


UNIVERSITYOF
BIRMINGHAM

University of Birmingham Research Archive

e-theses repository

This unpublished thesis/dissertation is copyright of the author and/or third
parties. The intellectual property rights of the author or third parties in respect
of this work are as defined by The Copyright Designs and Patents Act 1988 or
as modified by any successor legislation.

Any use made of information contained in this thesis/dissertation must be in
accordance with that legislation and must be properly acknowledged. Further
distribution or reproduction in any format is prohibited without the permission
of the copyright holder.





















4.2.6 Errors and Particle Decay.......cocceevieiiiiiiiieiieeeeee et 117

4.3 Mathematical Modelling of The Steel Castings using MAGMASsoftTM .................... 122
4.3.1 The effects of thermophysical properties on the final particle location............... 122
4.3.2 The Effects of Modelling the Pouring Basin and Angled Pouring...................... 144
4.3.3 Investment Casting of Steel.........cccieiiiiiiiiiiieeee e 153

4.4 Particle Tracking Using Low Melting Point Alloy Castings...........ccecceeveeneeneeneennenne 159
4.4.1 Video of the Lensalloy-136 filling the mould versus the PEPT results............... 160

4.6 Numerical Modelling of The Lensalloy-136 Castings Using Flow-3DTM................. 162
4.6.1 The Baseline Low Melting Point Alloy Casting............ccceceeveeviieiiiecienienieeeens 162
4.6.2 The Effects of Changing The Initial POSition..........ccccooerviiiieiiiiiiiiiieeieee 172
4.6.3 The Effects of Changing The Coefficient of Restitution...........ccccceveevrceiriiennns 178

4.7 Multiple Particle Tracking..........ccoeoeerieiieiiieieieeie ettt 181
4.7.1 Assessment of the NTrack algorithm ..........occooceeiiiiiiiiiiiiie e, 181
4.7.2 Multiple Particle Tracking in a Stirred Liquid Metal Bath ..............ccocenrnine. 197
4.7.3 Multiple Particle Tracking in Steel and Lensalloy-136 Castings...........cc.ceeuee... 201

4.7.4 Multiple Particle Tracking in an Industrial Casting Using the Modular Camera204

4.7.4.1 Modular Camera PEPT RESUILS...........cc.ccceooieeieiiiiiieeie et see e sve e 204
4.7.4.2 A1 XY OF THE AL CASHNG +.....oeeeeveeooeeeeeeeeeeeoee oo e esee e 208

4.8 New INdustrial TraCETS ......eeveriereieeieieeei ettt ettt 216
4.4.2 The Low melting point alloy baseline eXperiments.............cccceeeveeereecrencresvennenns 223
4.4.3 The Effects of Using Resin PartiCles.........ccooveevieeiieiiiieiiiicieciecreevesve e 231
4.4.4 The Effect of Increasing The Pouring Temperature ............cccceeeveeereevenvenvennenns 234
4.4.5 The effect of using ceramic foam filters...........ccoveevieviieviiiiiiiiciecre e, 236
4.4.5.1 30 PPi fIlLEFS w.ooevveoeeeeeoeeeeeeeeeeeeeeee et 236
4.4.5.2 20 PPi fIlLEFS .ooevveoeeeeeeeeeeeeeeeeeeeee e 240
G.4.5.3 10 PPI FIEEFS ..ottt 244

4.4.6 The Effects of Preheating The Mould............ccoooieiiiiiiiiiiiiice e, 247
4.5 Locating a Tracked PartiCle ...........ccoooieiiieiiieiieieieeieee ettt 252

viii





















Chapter 4

Results

Mould Filling Video

Results Obtained Using PEPT

Figure 117. The acrylic mould filling at 9s.

Figure 118. The PEPT results at 9s.
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4.4.2 The Low melting point alloy baseline experiments

Figures 119-129 show the PEPT results that were obtained when Field’s Metal was cast into
an acrylic mould with an entrained alumina particle of size 63-100 um, which was made
radioactive by ion exchange and initially placed at the centre of the downsprue opening.

Casting was carried out at 85-87°C.

Figure 119 showed that, upon casting, the alumina particle moved down the downsprue
together with the liquid metal after which it entered the runner bar. The particle followed the
left hand side of the runner bar, after which it entered the cast tube cavity at roughly 20°. The
particle then moved clockwise (as viewed from above) around the tube and started rising to
the top. The particle came to rest at approximately 150°, at the top surface of the cast tube.

The average error in the tracking results was + 1.8 mm in each of the X,Y and Z coordinates.

This experiment was repeated and cast at 86°C and the results obtained are shown in figure
120. The alumina particle entered the mould with the liquid metal, moved through the
downsprue and entered the runner bar at the midpoint of the bottom of the downsprue
opening. The particle then moved together with the liquid metal along the right hand side
corner of the runner bar up to roughly 50 mm of the length of the runner bar after which it
started moving gradually towards the centre line where it entered the cast tube cavity, at 0°.
The particle did not rise to the top surface of the cast tube in this case, but came to rest at
approximately 6 mm from the bottom. The average error recorded for the XY and Z

coordinates obtained in this experiment was +1.76 mm.
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Figure 119. Three engineering views showing the PEPT tracking result obtained when an alumina particle
was placed at the centre of the downsprue opening and Field’s metal cast at 87°C. Particle size and
radioactivity were 63-100pm and 607uCi respectively.

-

\

Fecs |

Figure 120. Three engineering views showing the PEPT tracking result obtained when an alumina particle
was placed at the centre of the downsprue opening and the Field’s metal cast at 86°C. Particle size and
radioactivity were 63-100pm and 335uCi respectively.
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Figure 121 showed the result obtained for a third experiment where the Field’s metal was cast
at 85°C. In this case the alumina particle moved within the pouring basin before it entered the
downsprue (see figure 122), and the particle entered the runner bar at the left hand side. The
particle then moved gradually towards the right hand side of the runner bar and entered the
cast tube cavity at roughly 330°. Afterwards the particle moved anti-clockwise and came to
rest at roughly 250° and 8 mm above the bottom of the cast tube. These tracking results have

an average error of = 2 mm in all directions.
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Figure 121. The tracking result obtained when an alumina particle was placed at the centre of the
downsprue opening and the Field’s metal cast at 85°C. Particle size and radioactivity were 63-100pm and
274uCi respectively.
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Figure 122. A close up top view showing the pouring basin in place to demonstrate that the particle has
moved within the pouring basin.

Figure 123. The tracking result obtained when an alumina particle was placed at the centre of the
downsprue opening and the Field’s metal cast at 87°C. Particle size and radioactivity were 63-100pm and
99uCi respectively.
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This experiment was repeated a fourth time, with the metal cast at 86°C. The result obtained is
shown in figure 123. The particle moved down the downsprue with the liquid metal without
prior movement in the pouring basin. It entered the runner bar and rose to its upper surface,
just before it entered the cast tube cavity at 0°. The particle then moved anticlockwise around
the tube while rising to the top surface where it came to rest at approximately 90°. The
particle, however did not rise smoothly to the top, but followed an unexpected path up the

length of the tube.

This baseline experiment was also carried out using Lensalloy-136, with a melting point of
57.8°C, and the result has been shown in figure 124. The particle path was not entirely within
the mould cavity, an error that was also observed with later experiments where the Perspex™
mould was twisted (not exactly parallel to camera faces) by an average of 1.2°. The particle in
this case seemed to have had a similar path to that obtained in figure 121 (cast with Field’s
metal), where it entered the cast tube cavity at 0°, and moved anticlockwise and came to rest
at roughly 90° at the bottom surface of the tube. The average tracking error was +2.2 mm, for

all coordinates.

Finally this experiment was repeated once again with the aim of maximising reproducibility,
where an upper pouring basin as well as a stopper rod, to better control the entry conditions of
the liquid metal into the mould, were used. Four castings were carried out with the metal cast
at 87°C, and the tracking results obtained from these experiments have been shown in figures

125-129.
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Figure 124. The tracking result obtained when an alumina particle was placed at the centre of the
downsprue opening and the Lensalloy-136 cast at 87°C. Particle size and radioactivity were 63-100pm and
390uCi respectively.

In figure 125, the particle track is shown descending the downsprue, making its way along the
right hand side of the runner bar, entering the tube casting and rising upwards until it came to
rest in the lower third of the tube, at about 140° from the point of entry. The zig-zag path
shown in the plan view in figure 129 is due to the error of several mm with which the particle
location has been determined; the actual particle path was probably smoother. Figures 126,
127 and 128 showed very similar particle paths up to the runner bar, provided the symmetry
of the casting was considered.This means that if the equal chance of the particle moving along
the right hand side of the runner bar or the left hand side was considered, the particle paths
would be similar or in other words a mirror image of each other (see figure 129). In figure
126, as the particle entered the tube, it was washed around with the rising metal until it started
rising vertically upwards and was trapped just above the lower third of the tube. Figure 127

shows that the particle started rising upwards immediately as it entered the tube until it also
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came to rest in the lower third of the tube. Figure 128 showed the most similarity to figure
125 where the particle moved around the tube and started rising at roughly 140° from the

point of entry until it also came to rest in the lower third of the tube.

Figure 129 shows the particle paths depicted by figures 125-128 in plan view and
superimposed on the same casting in order to allow for a clearer comparison. Although the
mould filling in all 4 experiments was carried out with some reproducibility, the particle paths
were not identical, especially compared to the results shown in figure 126 (which showed the
most difference). This could be attributable to minor errors associated with the particles initial
position, where it may have been anywhere within a 1 mm diameter hole, which could have
led to the particle being released slightly differently and hence behaving differently as it
entered the tube. Another explanation could be the changing heat transfer between the metal
and the mould as the mould got hotter from one experiment to the next. This may have
delayed solidification and hence increased the particle’s chance of moving with the liquid

metal before being trapped and coming to rest.

No reproducibility was observed prior to controlling the inlet conditions, as was the case for
the first 5 experiments. When a stopper rod was used and the mould filling was reproduced
carefully, 75% of the results showed a similar particle path and final particle location, which

was the bottom third of the tube.
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Figures 125 and 126. The tracking result obtained when an alumina particle was placed at the centre of
the downsprue opening and the Lensalloy-136 cast at 87°C. In this experiment an upper pouring basin
and a stopper rod were used for reproducibility. Particle size was 63-100pum in both cases and particle
radioactivities were 822nCi and 235uCi respectively.
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Figure 127 and 128. The tracking result obtained when an alumina particle was placed at the centre of the
downsprue opening and the Lensalloy-136 cast at 87°C. In this experiment an upper pouring basin and a
stopper rod were used for reproducibility. Particle size was 63-100pm in both cases and particle
radioactivities were 240nCi and 178uCi respectively.

Figure 129. A plan view showing the results in figure 125-128 superimposed on 1 casting for comparison..
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4.4.3 The Effects of Using Resin Particles

The results presented in this section were obtained when resin particles of size 63-73um were
used instead of alumina, to investigate the possibility of tracking and irradiating a smaller
particle, more representative of inclusions found in metals and that could potentially be used
to study inclusion agglomeration in low melting point alloys. Figure 130 showed that the
particle moved within the pouring basin before it was swept into the downsprue. The particle
then moved with the liquid metal where it entered the runner bar from the right hand side and
followed the upper right corner after which it gradually moved towards the centre line of the
runner bar where it entered the cast tube cavity. The particle started rising while gradually
moving anticlockwise and finally came to rest at approximately 260°. The average error in all

coordinates was + 2 mm.

A resin particle was also used as a tracer particle for the identical casting shown in figure 131.
In this experiment, the particle entered the runner bar and moved along the upper left hand
side corner until it moved to the right hand side just before it entered the casting tube cavity at
330°. The particle then moved anticlockwise while it continued to rise into the cast tube where
it came to rest at 280°, roughly 80 mm from the bottom of the tube. The average error

recorded for the tracking data was + 1.6 mm.

In both experiments the particle entered the tube cavity from the right hand side and came to
rest almost halfway along the length of the tube. Results were probably not identical due to

the different entry conditions where the particle moved within the pouring basin before it
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entered the mould as shown in figure 130. However, these results were somewhat similar to
those obtained when an alumina particle was used, figures 125, 127 and 128, where the
alumina particle also entered the tube cavity from the right hand side and came to rest in the

lower third of the tube.

Figure 130. The tracking result obtained when a resin particle of size 63-73pm was initially placed at the
centre of the downsprue opening. Particle radioactivity was 418uCi.
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Figure 131. The tracking result obtained when a resin particle of size 63-73pm was initially placed at the
centre of the downsprue opening. Particle radioactivity was 250uCi.
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4.4.4 The Effect of Increasing The Pouring Temperature

In this experiment the effect of increasing the pouring temperature on the particle’s
radioactivity / tracking error was investigated, in order to determine a maximum temperature
at which a particle irradiated by ion exchange could be tracked accurately. It was also of
interest to find out whether delaying solidification by increasing the pouring temperature

would show a higher level of reproducibility in the results.

The low melting point alloy casting was carried out with a radioactive alumina particle,
initially placed at the centre of the downsprue opening, but the metal in this case was cast at

110°C rather than the previous 87°C. The tracking results obtained are shown in figure 132.

The alumina particle moved in the pouring basin before it entered the downsprue with the
liquid metal. However, after the particle entered the runner bar, it moved along the runner bar
centre line, close to the runner bar upper surface. As the particle entered the casting tube
cavity, it moved clockwise and began to rise. Soon after that, the particle came to rest at 175°
and at about 25 mm above the bottom of the cast tube. The average error in the tracking

results was recorded to be + 1.5 mm in all directions.

Therefore, increasing the pouring temperature did not affect the tracking results or the particle
movement. However, several regions of the solidified casting were found to be radioactive
when a Geiger counter was used to verify the particle’s final location within the casting. This

contamination was believed to be attributable to the casting temperature being above 100°C,
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which may have broken the weak van-der-Waal’s forces binding the !8F to the particle surface
leading to the release and distribution of the radioactive water molecules around the liquid

metal.

e

Figure 132. The tracking result obtained when an alumina particle was placed at the centre of the
downsprue opening and the Field’s metal cast at 110°C. Particle size and radioactivity were 63-100pm and
168nCi respectively.
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4.4.5 The effect of using ceramic foam filters

4.4.5.1 30 ppi filters

Three sets of experiments were carried out where the low melting point alloy Lensalloy-136
was cast into an acrylic mould with a ceramic foam filter, to investigate the effects of the
presence of such filters on the particle path, as well as the effect of changing the filter pore
sizes on filtration efficiency. In the first set of experiments, 4 castings were carried out using
30 ppi (pores per linear inch; = 1.5-1.7 mm in diameter) filters. Another 4 experiments were
carried out using 20 ppi filters and, 4 castings were carried out using 10 ppi filters. In all
castings an alumina particle of size 63-100um was made radioactive by ion exchange and
introduced at the centre of the downsprue opening. The average error in the tracking data for

the experiments where a 30ppi filter was used was = 2.3, 2.4, 1.9 and 2 mm respectively.

Figures 133-136 show the results obtained when a 30 ppi filter was used. In all cases the
particle entered the lower runner bar, rose up to the filter and was trapped there. In figures 133
and 135, the particle came to rest at roughly 9 and 19 mm respectively from the bottom
surface of the filter. Figure 134 showed that the particle was also trapped in the filter but at
the right hand side. Figure 136 shows that the particle entered the filter but moved back down
to the top of the lower runner bar where it came to rest (see green particle path on figure 137).
Figures 137 and 138 show the superimposition of the particle paths, for comparison. In all 4
castings the particle had a similar particle path. Three particles came to rest towards the end
of the filter except 1 particle which came to rest at the top of the runner bar, which is believed
to be due to a small leakage from the bottom of the mould, in this case, which would have

drained a small amount of the liquid metal and led to the particle path shown in figure 138.
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Figure 133. The particle tracking results obtained for a 30ppi filter casting. Particle size and radioactivity
were 63-100um and 532nuCi respectively.
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Figure 134. The particle tracking results obtained for a 30ppi filter casting. Particle size and radioactivity
were 63-100pm and 351uCi respectively.
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Figure 135. The particle tracking results obtained for a 30ppi filter casting. Particle size and radioactivity
were 63-100pum and 190uCi respectively.
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Figure 136. The particle tracking results obtained for a 30ppi filter casting. Particle size and radioactivity
were 63-100pm and 145uCi respectively.
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Figure 137. The results obtained for all the castings where a 30ppi filter was used, superimposed onto 1 3D
casting for comparison.
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Figure 138. A 2-D side view showing the results obtained for all the castings where a 30ppi filter was used,
superimposed onto 1casting for comparison.
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4.4.5.2 20 ppi filters

Figures 139-142 show the particle tracking results obtained when a 20 ppi filter was used. In
one experiment (figure 139), the particle was not trapped by the filter; it moved down the
downsprue, through the left hand half of the filter and made its way into the cast tube where it
came to rest at 250°, one third from the top of the tube. The mismatch observed between the
particle path and the casting geometry was found to be due to a slight twist, of approximately
2.5°, in the mould positioning between the camera faces. Figure 140 shows the particle path
obtained from another experiment where the particle moved down the downsprue and

remained within the left hand side of the filter where it came to rest.

The particle paths shown in figure 141 showed that the particle moved down the downsprue
and moved centrally through the lower runner bar where it came to rest within the filter. The
particle did not go through the filter although this could be attributed to the fact that this
casting did not completely fill, 10 mm from of the tube mould cavity was not filled due to
insufficient material cast. Figure 142 showed that the particle was trapped by the filter and

came to rest a few millimetres above the bottom surface of the filter.

Figures 143 and 144 show the superimposition of the particle paths, within the filter, for
comparison. The average error in the tracking data for the experiments where a 20ppi filter

was used was = 1.7, 1.9, 1.6 and 1.8 mm respectively.
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Figure 139. The particle tracking results obtained for a 20ppi filter casting. Particle size and radioactivity
were 63-100pum and 130puCi respectively.
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Figure 140. The particle tracking results obtained for a 20ppi filter casting. Particle size and radioactivity
were 63-100num and 150pnCi respectively.
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Figure 141. The particle tracking results obtained for a 20ppi filter casting. Particle size and radioactivity
were 63-100um and 211pCi respectively.

i |

I O

=

s

Figure 142. The particle tracking results obtained for a 20ppi filter casting. Particle size and radioactivity
were 63-100pm and 64pCi respectively.
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Figure 143. The results obtained for all the castings where a 20ppi filter was used, superimposed onto 1 3D
casting for comparison. Note the blue particle path is not completely shown in this case as the particle
came to rest in the cast tube.
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Figure 144. A 2-D side view showing the results obtained for all the castings where a 20ppi filter was used,
superimposed onto 1casting for comparison. Note the blue particle path is not completely shown in this
case as the particle came to rest in the cast tube.
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4.4.5.3 10 ppi filters

Figures 145-148 illustrate the results obtained when a 10 ppi filter was used. Figure 145
shows that the particle came to rest in the filter. The particle entered the lower runner bar and
moved close to the bottom surface after which it rose upwards and came to rest, about 12 mm
above the bottom of the lower runner bar. In the casting shown in figure 146, the particle
remained in the pouring basin. Figures 147 and 148 also show another 2 results where the
particle remained in the pouring basin. 75% of the particles remained in the pouring basin.
The average error in the tracking data for the experiments where a 10ppi filter was used was +

1.5,2.2, 1.5 and 3.3 mm respectively.

Using ceramic foam filters therefore affected the final location of an inclusion. It has been
found that when a 30ppi (pore size 1.5-1.7 mm) filter was used, 75% of the particles were
trapped and remained in the filter. When a 20ppi (pore size 1.2-2 mm) filter was used, 50% of
the particles were trapped in the filter, 25% came to rest in the pouring basin and 25% came to
rest in the casting. When a 10ppi (pore size 3.5-5 mm) filter was used 25% of the particles

were trapped in the filter and 75% came to rest in the pouring basin.
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Figure 145. The particle tracking results obtained for a 10ppi filter casting. Particle size and radioactivity
were 63-100pm and 240nCi respectively.
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Figure 146. The particle tracking results obtained for a 10ppi filter casting. Particle size and radioactivity
were 63-100num and 141pCi respectively.
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Figure 147. The particle tracking results obtained for a 10ppi filter casting. Particle size and radioactivity

were 63-100pum and 240pCi respectively.
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Figure 148. The particle tracking results obtained for a 10ppi filter casting. Particle size and radioactivity

were 63-100pm and 497uCi respectively.
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4.4.6 The Effects of Preheating The Mould

The castings shown in figures 149-152 were also cast using the same acrylic (Perspex™)
mould, Lensalloy-136 and an irradiated alumina particle of size 63-100um, placed at the
centre of the downsprue opening. However in these experiments the acrylic mould was
preheated to temperatures varying between 84 and 90°C prior to casting, in order to
investigate the effects of delayed solidification on the particle path. The temperature of the

mould was also recorded immediately before casting as was shown in figure 42.

Figure 149 shows the result obtained when the mould was preheated to 90°C which decreased
to 56.4°C before casting (the melting point of Lensalloy-136 is 57.8°C ). As the metal was
cast the alumina particle moved down the downsprue with the liquid metal and entered the
runner bar from the right hand side, close to the runner bar lower surface. The particle moved
towards the centre line of the runner bar after which it moved back to the left hand side before
it entered the casting tube cavity at approximately 10°. The particle then moved clockwise,
back and forth between the tube walls while rising gradually until it came to rest at 150°,

14mm above the bottom of the cast tube. The recorded average error was + 2 mm.

For the next casting, shown in figure 150 the mould was preheated to 86°C which decreased
to 48°C immediately before casting. The particle in this case moved towards the right hand
side of the runner bar, close to the lower surface and again entered the cast tube cavity at 10°.
The particle came to rest at 160°, and 6 mm above the bottom of the tube. Thus in this
experiment the tracking results were similar to those obtained for the previous experiment

(figure 149), if the symmetry of the casting was considered (in the runner bar). The average
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error obtained in the tracking data was + 1.4 mm in all directions and the mould was found to
be twisted by 0.7° between the camera faces. Note, the angle by which the mould was twisted
was calculated by measuring the offset between the centre line of the mould and the centre
line of the table underneath, after the experiment was carried out. This could not have been
avoided due to the time limitation of assembling the mould and casting while trying to

prevent the mould temperature from dropping below 87°C.

The results obtained for the casting shown in figure 151 show the particle path of the alumina
particle when the metal was cast into a mould, preheated to 86°C which decreased to 62°C
before casting. The particle appears to have moved down the downsprue, entered the runner
bar from the right hand side and came to rest at the end of the runner bar, at the intersection
between the runner bar and the casting tube cavity at roughly 5°. The particle’s final position
was approximately 112 mm along the runner bar and 4 mm above the bottom of the runner
bar / cast tube. The average error of the tracking data was = 2 mm and the mould was twisted

by 2.3° between the camera faces.

Figure 152 shows the results obtained when the mould was preheated to 96°C, which
decreased to 77°C before casting. It appears that as the particle entered the runner bar from
the right hand side, it followed the lower right hand side corner until it entered the cast tube
cavity, after which the particle moved anticlockwise while rising gradually to roughly 45 mm
above the bottom of the tube and coming to rest at 260°. The average error for the tracking
data in the X,Y and Z coordinates was = 1.4 mm and the mould was found to be twisted by

1.4° between the camera faces.
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Due to the practical difficulty in controlling the mould temperature, the results shown in
figures 149 and 150 do not represent the effect of delaying solidification and show results that
are similar to those obtained from the baseline castings, shown in figures 121 and 124.
However, the results shown in figures 151 and 152 were obtained when the mould
temperature was above the melting point of Lensalloy-136, immediately before casting, but
also did not show a significant difference to previous results obtained from the baseline
castings (see figures, 120, 125 and 128). This meant that preheating the mould probably did

not have a significant effect on the particle path and its final location.
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Figure 149. The results obtained from a low melting point alloy casting, where the mould was preheated,
showing the particle coming to rest in the lower third of the cast tube. Particle size and radioactivity were
63-100pm and 123pCi respectively.

Figure 150. The results obtained from a low melting point alloy casting, where the mould was preheated,
showing the particle coming to rest in the lower third of the cast tube. Particle size and radioactivity were
63-100nm and 98uCi respectively.
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Figure 151. The results obtained from a low melting point alloy casting, where the mould was preheated,
showing the particle coming to rest at the end of the runner bar. Particle size and radioactivity were
63-100pm and 406pCi respectively.

-

Figure 152. The results obtained from a low melting point alloy casting, where the mould was preheated,
showing the particle coming to rest in the lower third of the cast tube. Particle size and radioactivity were
63-100pm and 66uCi respectively.
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4.5 Locating a Tracked Particle

An initial attempt to find the particle in one of the investment steel castings was carried out by

cutting out the volume of steel containing the particle, grinding at 100um steps and examining

the ground surface using an optical microscope until the particle was found. Unfortunately,
the particle was not found, but a hole of the same size as the particle (355-425um) was found
Imm away from the expected particle location. Thus it was assumed that the particle could
have been washed away during grinding leaving a void behind, as shown in figure 153, ( the

SEM micrograph of the hole).

Figure 153. An SEM image showing the void where the particle was believed to be at a x100 magnification.

The result obtained from another attempt to locate a tracked particle is shown in figure 154. In
this case an alumina particle, of size 63-100um, was trapped in a 30 ppi filter in a
Lensalloy-136 casting, (as shown in figure 135). A particle was found at this location by
grinding through the material at 15um intervals, and using a 100-200x USB microscope, as

shown in figure 155. Figures 156 and 157 show an SEM micrograph of the particle and the
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EDX peaks identified it was Al>Os. The particle size, location and EDX identification (47 wt
% Al, 43 wt% O, the same ratio as Al>O3), confirmed that this was the entrained alumina

particle.

Although the recorded particle tracking error for this casting was + 2.4 mm, the particle was
found within 1.2 mm from its predicted location. Figure 154 shows the determined average

final location of the particle, indicated by a red point.

The particle was found to be almost centrally in the filter pore, surrounded by the solidified
metal. This showed that it was not trapped by sticking to the filter’s walls, a filtering

mechanism that has been proposed.

Figure 154. The particle final location illustrated on a 3D isometric view of the casting.
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Figure 155. An image captured from the USB microscope showing the particle when it was first observed.

The Alumina Particle
& Spectrum 1

Figure 156. An SEM micrograph showing a 63-100 pm alumina particle, that was successfully found in a
30ppi filter.
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Spectrum 1
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Figure 157. An EDX spectrum showing the Al and Oxygen peaks detected from the particle’s surface.
Two other particles were successfully relocated in the Al plate casting where the modular
camera was used to track 2 particles entrained at the same time, (see figures 158 and 159).
The particles were found by milling the sample surface at 50um intervals while using a
100-200x USB microscope, to identify the particles. Tables 24 and 25 are the EDX results
which confirmed the composition of the particle to be Al,Os. Particle 1 was found to be
within 3.6 mm from its predicted location, while the reported uncertainty in the predicted
position was +4.4 mm. Particle 2 was found to be within 10 mm from its predicted location,
while the reported error was = 8.3 mm. Note that particle 2 was found to be within gas pore
on the top surface of the cast plate which suggests that this particle may have been attached to

a gas bubble which broke on contact with the mould surface.
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Figure 158. An SEM micrograph showing a 90-150 pm alumina particle entrained in an Al cast plate, that
was successfully tracked using the modular camera.

Table 24. The EDX results obtained for the tracked alumina particle.

Element | Weight%  Atomic%

OK 50.06 65.41
AlK 28.32 21.94
SiK 7.52 5.60
SK 6.39 4.16
FeK 7.71 2.89

Totals 100.00

256



Chapter 4

Results

‘The Alumina Particle

o 2

»

¥

Figure 159. An SEM micrograph showing, a 90-150 pm alumina particle entrained in an Al cast plate, that

was successfully tracked using the modular camera.

Table 25. The EDX results obtained for the tracked alumina particle.

Processing option :

All elements analysed (Normalised)

Spectrum

Sum Spectrum
Spectrum 2
Spectrum 3
Spectrum 4

Max.
Min.

In stats.

Yes
Yes
Yes
Yes

C

31.35
9.33

11.62
18.56

31.35
9.33

0

4.62

19.57
42.12
43.36

43.36
4.62

Mg

0.96

0.96
0.96

Al

51.20
36.54
0.71

51.20
0.71

Si

12.82
33.10
45.55
38.08

45.55
12.82

0.50

0.50
0.50

Total

100.00
100.00
100.00
100.00

All results in weight%
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Chapter S

DISCUSSION

5.1 The Applicability of PEPT to Shape Casting Applications

The results shown in figures 155 and 156, showed that a single particle of size 63-100um was
successfully located within an accuracy of 1.2mm from it’s location predicted by PEPT. This
level of precision shows that PEPT can be a useful tool for the development and verification
of particle tracking models in casting modelling software. The results obtained from the
different mathematical models carried out in this research showed that the particle tracking
capabilities of the currently available software are far from satisfactory, for simulating the
behaviour of inclusions in castings. PEPT can be used to develop these models and perhaps
create more realistic solutions to the problems of turbulence and interaction of gas bubbles

with solid particles.

However, the current multiple particle tracking capabilities of PEPT are limited [70, 72].
Although the available NTrack algorithm is theoretically capable of tracking any number of
particles, it was severely restricted by particle radioactivity and the resolution between

particles. In other words the accuracy of determining the particle locations varied greatly with
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their radioactivity and how close they were to each other. For example, if two particles are
being tracked, the radioactivity of 1 particle has to be roughly double the radioactivity of the
other particle [70]. This is because the algorithm determines the particle locations
incrementally; first it locates the first particle after which it deletes a specified percentage of
the acquired data that was associated with finding that first particle, then it starts looking for
the second particle within the remainder of the data. Therefore when one of the particles that
has a radioactivity of 50uCi for instance, is located and the data associated with that particle
has been deleted, the algorithm has a better chance to find a particle of radioactivity of
100pCi within the remaining pool of acquired data.The larger the difference in radioactivity
between the particles the easier for the NTrack algorithm to distinguish between them. If a
large number of particles are being tracked, it becomes more difficult for the algorithm to
determine their location accurately due to the progressively decreasing amount of data

available to incrementally determine the location of each subsequent particle.

These effects were clearly observed in the results obtained from the assessment of the Ntrack
algorithm, figures 267-289. Figure 267 showed the X-coordinates of 2 particles plotted versus
time, where it was clear that until 3.5s there was a scatter of points associated with particle 2,
which were falsely determined to be in the same location as particle 1. Particles 1 and 2 had
radioactivities of 63uCi and 43uCi respectively, a ratio of 1.4, (ideal ratio of >2). Accordingly
the algorithm showed some error in distinguishing between the particles, as shown by the
scatter in figure 267. This error appeared to be of a greater extent in the Z-direction, which is
the perpendicular direction between the camera detectors as shown in figure 269. Less scatter

was observed in the X and Y-directions, see figure 267 and 268. It is also to be noted that the
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scatter was usually associated with the particle of lower radioactivity, (particle 2 in the
previous example). As the number of particles increased this scatter gradually increased due
to the increasing difficulty in distinguishing between particles. Another example was the
results shown in figures 291-293, where 2 particles were tracked within a stirred
Lensalloy-136, liquid metal bath. The particle tracks were most distinguishable when the
particles had a ratio of radioactivity of 2.5, and were less distinguishable at ratios of 2 and 1.3

respectively.

The NTrack algorithm assessment also provided an understanding of the required minimum
separation distance between the particles, beyond which the algorithm failed to distinguish
between them. It was reported in the literature that two particles must be at least 5-7mm apart,
at all times, in order to be distinguished by the algorithm [108]. The minimum separation
distance in these experiments was found to be 4 mm, as shown in figure 290. Figure 290 also
illustrated that the required minimum separation distance is increased if a larger number of
particles is to be tracked. These values were obtained by measuring the distance h as shown in
figure 267, in the X,Y and Z coordinates for all the trials. The required minimum separation

distance was found to be between 4-20mm for 2-7 particles.

However, despite these restrictions, multiple particle tracking is still promising for casting
applications, as was demonstrated by the results obtained using the modular camera to track 2
and 4 alumina particles in real time in two aluminium sand castings, (figures 296-300). In
figures 296-298, particles were initially placed 120mm apart and during casting they were

detected to have entered the mould cavity and come to rest a few centimetres apart near the
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top right hand side corner. The minimum separation distance was obviously not controlled
and in fact is believed to be an advantage rather than a hindrance in casting applications.
When two particles come close to each other and are less than 4mm apart, the algorithm may
detect them as one particle or detect particle 1 as particle 2 and vice versa, at that particular
moment in time. This is for example indicated in figure 297, where at the indicated location,
there was some uncertainty about which particle is which. However, the points at which the
particles come close to each other are important to determine because these could be the
points at which agglomeration occurs, which is information that could not have been obtained
experimentally before. In fact in this particular casting it is clear that both particles travelled
together in the plate and were separated near the top right hand side of the cast plate cavity
where they came to rest. On the other hand the technique is still somewhat limited when
detecting particles moving at high speeds, which explains why only 2 points were detected in
the runner bar where the metal velocity was estimated to be 2.3 ms™!. Fan et al. reported that

the limiting velocity of a moving particle, for the positron camera, was 1-2 ms™! [70, 108].

A new multiple particle tracking algorithm has to be written specifically for casting
applications using the modular camera in order to be able to widely apply the technique to the
casting industry. One example could be using flow field models in order to provide the
particle location algorithm with information about where the particles are most likely to be, at
a given time, and therefore improve the efficiency of the algorithm by minimising the volume
within which it looks for the particles. Single particle tracking however can be carried out

using the currently developed technique.
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As explained earlier, the tracer particle radioactivity and halflife could be limitations to the
uses of PEPT in the castings industry. In order to widely apply the technique to study the
behaviour of inclusions in various metallurgical processes, stronger positron emitting tracers
with longer half lives need to be developed in order to allow for transport to an industrial
facility, for example. '8F has a half life of 109 minutes which is clearly not sufficient to
transport the tracer to an industrial facility a few hours away. Also the radioactivity levels by
direct activation of oxide particles are not sufficient considering the levels of attenuation to be
expected from the thick walls of industrial vessels, in which liquid metal is typically

processed.

A zirconium silicate tracer particle was directly irradiated for 30 minutes, where the Zr atoms
were converted into *°Nb, which has a half life of 14 hours and emits y-rays of 1.5MeV
(compared to 511keV for '8F). The radioactivities obtained from 2 particles were measured
using an 8F calibrated, dose calibrator, and were found to be 220uCi and 160uCi. This is
equivalent to 600uCi if the correct radioactive decay mechanism was considered because
unlike '8F, “Nb is not a positron emitter, but decays by emitting y-rays directly, and in all
directions. An investigation of the y-ray penetration depth was carried out for steel and
aluminium where it was found that this level of radioactivity was detected through 350mm of

steel, and 600 mm of aluminium, respectively.

These tracers were merely an investigation of the required radiation levels that would be
required to counter the high attenuation levels in industrial environments, whether by the steel

moulds in die casting applications or the thick steel vessels used in liquid aluminium
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processing for example. This is, of course, in addition to the large thicknesses of liquid metal
in which the radioactive particles would be entrained. Therefore a positron emitter of
radioactivity above 600uCi needs to be developed; y-ray emitting particles such as *°Nb

would not be located accurately by the positron camera.
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5.2 Using Lensalloy-136 to Study Inclusion Behaviour Using PEPT

Water models have been extensively used to study metal castings and fluid flow problems in
general. They have been used to develop and verify mathematical models of fluid flow, in
industrial applications, such as the work reported by Qiang et al. [98] where the difference in
inclusion removal efficiency between a conventional flow inhibitor and a swirling chamber in
a model tundish were studied. Similar work has been reported by Alizadeh et al. where the
mixing behaviour of various flow inhibitor designs was investigated [101]. The consensus
was that water models can be used to model the fluid flow of liquid metals provided that the
Reynolds and Froudes numbers were reproduced in both the model and in reality. When
particle behaviour was studied using water models [101], it was assumed that because the
kinematic viscosity of water (at room temperature) and steel at 1600°C were nearly the same,
(106 and 0.9x10-¢ m?s-! for water and steel respectively),water could be used as a good
medium to model inclusion behaviour in steel [102]. The effects of solidification on the

inclusion path within the liquid metal were not considered.

Table 28 shows the calculations obtained for the Reynold’s number for the geometry used in
the low melting point alloy castings, at the points designated 1-4 on figure 315, for
Lensalloy-136, Fe, Al and water. It was clear that in the case of Fe and Al the fluid flow was
only significantly turbulent at the bottom of the downsprue, more turbulent in the case of Al
than Fe. In the case of Lensalloy-136 turbulence was estimated to occur in the downsprue
(points 1 and 2) and decrease in the runner bar (point 3), after which laminar flow would have

taken place in the cast tube cavity (point 4). Water showed a similar behaviour to that of Fe
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and Al where it was slightly turbulent at the bottom of the downsprue and moved with laminar

flow in other parts of the mould cavity. Although this assessment proves that water is a closer

match for the turbulence behaviour of liquid Fe and Al, it does not mean that other factors

affecting particle behaviour and PEPT are well represented, such as particle buoyancy and

interfacial tension, for example.

Table 28. The calculation of Reynolds number at points 1-4 on the Lensalloy-136 casting, see figure 315.

pi | Veloctoy | Area | perimeter | ETUCE | Rt | Namber (Re) | RO | R0 | (R0
(m) (m3s1) [ Lensalloy-136

1 1 6.00E-05 0.032 0.0075 5.90E-06 27,237 9,475 | 13,628| 8,347

2 3 1.90E-05 0.018 0.0044 5.90E-06 49,523 17,227| 24,779| 15,176

3 0.47 1.24E-04 0.052 0.0095 5.90E-06 16,634 5,786 | 8,323 | 5,097

4 0.19 3.10E-04 0.93 0.0016 5.90E-06 937 326 469 287

Point 2 : The exit
of the downsprue
and entry of the
runner bar

Point 3 : Half
way along the
runner bar

T

-

Point 1 : At the downsprue opening

)

Point 4 : Half

/way along the

cast tube cavity

Nt

Figure 315. A schematic diagram showing the points at which Reynold’s number was calculated for the
low melting point alloy casting.
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Table 29 shows a calculation of the terminal velocity that would be predicted by Stoke’s Law
for an alumina particle as an inclusion in the low melting point alloy castings. It is clear that
in the case of water, an alumina inclusion of size 80um, would have had a settling velocity of
0.04 ms! while in Lensalloy-136 the particle would travel upwards at a terminal velocity of
-0.03 ms™! which is much closer to the value obtained for Fe at -0.01 ms!. Hence due to its
similar density, Lensalloy-136 would provide a better medium, than water, to model inclusion

flotation.

Table 29. The terminal velocity of an 80pm alumina particle, for Lensalloy-136, Fe, Al and water. These
values were calculated using Stoke’s Law assuming a density of 3730 kg.m3 for alumina.

Lensalloy-136 Fe Al Water
Density 0f_3Fluid 8800 7015 2385 1000
(Kg.m™)
Dynamic Viscosity 0.0024 0.0055 0.0013 0.00089
(Pa.s)
Terminal Velocity 20.03 -0.01 0.01 0.04
(m.s1) ' ' ' .

The effects of specific heat capacity and thermal conductivity were also assessed using a
similar analogy where the thermal diffusivity was calculated and compared in the case of Fe,
Al, Lensalloy-136 and water, as shown in table 30. Thermal diffusivity (a) is the ratio
between the thermal conductivity and specific heat capacity and is given by equation 21,

where k is the thermal conductivity, p is the density and C, is the specific heat capacity.

a= Equation 21
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If the specific heat capacity is large, the thermal diffusivity is low, which means that heat
energy is transferred slowly within the material, and hence solidification would take longer to
occur, allowing more time for a particle to move with the fluid flow. However, a larger value
of thermal diffusivity means that heat energy is transferred quickly within the material and
consequently solidification can take place quickly, which allows less time for the particle to
move with the fluid flow. Lensalloy-136 had thermal diffusivity of 3x10-> m?s*! which was
much closer to the values of a for Al, and also Fe, compared to water, and is therefore a better

liquid than water in this regard.

Table 30. The calculation of thermal diffusivity for Lensalloy-136, Fe, Al and water. [109]

Lensalloy-136 Fe Al Water
Density of Fluid 8800 7015 2385 1000
(Kg.m?3)
Thermal
Conductivity 36 80 91 0.58
(Wm'K)
Specific Heat
Capacity 134 824 1180 4180
(JKg'K")
Thermal
Diffusivity 3.00E-05 1.30E-05 3.20E-05 1.39E-07
(m?s'1)

Finally the surface tension of Lensalloy-136 (0.4 Nm') is a much closer match to that of Fe
(1.87Nm') and Al (0.871Nm), than the very low surface tension of water (0.073Nm).
Accordingly interactions between an inclusion and liquid Lensalloy-136 would be more
representative of what occurs in high melting point metals such as Fe and Al, than in the case

of water.
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Using Lensalloy-136 also had some disadvantages; firstly due to its high density, the y-rays
obtained from the tracked particle suffered from higher attenuation levels than would be
expected if steel or aluminium were used. But this was counterbalanced by the fact that the
acrylic mould caused less attenuation than sand moulds for example (89% reduction in
intensity for the sand mould and 51% for the perspex mould). Another disadvantage was the
lead content in Lensalloy-136, and the toxicity associated with that. The alloy was not heated

over 150°C in order to minimise the formation of Pb vapour that may cause health risks.

Thirdly, Lensalloy-136 does not solidify by dendritic solidification as steels and Al-Si alloys,
but it solidifies by planar solidification. Also particle agglomeration cannot yet be studied due
to the fact that the alumina tracer particles used do not have sticky liquid films around them at
these low temperatures. New tracers, polymers for example, that can be sufficiently irradiated
and can form a sticky film on their surface at 85-100°C need to be developed, which is an

important area of work for future development of the technique.
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5.3 The Study of Inclusion Filtration With Ceramic Foam Filters Using

PEPT

PEPT was used to study the effects of using ceramic foam filters in both steel and low melting
point alloy castings. It was found that 100% of the 355-425um alumina particles introduced
into the steel castings, where a 10 ppi filter (pore size 3.5-5mm) was used, came to rest in the
pouring basin. This may have occurred due to the restriction of the liquid metal flow due to
the presence of the filter. As the liquid metal reached the filter, it’s velocity was significantly
reduced and this allowed the less dense alumina particles to rise back up the downsprue and
come to rest in the pouring basin. This, however, could not be verified using the PEPT results
obtained, since only the final particle location was determined. However a rough estimate of
the particle’s terminal velocity was calculated using Stoke’s Law and was found to be -0.99
ms™!, where the densities of the particle and steel were 3730 and 7800 kgm respectively, the
dynamic viscosity of the steel was 3.7x10* Pa.s and the radius of the particle was 195um.

When this value was compared to the metal’s expected velocity at the bottom of the

downsprue, which was 2.3 ms™! (V, ., =/2gh , where h=0.276 m), it was clear that the liquid

etal —

metal velocity had to be reduced by 57% due to the presence of the filter in order to allow the
particle to rise upwards. Similar liquid metal velocity reductions due to the presence of filters
were reported by Campbell et al. [110] which support the suggestion. (The metal slows due to

the tortuous nature of the filter or due to partial solidification [111]).

Another explanation could be that the large thickness of the investment moulds (17mm) may

have reduced the mould permeability and hence encouraged air bubbles to escape by rising
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through the downsprue towards the pouring basin, rather than escaping through the mould
walls. The particles may have been attached to an air bubble and hence came to rest in the

pouring basin, as was suggested by Zhang Li Feng et al. [21].

A third possibility could be that the particles never entered the mould with the liquid metal,
but remained in the pouring basin. This is however unlikely, because the steel mesh carrying
the particle (glued to a steel pin) was placed in such a way that the particle was in the centre
of the downsprue opening and should have eliminated any chance of it not being carried down

the downsprue with the liquid metal.

The results obtained showed 100% reproducibility of the final particle location in all of the
steel castings where a filter was used, and it is suggested that a combination of reduced metal

velocity and escaping gas bubbles led to the particle coming to rest in the pouring basin.

In the case of the low melting point alloy castings, where 4 castings were made in each case,
with alumina particles of size 63-100um, it was found that for 30 ppi filters (pore size
1.5-1.7mm), 3 of the particles came to rest in the filter and 1 was found a few millimetres
after the filter, in the upper runner bar. When 20 ppi filters (pore size 1.7-2mm) were used, 2
of the particles came to rest in the filter, 1 in the pouring basin and 1 in the casting, and when
10 ppi filters (pore size 3.5-5mm) were used, 2 of the particles were found to be in the

pouring basin and 2 of the particles were found in the filter.
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It was expected that the smaller the filter pore size the more the liquid metal flow would have
been decelerated, upon reaching the filter, and hence the more likely it would have been for a
particle of lower density to rise up the downsprue and come to rest in the pouring basin.
Although this appeared to apply to large particles of size 355-425um used in the steel
castings, it did not apply to the 63-100pm alumina particles used for the low melting point
alloy experiments. This could be explained using a similar analogy to that used earlier using
Stoke’s Law. The particle’s terminal velocity would be -0.0059 ms™! (density and viscosity of
Lensalloy-136 of 8100 kgm™ and 0.0024 Pas respectively, and the particle radius of 40pm

were used in the calculation) compared to the metal velocity of 2.2 ms! at the bottom of the

downsprue opening (V,,., = /2gh , where h=0.25 m). This means that for the particle to rise

to the pouring basin, as it did in case of the steel castings, a reduction in metal velocity of

99% was required which is obviously less feasible.

Further evidence was shown in Figures 147 and 148, which showed the results obtained
where the particle came to rest in the pouring basin. There was no indication that the particle
moved down the downsprue and started to rise up again, upon the liquid metal reaching the
filter. Although it has been suggested that the PEPT technique struggles with determining the
location of particles moving at a speed higher than 2 ms! [4], the particle path in the
downsprue was clearly defined in several other low melting point alloy castings, where the
particle was moving at speeds of about 2.2ms’!. This means that in this case the particles

probably remained in the pouring basin and did not enter the casting.
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A particle smaller than the filter pore size can clearly be trapped by the filter. Figure 155
shows that an alumina particle of size 63-100um, found in a 30ppi filter (pore size
1.5-1.7mm) was roughly in the centre of the filter pore. It was also confirmed that the particle
was not in contact with the filter wall as the region of metal within the filter pore fell out of its
own accord. This meant that a likely filtration mechanism that took place in this case was
filtration by settling, where an inclusion settles in the filter pore due to the slowing of the
metal velocity due to the tortuous path of the filter. The particle may not have been allowed
sufficient time to settle and come to rest at the filter wall due to the rate of solidification
within the ceramic filter. Another possibility could be that the alumina inclusion kept
recirculating within the the filter pores, with favourable balances of buoyancy lift forces over

drag inertia forces, as was suggested by Maldonado et a/ [112].
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5.4 Sources of Error in PEPT

5.4.1 Sources of Error in the Static Steel Casting Experiments

Various types of errors affected the accuracy with which the final location of the entrained
particles could be determined. Errors were due to the (low) particle radioactivity and
attenuation, as well as experimental errors that occurred during the development of the
technique. Both types of errors had varying effects on the accuracy of the results, depending
upon particle radioactivity, casting alignment between the (ADAC) positron camera faces,
and the method employed to handle the reference particles used to locate the entrained

particles.

Attenuation

In figures 65-67 and 70, the particle’s final location was the pouring basin. In this case the
large scatter in the data points was caused by the attenuation of the y-rays produced from the
particle due to the large thickness of the material the y-rays are passing through. The loss of
detection of true coincident events was due to absorption in the material, and/or scattering out
of the detector’s field of view of one or both of the back to back y-rays [113]. The
consequences of attenuation on the PEPT results can therefore be understood by

understanding the contribution of absorption and scattering to the errors separately.

Figure 316 is a schematic diagram illustrating the effects of the absorption of y-rays on the

algorithm’s ability to determine the particle location. Figure 316 a) is the case where no
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absorption occurred and hence there is a large number of detected events to allow the

algorithm to calculate the minimum perpendicular distance between the back-to-back y-rays ,

which is where the particle is located. However, when the number of detected events

decreases, figure 316 b), the algorithm is limited to a small number of events and therefore the

calculated minimum perpendicular distance between the y-rays will be larger giving less

accurate results. Note that the “error” reported by the detection algorithm in millimetres is the

average of the calculated minimum perpendicular distance between the y-rays and was found

to be up to = 6 mm in the results shown in figures 65-67 and 70.

b)

The particle is determined to be within this area, where the
perpendicular distance between the back-to-back y-rays is
minimum.

Figure 316. A schematic diagram showing the difference between a) a case where no absorption of the y-
rays occurred and hence the particle could be located accurately, within a small area of uncertainty and b)
a case where absorption of y-rays occurred and therefore the particle could only be located within a large

area of uncertainty due to the insufficient amount of detected events.
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Scattering

Figure 317 a) is a schematic diagram showing the case where the y-rays are not scattered and
therefore the particle location could be determined reasonably accurately. Note that, for
simplicity, it has been assumed that the particle location is the exact intersection point
between the y-ray pairs. Figure 317 b) shows the case where one of the back-to-back y-rays
was scattered out of the field of view of the camera, leading to the algorithm associating the
single y-ray that was detected with one from another pair or even a cosmic ray, as shown by
the dotted line. The result is a wrong location, shown by the dotted line, which changes the
average of minimum perpendicular distances between all of the detected back-to-back y-rays
and hence an incorrect particle location is determined by the algorithm. The third possibility
is the case where both back-to-back y-rays are scattered out of the field of view of the camera,
which has a similar effect to the absorption described previously (see figure 318), where a

smaller number of detected events increases the error (uncertainty) in the particle location.

a) b)

Figure 317. A schematic diagram showing a) the particle location determined as the intersection point of 2

pairs of y-rays and b) the case where one of the y-rays is scattered by the dense material and consequently

a false particle location is determined as the intersection point between the corrupt event and the other y-
ray pair.

The radioactivity of an entrained particle was found to have a direct impact on the accuracy of

the results. If the particle radioactivity was high, its final location could be determined more
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accurately with less scatter of data points, because more radioactive decay events per second
occurred and hence losses of data due to attenuation would be less significant. The attenuation
coefficient of steel is 0.66 cm™! which means that 1cm of steel is sufficient to absorb and/or
scatter 52% of the y-ray intensity and therefore a low particle radioactivity would result in
less accurate tracking results being obtained, similar to the case described in figure 316. One
example is the results shown in figures 60 and 61, where the particles were of radioactivities
11pCi and 30pCi when collected and therefore were probably only about 6uCi and 15pCi
respectively, when the particle final location was being determined. This low radioactivity
meant that a statistically reliable amount of events could not be obtained to estimate the
minimum perpendicular distance between the y-rays (the particle location) accurately,
especially when that small number of events was reduced further by 52%, due to the large
degree of attenuation caused by steel. However this does not mean that a strongly radioactive
particle will always be located accurately by the algorithm (see figure 71, a particle that was
111uCi had an error of over = 6 mm) due to other factors that could negate the effects of the
strong radioactivity and decreased attenuation effects, which are discussed as follows. Note
that the scatter observed in figures 60 and 61 was not solely due to attenuation but a mixture

of other sources of error, as will be explained later.

Casting Alignment

Figure 318 is a schematic diagram showing the efficiency of the detectors with respect to the
camera’s geometry [114]. The camera is most efficient at its centre point and this efficiency
decreases rapidly the further the particle is from the camera’s centre [114, 115]. This is

because when the particle is parallel to the centre of the camera, the largest number of y-ray
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pairs are detected, but when the particle is further from the centre the probability of losing one
of the back-to-back y-ray pairs, past the edge of the camera, increases. This is shown
schematically by figure 319. Figure 319,a) shows that the coincident y-rays produced around
the particle facing the centre of the camera were detected and the particle location was
correctly determined, while figure 319,b) shows that some coincident events are lost when the
particle was facing the edge of the camera. These losses would result in corrupt events in the
same manner as that shown earlier in figure 317,b) and hence an inaccurate particle location

would be determined (see figure 319,b) indicated by the red particle.

—>

Camera Efficiency €<—

AdUdndLy vIdwe))

Figure 318. A schematic diagram showing the optimum field of view of the camera being in its centre.
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Corrupt Incorrect particle
evenf\ location determined
L~"by the algorithm.

The real particle
— location

a) b)

Figure 319. A schematic diagram showing the difference between, a) a particle at the centre of the camera
faces that can be accurately located in comparison to b) a particle that is far from the centre of the camera
where y-rays can be lost and therefore leading to corrupt events that may lead to an inaccurate
determination of the particle’s location.

Therefore a casting should be aligned so that the part containing the embedded radioactive
particle is parallel to the centre of the camera faces. How well this could be achieved depends
on the casting geometry. The effect of misalignment was observed in the results shown in
figures 60 and 61, where in both cases the particle was found to be half way along the runner

bar, which was far from the camera’s centre, as shown in figure 36.

Figures 62 and 63 also show another example of errors due to misalignment. In figure 62 the
particle was found to be somewhere around the centre of the cast plate but with poor accuracy
and scattered data points despite the particle’s initial radioactivity of 38.8uCi (this level of
radioactivity is considered low but was similar to that used in other PEPT experiments in steel
castings which produced reasonable results). On the other hand figure 63 shows the location
of an embedded particle, with lower initial radioactivity of 11uCi, to be the upper right hand
side corner of the cast plate with a similar level of scatter to that observed in figure 62. Figure
320 is a schematic diagram showing the alignment of the casting between the camera faces
(the same alignment was used in both experiments) where the final particle locations from

both experiments have been superimposed on the one casting for comparison. The particle in
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red is the alumina particle shown in figure 62, where it is clear that the y-rays produced were
attenuated to a much higher degree than in the case of the green particle of figure 63, because
of the thick downsprue obstructing the path of the y-rays. On the contrary the particle in
green, shown in figure 63, produced y-rays that were only attenuated by a few millimetres of
steel and were therefore sufficient for an accurate determination of the particle location,
despite the lower particle radioactivity. Unfortunately, at this time this method of alignment
was used for many of the steel casting experiments and hence most of the results obtained
where the particle was found to be near the edges of the cast plate (see figure 64), were more
accurate than others where the particle came to rest in the centre of the plate.

Camera Faces

e

Casting Particle2/
/

Y-rays

Particle 1

N N

NN

Figure 320. A schematic diagram showing the casting alignment between the (ADAC) positron camera
faces. The particles showed in figures 62 and 63 were superimposed on the same casting for comparison
and were labelled as particle 1 (in red) and particle 2 (in green) respectively.

A second important factor is the method employed to handle the reference particles that were
required to determine the final location of the particle entrained in the casting. Given that the

standard reported accuracy of the PEPT camera is + 2-3 mm [62-64], the reference particles
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had to be placed at exactly the chosen reference position, otherwise additional errors would be
introduced to the measured particle location. Initially reference particles were glued to pin
heads where the pins were used to move them, and these pins were then fixed in position
using a commercial tack adhesive, so that the reference particle would be as close as possible
to the reference position. But this was in most cases more than several millimetres away due
to the thickness of the tack adhesive and therefore additional errors were observed in the
results from these experiments. An example of such errors is shown by the points that were
reported to be outside the body of the casting, such as those shown in figures 60, 61 and 63.
The points reported to be outside the casting were obtained due to large errors in the
placement of the reference particle, which were then transferred to the predicted location of
the particle, since that was established relative to the intended location of the reference

particle.

Another method was adopted to improve the accuracy of the results and in this case the
reference particles were stuck to a strip of Sellotape™ which was used to manipulate them
and place them in position. Figures 62,66,67 and 70 showed that this method to handle the
reference particles was not ideal because it could lead to them shattering when pressure was
applied to push the reference particles in place. Fragments were left behind that the algorithm
detected as the imbedded particle. These false data points are clearly shown in the corners of
the cast plates, which were usually the reference positions of choice. This, however, showed
that the algorithm was capable of detecting 2 stationary particles simultaneously. Note that

shattered particles could also occur when pressure was applied to glue them to the pin heads.
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5.4.2 Sources of Error in The Low Melting Point Alloy Experiments

The sources of error in the low melting point alloy experiments were also of two types; y-ray
attenuation and experimental error. Attenuation was caused by both the casting and the acrylic
mould. Errors arising from the various experimental procedures required for the PEPT
experiments were due to the alignment of the mould between the camera faces,
inconsistencies (lack of reproducibility) in preparing the radioactive particles, and

inconsistencies in the casting conditions.

As explained earlier, see section 5.4.1, the attenuation of the y-ray photons could have a
considerable effect on the accuracy of the tracking results obtained. The attenuation
coefficient is a quantitative description of the amount of reduction of the y-ray photons
reaching a detector due to absorption and scattering, and is given in cm’'. The mass
attenuation coefficient is the attenuation coefficient divided by the density of the material, and
is given by cm?g’!. Figure 321 shows how the mass attenuation coefficient increases
exponentially as the atomic number increases. In order to be able to estimate the level of
attenuation taking place in Lensalloy-136 and in Field’s metal, a mean atomic number was
calculated for both alloys, using weighted averages of the constituent elements, as shown in
table 31. Figure 321 shows Field’s metal and Lensalloy-136 were estimated to have
attenuations of 0.96 cm™' and 1.17 cm! respectively, while steel (or pure Fe) had a much

smaller attenuation coefficient of 0.66 cm.
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Table 31. An estimation of the attenuation coefficient of the low melting point alloys used.

Element Atomic Number (Z) Field’s Metal Lensalloy-136
In 49 51 wt% 21 wt%
Bi 83 32.5 wt% 49 wt%
Sn 50 16.5 wt% 12 wt%
Pb 82 - 18 wt%
Mean Atomic Number (Zeq) 60.2 71.7
Mass Attenuation Coefficient (cm?/g) 0.118 0.133
Attenuation Coefficient (cm™) 0.96 1.17
O SAENEREERN NERED;
0220 i db e fon
02L >< <
é;‘) 0.18 - PR kA g
=3 SO IPURTOUCOUD ORIV DOV UUS UE U UON NUO OSSO0 SUUCON JOUE O U0 IOUCJUOE N0 WU UL JOOL O VU0 JO0S OO OO0 IO U OO0 \ AN
3 o Lensalloy-136 | !
[ Y O S RSP P AR OSSN AP PO L AP P O RPN SO FUS SO API P DN BN SO S SR A B =nsalloy=- .
% I : E y x :
8 014 i e ...................... FSULUUUIONS NS DO SO I -
'g 01 R R N R Field's Metaf @b Jo i
= 0 — :
§ SUETUETN U ST S U 0% SU08 LSS N e \x >< Cdeeded
< : 4 X
z 0.1 . i F‘ NRRREEN N e o
E | En \ o i Xxx ol
0.08-- i . i X><><>< SN 1 O e i
0.06 ‘ ......... | | ..... ‘.. | ............ AR | .......
0 20 30 40 50 60 70 80 90 100
Atomic Number (Z)

Figure 321. The mass attenuation coefficients plotted versus the atomic number [116].
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Equations 22-24 describes the relationship between the intensity of the y-rays penetrating a
material with thickness d and attenuation coefficient u. Equations 23 and 24 show that Smm
of the low melting point alloy resulted in a reduction in the y-ray intensity by 38% and 44%,
for Field’s Metal and Lensalloy-136 respectively. The level of attenuation varied depending
on the particle location within the casting and hence the distance through which the y-
radiation was passing. Table 32 is presented to show the magnitude of the y-ray attenuation
for different particle locations with respect to a datum, the outer surface of the casting, from

which positions 1, 2, 3 and 4 were measured.

I,=1,e" Equation 22

I, =1, =0.621, = 38% reduction in intensity

Equation 23

I, =1,e"""" =0.561, = 44% reduction in intensity Equation 24

Table 32. Examples of the possible variations in attenuation depending on the particle location in the
casting, for both Field’s metal and Lensalloy-136.

Position Distance from datum At.tenuation in Attenuation in
(mm) Field’s Metal Lensalloy-136
1 0 I,=1, 1,=1,
2 1 9% 11%
3 2.5 21% 25%
4 5 38% 44%

Of course, for a particle located at the casting surface, one y-ray is attenuated the most, while

its other back-to-back partner is attenuated the least. The worst case of attenuation, with
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respect to the particle position in the low melting point alloy, is considered and added to the
attenuation that would have been obtained from the acrylic mould (u=0.1 cm™) [117], the
intensity of the y-rays reaching the (ADAC) positron camera would be reduced by 68% for
Field’s Metal and 71% for Lensalloy-136 (see equations 25 and 26). This explains the large
scatter observed when the particle moved within the pouring basin (which was 50 mm in

diameter) which would have reduced the intensity of the y-rays by 99%, see figures 121 and

130.
I, =(1,e"* ") x (I,e""*%) = 0.321, = 68% reduction in intensity --------------- Equation 25
I, =1, )x (1,e""°) = 0.291, = 71% reduction in intensity -------------- Equation 26

Therefore the maximum thickness of Lensalloy-136 that can be reliably used for PEPT
experiments should be around 5mm, which corresponds to an attenuation of 44%. Using
different low melting point alloys with lower atomic numbers than Lensalloy-136 and Field’s
Metal, may be advisable in order to further minimise the level of attenuation incurred. One
candidate could be a eutectic composition of an In-Sn binary alloy, which is 48 wt% In and 52
wt% Sn (see figure 322), with a melting point of 140°C. This alloy would have an equivalent
atomic number of 49.5 which is 18% and 31% less than Field’s Metal and Lensalloy-136
respectively. However, more work needs to be carried out to determine the maximum
temperature, at which particles which were made radioactive by the ion exchange technique,

could be used.

284



Chapter 5 Discussion
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Figure 322. The binary phase diagram of In-Sn. The dotted lines were adopted from the literature and the
solid lines represent the simulated phase diagram but for for temperatures above 50°C only [118].

A further source of experimental errors is the mould alignment between the camera faces. If
the mould was not perfectly parallel to the camera faces, the measured particle path could not
be superimposed accurately on the casting. Figures 124 and 139 clearly show that the particle
path needed to be rotated in order to fit within the actual casting. This angle was calculated
for some of the experiments by measuring the distance between the centreline of the mould
and the centre line between the camera faces (marked on the table carrying the mould). A
correction was not applied to the results in order to demonstrate the effect of this type of error,
and that it should be avoided in order to increase the accuracy with which the tracking results

are interpreted.

A second source of error arose from the experimental procedure carried out to radioactively

label the porous alumina particles by ion-exchange. As explained previously in chapter 3, the
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particles became radioactive due to the adsorption of irradiated water onto the particle
surface, and the binding of '8F ions to the Fe3* ions that were introduced at the particle surface
via prior surface modification techniques. After the particles have been labelled they are dried
using an infrared lamp and a continuous stream of nitrogen. On several occasions the particles
were not dried fully and this led to several contamination sites in the casting, due to
radioactive water droplets leaving the particle’s surface and moving with the liquid metal.
This, however, did not affect the camera’s ability to detect the particle path and its final

location, with an error of 1.5 mm.

Reproducibility

The lack of reproducibility in the casting conditions was due to the variable pouring rates of
the liquid metal and not using a stopper rod for most experiments. Eliminating or minimising
these sources of error was shown to improve reproducibility of the casting procedure and
hence the particle paths obtained. In order to quantify the similarity or difference between
particle paths from each experiment, a resultant particle path was calculated and compared for
all experiments. This value was obtained by plotting the X,Y and Z coordinates of the particle
versus time, and determining the distance travelled by the particle in each direction until it
reached its final location. Afterwards the resultant particle path length (RPPL) was calculated,
as shown in equation 27, where “X” is the distance travelled in the X-direction, “Y” in the Y-

Direction and “Z” in the Z-direction.

RPPL =X +Y?>+ 27’ Equation 27
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Figure 323 shows the particle path lengths that were calculated for the base line experiments
where an alumina particle was used (castings 1-9), the experiments where a resin particle was
used, (casting 10 and 11), and the resultant particle path length (RPPL) values obtained for the
experiments when the acrylic mould was preheated before casting, (casting 12-15). Castings
1-5 were influenced by the variable pouring rates of the liquid metal, which was done by
hand. The mean of the RPPL values was 461 mm and the standard deviation for these castings
was 248 mm. Castings 6-9 were the castings where an upper pouring basin and a stopper rod
were used in order to make the entry conditions of the liquid metal into the mould
reproducible, as well as the mould filling rate, and which resulted in a reasonable
reproducibility of the particle path. The RPPL values obtained for castings 6-9 had a mean of
313 mm and a standard deviation of 27 mm, which meant that controlling the inlet conditions

was critical for achieving good reproducibility.

Castings 10 and 11 used the resin particles and the liquid metal was hand poured, and
therefore showed poorer reproducibility than that obtained when the inlet conditions were
controlled. The obtained RPPL values had a mean of 374 mm and a standard deviation of 36
mm. Figure 130 (casting 10) also shows that the particle moved within the pouring basin
before entering the mould, which is further evidence for the importance of reproducible

pouring in order to obtain a reproducible casting.

Furthermore, castings 12-15 showed RPPL values with a mean of 277 mm and a standard

deviation of 22mm. This meant that these experiments had the best reproducibility, despite the

287



