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S1. SEM images of fabricated surfaces 
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Figure S1. SEM images of the untreated reference surface (REF). 

 

 

Figure S2. SEM images of the hydrophobized fully textured surface (HPO FT). 



 

S-5 

 

Figure S3. SEM images of the fully textured surface (HPI FT). 
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Figure S4. SEM images of the hydrophobized variable separation microcavity surface (HPO VS 1). 
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Figure S5. SEM images of the hydrophobized variable separation microcavity surface (HPO VS 2). 
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Figure S6. SEM images of the hydrophobized variable separation microcavity surface (HPO VS 3). 

 

 

Figure S7. SEM images of the hydrophobized equidistant separation microcavity surface (HPO ES 1). 
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Figure S8. SEM images of the hydrophobized equidistant separation microcavity surface (HPO ES 2). 

 

 

Figure S9. SEM images of the variable separation microcavity surface (HPI VS). 
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Figure S10. SEM images of the equidistant separation microcavity surface (HPI ES). 
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S2. FIB, SEM and EDS analysis of the oxide layer 

Surface oxidation is inevitable when laser texturing a metal surface in an oxygen-containing 

atmosphere. The oxide layer was evaluated on cross sections of the samples HPO FT and HPI VS 

(Figures S11-S12). The cross sections were made by FIB milling using 30 keV Ga+ ions. Since 

the angle between the SEM and the FIB columns equaled 54°, the vertical dimension scales as: 

����� =
����

sin (54°)
 (S1) 

  
To further confirm the presence of the oxide layer, 2D EDS mapping was performed as shown in 

Figures S13-S16. Note that the samples were coated by a 0.5 m thick Pt layer before FIB milling. 

Oxygen was mapped to confirm the existence and the borders of the oxide layer. Fluorine was 

detected as it is contained in the HTMS coating, while aluminum, magnesium and silicon contents 

were mapped as they are the main alloying elements in the 6082 aluminum alloy (Table S1). The 

color denoting the concentration of an individual element progresses from black (no presence) 

through red towards yellow (high concentration).  

According to Figure S13, oxygen is mainly present in the surface oxide layer and fluorine is present 

on the surface as a consequence of the HTMS coating. The layer of platinum used for surface 

protection during FIB milling is also clearly visible. 

Similar results are also observable on Figure S14 (showing a different region on the same HPO FT 

sample cross section), where oxygen is primarily concentrated on the surface and in the oxide 

layer. It is also evident that the concentration of magnesium is uniform throughout the bulk of the 

cross section. 

Figures S15 and S16 show the EDS analysis of FIB-made cross sections on the surface HPI VS. 

The cavity shown in Figure S15 has a high concentration of oxygen in the porous oxide layer, 

which is also sharply defined with no noticeable oxygen content gradient towards the bulk of the 

material.  
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Figure S11. SEM images of a FIB cross section on the HPO FT surface. 
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Figure S12. SEM images of a FIB cross section on the HPI VS surface. 
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Figure S13. 2D EDS mapping of Pt, Al, O and F elements on the cross section of the surface HPO FT. 
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Figure S14. 2D EDS mapping of Al, O, Mg and F elements on the cross section of the surface HPO FT. 
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Figure S15. EDS analysis of O, Si, Al and Mg presence on the cross section of the surface HPI VS. 
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Figure S16. EDS analysis of O and Al presence on the cross section of the surface HPI VS. 
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Table S1. Chemical composition of 6082 aluminum according to the BS EN 573-3:2009 standard. 

Element Si Mg Mn Fe Cr Zn Ti Cu Al 

Content in % wt. 0.7-1.3 0.6-1.2 0.4-1.0 < 0.5 < 0.25 < 0.2 < 0.1 < 0.1 balance 
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S3. Estimation of the temperature drop across the oxide layer 

As shown by Kruse et al.1, porous copper oxide can cause a deterioration of the heat transfer 

coefficient and the CHF during pool boiling. Furthermore, a low-thermal-conductivity layer can 

cause a significant increase in measurement uncertainty of the wall temperature and the surface 

superheat as shown in our previous publication.2 According to existing studies3,4, oxide layers 

induced by nanosecond laser texturing have a complex structure, which significantly depends on 

the laser fluence. Moreover, the boundary between the oxide and the substrate is often unclear, 

which makes it difficult to accurately perform composition analysis. Even though different oxide 

species can be formed during thermal treatment of aluminum and aluminum alloys,3,5 Libenson et 

al.6 clearly showed that aluminum is completely oxidized to Al2O3 during nanosecond laser 

treatment in the presence of atmospheric oxygen. Based on present results and literature review, 

we singled-out Al2O3 as the primary species in the oxide layer to evaluate the effect of the layer’s 

thermal conductivity on surface temperature measurements.  

A detailed analysis of FIB-SEM images (Figures S11-S12) revealed that the average thickness of 

the oxide layer equals ~410 nm and the void fraction was estimated as approx. 21% as presented 

in Figure S17(a). Based on the literature-reported data7–9, the thermal conductivity of Al2O3 oxide 

with near-zero porosity at 100 °C is around 30 W m-1 K-1. Estimation of the porous oxide layer 

thermal conductivity can be done using the simple rule of mixtures: 

������� ����� = (������ ∙ ������) + (���� ∙ ����) (S2) 

  
where k is the thermal conductivity and  is the volume fraction. Taking into account that thermal 

conductivity of (dry) air equals 0.316 W m-1 K-1 at 100 °C, the thermal conductivity of the porous 

oxide layer is estimated to be 23.8 W m-1 K-1. This is considered as the best-case scenario.  

On the other hand, the Al2O3 is not necessarily manifested as a single polycrystalline structure, but 

rather as a group of nanoparticles formed during nanosecond laser ablation. Nanostructure 

decreases the phonon mean free path and significantly reduces the thermal conductivity in 

comparison with the bulk value.10 Braginsky et al.11 measured and calculated the thermal 

conductivity of sintered porous Al2O3 nanostructures and obtained a thermal conductivity of 

3.1 W m-1 K-1 at 100 °C for a sample with a 25% void fraction. This value is taken as the worst-
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case scenario in our calculations. Based on these estimations and one-dimensional thermal 

conduction equation, we calculated the temperature drop through the oxide layer for three heat 

flux values relevant for our study.  

Results presented in Figure S17(b) show that the maximum temperature drop across the porous 

oxide layer is below 0.2 K (at heat fluxes up to 1.5 MW m-2), which is significantly lower than the 

measurement uncertainty of the wall temperature. For this reason, we do not account for this effect 

when extrapolating the surface temperature and calculating the surface superheat as it would only 

cause significant deviations if the oxide layer thickness was several micrometers or more. 

 

 

Figure S17. Porous oxide layer on a HPO FT surface (a) and temperature drop across the surface oxide 

layer versus its thermal conductivity at different heat fluxes (b). 
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S4. Laser-texturing strategy 

Preliminary testing in combination with previous studies2,12–16 was used to determine the 

appropriate parameters for microcavity formation. Laser texturing was performed using parallel 

scanning lines (0° texturing). The lateral separation between two consecutive scanning lines, i.e. 

the scanning line separation, was either kept constant or cycled within a certain range. Fully 

textured (FT) surfaces were treated using a constant separation of Δy = 30 μm, while equidistant 

separation (ES) microcavity surfaces were fabricated with a separation of Δy = 65 μm. Variable 

separation of Δy = {55 μm, 60 μm, 65 μm} was used on the variable separation (VS) microcavity 

surfaces, where the separation increased and decreased in a cyclical fashion as shown in Figure 

S18 and already explained by Gregorčič et al.14  

 

 

Figure S18. Schematic depiction of the variable separation concept; dimensions are in micrometers. The 

drawing is not to scale. 
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S5. Effect of scanning separation on microcavity formation 

Scanning line separation between consecutive laser passes severely affects the formation of 

microcavities. Only a narrow range of separations will produce microcavities and within this range, 

different sizes of microcavities will appear. The optimal separation is a function of material 

properties and laser texturing parameters including the peak pulse fluence F0, beam spot diameter 

and the consecutive pulse overlap δ (i.e., the combination of beam size, scanning velocity v, and 

pulse repetition rate). Figure S19 shows the effect of scanning line separation on microcavity 

formation on 6082 aluminum alloy using the same texturing parameters that were later used to 

produce microcavity boiling surfaces for this study. 

Figure S20(a) shows ridges with microcavities, formed due to laser irradiation, where the 

measured scanning line separation of consecutive laser beam passes was 55 μm or less. It can be 

observed that the ridges are narrow with overall smaller microcavities. 

Figure S20(b) shows ridges with microcavities, where the measured scanning line separation of 

consecutive laser beam passes was 60 μm or more. It is evident that the ridges are wider compared 

to those in Figure S20(a) with a larger number of discernable microcavities, which also have a 

higher mean diameter. 
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Figure S19. Influence of the laser scanning line separation on microcavity formation on the ridges between 

two consecutive laser beam passes. From top to bottom, scanning separation is being decreased by 5 m 

per line from 65 μm to 15 μm. 

 

 

Figure S20. SEM images of ridges with microcavities created by a scanning line separation of under 55 μm 

(a) or over 60 μm (b).  
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S6. Dynamic contact angles on superhydrophobic surfaces 

The advancing and receding contact angles (θa and θr, respectively) were evaluated on 

superhydrophobic surfaces using the droplet inflation/deflation method by inflating and deflating 

a water droplet at room temperature. Images taken by a high-speed camera were used to determine 

the values of the dynamic contact angles and the contact angle hysteresis (CAH) was calculated as 

the difference between the advancing and the receding contact angle. The recorded values 

including the standard deviation are listed in Table S2. 

 

Table S2. Dynamic contact angles on superhydrophobic samples with corresponding standard deviation. 

Sample θa ± σ(θa) (°) θr ± σ(θr) (°) CAH ± σ(CAH) (°) 

HPO FT 159.8 ± 1.3 156.1 ± 1.9 3.7 ± 2.2 
HPO ES 159.7 ± 2.0 155.1 ± 2.3 4.6 ± 2.9 
HPO VS 159.6 ± 2.1 154.9 ± 1.7 4.7 ± 2.6 
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S7. Gas entrapment in surface cavities 

On real (i.e., not smooth) surfaces the bubbles form during nucleate boiling via heterogeneous 

nucleation primarily from cavities on the surface. The geometry of the latter influences the 

wettability of the surface, the superheat required for the onset of nucleate boiling and the density 

of active nucleation sites. When a system, in which boiling is supposed to take place, is filled with 

the working fluid, the cavities on the surface can be filled with the liquid phase or air can be 

entrapped in them. Bankoff17 assumed that gas will be entrapped in the cavity only if the angle of 

the cavity β is lower than the advancing contact angle: 

�� ≥ � (S3) 

  
This phenomenon is shown in Figure S21(a). During the growth of a vapor bubble from a cavity 

with a mouth diameter of rc [shown in Figure S21(b)], the bubble will pass a critical growth phase, 

where the distance from its peak to the surface is b2 and its radius is the smallest possible. From 

this it follows that the highest amount of energy (i.e., the largest superheat) is required to continue 

the bubble growth. This is called the critical hemispherical state and the required superheat for the 

continuation of bubble growth can be calculated from the following equation: 

� =
2�������

ℎ��Δ����
 (S4) 

  
 

 

Figure S21. Entrapment of gas (air) into a cavity (a) and growth of a bubble from a conical cavity with 

shown critical hemispherical state (b). 



 

S-26 

S8. Comparison of boiling performance for all surfaces 

Boiling curves (and with that, boiling performance) of all tested surfaces are compared in Figure 

S22. The magnitude of enhancement of HPO ES and HPO VS surfaces over other surfaces is 

clearly evident from the steep boiling curves, enhanced CHF values and low surface superheats 

throughout the entire nucleate boiling regime. 

 

 

Figure S22. Comparison of boiling curves for all tested surfaces. 
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S9. Surface stability 

Stability of superhydrophobic surfaces was investigated by repeated boiling performance tests. 

Figure S23 shows the comparison of the boiling curves recorded during repeated pool-boiling 

runs on three surfaces. 

 
 
 

 
 

Figure S23. Evaluation of surface stability through repeated boiling tests on hydrophobized surfaces HPO 

VS 1, HPO VS 3 and HPO ES 1. 
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S10. Experimental setup 

A schematic depiction of the pool boiling experimental setup is shown in Figure S24. The boiling 

chamber is constructed of a glass cylinder with an internal diameter of 100 mm between two 

stainless steel plates. An outer glass cylinder is used to limit air movement around the boiling 

chamber and thus the heat losses. Produced vapor is condensed in a glass condenser, which is also 

vented to the atmosphere to prevent the pressure from rising above atmospheric pressure. An 

immersion heater is installed in the chamber to preheat the working fluid up to the saturation 

temperature and to degas it prior to the start of measurements. 

The heater assembly (shown in Figure S25) is inserted through the lower flange. A copper heating 

block is used to supply the heat from cartridge heaters in its base to the sample, which is positioned 

on top of it. Four thermocouples at a distance of 5 mm from one another are used to record the 

axial spatial temperature gradient in the heating stem, which is then used to calculate the heat flux. 

Since the copper stem is well insulated, the heat losses are negligible. 

Figure S26 shows the data acquisition part of the experimental setup. A multiplexer module in a 

data logger switch unit is used to measure temperatures, which are then recorded and analyzed in 

LabVIEW environment running on a laptop computer. 
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Figure S24. Schematic depiction of the experimental setup for boiling performance measurement. 

 

 

Figure S25. Cross section of the heater assembly part of the experimental setup. 
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Figure S26. Schematic depiction of the data acquisition part of the experimental setup.  
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S11.  Validation of the dynamic measurement approach 

Measurements were performed using a dynamic measurement method where the heat flux was 

slowly but continuously increased by increasing the voltage supplied to the cartridge heaters in the 

heating block. The heat flux was raised by approx. 0.2 kW m-2 s-1 in the natural convection regime 

and up to approx. 2 kW m-2 s-1 in the nucleate boiling regime. This has the potential to cause 

deviations from true and accurate results due to thermal capacitance of the system (especially the 

heating block). Consequently, a validation experiment was performed to compare experimental 

results of steady state and dynamic measurements during one of our previous studies.13 A total of 

four successive dynamic measurements were performed to record four boiling curves. An 

additional experimental run followed suit where the system was left to stabilize at 5 distinct heater 

powers; after a steady state was reached, the results were collected and averaged for 10 minutes. 

As it is evident from Figure S27, the steady state measurement points do not differ from the boiling 

curves recorded using a dynamic approach; any deviations are well within the measurement 

uncertainty.  

The 1D heat transfer in the heating stem (and the sample) can also be analyzed using the simplified 

unsteady conduction equation along the x dimension accounting for the time t, temperature T and 

thermal diffusivity a: 

���

���
=

1

�

��

��
 (S5) 

  
The thermal diffusivity is defined as the ratio between the thermal conductivity k and the product 

of specific heat cp and density ρ: 

� =
�

���
 (S6) 

  
It can be concluded from Eq. (S5) that high values of the thermal diffusivity allow for reasonable 

temporal temperature gradients (e.g., heating rates) while keeping the spatial temperature gradients 

fairly linear (and with that, the spatial distribution of the heat flux nearly uniform). Thermal 

diffusivity of copper (~1.1 mm2 s-1) and aluminum (~0.81 mm2 s-1) is much higher than that of 
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stainless steel for example (~0.03-0.04 mm2 s-1), making unsteady heating as an approximation of 

steady-state measurements viable. 

Furthermore, it has been shown by a number of researchers13,18–20 that the surfaces change over 

time during exposure to the boiling process. This is especially true when using water as the 

working fluid since it typically reacts with the surface to form oxides or similar compounds, which 

can change the wettability and the morphology of the surface, both of which impact the boiling 

process. Therefore, performing a boiling curve measurement over a prolonged period (e.g., 8 

hours) to record many steady states might result in measurement errors since the surface is not the 

same after several hours of water immersion and exposure to boiling. It could even be said that in 

such cases, the boiling process is being observed on a slightly different surface as time goes by. 

This makes dynamic measurements where the boiling curve is recorded within approx. 30 min 

especially viable in evaluating the performance of the surface at a given moment in time. 

A detailed heating rate analysis was performed in QuickField 6.3 environment, where an 

axisymmetric model of the heating stem and the sample was built. The following material 

properties were used in the simulation: thermal conductivity of 365 W m-1 K-1 for copper and 

200 W m-1 K-1 for aluminum, specific heat capacity of 385 J kg-1 K-1 for copper and 920 J kg-1 K-1 

for aluminum, density of 8960 kg m-3 for copper and 2700 kg m-3 for aluminum. Temperature-

dependent values were not used to keep the analysis simple and since their use would not impact 

the results in a meaningful way. Thermal interface between the copper steam and the aluminum 

sample was not considered since it has negligible thermal capacitance due to its thinness and would 

not impact the results of the analysis. A linearly increasing heat input from 0 to 500 kW m-2 was 

simulated at the bottom of the heating stem and heat flux values were monitored at specific nodes 

of the mesh. The results are normalized to give a clearer picture of the heat flux gradients. The 

simulations were repeated at a maximum heat fluxes of 100 kW m-2 and 1 MW m-2. It was 

established that the normalized values do not change. Heat losses were considered negligible in 

the same way as during the calculation of the heat flux based on spatial temperature gradient 

measurement. While some minor losses are inevitable, they are also present during steady state 

measurements where they have the potential to induce a heat flux gradient. Therefore, accounting 

for them would possibly obscure the actual influence of the heating rate on the spatial distribution 

of the heat flux. 
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The results of the heating rate analysis are shown in Figure S28 and Table S3. For very slow 

heating rates of below 1 kW m-2 s1, the heat flux gradient in the stem and the sample will be hardly 

noticeable. If the heating rate is increased, the gradient will be more pronounced and a heat flux 

difference of more than 20% between the left and the right side of the heating system in Figure 

S28 will be present at heating rates above 5 kW m-2 s-1. 

The normalized results in Table S3 show the heat flux �̇����,����, that would be measured based 

on the spatial temperature gradient recorded by four thermocouples in the heating steam. In this 

analysis, it is estimated as the arithmetic average of the heat flux at the leftmost and the rightmost 

thermocouple in the copper heating stem in Figure S28, the geometry of which matches that of the 

experimental setup used in our pool boiling measurements. The normalized heat flux actually 

present at the surface is denoted as �̇����,����. It is evident that the “measured” heat flux is 

significantly lower than that present at the leftmost thermocouple for high heating rates 

(≥5 kW m-2 s-1). Furthermore, a difference between the heat flux present at the boiling surface and 

the “measured” heat flux also increases with increasing heating rate with the relative differences 

given in the rightmost column of Table S3. Based on these results, we estimate that the 4.6% 

difference obtained at a heating rate of 2 kW m-2 s-1 is still acceptable since it is lower than the 

relative measurement uncertainty of the heat flux measurements (10.5% at 100 kW m-2 and 5.3% 

at 1 MW m-2). 
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Figure S27. Validation of dynamic boiling heat transfer performance measurement. 

 

 

Figure S28. Normalized heat flux versus axial distance along the copper heating stem and the aluminum 

sample for different heating rates. The inset stem drawing is not to scale. 
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Table S3. Normalized measured “average” heat flux between the thermocouples in the copper stem and 

normalized actual heat flux at the boiling surface. 

Heating rate (kW m-2 s-1) �̇����,���� (/) �̇����,���� (/) Δ�̇ (%) 

0.1 0.999 0.996 -0.2 

0.5 0.993 0.982 -1.1 

1 0.986 0.963 -2.3 

2 0.971 0.927 -4.6 

5 0.927 0.814 -12.2 

10 0.860 0.646 -24.9 

20 0.768 0.423 -44.9 
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S12.  Effect of working fluid degassing 

A film of air was observed on all superhydrophobic samples immediately after immersion in water. 

The film gradually disappeared during the degassing process using immersion heaters with the 

surface transitioning into the initial Wenzel wetting state prior to the boiling experiments in the 

same way as described by Allred et al.21 To test how degassing of the working fluid affects the 

results of boiling performance measurements, an additional measurement was conducted using the 

fully superhydrophobic surface HPO FT. Instead of usual degassing of the working fluid (water) 

though vigorous boiling for 60 minutes using the immersion heater, the degassing process was 

reduced to 5 minutes of boiling after saturation temperature was reached. A boiling curve 

measurement was then performed. As it is evident from Figure S29, the boiling curve for 

improperly degassed working fluid is completely different than the boiling curved obtained under 

degassed conditions, where the surface is in the initial Wenzel wetting state. Without proper 

degassing, the surface becomes covered by a vapor film immediately as the boiling measurement 

starts and gradually transitions towards film boiling with a CHF barely above 200 kW m-2. 

 

 

Figure S29. Evaluation of the effect of proper working fluid degassing on surface HPO FT. 
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S13.  Data reduction and measurement uncertainty calculation 

13.1 Data reduction 

Four temperatures recorded in the heating stem are used to calculate the spatial temperature 

gradient: 

Δ�

Δ�
=

�� − ��

2Δ�
+

�� − ��

2Δ�
2

=
�� + �� − �� − ��

4Δ�
 (S7) 

  
where T1, T2, T3 and T4 are the measure temperatures from Figure S25 and Δx is the distance 

between two adjacent thermocouples (5 mm). The spatial temperature gradient is then used to 

calculate the heat flux in the heating stem: 

�̇ = ���

ΔT

Δ�
 (S8) 

  
where kCu is the temperature dependent thermal conductivity of copper. The latter was determined 

by measuring the thermal diffusivity of copper samples and calculating the thermal conductivity 

using literature data for the specific heat capacity and density. The following equation is used to 

describe the thermal conductivity of copper: 

���(�) = 0.000283�� − 0.1646� + 378.07 (S9) 

  
Temperature is inserted in degrees Celsius and the resulting thermal conductivity is expressed in 

W m-1 K-1. The temperature of the surface is calculated by assuming the heat flux in the stem is 

the same as in the sample. The following equation is used: 

�������� = ������� −
�̇Δ��

���
 (S10) 

  
where Tsample is the temperature measured in the middle of the sample, Δx2 is the distance from the 

thermocouple in the sample to the boiling surface (2 mm) and kAl is the temperature dependent 

thermal conductivity of aluminum. 
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The latter is evaluated the same way as for copper and given by the following equation: 

���(�) = −0.0001165�� + 0.07486� + 198.81 (S11) 

  
The surface superheat is calculated by subtracting the average water temperature from the 

temperature of the surface: 

�� − ���� = �������� −
������,� + ������,�

2
 (S12) 

  
Finally, the heat transfer coefficient is calculated by dividing the heat flux by the surface superheat: 

ℎ =
�̇

�� − ����
 (S13) 

 

13.2 Measurement uncertainty 

Measurement uncertainty was evaluated using the uncertainties of contributing parameters listed 

in Table S4. The uncertainty evaluation was conducted in accordance with the method described 

by Može et al.22 

The uncertainty of the distance between two thermocouples is affected by the uncertainty of 

position of each thermocouple; no correlation is assumed. Therefore, combined distance 

uncertainty is: 

�(Δ��) = �2 �
���

√3
�

�

+ 2 �
�����

√3
�

�

= 0.25 mm (S14) 

  
The uncertainty of the distance from the thermocouple in the sample to the boiling surface is only 

affected by the uncertainty of one thermocouple hole and the position of the thermocouple in this 

hole: 

�(Δ��) = ��
���

√3
�

�

+ �
�����

√3
�

�

= 0.18 mm (S15) 
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Uncertainty of the heat flux is calculated using the following equation: 
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 (S16) 

  
The latter equation needs to be evaluated for each measurement as its result depends on the actual 

temperatures present in the system during operation. At a low heat flux of 100 kW m-2, the standard 

measurement uncertainty of heat flux is approx. 10.5 kW m-2 and at a high heat flux of 

1000 kW m-2, its value increases to approx. 53 kW m-2.  

The uncertainty of surface superheat is evaluated based on the uncertainties of the heat flux, the 

temperature in the sample and of the water, and the thermal conductivity: 
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The uncertainty of the heat transfer coefficient is calculated using the following equation: 

�(ℎ) = ��
�ℎ

��̇
�

�

��(�̇) + �
�ℎ

��� − ����
�

�

��(�� − ����) (S19) 

  
As with the heat flux uncertainty, surface superheat and heat transfer coefficient uncertainties need 

to be evaluated using actual measured data. Surface superheat uncertainty is approx. 0.38 K at 

100 kW m-2 and 1.07 K at 1000 kW m-2, whereas the uncertainty of the heat transfer coefficient is 

very dependent on the actual surface and can range between 0.19-3.4 kW m-2 K-1 at 100 kW m-2 

and between 1.3-25.3 kW m-2 K-1 at 1000 kW m-2. 
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Table S4. List of uncertainties of contributing parameters. 

Uncertainty Symbol Type Value 

thermocouple hole position uTC limit of error 0.3 mm 

position of a thermocouple inside 
the hole 

uhole limit of error 0.05 mm 

thermocouple temperature 
measurement 

uT standard 0.25 K 

thermal conductivity 
determination 

uk relative 1.5% 
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