rate at 1170°C
[3-5]. Lacaze et al. [6] has reported measured temperatures from a cylinder of @9 mm,
corresponding to about 4 mm thick plate, but no details from the cooling curves are
given.

Temperature measurement in castings is normally done with thermocouples (TC) placed
in the casting as illustrated in Fig. 1. Placing a TC in the casting will affect the
temperature locally, especially in thin wall castings, as the thermal properties of the
wire and ceramic will normally differ from the mould. Erickson and Houghton [7] have
made numerical simulations of the effect of a ceramic-sheathed TC in a 1.5 inch Pb rod
casting. The conclusion was that initially the TC was acting as a chill but later the
ceramic was acting as an insulator increasing the local solidification time. Xue et.al. [8]
has made a parametric study of TC properties on transient temperature measurement.
The conclusion was that the TC should have lower density and specific heat (pC,) and
higher thermal conductivity (A) than the surrounding material. The diameter of the TC
should be small and the heat transfer coefficient (HTC) between TC and surrounding
should be high. This study is however based on a 1-D model with the TC in the middle,
which does not correspond well with temperature measurement in thin plates as shown
in Fig. 1.

A better approach is made by Shaukatullah and Claassen [9] in the experimental work
of temperature measurement on electronic components. Here the TC was attached to the
surface of the electronic component so the thermal conditions correspond better with
Fig. 1. They concluded that the TC should have low thermal conductivity and a small
diameter to reduce measuring error.

2. Theory

The physical principles behind thermocouples are known as the so called Seebeck
effect, which gives a thermoelectric force. This force results from the variation of
electron density along a conductor subjected to a non-uniform temperature distribution.
The Seebeck thermoelectric force E is given by: [10]

dE=o,(T)dT (1)
where o4 is the Seebeck coefficient of metal A and T is the temperature.

The Seebeck thermoelectric force in a homogeneous conductor, whose ends are at
temperature Ty and To, is given by integrating:
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EA(Tlsz): .fO_A(T)dT = EA(Tl)_ EA(TZ) 2)

T,
Having a closed circuit of two conductors A and B, whose both joined ends are at the
temperatures, T, and T, will create a thermoelectric force in the circuit equal to the sum
of the thermoelectric forces for the two conductors.
In the practical application, with TC of metals A and B, it is necessary to introduce
other metals in the circuit in order to measure the thermoelectric force. This can be done
because of the law of the third metal saying that:
Introducing a third metal, C, into a circuit of the two metals A and B, does not alter the
resulting thermoelectric force in the circuit, provided that both ends of the metal C are
at the same temperature. [10]

The third metal C may be introduced in the circuit at any point. The law of the third
metal also implies that the TC wires do not have to be welded in the measuring point
but the two wires can simply be submerged into the melt at two different points (see
Fig. 2) provided that the temperature of the melt is uniform.

2.1 Response time

An important factor when measuring temperature in thin wall castings is the response
time of the TC. The response time can be estimated by making some assumptions:
e The TC wire has the temperature T, before the mould is filled.
e At the time t = 0 the mould is filled with melt having a constant temperature T..
e The TC wire is ideal with no heat transfer along the wire, e.g. from the wire
surrounded by the melt to the wire inside the ceramic tube.
The temperature of the TC wire can then be calculated by applying a heat balance [10]:
Vpc,dT =hA(T, —T)dt (3)

where V = volume of TC wire surrounded by melt [m®], p = density of TC wire [kg m"
9, Cp = specific heat of TC wire [J kg K], h = heat transfer coefficient (HTC) between
TC wire and melt [Wm™2K™] and A = heat exchange area [m?]. Solving the equation
gives the temperature of the TC wire as a function of time t:

TR)=(T,-T,) (1 = exp(&—tn +T,
! (4)

Ve,

hA

N is called the sensor time constant and is expressed in time units.

The time before the measured temperature has an error of 1% of the initial temperature

difference can then be calculated by:

where  N; =
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tyor = —N; -In(0,01) ~ 4,6 - N, (5)
The least well known parameter in equation 4 is the HTC since its value depends on
how well the TC wire is in contact with the melt. The HTC can have a large influence
on the response time. Having an unsheathed TC the situation can be compared with high
pressure die casting where HTC of 10000 Wm™K™ may be found [11]. Having a
ceramic-sheathed TC the HTC will probably only be 500 Wm™K™ or even less. Having
an ideal TC like the one in Fig. 1 with p = 8600 kg m, ¢, = 500 Jkg'K™ and wire
diameter of 0.5 mm the response time will then be about 0.25s and 5 s respectively for
the two different HTC. In comparison to that thin wall castings may have a
solidification time of 10-20 s, so it will not be useful to use ceramic-sheathed TC in thin
wall castings.

2.2 Measuring point of the thermocouple

Normally the welding point between the two wires of the TC is defined as the
measuring point. Without a sheathing material protecting the TC wire it can be assumed
that there will be electrical contact between the melt and the TC wires and the melt will
then act as a short circuit. The measuring point will not be at the welding point but
where the surface of the TC wire is in electrical contact with the melt as indicated in
Fig. 3.

It is important to prevent penetration of melt into the ceramic tube. Penetration into the
tube will typically occur at the end of mould filling where a pressure shock wave can be
created by the melt hitting the end of the mould [12]. An example of melt penetration
can be seen in Fig. 4 and the corresponding cooling curve in Fig. 5. The temperature
measurement will then be characterised by an abrupt decrease in temperature. This
abrupt decrease indicates that the measuring point has moved from the preheated TC
wire outside the ceramic tube into the colder wire inside the ceramic tube to the point
where the short circuit starts.

Experimental experience shows that melt penetration in general can be avoided by using
ceramic tubes where the diameter of the holes is no more than 0.1mm larger the
diameter of the TC wires and by avoiding pressure shock waves at the end of the mould
filling. Penetration can also be avoided by using ceramic paste to cover the holes in the
ceramic tube but in practice it can be difficult to cover the holes and still have a bare TC
wire with good thermal contact to the melt.

2.3 Diffusion and dissolution of TC wire

Equation (1), describing the thermoelectric force, contains the Seebeck coefficient G,
which is a function of the chemical composition of the TC wire material. Whena TC
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wire is immersed in a melt at high temperature for a long period of time diffusion of
elements across the interface between melt and TC wire will take place as indicated in
Fig. 6. Diffusion of elements into the TC wire can change the Seebeck coefficient
giving an error to the thermoelectric force and by that an error to the temperature
measurement.

However looking at the equation (1), there will at a local point only be a thermoelectric
force if there is a temperature gradient at the same place. Since thermal diffusion is
several magnitudes higher than diffusion of elements in solid materials this will not, in
practice, influence the temperature measurement in thin walled castings. According to
Agren [13] the diffusion coefficient D for carbon in iron at 1200°C will be about 5x10°
" m%, This will give a diffusion length of about 0.07mm after 10s, which is smaller
than the diameter of commonly used TC wires. It can be assumed that after 10s there
will not be a temperature gradient across a TC wire of practical importance. And as the
temperature gradient dT~0 in the volume affected by diffusion, the diffusion will not
have a practical influence on the temperature measurement.

If the solubility of TC wire material in the melt is high diffusion will lead to dissolution
of the TC wire. The rate of dissolution will probably depend on the temperature, but it is
possible that, after some time, there will not be a direct circuit between the two wires as
indicated in Fig. 6. The dissolution of the TC wire will however also indicate a good
electric contract between the wires and the melt. The melt will then be a part of the
circuit as a third metal and this will not affect the temperature measurement as long as
the temperature gradient in the melt is small, which it normally is. In addition to that,
dissolution also indicates a very high heat transfer coefficient, giving a very short
response time for the TC.

3. Experiments

3.1 Manufacture of thermocouples

Thermocouples with wire diameter of 0.2 mm were percussion welded, which gives a
small and well-defined welding point, see Fig. 7. Wires with diameter of 0.5 mm were
TIG welded. This welding process creates a relatively large weld bead, see Fig. 7. In
practise the latter one can be difficult to control and to get the same geometry and size
every time. The surface area and volume of TC wire in contact with the melt is given in
Table 1.

3.2 Casting Procedure

Ductile cast iron was produced in a batch of 100 kg. The chemical composition was:
3.7% C, 2.7% Si and 0.037% Mg. The pouring temperature was about 1350°C. The
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moulds were made of chemically bonded sand (Resol-CO,). The casting layout (see Fig.
8) consists of two fingers, A and B, with plate thickness of 8, 4.3 and 2.8 mm and a
feeder with thickness of 16mm. The temperature was measured in the middle of each
plate. At finger A in each mould, normal percussion welded unsheathed K-element TC
of 0.2 mm wire was used. In finger B a modified TC’s were used. A list of the TC’s
used in each experiment is shown in Table 2. The distance, d, the ceramic tube
penetrated into the casting (see Fig 1) were 0.5 mm for the 2.8 and 4.3 mm plate and 3.5
mm for the 8 mm plate and the feeder. The sample rate for temperature measurement
was 500 Hz. In the TC response time analysis data was used as they were acquired. For
the cooling curves every 100 values were averaged to reduce noise giving a time
increment of 0.2 second. Cross-sections of some of the TC’s have been analysed in light
optical microscope (LOM) and scanning electron microscope (SEM) equipped with
energy dispersive spectroscopy (EDS).

4. Results of experiments

4.1 Heat Transfer Coefficient

A useful method to find the heat transfer coefficient HTC between melt and TC wire is
to look at the response time of the TC. It is however difficult to determine the
temperature of the melt surrounding the TC. The first melt that fills the mould will be
cooled as it flows through the gating system and will have a temperature lower than the
pouring temperature when it reaches the TC. In the following it will be assumed that the
first melt hitting the TC’s was 1200°C. The TC can also be preheated by radiation from
the melt before it hits the TC. To simplify the problem the measured heating time of the
TC was defined as the time between measured temperatures of 200 to 1000°C, t;.10. The
HTC can then be calculated from equation (4):

1000-T, | Vec,
200-T, j t, A
For the normal 0.2 mm TC wire the heating time was between 0.010 and 0.018 s with
an average of 0.014 s and a standard deviation of 0.0030. This will give a HTC of about
25000 Wm?K™,

The TC with 0.5mm wire thickness had a t,.;o between 0.12 and 0.19 s, with an average
of 0,15 s. This corresponds to a HTC of about 20000 Wm™K™*, which is a little lower
than the calculated HTC based on 0.2 mm wires. However the calculations are based on
assumptions on the geometry of the TC and especially for the 0.5 mm wire there is
some variation due to the welding process. Another assumption is that the melt has a

(6)

HTC :h=—|n(
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constant temperature but in reality the TC will cool the melt close to it. Since the
thermal conductivity of the melt is limited there will be a local reduction in temperature.
It is then reasonable to conclude that when the TC is being heated by the melt the HTC
is approximately 25000 Wm2K™.

The TC’s that were not welded will first give a signal, when there is an electric circuit
between the two wires. In that case the first signal received from TC was around
1000°C, or in other words the heating time t,.;o was less than the time step of the
temperature measurement of 0.002 s.

The coated TC had a t,.10 of about 1 s, which is so large, that it will not be reasonable to
calculate the HTC based on equation (6). Only for the thicker parts (8mm plate and
feeder) were the temperature measurements useful. For the thinner plates the response
time is too long to give a useful measurement.

4.2 Measured temperatures

An example of a cooling curve combined with the corresponding cooling rate dT/dt can
be seen in Fig. 9 together with definition of some characteristic temperatures. T12 is the
first maximum of the dT/dt curve and T21 is the following local minimum. T23 and
T31 are a local minimum, respectively maximum temperature during solidification.
The shapes of the obtained cooling curves are equal to those found in thermal analysis
of medium size castings, except for those cooling curves that were obtained by coated
TC’s in thin plates.

The measured characteristic temperatures are listed in Table 3. The differences between
the measured temperatures in the two fingers A and B of the casting are listed in Table
4. There is some parallel shift between the measured temperatures in the two fingers.
For the thicker parts the parallel shift is generally small, except in mould E2, where one
of the TC was coated. For the thinner plates there is larger variation in the parallel shift.

4.3 Microstructure

The microstructure is not affected by the presence of TC in the casting, even in the thin
plates, see Fig. 10.

Metallographic examination revealed a thin layer coating the TC wires in the casting.
The layer is too thick to be the natural surface layer that coats the TC wire when it is
handled at ambient temperature.

It appears to have been formed during filling of the mould. The thickness of this layer
seems to depend on two factors. One is the distance from ceramic tube, where the
thickness decreases with increasing distance, and at a point the oxide layer disappear
again, see Fig. 11. The other factor is the local solidification time of the melt where the
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thickness of the oxide layer will decrease with increasing solidification time. An
example of this is shown in Fig. 12, where the oxide layer only was found close to the
ceramic tube.

After some time the melt will start to dissolve the TC even if there still is a thin oxide
layer present, indicating the ordinary boundary between TC and melt (see Fig. 12). The
oxide layer has been analysed in SEM using EDS and it had a high level of Mg, Al and
O compared to the casting, see Fig. 13 and Table 5.

The eutectic metastable temperature, Te m, for the casting can be calculated by [14]:
T,, =1148-15- pct Si (7)

The Si content of 2.7% used in the experiment will give T, , = 1108°C. This would
predict the presence of carbides in especially some of the 2.8mm plates as there have be
measured temperature below 1100°C during the solidification. But all plates solidified
without carbides.

5. Discussion

Ductile cast iron is known for its ability to form oxides on the surface on the melt [15].
According to the Ellingham diagram the most stable oxides will be CaO, MgO and
Al;O3 [15]. These oxides will stick to the TC when hitting it during filling of the mould.
They will later be dissolved or be ripped away from the TC during the continuous filling
of the mould and the following solidification process. From EDS analysis a high content
of Al, Mg and O was found around the TC, indicating the presence of MgO and Al,Os.
In addition to the oxide layer also a graphite film can be formed on the surface of liquid
cast iron [15].

It can be difficult to predict the rate of dissolution the oxide layer. However during the
filling there will be a continuous flow of melt passing the TC. Therefore the TC will
always be surrounded by fresh hot melt during the filling of the mould. This will
probably make it easier to dissolve or wash away the oxide layer during the filling
compared to the solidification process where there is no forced convection around the
TC.

It is therefore important to ensure that the melt flows past the TC for some time when
the mould is filled. Then the surface of the TC-wire is cleaned and the TC is heated so
that the temperature field around it is as close as possible to that of the melt.

The effect of this oxide layer can also be seen from the heating time t,.1o of the TC. If it
is assumed that oxides in general are good electric insulators the melt will not act as a
short circuit when hitting the TC. Only after some time will there be proper electric
contact between the two TC wires and the melt. This explains why the first signal from
the not welded TC is around 1000°C (t,-1p < 0.002 s) while the normally welded TC has
a tp.10 of around 0.014 s.
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The HTC was found to be around 25000 Wm™K™* based on the heating time of the TC.
It is probably the thickness of the oxide layer that determine the HTC but some of oxide
layer if not all will disappear again and then the TC be will in direct contact with the
melt giving a very good thermal contact. Only in the thin plates close to the tip of the
ceramic tube will the oxide layer envelope the TC wire during the solidification.
However as long as the oxide layer also is an electrical insulator the measuring point
will be where the TC is in electrical contact with the melt and at that point there will be
no thermal resistance between TC and melt.

The acquisition hardware used in this experiment has an accuracy of £1°C. In addition
to that the tolerance of TC type K according to IEC 584-2 will be +4°C at 1000°C. The
TC wire was however from the same batch so it can be assumed that the accuracy for all
of the TC will be close to the same, probably within £1°C compared to each other. The
accuracy will then be about +1.4°C when comparing the measured temperature. This
could explain some of the parallel shifts between the measured temperatures in plate A
and B but not all of it.

The parallel shift could be explained by differences in nucleation and growth kinetics in
the plate A and B, but the temperature curves are displaced by an almost constant
temperature difference having the same differentiated curve. This indicates that the
nucleation and growth are very similar in the two plates.

For the thicker parts, 8mm plate and feeder, the parallel shift was small except from
mould E2 where the coated TC can explain the parallel shift.

For the thinner plates the parallel shift in mould E1 can be explained by the use of TC
wire with diameter of 0.5mm instead of 0.2mm given higher cooling rate. However also
mould E3 and E4 had large parallel shift, which cannot be explained by differences in
the used TC.

Therefore, the presence of parallel shift in the thin plates indicates that the level of the
measured temperature is inaccurate and precautions most be taken when comparing the
level of the measured temperatures from different castings. Instead the measured
temperatures can give information about the nucleation and growth during the
solidification process and this information can be useful when comparing the
solidification process between different castings including different plate thicknesses.

6. Conclusion

- Using unsheathed thin thermocouple wire, e.g. diameter of 0.2 mm, mounted in a thin
ceramic tube, e.g. diameter of 1.6mm, so that the thermocouple wire is immersed
naked in the melt it is possible to obtain reliable cooling curves in the casting.

- The obtained cooling curves can be useful when comparing nucleation and growth
during solidification of different castings including different plate thicknesses.
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- The two thermocouple wires do not need to be welded if there is electrical contact
between melt and the wires.

- If there is electrical contact between melt and thermocouple wire, making a short
circuit, the measuring point can best be defined as the point where the short circuit
starts.

- The microstructure of the casting around the thermocouple was not affected by the
presence of the thermocouple.

- During filling of the mould with ductile iron the thermocouple wire was surrounded
by an oxide layer from surface of the melt. This layer was initially giving a heat
transfer coefficient (HTC) between thermocouple wire and melt of about 25000 Wm®
2K estimated from the heating time between measured temperatures of 200 to 1000
°C.

- Later, the oxide layer decreased in thickness or it disappeared and the thermocouple
wire was partly dissolved by the melt, which is assumed to give a very high HTC
between thermocouple wire and melt.

- To achieve good measurements it is important that the melt is allowed to flow past the
thermocouple for as long time as possible so that the thermocouple is cleaned by the
melt and is at thermal equilibrium with the surroundings.
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Figures and tables

Table 1 Calculated areas and volumes of TC

Wire Heat exhange Volume outside
area with melt,  ceramic tube,
mm2 mm3

@0.2mm 1.70 0.085

@05mm 21.7 9.4

Table 2 Overview over the casted moulds

Mould Modification of TC in “Finger

B
El 0.5 mm wire TIG welded
E2 0.2 mm wire, coated with
Silico M4
E3 0.2 mm wire, normal
E4 0.2 mm wire, not welded

11
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Table 3 Measured temperatures

E1l E2 E3 E4
A B A B A B A B
Plate Points on
thickness cooling Not
curve  Normal 0.5mm Normal Coated Normal Normal Normal welded
8mm T 12 1151.0 1149.6 11495 11444 11451 (na)* 11450 (na)*
T 21 11509 1150.1 1150.3 11439 11449 (na)'! 11456 (na)'
T 23 1149.8 1149.0 11487 1143.8 11443 (na)'! 11446 (na)
T 31 11520 11509 11509 11455 11459 (na)® 1146.7 (na)’
4.3mm T 12 1128.8 11179 11215 (na)2 11074 11142 1118.1 11155
T 21 11276 1116.7 1121.0 (na)2 1106.1 11126 1116.1 1114.0
T 23 1125.3 1115.0 1120.2 (na)2 1104.1 11106 1112.7 1110.7
T 31 1127.0 11169 1121.2 (na)2 1106.7 11135 11152 1112.8
2.8mm T 12 11111 1108.2 1121.8 (na)2 11225 1110.2 1116.7 11204
T 21 1107.0 1104.3 1117.1 (na)2 1115.7 1104.2 11105 1114.7
T 23 1100.4 1097.3 1114.2 (na)2 1105.3 1097.5 1099.7 1103.0
T 31 1101.9 1098.1 11155 (na)2 1105.6 1099.1 1100.1 1104.2
Feeder T 12 (na)® (na)® (na)® (na)® (na)® (na)® (na)® (na)®
T 21 (na)® (na)® (na)® (na)® (na)® (na)® (na)® (na)®
T 23 1149.1 1150.2 1149.1 1139.8 1146.4 1143.7 1149.0 11485
T 31 1149.9 1152.3 1150.2 1141.1 1148.1 1145.8 1150.3 1150.6

! Thermocouple broken; 2 Not useful because of coating; * Not clearly detectable on curves
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Table 4 Temperature differences between the two fingers of the casting (finger A minus finger B)

Plate Points
thickness  on
cooling
curve E1l E2 E3 E4

8mm T_12 14 5.1 - -
T 21 0.8 6.4 - -
T_23 0.8 4.9 - -
T 31 11 5.4 - -

43mm T.12 109 -  -68 26
T21 109 - 65 21
T23 103 - 65 2
T3 101 - -68 24

2.8mm T 12 29 - 123 37
T21 27 - 115 42
T 23 31 - 78 33
T31 38 - 65 -41

Feeder T 23 -1.1 9.3 2.7 0.5
T 31 -24 9.1 2.3 -0.3

Table 5 Chemical analysis from oxide layer around TC wire

Point C (0] Mg Al Si Ca Mn Fe Ni Total
1 63.9 105 0.8 21 1.4 0.5 1.2 196 - 100.0
2 345 133 36 207 19 0.7 35 201 17 100.0
3 332 173 39 100 6.1 1.3 33 238 11 100.0
4 304 155 1.2 7.5 2.0 0.4 0.6 414 1.0 100.0
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the ceramic tube. Initial diameter of wire is marked on picture
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Fig. 13 Casting E1, Feeder. SEM - EDS at point 1-4
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