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ARTICLE INFO ABSTRACT

Keywords: Six commercially available zircon sands were characterised by XRD, SEM, BET and helium pycnometry to
Metamic"ization determine their degree of metamictization. These sands were categorized into pairs denoted as high, medium or
Zircon low levels of metamictization. The six samples were subsequently dry milled under identical conditions and their
Radiation a1 . . . . . . .

Milling milling behaviour was tracked by measuring the particle size distribution at regular intervals. Samples with low

levels of metamictization were found to achieve a marginally smaller particle size than samples with high levels
of metamictization after prolonged milling. This was attributed to two potential mechanisms during breakdown —
brittle fracture in the former due to retained hardness, in comparison to a more ductile resistance to fracture in
the latter due to reduced hardness. However, no clear trend between specific metamictization characteristics and
milling behaviour was found. The results reveal a poorer overall milling efficiency for high metamict samples,
which has implications such as increased energy costs, poor quality product and a need for further processing of
samples exhibiting high levels of metamictization. This study creates a novel link between the milling behaviour
of zircon and its level of metamictization. The knowledge gained holds strong importance for industrial entities
wishing to carry out and maintain an efficient milling process, with feed material quality likely to become more

variable in future years.

1. Introduction

Zirconium silicate (ZrSiO4), commonly known as zircon, is used as a
component in many everyday products, including in ceramic tiles. It also
has several large-scale industrial applications such as refractories,
abrasives and foundry sands. Zircon is most commonly obtained as a bi-
or co-product from the mining of ilmenite and rutile from heavy mineral
sand deposits. It can be extracted during processing to provide coarse
zircon sand, or it may be further processed into a finer powder known as
zircon flour. With annual global extraction of zircon consistently
exceeding one million tonnes (Zircon Industry Association, 2015), the
majority of which is subsequently milled to a specified size, it is of great
industrial interest to understand the energy use of the milling process
and the required parameters for sands of varying origin. An area of
particular interest is that surrounding the effect of metamictization
(radiation damage) on the milling behaviour of zircon. Metamictization
is known to affect several key physical properties of zircon, such as
density, crystallinity and hardness.

On an industrial scale, it is important to understand how
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metamictization of zircon might affect the milling process such that any
change in efficiency can be accounted for and, furthermore, so that any
necessary method adaptation or standardisation can be implemented
based on a known level of metamictization in the feed material. Addi-
tionally, it is important to understand any direct impact on product
quality due to variation in physical characteristics of zircon caused by
radiation. These factors are particularly important to the zircon in-
dustry, since depletion of low-metamict zircon sources will ultimately
create the need to utilise material of variable quality.

The linkage of two areas of research, namely metamictization and
milling performance of zircon, is not reported in the literature, to the
best of the authors’ knowledge. Therefore, this paper provides a useful
starting point for broader and deeper research into the area between
academia and related industrial bodies.

The aims of this work are as follows:

e To develop a classification of zircons based on metamictization level
o To assess the relationship between metamictization level and milling
efficiency
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e To visualise any impact of impurities on milling behaviour
o To assess the impact of heat treatment of zircon on milling behaviour

2. Literature survey

This section serves to identify and concisely summarise the key
findings from the literature related to the topics presented in the main
study.

Metamictization is a term used to describe the natural process by
which the crystal structure of a mineral is destroyed by alpha radiation.
The effects of metamictization on the properties of zircon have been
discussed in the literature. With increasing radiation dose, hardness and
density are known to decrease (Beirau, et al., 2016; Chakoumakos, et al.,
1991; Murakami, et al., 1991), with hardness reducing by up to 48%,
whilst fracture toughness has been shown to increase by 31.8% (Cha-
koumakos, et al., 1987). Refractive index and birefringence have also
been shown to decrease (Vance and Anderson, 1972; Holland and
Gottfried, 1955). X-Ray diffraction patterns broaden (Holland and
Gottfried, 1955), and IR and Raman bands broaden linearly with
increasing dose, with a corresponding decrease in intensities (Woodhead
et al., 1991). Furthermore, cell parameters of zircon have been found to
increase as a result of metamictization (Weber, 1990). These factors
were considered when selecting the characterisation methods described
in Section 3.2.

A review of the available literature for zircon milling identifies
suitable lab-scale milling parameters and experimental methods (Gauna
et al., 2017, Rendtorff et al., 2012), and it has been reported that
intensive milling of crystalline zircon can itself amorphize the mineral to
some extent (Gauna et al., 2018, Puclin and Kaczmarek, 1997). How-
ever, this phenomenon usually occurs with very fine materials milled at
ultra-high intensities. In contrast, a Rietveld-RIR (reference intensity
ratio) study by Damonte et al. (2017) investigated micronized zircon
(D50 = 4 pm) and found that as well as a decrease in particle size, the
amorphous content of zircon was in fact reduced by around 30%
through milling to this size. Cell parameters remained unchanged, but
no corresponding effect on key physical properties such as hardness,
density or refractive index was discussed. Zircon which had experienced
little to no natural radiation damage was utilised in this literature. These
studies lack a discussion of how radiation effects specifically translate to
the efficiency of the milling process via measurement of size reduction.
While the literature indicates clearly that hardness and density of zircon
are affected by metamictization, there is currently no indication of the
corresponding impact on size reduction efficiency. As an energy-
intensive process, knowledge of these effects for a given feed material
is key in optimising milling efficiency. There is therefore a need to
investigate the relationship between the level of metamictization, the
particle size that can be achieved and the rate at which this occurs.

Throughput of lab-scale non-metamict zircon milling is addressed in
the literature by measurement of the time required to achieve a desired
particle size (Gauna et al., 2017). Comparisons can be drawn from the
results of these studies to those that will be carried out for metamict

Table 3.1
Characterisation Techniques for the Zircon Samples.
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zircon, where similar particle size measurements are taken as a function
of milling time in order to understand throughput for the process.
Another study concluded that the hardness of zircon grains increases
throughout milling (Topates et al., 2020), which may result in decreased
efficiency over time. This effect is to be anticipated, or otherwise
compared, in the results of this paper.

3. Methods and materials
3.1. Materials

Six anonymised samples of zircon sand were provided by members of
the Zircon Industry Association. These sands were sourced from various
undisclosed locations across the globe in order to provide a represen-
tative range of metamictization levels. The exact sources and suppliers
were not known to the investigators.

3.2. Characterisation of zircon samples — metamictization characteristics

In order to develop a classification of zircons based on the level of
metamictization, several characterisation techniques were employed.
These are summarised in Table 3.1.

The circularity, as an implication of sphericity (Liang, et al., 2016),
of zircon grains (measured in ImagelJ, using images acquired by SEM)
and impurity content (EDX, as described above) were also measured to
explain any non-metamictization effects observed in milling. All data
was collated and used to determine a ranking of zircons based on their
metamictization level.

One important observation from the above characterisation studies
was that one of the provided samples had been previously calcined by
the supplier. The impact of this on the milling behaviour is recognised in
Section 4.

3.3. Milling methodology

The ideal media size for milling was calculated using Bond’s Equa-
tion (1958). For the purpose of this calculation, work index was assumed
constant at 20 kWh/sht across all sands (Michaud, 2015). This yielded
an ideal media size of 17.8 mm; therefore, the closest commercially
available size of 18 mm was selected. A suitable milling speed was
identified by firstly using the ball mill critical speed equation (Dunne,
2019), above which collisions are minimal due to centrifugal forces. The
critical speed was thereby calculated as 88.1 rpm. An optimal milling
speed is suggested as 75 % of the critical speed (Michaud, 2015),
yielding an ideal mill speed of 66 rpm.

The milling was carried out on a laboratory scale using a cylindrical
ceramic vessel of internal diameter 230 mm and height 265 mm. For
each sample, the vessel containing 18 mm diameter spherical alumina
milling media and zircon sand was placed onto a roller mill (Glen
Creston Ltd, UK).

A ball to powder mass ratio of 10:1 was selected as this is suitable for

Characteristic
Measured

Experiment Equipment Used

Key parameters

Actinide (U, Th)
Content
True Density

Chemical Analysis
(EDX)
Helium Pycnometry

Philips XL-30 FEG ESEM

Pycnometer
X-Ray Diffraction XRD Peak Intensity Malvern Panalytical X-Ray
Diffractometer
Nitrogen Adsorption Specific Surface Area Micromeritics 3Flex Adsorption
(BET) Analyzer

Scanning Electron
Microscopy

Porosity and Surface
Damage

Philips XL-30 FEG ESEM

MicroMeritics AccuPyc II 1340 Gas

Sand grains mounted in resin, polished to 1 pm and surface gold-coated for
conductivity
1 g sample size

Range 5°-90°, fixed step size 0.003°, wavelength copper-K-alpha (1.5406 Ang),
samples hand-ground to 10 ym and uniform PSD
Vacuum created within sample chamber before purging with nitrogen

Sand grains mounted in resin, polished to 1 um and surface gold-coated for
conductivity. Operated at 15 kV.
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small scale dry milling (Suryanarayana, 2001). Therefore, masses of 5 kg
and 500 g were selected for the media and sand sample respectively. The
milling media were spherical alumina balls supplied by MinChem HMP
Ltd (UK). The scope of this project specified dry milling of zircon in a
rotary ball mill. A small amount of glycerol supplied by Sigma Aldrich
was included in the mill to reduce the chance of particle coagulation.

At pre-selected intervals during the milling procedure, samples of
powder were extracted from the mill for the purpose of particle size
analysis. It was imperative that this sampling only took small amounts of
zircon out of the mill such that milling behaviour was minimally affected
by any change in total mass. Time intervals for sampling were set at one,
two, four and eight hours in order to closely monitor early stage particle
size reduction, which was expected to be pronounced. Further sampling
was carried out at 24, 48 and 72 h in order to assess the long term milling
behaviour and to locate the plateau at which maximum size reduction
was achieved.

3.4. Determining particle size

Particle size distribution was measured by laser diffraction using a
Mastersizer 2000 (Malvern Panalytical, UK), applying Mie theory.
Flours were dispersed into a continuous flow of water with a small
quantity of Dispex (BASF, USA). A material refractive index of 1.96 was
used and obscuration was maintained in the range of 12-13%.

Particle size behaviour during milling is compared throughout Sec-
tion 4. Differences in the shape of particle size distribution curves for
one example of high-versus-low metamictization are evaluated in Sec-
tion 4.2.5.

3.5. Thermal treatment

A furnace was used to anneal sands at a target temperature of 1000 K.
Prior studies have shown that the effects of annealing zircon are sig-
nificant after just 1 h of treatment (Zhang et al., 2000). However, it has
been suggested that annealing of only a few hours may result in
incomplete reaction (Nasdala et al., 2002). To ensure a complete reac-
tion with comparable impact, a duration of 20 h was selected.

A ramp rate of 10 °C min~! was set in order to achieve the target
temperature. This temperature was maintained for 20 h before ramping
down at 5 °C min~!. The total duration of this procedure was 24 h. The
gradual periods of temperature ramp up and ramp down were necessary
in order to minimise the risk of thermal shock to the samples. Thermally
treated samples were milled and compared to their untreated equivalent
samples.

Table 4.1
Ranked Characteristic Propertird of the Six Zircon Samples.
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4. Results and discussion
4.1. Characterisation results

Table 4.1 shows the ranking of metamictization determined by the
characterisation steps summarised in Section 3.2. Some key measure-
ment results are included. It should be noted that no characteristic data
of zircon samples exhibited a linear trend, which is likely due to the
impact of multiple factors on metamictization level. Samples were pri-
marily categorised based on their measured physical characteristics,
such as the density, in consistence with the literature. A previous study
determined that zircon density may decrease to a value as low as 4160
kg m~ as a result of metamictization (Murakami, et al., 1991), indi-
cating that the samples in Table 4.1 may be limited in their range of
metamictization level. However, the density of non-metamict zircon is
typically reported in the literature within the range of 4600-4800 kg
m3 (Guo, et al., 2012). The measurements of density in Table 4.1 are
consistent with this literature, both in terms of trend and the fact that the
high metamict samples have a density below the expected minimum
value, albeit not to the extent shown in the aforementioned study. The
SEM imagery was used to corroborate the quantitative observations,
with an abundance of physical defects indicating the expected softness
of the high metamict samples.

The concentration of actinides found in samples was found to be
generally consistent with the measured physical characteristics, albeit
non-linear. This provided confidence in the concept of high levels of
radioactivity, and therefore metamictization, causing physical changes
in zircon. A related study suggested that zircon with up to 3100 ppm
uranium was not considered highly metamict amongst all samples
(Marsellos and Garver, 2010). Regarding this disagreement, it is pro-
posed that the level of metamictization in zircon is not only a function of
actinide content, but also the duration of the exposure. Since the
geological age of each sample was unknown, it is reasonable to propose
that Sample A, with a very high relative actinide content, would not
necessarily exhibit extreme physical differences in comparison to sam-
ples with lower actinide content. It is clear that this is the case when
comparing the true density of Sample A and Sample B. However, the
surface area of Sample A was found to be much greater than that of
Sample B. This could be explained by increased potential for surface
damage in a softer sample, or indeed due to possible effects on surface
morphology due to impurities, including the actinides (Hamouda et al.,
2009).

Characteristic measurements that are unrelated to metamictization,
namely impurity content and grain circularity, are also included in
Table 4.1 for reference. A broad range of values were observed in both
instances, with no distinct trend expected from literature.

As mentioned in Section 3.2, it was discovered during the study that

Metamict Level D U+ Th True Density Surface Area (m? kgfl) Typical SEM Fe,03 (%) TiOy Al,03 (%) Average Grain Circularity
(ppm) (kg m™®) (%)
High A 1039 4598 2388 0.19 1.10 0.80 0.55
B 439 4594 719 0.04 0.25 1.60 0.41
Medium C 467 4637 698 0.06 0.10 0.10 0.72
D 474 4656 483 0.04 0.13 1.30 0.59
Low E 311 4698 421 0.08 0.10 0.30 0.65
F 355 4680 264 0.03 0.35 0.70 0.61
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Sample F had been calcined by the zircon supplier. This explains the
relatively low specific surface area measured for this sample; calcination
is known to decrease the specific surface area of crystalline substances
(Eder and Kramer, 2006; Volodin et al., 2017), which likely relates to the
repair of surface defects.

4.2. Milling results

4.2.1. Preliminary particle sizing

The unmilled particle sizes for sands of interest are displayed in
Table 4.2. These data serve as a reference point when comparing the size
reduction behaviour over fixed periods of time. There is no apparent
trend between the metamictization level of the unmilled sand and its
particle size at this stage. This is the case for the fines, median and coarse
sizing data. Although the sample size of six is too small to draw a
meaningful conclusion, there is no available literature to suggest that a
trend would be expected in this data.

4.2.2. Post-milling D5y particle size

In each of the following sections, the milling profile will be plotted
with an accompanying plot of the reduction ratio, defined as the feed
size divided by the product size. Fig. 4.1 shows the overall milling profile
for each sand, with the accompanying reduction ratio plot in Fig. 4.2.
This data focuses on the change in median particle size, Ds(, over the
duration of milling. In all cases, the D5 of the powder decreases with
milling time, with the majority of the decrease occurring in the first 8 h
of milling. A notable observation is that sample F exhibits a significantly
different milling profile, concurrent with the knowledge that this sample
had been previously calcined as part of the supply process. This obser-
vation highlights calcination processes as part of the zircon supply chain
may yield significant benefits for those wishing to obtain a finer particle
size. More generally, it is observed that the milling profiles of the sam-
ples, in terms of both size reduction and reduction ratio, do not provide a
clear link to metamictization level throughout the full duration of
milling.

In all cases, the theory that grain hardness increases throughout the
milling process raised in the study of Topates et al (2020) is supported,
since the ability of particles to reduce in size worsens over time. Equally,
this work provides advancement from the study of Gauna et al. (2017),
where no significant change in D5y was achieved after 120 min of zircon
milling treatment.

Distinct differences in milling efficiency between samples were
observed in early stage milling (see Fig. 4.3). After just one hour of
milling, Sample C (medium level of metamictization) had been ground
to 4.6% of its original median size. In contrast, Sample B (high level of
metamictization) reached a median size of 13.1% of its original size.
While the margin for error on this data point is relatively large, the
differences between initial milling efficiency remain large. From the
median size profiles of sands between 0 and 8 h of milling, perhaps the
most interesting observation is that both medium-metamict samples
achieved smaller particle sizes than their high-metamict counterparts.
However, the spread of data for low-metamict sands within this time-
frame means that a trend between metamictization level and milling
efficiency cannot be defined with a high degree of confidence at this
stage.

Table 4.2
Unmilled Particle Sizing for the Zircon Samples.
Metamict Level ID Djo (um) Dso (um) Dgp (um)
High A 80 112 157
B 99 154 239
Medium C 94 139 207
D 89 157 262
Low E 87 127 188
F 92 150 240
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As milling time progresses beyond 24 h, low-metamict samples
continue to behave somewhat unpredictably. The data at 24 and 30 h
hints that Sample E may be reaching a plateau above that of its higher
metamict counterparts. Meanwhile, the earlier gap between high- and
medium- metamict samples is maintained over this time period. From
the 48-hour point, extensive milling has been completed for all samples,
reflected by the plateau in particle size observed across the board.
Interestingly, high- and medium-metamict samples appear to have
reached a plateau by a similar point in time (24 h). The low metamict
Sample E, however, exhibits a significant decrease in size between 30
and 48 h. It could be considered that there is a change in the mechanism
of breakdown for particles in this timeframe, resulting in a double
plateau. This occurred for both repeat trials of milling on the same
sample. In ball milling of this kind, the primary grinding mechanism is
expected to be predominantly impact grinding (Altun et al., 2021).
However, the behaviour observed in sample E raises a theory that over
an extended period, an alternative method - for example, attrition or
shear-type mechanisms between finer particles — may begin to
dominate.

Ultimately, there is a trend between metamictization level and D5y
particle size after completion of 72 h of milling, as shown in Fig. 4.4.
This data could suggest that low metamict sands could grind more
readily due to their crystalline nature, while sharp fractures of high-
metamict sands are less achievable due to their amorphous structure.
However, there is contradiction more generally that a softer, high-
metamict sand would require less energy to grind than a low-
metamict sand whose hardness is retained. This behaviour raises the
theory that high metamict zircon is soft but tough; these material
properties might reduce the efficiency of grinding since brittle fracture is
less likely. On the other hand, low metamict zircon is generally known to
be harder, but may therefore exhibit brittle behaviour in milling, thus
rendering fracture more likely. It should also be noted that while there is
some clarity in trends after 72 h of milling, these are difficult to justify
based on the lack of consistency in earlier stages of milling.

In addition to the comparisons between metamictization levels, it
may be of interest to compare the differences in samples within the same
assigned metamictization level. For the high metamict samples, there is
a great difference in milling performance after 1 h, with Sample A
achieving a reduction ratio of 15.3 in comparison to the 5.57 achieved
by Sample B. This could relate to the relatively much larger surface area
of Sample A (2388 m? kg’l) than Sample B (719 m? kg’l). This is
indicative of a greater level of surface damage in the sample prior to
milling, which in turn suggests that Sample A could be more easily
broken down. This hypothesis relates to voidage at the sample surface
rather than scratching, which is more indicative of hardness rather than
ease of breakdown (Marghany, 2022).

In relation to this, it could be suggested that metamictization is not
the major influencing parameter in milling performance, although it
may have an indirect effect. Ultimately, the physical characteristics and
mineralogy of a sample may have a more dominant effect, resulting in
similar milling behaviour between high and low metamict samples in
some instances. Limited data is available for the anonymised samples,
but the importance of consistent ore characteristics in milling feed is
well understood (Mkurazhizha, 2018). Beyond the early stage milling,
the two high metamict samples (A and B) exhibit broadly similar
reduction ratios. This is also true of the two medium metamict samples,
C and D, particularly in the early stages of milling; the characteristic
data for these samples (see Table 4.1) is much more alike than that of the
high metamict samples. Comparisons between the low metamict sam-
ples are limited to the improved performance of Sample F due to its prior
calcination.

4.2.3. Post-milling Dy particle size

Fig. 4.5 provides a visual comparison of the fines content, Dy, in
each sample over the course of milling, with the accompanying reduc-
tion ratio plot in Fig. 4.6. Despite varying initial values of Dig (see



M.J. Smith et al.

16 +

D, as percentage of original size (%)

Minerals Engineering 197 (2023) 108065

® A (High Metamict)
B B (High Metamict)
C (Medium Metamict)
D (Medium Metamict)
® E (Low Metamict)

B F (Low Metamict)

Milling duration (hours)

Fig. 4.1. Ds( Particle Size Measured During Milling of the Three Pairs of Zircon Powders.

Table 4.2), most samples converge a similar value of between 0.6 and
0.8 pym after prolonged milling. The exception is sample F, whose
behaviour can again be attributed to its prior calcination by the supplier.
In contrast to the median size profiles, no distinct trend can be drawn
between metamictization level and D, particle size at 72 h. In fact, the
milling profiles of sands in this figure are relatively similar with only
minor deviations from one another. The most distinctive gap exists in
the early stages of milling for sample B (high-metamict). For this sample,
both Dsp and D remain relatively high after one hour of milling, before
conforming with the expected trend after two hours. This phenomenon
was observed for multiple instances of size measurement for the sample
and Dispex agent was used to reduce agglomeration of particles. It could
be suggested that the metamict, and therefore less-brittle, nature of this
sample is responsible for its initial resistance to grinding to a fine
powder. Aside from initial difference, no distinct correlation can be
drawn between the fines content throughout milling and metamictiza-
tion level of zircon.

The concept that very fine zircon may become further amorphized by
intense milling is introduced in the literature (Gauna et al., 2018, Puclin
and Kaczmarek, 1997). There is little evidence to suggest that this
occurred from the data in this study, although direct measurements of
the amorphous content were not taken. In the case that this phenomenon
did not occur for the fine Dy particles, it may be the case that the milling
rate did not satisfy the requirement for ultra-intense grinding as dis-
cussed in the literature.

4.2.4. Post-milling Do particle size
Fig. 4.7 indicates that, as with the data for D¢, there is no clear link
between metamictization level and coarse particle grinding behaviour

for the samples in question during the early stages of milling. There is a
wide and scattered spread of Dgg across samples in this period. However,
there is consistency between the median size data and Dgg in terms of
final particle size.

After 72 h of milling, it was observed that the higher the level of
metamictization, the larger the value of D9y on average. Fig. 4.8 in-
dicates that this could in fact represent a trend, with reduction ratio
increasing as metamictization level reduces from high to medium to low
at the 72 h mark. This indicates that the high metamict samples main-
tained a more significant percentage of larger coarse particles over the
course of milling, and so milling performance overall was worse than
low metamict sands. This behaviour links to the earlier mentioned hy-
pothesis that lower metamict sands may fracture more easily due to their
well-defined crystalline boundaries — they are likely to be more brittle
than high metamict sands. Further studies could examine samples by
microscopy after milling in order to determine the likelihood of this.

4.2.5. Particle size distribution curves

PSDs for Sample A (high metamict) and Sample E (low metamict) are
displayed in Fig. 4.9 and Fig. 4.10 respectively; these were selected as
representative examples of the observed trends.

The area under each curve represents the cumulative volume of
particles within a given range of sizes. To the right of each figure, a
pronounced, narrow PSD curve exists. This represents the original range
of particle size found in the sample prior to milling. Moving left, the
progression of particle size reduction over time can be observed. Upon
commencement of milling, it was immediately clear that a broader PSD
was produced due to the milling process. This is primarily driven by a
small number of particles which grind very finely after only a very short
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Fig. 4.2. Dso Reduction Ratio Measured During Milling of the Three Pairs of Zircon Powders.
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Fig. 4.3. Ds for initial eight hours of milling the six zircon powders.

milling duration. This can be visualised by the ‘tail’ on the left of each metamict samples achieve this level of symmetry at an earlier stage (24
curve after 2 h of milling. After prolonged milling, this tail section of the h) than for low metamict samples (48 h). There is little deviation in the
curve is filled due to an increased in the number of fine particles and a PSD for any milling time beyond this point.
more symmetrical PSD is achieved. From the data, it appears that high Ultimately, the low metamict sample follows the classics stages of
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Fig. 4.7. Dy Particle Size of the Six Zircons Measured During Milling.

milling from monomodal to somewhat bimodal and then monomodal
once more. The high metamict sample exhibits this to a slightly lesser
extent, perhaps due to some greater degree of plastic deformation. The
kurtosis (tail-heaviness) and skewness of each PSD was calculated and is
shown in Table 4.3. Values of kurtosis above 3 indicate clustering of data
within the peak of the curve (leptokurtic), while values below 3 indicate
that data clusters mainly in the tails (platykurtic). Positive values of
skewness indicate clustering of data towards lower values of particle
size, while clustering at higher particle size is reflected by a negative
value of skewness.

Initially, both samples exhibit a distribution with kurtosis close to
that of the normal distribution (mesokurtic, kurtosis value = 3). Samples
are moderately positively skewed, meaning that there is clustering to-
wards the finer particle sizes. As milling duration increases, both

samples exhibit an increase in both kurtosis and skewness. The high
metamict sample, A, demonstrates these changes to a stronger extent
than the low metamict sample, E. Ultimately, this means that there is an
increased skew, on average, towards finer particle ranges in both sam-
ples, as well as an increased tendency for particle sizes close to the mean.
When considering skewness and kurtosis, it should be noted that the x-
axis scale used in Fig. 4.9 and Fig. 4.10 is logarithmic.

The fracture behaviour observed from the PSD for the low metamict
sample E is reflective of a hard, brittle sample. In contrast, the PSD of the
high metamict sample, A, suggests that the sample is softer but tougher.
This is deduced from the knowledge that crystalline materials typically
exhibit brittle fracture due to well-defined planes within the structure,
whereas non-crystalline materials are more likely to break down
through ductile fracture (Haldar and Tisljar, 2014; Ding, et al., 2015).



M.J. Smith et al.

Minerals Engineering 197 (2023) 108065

200 +
%
~
(=]
u
hel
©
o
5
s 20 T+
o
> la)
©
Q
o
® A (High Metamict) M B (High Metamict)
|
C (Medium Metamict) D (Medium Metamict)
]
E (Low Metamict) F (Low Metamict)
2 t t t t t t t i
0 10 20 30 40 50 60 70 80
Milling duration (hours)
Fig. 4.8. Dgg Reduction Ratio of the Six Zircons Measured During Milling.
20 T
18 +
16 +
14 + =0 hrs
—==2hrs
g 2+ 24 hrs
GEJ 10 + 48 hrs
=3
° 72 hrs
> 84
6 =+
4 -+
2 4
0 +
0.1

Size (micrometres)
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The final PSDs generated for low and high metamict samples are
distinctly different in shape. The high metamict sample exhibits a
broader curve than that of the low metamict sample. This indicates that
a wider range of particle sizes exist in the final milled sample for high
metamict zircon flour. This supports the fracture mechanisms described;
a greater proportion of coarse particles remain after milling the high
metamict sample, since amorphous materials typically produce irregular
and elongated fragments when broken down due to deformation in the
period leading up to the fracture (Eyres and Bruce, 2012; LibreTexts,
2022). In contrast, the relatively narrower peak of the low metamict
sample reflects a smaller overall span of particle size, where the lesser
extent of PSD broadening indicates minimal particle deformation and so
brittle crystalline fracture. This may be crucial information when
determining suitability of zircons for their end-product application,

specifically where a certain particle size is necessary. Low metamict
sands appear to offer a consistent, refined range of particle size without
the need for additional sieving steps. High metamict zircon flours may
pose an issue in applications where particle size must be strictly adhered
to.

4.2.6. Comparison of characterisation data with milling behaviour

Figs. 4.11 and 4.12 are included for comparison of the metamicti-
zation level of samples against their final particle size, but also for a
more detailed view of the impact of specific physical characteristics of
zircon.

High, medium, and low metamict samples are highlighted in red,
orange, and blue respectively for consistency with previous sections.
Fig. 4.11(a) shows the relationship between XRD maxima of samples
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Table 4.3
Kurtosis and Skewness of PSDs.

Sample ID Prior to milling After 72 h of milling
Kurtosis Skewness Kurtosis Skewness

A (high metamict) 3.43 0.68 5.87 1.67

E (low metamict) 3.51 0.77 4.80 1.32

read at 53° (selected as an expected peak in zircon), and the final particle
size after 72 h of milling. The data for the calcined sample F is interesting
to return to at this point, primarily because there is limited evidence in
the characterisation data that this sample had been previously treated.
This became truly apparent only upon commencement of milling
studies, where milling efficiency was observed to be significantly better
through effective particle size reduction. In terms of trend analysis,
therefore, that data for sample F may be disregarded in this section since
its prior calcination gives the sample outlier status in terms of particle
size. From the relevant data, a weak negative trend may be assumed
between XRD peak intensity and particle size. This is consistent with the
observation that low metamict samples reach a marginally smaller
particle size than higher metamict zircon; XRD intensity and metamic-
tization level are closely linked. Comparing between samples of the
same metamictization level yields a potentially interesting result. For
each pair of samples within the same damage level, the one with the
lesser XRD peak intensity presents the lower final particle size of the
two. While this may be an interesting sub-trend, it should not discredit
the expected logical trend seen in the overall data.

Similar conclusions can be drawn from the density data when
compared to final particle size. There is again the expected negative
progression due to the interlinking relationships between metamictiza-
tion level, density and milling performance. However, comparison
within each level here offers no specific trend. In contrast, Fig. 4.11(c)
indicates that there may be some positive relationship between the
specific surface area of each sample and the level of metamictization,
albeit with a plateau at the higher end of metamictization. Fig. 4.11(d)
shows particle size data plotted against the circularity characterisation
data. This data is very well dispersed, and no strong relationships can be
identified in this case. One interesting data point is that of sample B. This
links to the observation that this sample was found to have relatively low
circularity of grains (0.41) compared to other samples. This could be the
cause of the initially high Dso observed for sample B after one hour of
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milling; a link may be identified between irregular particle shape and
efficiency of particle size reduction. Since sample B ultimately
converged to a similar milling profile to other samples, it may be the
case that irregular shaped particles tended to wear down by attrition
into more circular ones. Further work could investigate more closely the
effect of particle shape on grinding behaviour.

It holds true that none of the above data suggests that there is a
significant strong relationship between the measured characteristics and
final particle size obtained through milling, with the potential exception
being the influence of surface area. This may be explained by an
increased specific surface area offering greater availability of sites for
abrasive contact between zircon sand particles during the milling pro-
cess. Metamictization leads to a defect population which in turn leads to
a higher surface area, and might also reduce strength as per the Griffith
relation (Sun and Jin, 2012).

An objective of this paper was to ensure that the impact of impurities
(present in the original samples) on milling was assessed alongside any
metamictization effects. In Fig. 4.12, it is therefore useful to compare the
impurity content of samples within the same metamictization level.
Samples were selected with this intended comparison in mind. It was
observed that within each level of metamictization (illustrated by the
colour scheme), samples with greater alumina content reached a finer
particle size than those with lower alumina content. The data as a whole
does not match any such trend, which raises uncertainty about any true
impact of alumina content on milling performance. The same argument
can be made for iron oxide content, where there is a consistent trend
within each level of metamictization, but great dispersion of data
overall. Ultimately, there appears to be little impact of impurities on
milling across samples, with the exception of the anomalous sample.

4.2.7. Effect of heat treatment

Fig. 4.13 details the milling behaviour of samples after thermal
treatment in comparison to the same sample milled without any treat-
ment. The overwhelming conclusion that can be drawn from this study is
that the process of heat treatment resulted in a less rapid and ultimately
less efficient milling process. The initial rate of particle size reduction
was significantly less for all samples. Furthermore, it appears that the
plateau of final particle size was achieved at a size approximately four
times larger than that of an untreated zircon sample. These features
could be explained by the restored crystallinity, and therefore hardness,
of zircon samples due to heat treatment; this transition was previously
demonstrated by Zhang et al. (2000). Where samples exhibited varying
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milling profiles in early stage milling, it was observed that there was
some level of standardisation in milling due to thermal treatment during
this stage. However, it is difficult to assess this standardisation for later
stage milling due to the similarity in milling profiles of untreated sam-
ples beyond the 24-hour mark.

Interestingly, the behaviour of these samples following heat treat-
ment is distinctly different to the milling behaviour observed by the
calcined sample F in earlier sections. While these samples were not as
easily milled following treatment, sample F readily achieved a fine
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particle size after short term milling. This indicates that the heat treat-
ment procedure utilised here was different to the calcination process
carried out by the supplier on sample F. The procedures in this study
utilised a temperature of 1000 K, which is close to the sintering tem-
perature of pure zircon. As a result, microcracks and defects within the
structure may have repaired to some extent, alongside the restoration of
crystallisation. There is a need to further understand the mechanisms of
change in zircon structure throughout both procedures.

Perhaps most notable is the fact that all samples demonstrated a shift
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in their milling profile due to thermal treatment, regardless of their
initial level of metamictization. This might suggest that all zircons in the
sample were, to some extent, damaged by radiation. It is highly likely
that this is true, since all samples contained a measurable quantity of
actinides.

4.3. Future recommendations

It is important to note that the range of sands tested in this study
were representative of those that are commercially available. This pri-
marily means that a limited range of actinide content was observed
across samples, typically between 350 and 500 ppm, with the exception
of sample A. More extreme cases of high or low actinide content and
therefore metamictization in zircon will exist, and indeed may have a
more notable impact on milling behaviour. These types of zircon may in
future become more industrially relevant; future work may wish to
expand the scope of this study to include such zircon types. It is sug-
gested that metamictization level could be characterised further through
calculation of the ratio of decay products to parent actinides. Further-
more, exploration of the impact of metamictization on downstream
product quality properties would be industrially useful. This type of
investigation should encompass factors beyond U and Th concentra-
tions, particularly initial hardness and colour. Similarly, future in-
vestigations could assess the amorphous content of sample after they
have been milled to corroborate the work of Gauna et al., (2018), Puclin
and Kaczmarek, (1997) and Damonte et al. (2017).

The laboratory scale experimentation in this study provides a good
foundation for understanding zircon milling behaviour. It is unlikely,
however, that a 72 h milling duration would be practical on an industrial
scale due to the energy requirements. In order to more accurately predict
the behaviour of metamict zircons in milling, larger scale experimen-
tation would be a logical next step. A larger vessel and closer mapping of
practices to those used industrially would provide a clearer picture of
adaptations that could be made to milling processes on an industrial
scale to suit the quality of feed material. It is recommended that larger
scale studies could illustrate power measurements in addition to particle
size data, since energy requirements in a small study without scale-up
are less relevant to the zircon industry.

Furthermore, the use of glycerol as a grinding aid in this study was
effective, although a small level of particle coating on the milling media
was observed after 72 h. In order to minimise particle coagulation after
prolonged grinding, future research would benefit from a study into the
optimum ratio of glycerol to zircon feed material.
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Additionally, the heat treatment study could be expanded to explore
a range of temperatures and durations, and investigation into the
calcining procedures used for sample F could be carried out. This could
be used to determine any optimum parameters that could be selected to
balance overall product quality with milling efficiency.

5. Conclusion

This study has yielded some intriguing findings regarding the effects
of metamictization on the physical and chemical properties of zircon,
and the subsequent milling behaviour that was observed. The charac-
terisation of samples undoubtedly allowed for inference of relative
metamictization level in zircon samples based on a range of experi-
mental data. However, the relationship between each measured char-
acteristic was found not to be strictly linear. A true comparative ranking
of metamictization levels is therefore difficult to define among zircons
with similar actinide content. It may be the case that the characteristics
of zircon samples are impacted to a varying extent dependent on addi-
tional external factors that were not considered in this study, for
example the geological age of the sample or any natural annealing
processes it may have been exposed to over its lifetime. The nature of the
metamictization as a geological process inevitably facilitates variation
in the overall change observed.

Despite this, some relationships can be drawn between the expected
level of metamictization in a sample and its milling behaviour. Highly
metamict zircons were found to exhibit a much broader particle size
distribution after extensive milling compared to that of less metamict
zircon samples. Furthermore, a marginally smaller average particle size,
Dsp, was attainable for low metamict zircons.

Thermal treatment of zircon was deemed to have a significant effect
on milling behaviour for samples across all levels of metamictization.
Specifically, the milling process was shown to be less efficient for heat-
treated samples compared to the process for the same sample left un-
treated. This behaviour may be attributed to the hardness restored in the
zircon through reversal of metamictization. While restoration of the
crystalline structure of zircon through thermal treatment may be bene-
ficial in terms of end product characteristics, such as refractive index
and hardness, these improvements should be assessed against the
reduced efficiency of grinding that arises. Furthermore, the difference
between annealed and non-annealed milling behaviour was not
observed to vary greatly as a function of metamictization.

The above findings are relevant to industrial applications where
precise ranges of zircon particle size are required for the desired
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application. Low metamict samples were found to be most suitable for
this, but as high metamict sands increase in natural prevalence, indus-
trial millers may need to consider additional sieving steps to reduce the
variation in milled particle size observed in high metamict zircon.
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