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Abstract: In order to implement timely sustainability solutions, road transportation is gradually
transitioning to electric power. However, the maritime sector faces challenges in finding ways to shift
towards more sustainable fuel. From the perspective of long-distance shipping, electric transport
is economically impractical. Therefore, alternative solutions or proposals contributing to the global
reduction of pollutant gas emissions in maritime transport are vitally important. This investigation
aims to find solutions that enhance the ecological efficiency of intercontinental cargo ships. In this
study, an assessment of a magnesium hydride coating was conducted as it is a prospective coating
capable of reducing hydrodynamic resistance to save fuel. Due to MgH),’s ability to release hydrogen
at higher temperatures or during a reaction with water, it is expected that this could contribute to an
enhancement of the Leidenfrost effect, maintaining a vapor layer on the surface. Samples prepared in
situ via reactive magnetron sputtering were submitted to thermal analysis for dehydrogenation range
evaluation and the experimental rig for critical (Leidenfrost) temperature identification. In conclusion,
thermogravimetric (TG) analysis indicated that the volatile content, primarily hydrogen, in the sample
reached approximately 13% by mass. The TG curve exhibited variations in MgH; mass, with the
most significant mass loss occurring at 300 °C. After conducting critical temperature experiments, the
potential of MgO coating was observed to be greater than anticipated when compared to the main
material, MgH,.

Keywords: thermogravimetric analysis (TGA); vapor film; Leidenfrost effect; magnesium hydride
(MgHy)

1. Introduction

As the world’s transportation gradually turns electric or otherwise sustainable, the
commercial marine transport sector appears to be lagging behind. However, marine
transportation is highly efficient in terms of fuel used per mass of goods transported, due
to its sheer scale marine transportation accounts for up to 15% of global pollutant gas
emissions [1]. Considering that electric alternatives for long distance routes are unavailable,
other avenues are pursued for further improving the efficiency of transcontinental marine
vessels. Quite a few of such pursuits include hydrodynamic hull design [2], surface
coatings [3], and gas lubrication [4]. Currently utilized surface coatings focus on preventing
foaling (the aggregation of mollusks and marine flora on the ship), and, in order to be
applicable, hydro- or super-hydrophobic coatings would be required to fulfill this function
as well. As progressively stricter regulations on anti-fouling agents force more and more
biocidal solutions out of the market on grounds of legitimate environmental concerns,
increasingly more research is devoted to passive or bio-inert anti-fouling coatings. Some

Energies 2024, 17, 661. https:/ /doi.org/10.3390/en17030661

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en17030661
https://doi.org/10.3390/en17030661
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-6281-2720
https://orcid.org/0000-0001-7538-9733
https://orcid.org/0000-0002-4841-8452
https://orcid.org/0000-0002-3594-0903
https://orcid.org/0000-0003-2402-2223
https://doi.org/10.3390/en17030661
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en17030661?type=check_update&version=1

Energies 2024, 17, 661

20f12

of said coatings can be modified to serve as hydrophobic drag reduction measures. A
paper from 2013 [5] reports using gold nanostructures and thiol-based coatings with
hydrophobic alkyl tails to obtain a super-hydrophobic surface. This study claims figures
of drag reduction of up to 38.5% over a considerable range of velocities. A more recent
study [6] published in 2017 discusses a simple paint coating containing titanium dioxide
used to reduce hydrodynamic drag and increase buoyancy. The underlining point being the
simplicity of application of such coating, as well as mechanical and abrasive resistance. One
common trait between all such coatings is that they are mechanically passive. Changing
the conditions of operation or creating metastable constructions such as vapor films could
lead a to vastly increased effectiveness of resistance-reducing films and coatings. In pursuit
of such measures, the Leidenfrost effect was considered for this purpose. Although,
until recently, most research [7] was focused on inhibiting the Leidenfrost effect as its
presence may be detrimental to systems where cooling is of the utmost importance, such
as in the nuclear energetics sector. A study [8] focused on Leidenfrost effect-based gas
lubrication in an effort to facilitate hydrodynamic drag reduction has claimed figures that
approach the physical limits of drag reduction achievable by gas lubrication. Usually, when
analyzing the Leidenfrost effect, vapor films, and related phenomena, the concept of the
Leidenfrost droplet is broached, as it is the most commonly observed manifestation of the
Leidenfrost effect. However, in said study, the inverse geometry is proposed: a heated
body (a metal sphere) immersed in a relatively cooler fluid and the system’s hydrodynamic
mechanics are observed. The results suggest that objects shrouded by a vapor layer have
a greater terminal velocity when falling through a liquid medium, indicating reduced
hydrodynamic resistance. The properties of Leidenfrost effect occurrence and vapor film
formation depend on the Leidenfrost point, which is a temperature at which (in a given
set of conditions) a vapor layer is formed spontaneously. Additionally, Leidenfrost point
temperature depends on many various factors, one of which is surface properties of the
interfacing solids. Numerous studies [9] have been conducted in order to analyze the
effect of surface properties on vapor film formation and its stability, but the common
consensus concludes that hydrophobic properties have a positive impact on the Leidenfrost
effect. Based on the analyzed thermal-physical mechanics of the Leidenfrost effect, it was
theorized that additional gas release from the submerged object (in cases of situations
involving inverted Leidenfrost geometry, such as described in a previously mentioned
study [8]) could reduce the Leidenfrost temperature, allowing for vapor film formation in
circumstances involving lower temperature gradients. Considering the requirements for
such materials to be metallic or ceramic and able to facilitate gas release, metal hydrides
fall well into the bracket. Such materials can undergo thermal decomposition, releasing
hydrogen in the process. However, due attention must be paid to some undesired hydride
properties, such as instability at atmospheric pressure or violent reactions with water or
tendency to be contaminated by air. These boundaries root out many candidates, leaving
just a few, with magnesium hydride among them. Due to research [10] being conducted on
magnesium hydride as a potential compound for hydrogen storage applications, MgH) is
commercially available, as well as able to facilitate tame hydrogen release during reactions
with water. Additionally, it does not readily react with air and is able to undergo thermal
decomposition at reasonable temperatures (~300 °C). Hence, this innovative research will
aim to determine the thermo-physical cooling properties of magnesium hydride-coated
samples immersed in water in order to determine the influence of the simultaneous release
of volatile gases on the formation of a vapor layer in the case of stationary bodies. This
research will lead to the future application of various combinations to moving objects,
although the first step is to understand the processes on a stationary surface, which is what
this research is aimed at.
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2. Materials and Methods
2.1. Materials

Spherical samples of diameter of D = 19.05 mm and plates with a diameter of D = 15 mm
and a thickness of 1.2 mm were taken from high purity aluminum (99.99%) to conduct
experiments. For the observation of critical temperature variation and different conditions
investigation, the main attention was focused on the surface impact. Spherical samples’
surface was covered /prepared with different materials: magnesium hydride (the main
investigation material) and magnesium oxide (the additional material that was selected
to evaluate the differences between oxide and hydride). A polished aluminum surface
was chosen as the reference surface/coating. Several studies have been conducted [11,12],
proving that this surface allows to reach the low critical temperatures at which the Lei-
denfrost phenomena occurs. The surfaces of reference samples were smoothed with 3M
Hookit abrasive discs with a roughness of P-1000, P-3000, and P-4000. The final surface
of the specimens was polished using a paraffin-based abrasive compound. Magnesium
hydride (MgH;) was deposited using DC sputtering magnetron deposition system and 1 A
magnetron current, 400 V &£ 20 V magnetron supply voltage. The chamber was pressurized
to 5.5 mTorr with argon, and then to 120 mTorr with hydrogen gas. The deposition took 1 h.
The physical vapor deposition system with a circular magnetron was employed to deposit
magnesium oxide (MgO) films. A magnesium target (95 mm, 99.99% purity) served as
the primary cathode material in the sputtering process. Prior to deposition, the chamber
was brought to a base vacuum pressure of 3 mTorr using rotary and diffusion pumps. The
magnetron sputtering process occurred under a pressure of 40 mTorr, utilizing a mixture of
O, and Ar gases introduced into the vacuum chamber. The Ar gas was introduced up to
8 mTorr, followed by injection of O, up to 40 mTorr. The samples were positioned beneath
the magnetron, keeping a distance of 7 cm between the target and the sample holder. Power
for the magnetron was supplied by a pulsed DC power source with a current of 1 A and a
voltage of 160 V & 20 V. The duration of the deposition process was 5 h. The thickness of
the MgH, film was approximately 2 um, while the thickness of the MgO film was about
150 nm. The surfaces of MgH, and MgO coatings replicated the surfaces of the specimens,
although the roughness of the coatings was not assessed. The examples of samples used in
experiments are shown in Figure 1.

Al MgH:; MgO

.

T e

No. 1 No. 2 No. 3

No. 4 No. 5 No. 6

Figure 1. Experimental samples.

2.2. Thermogravimetric Method (Method 1)

Thermogravimetric analysis (TGA) was conducted using the NETZSCH-Gerdtebau
GmbH (Selb, Germany) STA 449 F3 Jupiter analyzer with silicon carbide heater. For
this analysis, magnesium hydride powder was obtained by mechanically removing it
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from aluminum plates, onto which the material was previously deposited using reactive
magnetron sputtering. A sample of approximately 1.87 mg of magnesium hydride powder
was loaded post-calibration into Al,O3 crucible, placed in a S-type thermocouple-equipped
chamber and heated at 20 K/min from 40 °C to 510 °C under 40 mL/min Ar gas flow and
20 mL/min N, flow when using mixed gases. The differential thermogravimetric (DTG)
curves were produced by numerically deriving the thermogravimetric (TG) curves. For
some TGA analysis steps, the material adhered to prepared aluminum samples (plates) was
used. The sample with aluminum plate was loaded post-calibration into another Al,O3
crucible, placed in a S-type thermocouple-equipped chamber and heated at 20 K/min from
40 °C to 280 °C, followed by 5 K/min from 280 °C to 400 °C under 40 mL/min Ar gas flow
and 20 mL/min N, flow when using mixed gases, or 60 mL/min argon flow when using
only argon as carrier gas. If steam was used during thermogravimetry, the relative gas
humidity was set to 50%. The differential thermogravimetric (DTG) curves were produced
by numerically deriving the TG curves. This method was used to identify the starting
point of the dehydrogenation process of MgH,, and mass loss peaks were also evaluated
(Figure 2).

SAMPLE
HOLDER

Evaluation of

hydrogen gas due
to loss of mass

SCALES
)

Figure 2. Investigation of the dehydrogenation process of MgHj.

2.3. Research of Critical Temperature Investigations for Vapor Film Formation (Method 2)

Experiments with spherical samples were conducted on the experimental bench, which
was designed and constructed in the laboratory (Figure 3). Experimental bench consists of
four main parts: (1) tube furnace, (2) water tank, (3) water heater, and (4) data collection
system. The investigations of critical temperature points were performed in two stages. In
the first step, the prepared spherical sample was heated up until the temperature required
for the experiment was reached, while, in the second step, the sample cooling dynamics was
recorded. Before starting the experimental investigation, a tube furnace was switched on
and a desired sample temperature was set (200 °C, 300 °C, 450 °C). During the experiment,
the nitrogen gas was fed from the bottom of the furnace at the rate of 2 L/min. When the
sample reached the set temperature in the tube furnace, the sample was lowered down into
the water tank. The sample surface temperature was captured and registered by an E-type
thermocouple paired with data logger TC-08 system. A water heater was used to maintain
the temperature of water tank at fixed temperatures: 20 °C, 40 °C, and 60 °C. The choice of
water temperature was based on both the possibilities of Leidenfrost formation and the
realistic temperature of the water in the environment. Three repetitions were conducted
under identical conditions to obtain accurate results and determine the deviation of the
obtained experimental data. At the observed Leidenfrost point temperature, the deviation
ranged from 2 to 4%, while in the temperature range from 450 °C to 200 °C, the deviation
fluctuated between 2 and 10%. The aim of these investigations was to identify the critical
temperature formation boundaries (Leidenfrost temperatures) when investigating different
samples, whose surface properties have an impact when reaching critical temperatures.
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Figure 3. Schematic diagram of the experimental rig for critical (Leidenfrost) temperature.

2.4. Optical Microscopy Examination of the Surface of Samples (Method 3)

The surface of the samples after exposure to high temperature and water vapor
was examined using optical microscope OLYMPUS® BX51TF (Manufacturer: Olympus
Corporation, Tokyo, Japan, Serial number: 7E18497). QCapture Pro Optical Microscope
software (version 6.0.0.605) was used to capture the images. After selecting the area to
be observed, the objective was moved to the desired area of the samples, the area was
illuminated, and the image was focused. Images with optical magnifications of X100 and
x 500 were taken.

3. Results
3.1. Thermogravimetric Method

The aim of this investigation was to test the MgH, material, which is believed to
be promising due to its ability to store hydrogen and therefore is hoped to be able to be
used as a friction-reducing coating. MgH, exhibits dehydrogenation at a temperature
range of 200400 °C and can accumulate hydrogen to about 8% by mass [13]. Usually,
metal hydrides are accompanied by exothermic heat release [14]. This would allow us to
accelerate thermal processes when generating vapor film during the boiling crisis. Due to
these reasons, the aim was to investigate hydrogen separation trends (of prepared samples
with MgH) coatings) and to evaluate the thermal stability when using thermogravimetric
(TG) analysis (Figure 4). For these experiments, a thin layer of MgH, was mechanically
removed from plates and the obtained powder was used for investigation, raising the
dehydrogenation environment temperature at a rate of 20 K/min to 510 °C.

Thermogravimetric (TG) analysis using Method 1 revealed that volatile content [15]
(most of the hydrogen) in the sample reached around 13% by mass. In addition, the TG
curve shows the variations of MgH, mass, starting from 200 °C and continuing to 350 °C.
The most intense mass loss was observed at a temperature of 300 °C. After reaching 350 °C,
the mass of the sample started to increase, which shows a possible formation of oxides
on the surface [16]. The curves of MgHj’s mass loss rate (Figure 4, DTG curve) confirm
that hydrogen separation took place in the first step, while the formation of oxides and
hydroxides took place in next stage. The conditionally thermally stable MgH, sample could
be stored up to 200 °C, which determinates the initial temperature value when applying
Method 2.
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Figure 4. Changes in the mass of MgH, sample with increasing environment temperature up to 510 °C.

Additional experimental tests were carried out on MgHj,-coated sample plates in order
to select the temperature range that will serve as the working range for Method 2. Given
that the mass of the aluminum sample were significantly higher than that of the thin-film
coating, the results are therefore valid only if they show the most significant changes, such
as a sudden change in the mass loss rate of the DTG curve (Figure 5).
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Figure 5. Mass changes (TGA and DTG) at different environments: (A) with argon; (B) with argon
and nitrogen mixture; and (C) with argon and steam.

Conducted thermogravimetric analysis results (Figure 5) suggest that the analyzed
material undergoes a slight relative increase in mass, along with well-pronounced, albeit
minor, differential peaks at well-defined points, signifying gas evolution and mass loss.
Several characteristic peaks between the range of 252 and 504 °C represent the highest
activity of magnesium hydride and allow to limit the experiments of this research. The
obtained data (Figure 5C) indicates that the presence of steam significantly lowers the
temperature of the most intense point of hydrogen evolution, likely due to the reaction of
magnesium hydride with water at slightly elevated temperatures. Introducing nitrogen
to the carrier gas also has a notable difference, changing the peak point by approx. 3 K.
The experiments showed considerable consistency across multiple iterations. On the basis
of the TGA study and considering the physical properties of magnesium hydride and the
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conditions for the onset of the boiling crisis, the experimental temperatures of the samples
were defined at 200, 300, and 450 °C. We decided to use only argon as a protective gas,
which could create the most inert environment possible during the experiments according
to Method 2.

The surface analysis with magnesium hydride (MgHy) as the main material in this
study and using Method 3 (Figure 6) was carried out under three different sets of conditions:
the surface was evaluated immediately after deposition via the magnetron sputtering tech-
nique; the surface passed the heating cycle to the set temperature in an argon environment;
and the surface passed the heating cycle to the set temperature in an argon and steam
environment. The surface evaluation was performed using optical microscopy in x100 and
x 500 magnifications.

MgHz
. Gas flow: Gas flow:
Raw material
Argon Argon + STEAM

A

100 x magnification

500 x magnification

Figure 6. Magnesium hydride sample optical microscopy images.

As is usual for such types of thin films, an optical analysis of untreated deposited
coating gives a good handle on deposition, and in turn, surface quality. As seen in Figure 6,
the untreated films (left column) are uniform and appear plain even at a higher order
of magnification. Additionally, a more reactive treatment environment, such as steam,
yields more contrasting structures (right column), namely flaking of the film, as observed
in the image at the lower right. Inert processing environment produces surfaces that are
roughened (as observed in the middle column) but lack any distinguishable features, for
instance, flaking. Similar surface finishes are commonly observed in sintered materials [17],
which can be expected as the processing conditions are similar to those used for sintering
ceramics. Likewise, thermogravimetry analysis provides a valuable description on how the
coating material behaves after being exposed to temperature and how moisture content in
the reaction atmosphere affects this behavior.

3.2. Research of Critical Temperature Investigations for Vapor Film Formation

The main objective of this investigation was to identify critical temperatures (Leiden-
frost temperature) at points where continuous vapor generation process takes place in the
case of non-stationary heat transfer. In order to evaluate the impact of the MgH, coating for
Leidenfrost formation, both MgO and polished Al surface samples were tested under the
same conditions when recording cooling dynamics according to Method 2. Experiments
were conducted for different water temperatures: 20 °C, 40 °C, 60 °C. The initial tempera-
tures of samples were set at 200, 300, and 450 °C, considering the dehydrogenation process
discussed in Section 3.1.
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During the cooling process on different sample surfaces, a tendency of temperature
variation could be observed; however, the temperature variation rate in all (Al, MgH,, MgO)
cases is different. The performed investigations showed that nano-layer thin film could
have different impacts, inhibit cooling dynamics, or accelerate them in various cases. It was
observed that vapor flux generation is strongly affected by the surface physical properties
of the material, one of which is hydrophilicity /hydrophobicity. In cases of MgH; hydrides
(Figure 7(a2,b2,c2)), it could be emphasized that the material is more hydrophilic; therefore,
the Leidenfrost effect was not observed at initially, except in the 450 ° C sample. It was
observed that the hydrate coating creates specific conditions during the subsequent cooling
process. Initially, the temperature change rate is more sudden than in other cases. This
means that instantaneous water contact occurs with a sample, leading to better heat transfer.
In the case of low-temperature samples, no significant influence of released hydrogen gas
on the Leidenfrost effect was observed. However, as it was expected, this coating is capable
to form secondary vapor/gas generation when the water makes contact with the surface,
likely due to thermochemical processes (Figure 7(c2), MgH,). These processes are led
by exothermic reactions. Therefore, after a layer of vapor bubbles forms (as insulator)
and water is pushed off from the surface, a temperature variation of surface is observed.
This temperature variation effect could be observed near the higher sample temperatures,
as well as when the water temperature is higher. The most surprising finding was that
the curves of cooling dynamics for magnesium hydride converged immediately after the
thermochemical process, as for example with MgH; 450 °C and 60 °C. This lead to the
conclusion that thermochemical processes on the surface can be used to modify the cooling
dynamics in the direction desired.

500

400
300

200

T,8

200 °C 300 °C 450 °C

Figure 7. Cooling dynamics of spherical specimens after immersion in 20 °C, 40 °C, and 60 °C water
(the initial temperatures of the tested specimens were as follows: (al-a3) at 200 °C; (b1-b3) at 300 °C;
(c1-c3) at 450 °C.).
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Other experiment results also have showed noteworthy trends (Table 1). Table 1 shows
the critical temperatures (Leidenfrost temperatures) of different samples, which indicates
whether the vapor point has been reached, and, if so, at which temperature the effect occurred.

Table 1. Leidenfrost temperature (critical temperature).

Specimen Temperature

) 200 °C 300 °C 450 °C
Materials
Water Temperature Water Temperature Water Temperature
20°C 40°C 60 °C 20°C 40°C 60 °C 20°C 40°C 60 °C
Al NO NO NO NO 291.2 267.3 NO 374.8 331.9
MgH, NO NO NO NO NO NO NO NO 384.5
MgO 197.9 195.2 196.4 188.9 221.5 211.9 439.4 4411 373.6

According to Figure 7 and Table 1, it could be stated that samples covered with
the MgO coating were the most favorable (from the three investigated surfaces) for the
formation of the Leidenfrost effect. Even at lower temperatures of samples and water, it
was observed that vapor film forms in all cases, but only with a difference in the sustained
duration. The results of the polished aluminum surface could be considered as average
because the Leidenfrost effect was not lower than the sample temperature of 300 °C and a
water temperature of 40 °C.

In order to compare the results, the performed experiments were fixed by recording
equipment, and the processed material was matched with the obtained curves (Figure 7).
The compared curves are provided in Figure 8 for different coating cases (450 °C samples,
60 °C water).

800 ‘ MgH,
600 ﬁ “ § %

=400 hMJU
428 8°C n
200 40, T ? 200 - 298.4°C/ 205 1°C 251
—= B @@ 2012°C 275 8°C
U 1619( _|l Q(“Sﬂ("y” 1CL0L8C 0+ : e
0 l 3 ?"ciJ 5 6 7 8 0 1 2 2"5 gJ

Figure 8. Trend of temperature change depending on cooling time.

According to the images (Figure 8), it is possible to clearly see the formation of a vapor
flux and a “lifetime” duration by relating the images to the experimental curves. As it
was noticed, the sample covered with the MgO coating facilitates the formation of the
Leidenfrost effect with the most stable and the longest lasting vapor film in the case of
non-stationary heat transfer.
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One common tendency (Figure 9) that can be observed during the analysis of surfaces
using Method 3 is as follows: the temperature of water is not the most influential factor,
whereas a higher temperature of the sample leads to thinner and thinner film remaining
upon an interaction with water. In some cases, upon heating the film, it visibly changed
after interacting with water. In these cases, it is very likely that due to various temperatures
and reactions with water, the hydride undergoes dehydrogenation (up to 300 °C). The
film remains intact in rapid reactions with water at lower temperatures of the samples
(200 °C, 300 °C), and then slowly reacts with water. However, high temperatures of samples
(450 °C) and sudden cooling indicate that the film is vulnerable and begins to flake off
in pieces. Flaking indicates a difference in thermal expansion coefficients during rapid
temperature changes, the thermal contraction is also very quick, which also negatively
affects film adhesion.

Sample temperature
200 °C 300 °C 450 °C

Water temperature
40°C 20°C

60°C

Figure 9. Microscopy images of magnesium hydride samples; %100 optical magnification.

4. Conclusions

In this work, a thermal analysis of magnesium hydride was carried out to determine
the conditions of the vapor layer generation process on the surface under Leidenfrost
conditions. Due to the ability of magnesium hydride to release hydrogen during the reaction
with water, it was expected that it could contribute to the generation of a vapor layer. The
results obtained revealed the specific character of the hydride and provided insight into
the behavior of this material during the thermochemical processes with variations in
both ambient and sample temperatures. The conducted experiments indicate that only a
temperature of 450 °C enabled the formation of vapor films and, in turn, the Leidenfrost
effect. The film on the surface of the specimen at 450 °C with an MgH, coating lasted
only 0.3 s, while it persisted for approximately 2 s on a polished aluminum surface and
even 3.3 s on MgO under the same conditions. On the basis of the visual information
recorded, the vapor film that formed on the MgH, coating cannot be considered as a
stable film boiling, but rather as a vapor-gas lubrication system. Determining its effect on
friction would require separate studies, despite the fact that the literature suggests that
a loss of contact with water can significantly reduce friction. Another finding is that the
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production of hydrogen gas is very rapid during its reaction with water, and the entire
coating reacts almost instantly. This thermochemical reaction between the surface and the
water is likely to lead to an increase in temperature during the cooling process. During
the thermochemical reaction at a sample temperature of 450 °C, the magnesium hydride
film broke into pieces, and could no longer be used in repeated tests. Notwithstanding the
results obtained, an additional comparative analysis between the surfaces of the different
samples showed that the Leidenfrost effect is more favorable for magnesium oxides than
for magnesium hydrides. A vapor film was fixed on the magnesium oxide surface in all test
conditions, both at the lowest water temperature of 20 °C and at the lowest test temperature
of the 200 °C samples. In regard to the polished aluminum, the results are average, and
the fastest cooling dynamics were found immediately after the disappearance of the vapor
layer, compared to other cases.
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