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Abstract. The influence of thermal history on the kinetics of liquid-solid transformations is in-
vestigated for heterogeneous crystal nucleation near the liquidus temperature in a melt with
lithium disilicate composition in contact with a PtRh10 carrier. It is shown that the achieved
undercooling depends on the preceding superheating protocol. This is explained by a distribu-
tion of nano-sized cavities on the surface of the precious metal, in which crystalline clusters
can persist above the liquidus temperature for a characteristic time. In series of different sur-
face quality of the PtRh10 carrier and for air purging, these times are in the range of 5-20 s,
which seems relatively long compared to metallic melts, where this phenomenon was first ob-
served in the millisecond range. The high viscosity of the silicate melt at the liquidus tempera-
ture is discussed as the reason for the difference in the persistence time.
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1. Introduction

The phenomenon that the undercooling ability of molten gallium depends on the previous over-
heating treatment was first described by Turnbull in 1950 [1]. He showed that at a higher tem-
perature of the stable melt above the melting point (Ts), the occurrence of crystallisation during
subsequent cooling below Ts is significantly delayed. In the following years, the phenomenon
of overheating was also observed in a number of other metals and glass-forming metallic lig-
uids, including Sn [2], [3], [4], Al [5], Bi [6], SnPb [2], Cos3B17 [7] and Zrs25TisCu17.9Nita6Al10
(Vitreloy 105) [8], [9]. The explanations are essentially based on the persistence of crystalline
clusters in conical and cylindrical surface cavities in the order of nano-size of the crucible ma-
terial that holds the melt [1], [3], [7], [10]. It can therefore be regarded as an artefact of hot-melt
processing that can only be avoided by containerless treatment. In industrial practice, however,
the contact materials for melting, handling and moulding cannot be omitted, so the overheating
effect must be considered. In particular, the high temperatures in speciality glass production
require precious metals based on platinum alloys, which suffer from microstructural imperfec-
tions, recrystallisation processes and mechanical stresses during manufacture and operation.
Due to the non-ideality of the surface, conical and cylindrical volumes of nano size can be
preferentially assumed at the bottom of scratches, at grain boundaries or at other defect struc-
tures of their surface. Besides its importance in industry, the overheating phenomenon can
also play a crucial role in the determination of the liquidus temperature T., as most experi-
mental procedures at high temperatures rely on an inert support material carrying liquids and
crystalline samples.
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Experimental proof of the overheating effect has so far only been provided for metallic
systems and is still pending for oxidic (silicate) melts. However, the experiments by Burnett
and Douglas [11] can be seen as a first indication of its effect on silicate melts. In their study,
it was found that the undercooling limit of a melt with a composition in the barium disilicate-
sodium disilicate system depends on the surface properties of the crucible material in such a
way that a scratched crucible leads to crystallisation even at higher temperatures. To under-
stand this in detail, the experimental conditions in our study were changed. For PtRh10 sheets
with initial constant surface quality, different temperature-time protocols preceding the cooling
step were systematically changed. From our previous work [12], [13], [14], [15] it is known that
it is necessary to statistically validate the undercooling to be achieved by repeated experiments
as crystal nucleation is a stochastic event.

The study is also motivated by the fact that T, of the lithium disilicate melt with the molar
composition 33.3 Li-O, 66.7 SiO2 from quenching experiments and thermal analyses (1306 K
[16]) is at least 10 K higher than that determined by thermodynamic methods (1296 K [17],
1291 K [18]), which could possibly be due to the overheating effect. Therefore, a nearly stoi-
chiometric lithium disilicate composition was chosen here and the time-temperature regime
was adjusted so that both the experimentally determined and the thermodynamic liquidus tem-
perature were exceeded for a certain time in each run. This means that if a decreasing delay
in crystallisation occurs during subsequent cooling, this would be a clear indication that rem-
nants of a crystal in surface cavities of the carrier material are only completely melted after
longer times and higher temperatures above T..

2. Experiments

2.1 Glass preparation

A glass of lithium disilicate composition was melted from industrial grade lithium carbonate
(Kanto Chemical Co., Ltd.) and high purity SiO, at 1300 °C for 2 h in air and quenched between
a graphite and a cold steel plate at Nippon Electric Glass. The resulting homogeneous and
transparent glass plate was immediately transferred to a muffle furnace at ~450 °C for 30 min
before being carefully cooled to room temperature. The Li>O content was determined by flame
atomic absorption spectroscopy (240FS AA, Agilent Technologies, Inc.) with a relative stand-
ard deviation of about 5 %. The SiO2 content was then calculated from the difference to 100
%. The analysed values of 33.1 Li.O and 66.9 SiO2 (mol %) showed only minor deviations from
the target composition of Li2Si2Os.

2.2 Heat treatment

An optical microscope (Nikon Corporation, Tokyo, Japan) with an IR imaging furnace (MS-
18SP, Yonekura MFG. Co., Ltd., Osaka, Japan) was used for real-time observation of crystal
growth. This high-temperature optical microscope (HTOM) is described in detail in [19]. For
this purpose, a new PtRh10 sheet was cut into 26 pieces. A glass sample (~0.5 mg) was placed
on each piece and attached to the sample holder of the IR imaging furnace. To create a spher-
ical glass cap on the plate, the sample was rapidly heated to 1406 K (250 K min"), held for 5
s and then cooled at the same high rate. The sample was then ready to begin the actual ex-
periment.

Heterogeneous crystal nucleation was studied using 3 series of different overheating ex-
periments, each series consists of up to 11 experiments and each experiment was repeated
in 30 cycles (runs) to increase statistical significance. The method was adopted from Yang et
al. [3]. Each run consisted of the same temperature, heating/cooling rate and holding time
above T, which are specified with a superscript (+) and those below T, which are specified
with a superscript (-). To construct master curves, the total time t.*) above T, was calculated
as
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where AT™), g™ and thod™ are the temperature difference, heating/cooling rate and holding
time above T, respectively. While AT®, g and to*) were varied between the individual ex-
periments of a series to obtain different tw*, the time and temperature protocol for the under-
cooling was kept constant. The cooling rate below T, was always 200 K min™' and the heating
rate below T, subsequent to crystal nucleation was always 250 K min-",

An initial series of tests was carried out with a piece of PtRh10 pre-cleaned with ethanol
in static air. This means that the humid air of the laboratory was enclosed in the apparatus and
no purge gas was used. For all experiments in this series, the overheating temperature AT
was 7 K, while ™) was increased from 1 to 38 s. For the second series, the PtRh10 plate
was pre-cleaned in 46 wt% hydrofluoric acid (HF) for 1 min to remove organic residues and
the passivation layer. In this series thod*) was up to 1 s in static air (with one additional experi-
ment of thoq'?) = 26 s) and AT™) was increased from 7 to 95 K. Finally, in the third series, PtRh10
pieces pre-cleaned with ethanol were used as in the first series, but the experiments were
performed by connecting the air gun of the laboratory building's compressed air system at ~2.5
L min™. The overheating protocol included AT™)in the range of 6-98 K and no hold (tha™ = 0
s).

Figure 1 shows the section of the Li»O-SiO, phase diagram with the liquidus situation near
the lithium disilicate composition and the scheme of two thermal cycles of the experiments
recorded in real time with the HTOM device. Table 1 compiles the experimental conditions of
the three series.
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Figure 1. Section of the Li»O-SiO, phase diagram with the liquidus and solidus lines around the
lithium disilicate composition (Li»Si>Os). The solid lines are from thermodynamic calculations by Konar
etal. (2017) [17], while the dashed lines and grey dots are from quenching experiments and thermal
analyses by Kracek (1930) [16]. The inset exemplifies the scheme of two different thermal cycles
above the liquidus with AT*) = 7 K (blue line) and AT™*) = 25 K (green line) for the composition marked
with triangles of this study.
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Table 1. Overheating conditions of the 3 series, total time above T, (Eq. 1), and resulting mean
undercooling ATC,, until crystal nucleation with standard deviation (o) from 30 runs.

gV (Kmin®) [ ATY(K) [ thaa®(s) | tow(s) [ATV(K)[ o (K)
Series I: cleaned with ethanol
185 7 1 55 37.5 9.1
100 7 1 9.4 35.3 11.8
85 7 1 10.9 77.3 64.7
70 7 1 13.0 93.1 83.5
55 7 1 16.3 85.2 55.2
49 7 1 18.1 146.2 75.4
45 7 1 19.7 160.4 62.3
25 7 1 34.6 161.9 35.9
20 7 8 50.0 152.7 39.2
20 7 23 65.0 149.2 53.8
20 7 38 80.0 141.9 40.0
Series Il: cleaned with HF solution
350 7 0 2.4 28.6 10.2
350 6 1 3.1 37.0 8.6
350 9 1 4.1 117.3 70.2
500 40 0 9.6 156.6 31.7
250 47 0 22.6 176.5 45.3
250 74 0 35.5 182.3 26.1
250 95 26 45.6 186.5 19.7
110 72 0 78.5 187.0 38.8
Series lll: cleaned with ethanol and air purging during experiments

350 6 0 21 18.0 8.6
350 8 0 2.7 23.2 8.0
500 16.5 0 4.0 206.6 47.4
500 21 0 5.0 182.1 34.3
350 16 0 5.5 209.7 30.2
500 25 0 6.0 184.6 53.2
500 98 0 23.5 228.9 36.3

2.3 Raman spectroscopy

Reference spectra of lithium disilicate [20] and lithium metasilicate [21], [22] crystals were used
to assign specific bands of the Raman spectra in the range 50-2600 cm™ (RAMANtouch,
Nanophoton Co., Ltd., Osaka, Japan) of the crystallised glasses. The Raman microscope was
equipped with a x20 objective and a 532 nm diode laser with a laser power of 80 mW.

3. Results

In each run, crystallites visually melted completely during heating above T, (for the shortest
heating segment of AT®") = 6 Kand g™ = 350 K min, i.e. < 1.03 s), so that only a homogeneous
melt was observed at the overheating temperature. This melting time did not change within the
30 runs, which means that the composition of the melt remains stable throughout the experi-
ment (negligible vaporisation of the light element lithium). The undercooling of the melt after
previous overheating led to the nucleation and growth of lithium disilicate or lithium metasilicate
crystallites (Figure 2) on the wetted bottom side of the melt droplet, as determined by Raman
spectroscopy at the end of the experiment.
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Figure 2. Snapshots from recorded videos during the final cooling section at 200 K min-! under condli-
tions of the first series (static air / ethanol pre-cleaning of the PtRh10 sheet). Part (A) shows a trans-
parent lithium disilicate crystallite consuming the undercooled melt, while part (B) shows opaque lith-
ium metasilicate crystallising out. Corresponding Raman spectra of the crystallites: (C) lithium disili-
cate and (D) lithium metasilicate. Note the microstructure (grain boundaries) of the surface of the
PtRt10 sheet.

Figure 3 shows examples of the undercooling achieved until the onset of crystal nucleation
at Ty (ATY) = 1306 K - Ty) in the sequence of the number of runs for 3 experiments with different
preceding fiota*) Of the first series. For a relative short overheating time (tioa”) = 5.5 s), nucle-
ation occurred at relatively low undercooling AT®) < 50 K in each run, while for longer over-
heating times of 18.1 s and 34.6 s, an increasing fraction of runs nucleated at AT > 50 K. For
the sake of simplicity, only the mean undercooling AT, with the corresponding standard de-
viation o was determined for each overheating experiment with its 30 runs and compiled in
Table 1. For the determination of the heterogeneous nucleation rate see [19], [23]. A prefer-
ence for lithium disilicate or lithium metasilicate crystallisation for short and long overheating
times was not found. In the majority of cycles, opaque lithium metasilicate crystallites were
observed first. Note that the assignment to the corresponding phases after each run was based
solely on the optical appearance (cloudy-opaque versus transparent) shown in Figure 2, while
confirmation by Raman spectroscopy was only obtained after the last run, as the Raman spec-
trometer was not coupled to the high temperature observation system. It should also be noted
that the orientation of the sample with respect to the initial contact on graphite or stainless steel
during splat cooling had no effect on the mean undercooling achieved.
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Figure 3. Undercooling AT® until nucleation and growth of lithium metasilicate and lithium disilicate
crystallites in order of the run number for a preceding overheating time for 5.5 s (left), 18.1 s (centre)
and 34.6 s (right) of the first series.

Figure 4 shows the mean undercooling as a function of the total overheating time for the
experiments of the first series (part A) and as a function of the overheating temperature for the
second and third series (part B). It can be clearly seen that the achieved undercooling in-
creases for short overheating times (< 20 s) and low overheating temperatures (< 15 K), but is
almost constant at ~150 K for longer tqw* (first series) and increases only slightly at higher
AT® (in the range 156.6—187 K for second series and in the range 182.1-228.9 K for third
series). Etching the PtRh10 sheet with HF before the experiment (black dots in Figure 4B) did
not change the characteristic trend of the mean undercooling of the first series, and the use of
the air flow (open triangles in Figure 4B) also led to a similar undercooling curve, however with
slightly larger values.
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Figure 4. Mean undercooling as a function of the preceding total overheating time (part A) and over-
heating temperature above T, (part B). Dashed lines are visual guides.
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4. Discussion

Figure 5 shows the mean undercooling as a function of t* for all three series together with
the results for Sn from Yang et al. [3] as a reference. Obviously, a similar overheating effect
can be observed for a lithium disilicate melt in contact with the PtRh10 support as for Sn.
However, the overheating effect in the studied oxide system is even more pronounced than in
the case of the metal tin, which nucleates heterogeneously at the interface of its own oxide
skin (Sn0O,) at the cavity mouth of the FDSC sensor material with a persistence time of only a
few milliseconds [3]. The difference in the time scale of about 3 orders of magnitude between
Sn and lithium disilicate may account due to the difference in the viscosity at T,, i.e. 2.7 x 103
Pa s (Sn) [24] and 45.8 Pa s (Li2Si2Os) [25].

As with tin, the overheating effect in lithium disilicate can be explained by the fact that
during a period < 20 s (first series) and < 5 s (second and third series), optically invisible resi-
dues, i.e. crystalline clusters, are still present at some points of the surface topography, which
correspond to the classical concepts of conical and cylindrical cavities [1]. At these sites, the
crystalline clusters then require less time to grow to the opening of the cavity, where they build
up a critical heterogeneous nucleus and grow into a visible crystallite when cooled below the
liquidus temperature (see inset of Figure 5). It is further assumed that the transition from shal-
low to deep undercooling, as indicated by the dashed lines in Figure 5, can result from an
ensemble of active cavities of different geometries.

Another aspect can be derived from the local pressure conditions. For that reason, there
is hydrostatic pressure on the nanocrystal remnants in the cavities if the coefficient of thermal
expansion (CTE) is greater than that of the surrounding PtRh10 sheet. A CTE of 10 ppm K
at 1000 °C is determined for the precious metal [26], while 10.4 ppm K" is specified for lithium
disilicate and 15.4 ppm K for lithium metasilicate in the range 20—400 °C for random orienta-
tion [27]. Then the effect would probably be stronger with lithium metasilicate and lead to an
increase in the melting temperature according to the Clausius-Clapyeron equation. This would
be consistent with the fact that lithium metasilicate crystallised more frequently in the sum of
the experiments. However, there was no preference for short or long overheating times for this
crystal type, which could be explained by the still low statistical significance of 30 runs per
experiment. In earlier studies with higher number of runs (332), a preference for lithium disili-
cate at low undercooling was assumed, but the results were based on DSC, where only the
crystallites of the last run can be assigned [14]. Other studies under high temperature obser-
vation also suggest this preference, but are also based on too small numbers of runs (namely
10) [28]. It should also be noted that it is not really clear which of the two phases is metastable.
Recent thermodynamic calculations predict congruent melting (lithium disilicate is first on cool-
ing) [17], but phase diagrams based on experiments show incongruent melting, i.e. lithium
metasilicate is first on cooling [16].
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Figure 5. Mean undercooling AT0,, as a function of the total overheating time tiw™ for a lithium disili-

cate melt in contact with the PtRh10 sheet and for liquid tin in contact with the FDSC sensor material

from Yang et al. 2014 [3]. Dashed lines are visual guides. The insert schematically shows crystal resi-

dues in conical and cylindrical cavities in the sheet surface, which grow towards the mouth during un-
dercooling (arrow).

Figure 5 also shows that this ‘catalytic’ effect also depends on the quality of the PtRh10
surface (ethanol cleaned versus HF etched) and the atmospheric conditions (static air versus
air purge) of the overheating experiments. As Figure 2 shows, the actual PtRh10 surface is not
ideal but clearly has a grain boundary structure from which it can be assumed that different
physical and chemical properties as well as surface topographies on a nanometre scale are
present in the grain and at the grain boundary. One aspect relates to the oxidation of the pre-
cious metal alloy. It is known that the PtRh10 alloy initially forms rhodium oxides (RhO2) on the
surface at ~900 °C [29], while vaporisation of the oxide begins at over 1100 °C (0.1 Pa vapour
pressure) [30]. Further, electron microscopic investigations show that the RhO; surface layer
formed is not dense (the Pilling Bedworth ratio is 2.26) [29], [31]. It can therefore be assumed
that crystal nucleation from the wetting glass melt is also influenced by the local oxidation of
the PtRh10 surface which may change geometries of active cavity sites. However, further ex-
periments are required to prove this hypothesis, as the first series was carried out at 1313 K
(1040 °C) and the second and third series up to 1401 and 1404 K (1128 and 1131 °C) respec-
tively. On the other hand, previous studies already indicated that under oxidising conditions,
increasing oxygen saturation at the precious metal surface promotes low undercooling [14],
[28], but the local oxygen coverage can probably only be determined by spatially resolved
surface analysis (e.g. time-of-flight secondary ion mass spectrometry, TOF-SIMS), which is
beyond the scope of this study.

5. Conclusions

An overheating effect was demonstrated for the first time for silicate melts and it shows that
the heterogeneous crystal nucleation of lithium metasilicate in the majority of the runs, but also
of lithium disilicate in the other runs, depends on the surface condition of the precious metal
substrate. In particular, it is assumed that the actual metal surface has nano-sized cavities,
which are active sites for the persistence of crystalline relics during overheating. Due to the
high viscosity of the lithium disilicate melt at the liquidus temperature compared to molten tin,
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the persistence time appear to be longer (a few seconds) than with molten metal (a few milli-
seconds), but even more pronounced. An influence of the oxidation of the precious metal alloy
cannot be ruled out, as different characteristic times of crystalline cluster persistence are found
in the three test series.
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