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Abstract

The liquid droplet cooling technique for fast scanning chip calorimetry (FSC) is introduced, increasing
the cooling rate for large samples on a given sensor. Reaching higher cooling rates and using a gas as
the cooling medium, the common standard for ultra-fast temperature control in cooling, requires
reducing the lateral dimensions of the sample and sensor. The maximum cooling rate is limited by the
heat capacity of the sample and the heat exchange between the gas and the sample. The enhanced
cooling performance of the new liquid droplet cooling technique is demonstrated for both metals and
polymers, on examples of solidification of large samples of indium, high-density polyethylene (HDPE),
and poly (butylene 2,6-naphthalate) (PBN). It was found that the maximum cooling rate can be
increased up to 5 MK/s in room temperature environment, that is, by 2 orders of magnitude, compared
to standard gas cooling. Furthermore, modifying the droplet size and using coolants at different
temperatures provide options to adjust the cooling rate in the temperature ranges of interest.
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1. Introduction

The option of fast cooling is important for the analysis of crystallization and vitrification of materials,
as it allows designing specific solidification pathways, including crystallization at high melt-
supercooling or full suppression of crystallization [1]. In the case of metal alloys, the critical cooling
rate, avoiding the precipitation of alloying elements on cooling, is of particular importance for
optimizing the age hardening processes, needed for understanding precipitation kinetics (commonly
from 0.5 to 1000 K/s) [2, 3]. Industrially important polymers exhibit critical cooling rates for avoiding
crystallization on cooling covering a wide range: 0.5 K/s for poly(L-lactic acid) [4], 800 K/s for isotactic
polypropylene [5], and more than 10° K/s for linear polyethylene [6]. Generally, there are two ways to
reach high cooling rates for FSC. The first option is reducing the mass of the sample and of the lateral
dimensions of the measuring cell, as proposed by Minakov et al. [6, 7]. In the case of fast scanning chip
calorimetry (FSC), cooling of nanogram-size samples is possible with rates up to 107 K/s [8]. However,
decreasing the sample mass typically results in a reduced signal-to-noise (S/N) ratio. Rapid cooling of
larger samples is possible with a cooling medium with a higher thermal effusivity, e.g. using a liquid or
solid as a heat sink instead of a gas.
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Nevertheless, as already discussed in reference [9], the maximum cooling rate cannot be increased by
such an approach because, during heating, too much energy is stored in the cooling medium. Suppose
the cooling medium is in thermal contact to the sample only during cooling, e.g. by immersing the hot
part into a liquid quenching bath, gun technique of splat-quenching [10], melt-spinning techniques
[11], sliding the sample from a hot to a cold place [12], or moving it into a region with a water spray
[13]. Then, the limitation of too much stored energy in the device is not valid anymore. Such
approaches are used in numerous home-made experimental setups for polymer-quenching
experiments [14-18] or for producing amorphous metals [19].

So far, we are not aware of attempts to combine liquid quenching and FSC. However, this method
would allow to quench larger samples at higher cooling rates and measure them on heating at the
device’s optimum heating rate. In this work, we introduce such a combination and demonstrate its
advantages and limitations.

It is accepted and common practice to minimize the sample size in FSC experiments to reach high
cooling rates because fast cooling requires fast removal of the heat stored in the sample-calorimeter
system. The maximum possible cooling rate in FSCis limited by the heat exchange between the sample
and the surrounding and the sample size/heat capacity. As the measured heat flow is proportional to
the apparent heat capacity multiplied by the temperature scanning rate, larger samples exhibit an
increased S/N ratio, being important when scanning at lower rates. On the other side, smaller samples
can be cooled fast without significant thermal lag. Though the dynamic range of FSC is already much
larger than that of the conventional DSC, sensors of different size are presently used (Figure 1).
Reduction of the sensor membrane thickness, of the lateral size of the heated spot and of the sample
mass allows increasing the cooling rate up to a few ten Megakelvin per second (MK/s). However, the
small sample has a correspondingly low S/N ratio and a large surface-to-volume ratio. FSC commonly
consists of a differential measurement scheme, where the heat losses from the sample and empty
reference side are supposed to compensate each other. In the case of big samples, the different
surface contributions to the heat losses are often neglected or corrected for heat capacity
measurements [20-23]. Smaller samples, such as shown in the far right in Figure 1, have much smaller
bulk volume, and their relative large surface disturbs the heat capacity measurement significantly.

Figure 1. Sensors of different sizes are used to cover a large range of scanning rates. Left to right: XI395, XI369, XI392 (all
500 nm thick), XEN394372b (250 nm thick) and Flash UFS1 sensor in the background (2000 nm thick) with polyethylene
samples on them. Sensors are produced by Xensor Integration [8].

Though it is common to change the temperature linearly with time in DSC and FSC experiments,
approaching the temperature of the surrounding gas, cooling typically turns non-linear due the limited
cooling capacity (Newtonian cooling). Figure 2 shows the cooling rate as a function of the temperature
of an unloaded sensor XI392. Cooling performance depends on the thermal conductivity of the used
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gas, as a more conductive gas such as helium improves the performance [6, 24]. The temperature of
the surrounding gas is typically controlled by a thermostat and will be designated as T:. Reduction of
T:, e.g. by cooling the thermostat with liquid nitrogen, is often used for extending the cooling rate at
the relevant temperatures. But in the case of the combination of instruments, e.g. FSC with X-ray
diffraction (XRD) in a synchrotron facility [25] or with atomic force microscopy (AFM) [26] or optical
microscopy (POM) [27], room temperature conditions and a nitrogen atmosphere are preferable.
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Figure 2. Heating (top) and cooling (bottom) of a XI392 sensor at different programmed scan rates. The problem of ballistic
cooling (Newtonian cooling) and its dependence on different gases is evident below 500 °C. The figure is reproduced with
permission from TCA [28].

Increasing the temperature range of the high cooling rate for a larger sample seems achievable by
placing a liquid on top of the sample for rapid cooling. To perform heating scans at optimum heating
rate after cooling, the liquid needs to be removed. In this case, a volatile liquid is required to keep the
performance of the standard FSC measurement in a gas surrounding after the fast heat treatment by
the liquid.

2. Experimental

2.1 Liquid droplet cooling

The first experiment in that field was performed by Schroter [29]. Rapid cooling of the hot sample was
realized by placing an ethanol droplet on the sample and simultaneously switching off the sensor
heater. Preliminary tests showed that cooling up to 100 times faster, compared to gas cooling, was
possible. In the present work, further implementation of droplet cooling in FSC is developed. Test
measurements on the example of indium, high-density polyethylene (HDPE), and poly (butylene 2,6-
naphthalate) (PBN) solidification show the possibilities and limitations of the new technique. In the
case of PBN, the liquid cooling allows vitrifying a large sample with the sensor at room temperature.

Liquid cooling is applied to quench the sample for a subsequent calorimetric measurement or other
heat treatments. The method consists of four steps, as schematically shown in Figure 3:

I.  Heating the sample by the internal sensor heater to the start temperature, commonly above
the melting temperature.

II. Cooling the sample by synchronous deposition of a liquid droplet of the coolant and switching
off the internal heater.

lll. Analyzing the obtained structure by a heating scan or other combined experimental
techniques or performing a further heat treatment.
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Figure 3. Methodology of liquid droplet cooling.

The heater voltage at stage | can be defined from the FSC device in the common way, knowing the
temperature readings of the thermopile. Droplet cooling, Stage Il, is described in more detail in Figure
4. After the sample was molten, an injector with a specific diameter between 0.5 mm and 2 mm is used
to provide a droplet of a cold liquid, moving towards the heated sample after its release by gravimetric
forces (II.LA). The thermopile voltage is tracked during the whole experiment. When the droplet
approaches the sensor, the thermopile voltage starts to decrease (indicating the arrival of the liquid
droplet on the sensor), and the electronics switches off the heater (I1.B). During the cooling process,
the temperature respectively cooling rate is recorded (II.C). If the droplet is not evaporating fully, a dry
gas (e.g. N, gas) or even solvent flow (acetone) may be applied (II.D). At stage Ill in Figure 3, for further
analysis or heat treatment, the calorimeter shall be turned into normal FSC measurement mode.
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Figure 4. Details of the droplet cooling step.

2.2 Implementation of the liquid droplet cooling into the FSC electronics

In droplet cooling mode, for temperature recording and triggering the switching off of the heater
voltage, the thermopile of the sample loaded sensor is connected to a high input impedance JFET
voltage preamplifier SRS SIM910 (see amplifiers in Figure 5). The temperature signal from the
preamplifier is monitored and recorded at the desired rate in the ring buffer of the NI DAQ (ADC/DAC)
board. The data sampling rate was 1,000,000 samples per second per channel. In order to
independently prove the validity of the thermopile readings, particularly during cooling with liquids at
low temperature, the heater resistance was recorded too by applying a small voltage to the heater.
Heater resistance can be calibrated to temperature and thus gives an additional confirmation of the
temperature, e.g. when the thermopile cold junction temperature is unknown or changes during the
droplet cooling.
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Figure 5. Liquid droplet cooling realized as a part of the Fast Scanning Calorimeter described in [30].

The heater, which is needed to set up the initial temperature, must be switched off synchronous with
the droplet arrival in stage II.B in Figure 4. If it remains powered, the temperature will not drop at
maximum speed and levels off above the environmental temperature. Thus, an adjusted triggering of
the heater voltage off is needed to increase the cooling rate.

For a better understanding of the triggering conditions, preliminary liquid droplet measurements were
performed without switching off the heater. It was observed that few microseconds before contact
with the droplet, the sensor thermopile detects a temperature deviation, probably caused by cold gas
pushed in front of the moving droplet. This deviation can be used to program the trigger using the pre-
amplified thermopile voltage as the source and switch off the heater voltage output of the DAQ board
internally. The functionality of the NI DAQ 6356, used in the current version of the FSC, allows doing
this. After several tests, it was confirmed that the trigger delay is negligible and suitable for liquid
cooling purposes. Thus, direct implementation into the FSC hardware was realized, avoiding additional
electronics, like the Schmidt trigger used previously [29].

2.3 Materials and sensors

Different cooling liquids, including water (bidistilled), ethanol (Sigma-Aldrich, 99.8%), acetone (Sigma-
Aldrich, 99.9%), glycerol (Sigma-Aldrich, 99.5%), silicon oil (Sigma-Aldrich, Wacker), and commercial
cold-spray (Liqui Moly, -45°C), were tested in this work. The glycerol and silicon oil require additional
cleaning with acetone after each quenching, which is not preferable for some materials but can expand
the list of possible cooling agents if needed. Water, even being mixed with ethanol, was accumulating
over several runs on the sensor membrane and its surroundings. It was not possible to remove it
completely without using acetone or heating of the whole sensor to relatively high temperatures. The
remaining water layer on the sample surface introduces significant disturbances to the FSC
measurements after cooling. Chilled pure ethanol was also tested. For chilled ethanol experiments,
the ethanol bottle was cooled to -50 °C and transported in a thermally isolated box. Then chilled
ethanol was deposited on the sensor as fast as possible using the approach shown in Figure 4 to avoid
heating during transportation. Later on, the injector with ethanol was chilled with the cold spray, thus
giving more reliable cooling. The additional cooling was seen through the increased viscosity of the
ethanol. Chilled ethanol may cause a misleading temperature measurement because of cooling the
thermopile cold junctions.
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The cold spray was delivered in pressurized bottles. Therefore it needs first extraction of the liquid out
of the bottle nozzle and then providing the cold spray towards the liquid cooling injector. The aim was
to deposit a cooling liquid on the sensor without an upcoming gas front because the gas movement
will cause sample temperature oscillations and premature heater off triggering.

Sensors of different lateral size were used for the experimental test of the cooling rate performance
of the droplet cooling, namely the large Mettler Toledo Flash DSC UFS1 sensor and the medium-sized
XI395 sensor (comparable to the UFH1 sensor from Mettler Toledo), with heated-area sizes of 500 um
diameter and 60x80 pm?, respectively.

The deposited droplets of the coolant were varied in size. In the case of the UFS1 sensor, the droplets
were also placed on the different sides of the sensor. The moving droplet was causing a gas movement
in front of it, which was detected by the sensor. Triggering sensitivity and delay were adjusted for each
particular cooling agent to avoid triggering by the cold gas moving in front of the droplet. The aim was
to switch off the heater simultaneously with arriving of the cooling liquid. Typical triggering deviation
of the amplified thermopile voltage of 10 - 20 mV (ca. 5-10 K) were selected.

For further testing of liquid droplet cooling under realistic conditions, molten HDPE, PBN, and indium
samples were cooled. HDPE with a melting temperature T, of 414K and from previous FSC
experiments [31, 32] known cooling rate dependent crystallization temperatures was used. HDPE
Paxon was provided by ExxonMobil and PBN by Teijin Shoji Europe GmbH. Indium of high purity
(99.9%), as typically used for temperature calibration of calorimeters, was selected as a material with
minor effects due to crystallization kinetics. After each droplet-cooling cycle, the samples were
measured on heating in normal FSC mode.

3. Results

3.1 Liquid cooling of empty sensors

The cooling performance is significantly improved by using liquid droplet cooling and synchronous
switching off the heater, as illustrated in Figure 6a on the example of an empty XI395 sensor cooled
with chilled ethanol from ca. 620 K to room temperature. Because the ballistic cooling follows an
exponential law, Figure 6b shows the data plotted on a logarithmic scale. It is visible that in the entire
temperature range down to the surrounding temperature, the liquid droplet cooling gives two orders
of magnitude increase in cooling rate. The insert of Figure 6a shows the work of a trigger system.
Upcoming droplet causes a gas movement, which reduces the measured temperature by ca. 3 K. The
heater voltage switches off after a 4 K temperature reduction caused by the droplet itself. The initial
temperature difference between the blue and the red line is due to slight variations of the
experimental conditions during the experiments, e.g. the sensor surface was not thoroughly cleaned
after previous droplet cooling.
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Figure 6. Cooling with liquid droplet and synchronous switching off the heater (red) and just switching off the heater in air
(black). Temperature versus time (a) and cooling rate (b) for liquid cooling of XI395 sensor with chilled ethanol.

Figure 7 shows the achieved cooling rates for different cooling agents. Results using ethanol, chilled
ethanol, and cold-spray are shown and compared to gas cooling (air). The other cooling media did not
improve the cooling rate compared to the shown liquids. Room temperature ethanol is most useful to
achieve a maximum cooling rate of 4,000,000 K/s at 500 K, though the cooling rate quickly decays when
approaching the base temperature (Figure 7a). If compared in logarithmic scale (Figure 7b), all liquid
coolants level at approximately the same order of magnitude of 1,000,000 K/s, but cold liquids are
more efficient at temperatures closer to ambient. Cold ethanol has less peak efficiency since wetting
of the surface is delayed because of higher viscosity. Cold-spray allows cooling to lower temperatures,
therefore gives better cooling efficiency at 300 K. At high temperatures, cold-spray is the least efficient
among the tested three liquids but still allows cooling at rates above 200,000 K/s. This can be explained
by the lower boiling temperature of the cold spray solution and the time required for the liquid to get
in contact with the sample, avoiding formation of a gas layer (Leidenfrost phenomenon). The kink at
around 270 K is probably due to water condensation, as all experiments were performed at ambient
conditions. In a dry gas, the efficiency of the cold-spray at low temperatures maybe even be better.
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Figure 7. The cooling efficiency of different cooling agents in linear (a) and logarithmic (b) scales on the sensor XI395 with a
measuring area of 60x80 um?.

A water-ethanol mixture was also tested as a cooling agent. The cooling rate around 300 K was
significantly increased compared to pure ethanol, similar to chilled ethanol but lower than the cold-
spray. It was found that a thin surface layer of water was accumulating on the membrane even when
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using chilled ethanol due to the condensation of water from the air. This layer was detected by the FSC
and makes it challenging to compare the heating curves of the quenched material with reheating
curves after gas cooling. Removing surface water would require heating the sensor. Therefore water-
ethanol mixtures were not used eventually, and results are not shown in Figure 7. Other liquids, e.g.,
acetone or glycerol, were not very useful in the tested temperature range because of the boiling at the
sensor surface (Leidenfrost phenomenon) or delayed wetting due to high viscosity, respectively.
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Figure 8. Influence of droplet size and sensor type: a — sensor XI395, ethanol at room temperature, droplet size from ca. 1 to
200 uL, b — different sensor size, cooled with 200 uL chilled ethanol (XI395 60x80 um? and UFS1 500 um). [24]

The evolution of the cooling rate with decreasing temperature is shown in Figure 8a. In the beginning,
at high temperature, the cooling rate increases while it takes until the droplet covers the sample and
heat flows from the sample through the whole interface to the droplet. After the whole droplet has
reached the surface of sensor and sample and starts to spread along it and evaporate, the cooling rates
decreases, showing an exponential decay. In the case of a small droplet (orange line in Figure 8), as
soon as all liquid is removed/evaporated from the sample, the cooling rate returns to the values of gas
cooling. Consequently, for larger droplets, the temperature range of fast cooling is extended to lower
temperatures.

Various measurements showed that liquid droplet cooling efficiency mostly depends on the droplet
size and the arrival place. By varying the injector diameter, liquid droplets with various size/volume,
from approximately 1 pL to 200 pL, were tested, with their deposition on sensors with different heated
areas (X1395 60x80 um? and UFS1 ¢500 pum). Cooling with larger droplets is more efficient, providing a
higher maximum cooling rate (see Figure 8a, blue curve). Surprisingly, the droplet becomes efficient
only when its size is orders of magnitude larger than the sample. A water droplet of 1 uL has a lateral
dimension of ca. 1 mm, which is much larger than the heated area of the sensor, which is in the order
of 50 um in lateral dimension, but its cooling is inefficient. In contrast, a 200 pL drop, which is basically
a flow of liquid around the sample, gives maximum cooling efficiency.

A smaller heating area of the sensor shows better cooling performance in terms of boiling (see Figure
8b). The peak cooling rate of the XI395 sensor increased at the temperature of maximum around 500 K
from 10° to almost 2.5x10° K/s. On the larger UFS1 sensor, intensive boiling of pure ethanol and the
ethanol-water mixture was observed because of the large heat capacity of this sensor, resulting in a
reduction of the maximum cooling rate. Interestingly, below 350 K both curves (liquid cooling on both
X1495 and UFS1 sensors) coincide, proposing that if boiling is avoided, e.g. by replacing the coolant
with a high boiling temperature ionic liquid [33], the droplet cooling of the UFS1 sensor maybe even
more efficient relative to its performance with gas cooling.


https://doi.org/10.20944/preprints202102.0566.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 February 2021 d0i:10.20944/preprints202102.0566.v1

3.2 Liquid cooling of sensors with samples

For a further test of liquid droplet cooling on the sensor, HDPE and indium samples were loaded on
the sensor and cooled by room temperature ethanol droplets. The efficiency improvement by liquid
droplet cooling for sample-loaded sensors is less pronounced due to the larger heat capacity of the
sample-sensor system and the low thermal conductivity of the polymer sample. Figure 9 shows HDPE
(a) and indium (b) crystallization on the same sensor (X1395) using just heater voltage off switching (air
cooling, black) and synchronized liquid droplet with voltage off cooling (liquid cooling, red).

Sample crystallization can be followed as an exothermic effect, resulting in a reduced cooling rate.
From Figure 9 it can be seen that the HDPE crystallization temperature decreases with increasing
measured cooling rate, while the indium crystallization onset is shifting towards higher temperatures
due to faster cooling of the indium sample compared to the sensor membrane. An increase in cooling
rate by more than one order of magnitude is achieved by using droplet cooling in both cases.
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Figure 9. HDPE (a) and Indium (b) solidification in air and liquid cooling (ethanol) on the XI395 sensor at room conditions.
Crystallization of HDPE at high cooling rates occurs very close to room temperature.

3.3 PBN vitrification

The power of the droplet cooling is further demonstrated by reheating at 1,000 K/s a relatively large
PBN sample (ca. 150 ng) on the large Mettler Toledo UFS1 sensor. Unlike HDPE, the critical cooling rate
for suppression of crystallization in PBN is only ca. 6,000 K/s [34]. PBN is a thermoplastic material with
a relatively high glass transition temperature of about 360 K. This gives the possibility of room-
temperature studies of PBN by X-ray diffraction (XRD) [35], atomic force microscopy (AFM) [26], and
optical microscopy [34]. With the Mettler Toledo optical sensor (XEN 39476-50 and -100, which are
based on the UFS1 sensor, but having an optically transparent window of 50 and 100 um diameter,
respectively, in the center [36], the amount of material on the sensor is large enough to perform XRD
and even FTIR measurements [37] after or during rapid thermal treatments. However, the cooling of
this sensor in a room temperature environment, such as usually used in combined devices, is limited
by ballistic cooling and reaches a maximum of 3,500 K/s at the glass transition temperature of PBN.
Since the critical cooling rate is about 6,000 K/s, obtaining of amorphous material for reference
measurements and following crystallization at deep undercooling is impossible.
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Figure 10. PBN crystallization enthalpy as a function of cooling rate on the XI395 sensor under liquid nitrogen conditions (a).
The maximum possible cooling rate at T, when using the Mettler Toledo UFS1 sensor at room temperature is indicated by the
vertical green line. The vertical red line corresponds to the critical cooling rate avoiding crystallization on cooling, and the
vertical blue line provides the maximum cooling rate at T, achieved by liquid droplet cooling. FSC-reheating curves of PBN
prepared as indicated in the legend, with the measurements done using the UFS1 in a self-designed calorimeter (b).

The cold spray allows quenching a relatively large sample on the Mettler Toledo Flash DSC UFS1 sensor,
loaded with a large (150 ng) sample with a rate of at least 50,000 K/s in the region of the glass transition
temperature, even at room temperature environment (T; = 300 K). The reheating of the cold spray
cooled PBN (red curve) compared to PBN quenched under a liquid nitrogen cooled environment is
shown in Figure 10b, discussed in the next section.

4. Discussion

Liquid droplet cooling with the sensor at room temperature conditions enhances the cooling rate
compared to gas cooling by about two orders of magnitude. For the empty sensor XI395, comparable
with the UFH1 sensor of Mettler Toledo, cooling rates of 5,000,000 K/s are achievable. The possibilities
of liquid droplet cooling are further illustrated by experiments with indium, HDPE, and PBN. HDPE
qguenching was done with varying the liquid droplet size and the crystallization peak maximum
temperatures versus cooling rate were compared to data measured earlier on different calorimeters
(Figure 11) [31]. The range of cooling rates from 1000 K/s to 1,000,000 K/s is covered by ultra-fast
scanning calorimetry, using a combination of a small sensor (X392, heated area 8x6 um?), loaded with
an ultra-small sample (ca. 1 ng) and using helium gas at 83 K as the heat transfer fluid. The new liquid
droplet cooling technique (red stars) allows measuring solidification of a 40 ng HDPE sample with the
sensor at room temperature at rates up to 100,000 K/s. The crystallization temperatures are compared
for the same cooling rate for a 40x smaller sample, and with T; = 83 K. The measured values of the
crystallization temperatures of the HDPE at different cooling rates coincide with previously measured
values within the error of the measurements. This confirms that the temperature of the thermopile
represents the temperature of the sample, and there are no significant gradients evident in the large
system at these rates.
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Figure 11. Comparison of the cooling rate dependence of the crystallization peak maximum temperatures of HDPE, cooled
using standard FSC with a smallest sensor at T, = 83 K and with the droplet cooling on a medium-sized sensor at room
temperature (T:). The sensors are shown on the right.

A different situation is seen with the cooling of the indium particle (Figure 9b). The crystallization onset
temperature of indium shifts unexpectedly towards higher temperatures with an increasing cooling
rate. Crystallization of the indium particle occurs at the peak of the cooling performance. Due to
comparable thermal contact resistances between sample, droplet, and thermopiles, strong
temperature gradients arise in the system, with details schematically shown in Figure 12. This is
different for polymer samples as polymers wet the sensor surface and have better thermal contact
with the sensor. Thus, the measured higher onset temperature of the tiny indium sample indicates
that the real temperature of the sample is lower than the thermopile temperature, which means the
actual cooling rate is even faster than measured by the thermopile.

Metal sample

Droplet

Thermal resistances,

Rss>Rps

Polymer sample

Sensor

Figure 12. Temperature gradients in polymer vs metal systems, caused by different thermal contact resistances at the
interfaces involved. Thermal resistance between sensor, sample and droplet are designated Rs.s and Rp.s, respectively.

Further experiments with larger liquid droplets support this idea. The apparent increase of the
crystallization onset temperature in the cooling curve is seen in Figure 9b, red and pink curves.

As shown in Figure 8a, the cooling rate can potentially be controlled using different droplet sizes. In all
shown measurements, the droplet was significantly larger (about 100x) than the heated area of the
sensor and the sample, but it is still possible to realize a rough control of the cooling rate. Further
investigations in this direction are required. Also, limitations of the liquid droplet cooling by reducing
the cooling rate caused by intense boiling of the cooling liquid, especially on sensors with the larger
heated area, need to be prevented, e.g. by choosing a more suitable coolant.
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The heating curves of PBN in Figure 10b can be interpreted following an analysis scheme provided
previously [38], using the Mettler Toledo Flash DSC. Compared to [38], a higher maximum cooling rate
was achieved with the same sensor, but using it in combination with self-made FSC electronics [20,
30]. PBN crystallization is a multi-step process involving the intermediate formation of a liquid-
crystalline phase, transforming into crystals. With increasing cooling rate, first crystallization and then
also liquid-crystal formation is suppressed; at even higher rates, also crystal nucleation is inhibited.
Depending on the frozen-in state of the structure, when cooling to below the (similar) glass transition
temperatures of the melt and the liquid-crystalline phase (around 370 K), on subsequent heating,
formation of liquid-crystals (slightly above Tg), and crystals from the liquid-crystalline phase are
observed. More details, not the subject of the present study, can be found in earlier works [39, 40].
The strong cooling rate dependence shown in Figure 10b highlights the need for an extended cooling
rate range, simultaneously with a detailed analysis of the consecutive heating scan at a constant, much
lower scanning rate.

5. Conclusions

The implementation of liquid droplet cooling for fast scanning calorimetric sensors into the FSC
hardware allows enhanced cooling up to 2 orders of magnitude faster than with gas as the cooling
medium. Significantly higher cooling rates can be achieved in the temperature region near ambient
temperature. Experimental setups, combining FSC with other experimental techniques, are becoming
feasible even under preferential external conditions like room temperature and air or nitrogen as the
purge gas.

Liquid droplet cooling at 10° K/s of a polyethylene sample of 40 ng became possible with T; at room
temperature. Achieving the same speed with gas cooling requires a 1 ng sample in liquid nitrogen-
cooled He environment. Using different cooling liquids and controlling the droplet size, it was possible
to roughly control the maximum cooling rate. However, boiling of coolants, which reduced the cooling
rate (Leidenfrost phenomenon), are limiting the application of droplet cooling in FSC. Further
investigations in this direction and application of other coolants are needed.

The application of liquid droplet cooling in this work includes the vitrification of relatively large samples
under conditions of limited gas temperature control, e.g. when the surrounding gas is at room
temperature. The cooling rate, achieved with the droplet cooling technique at room temperature,
recorded by the thermopile was ca. 50,000 K/s at the temperature of the glass transition of PBN, which
is almost one order of magnitude faster than in the Mettler Toledo Flash DSC 1 with the same sensor
with a cooling system and T: = 180 K (5,000 K/s) and 1.5 orders of magnitude faster than the same
sensor when operated at room temperature environment (3,500 K/s). Gas cooling of a sensor and
sample of this size is only capable of making PBN fully amorphous (cooling faster than 6,000 K/s) when
used with a cooler at gas temperature T; = 100 K and lower. Liquid cooling can quench large samples
of PBN at rates up to 50,000 K/s at room temperature (T; = 300 K), opening opportunities for
combinations with other experimental techniques, such as XRD, FTIR, POM, and AFM.
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