








shear adhesion strength (kPa) [35]. The measurement was carried out nine times for each sample

to ensure its repeatability.
Table 5-2- Icing wind tunnel parameters for shear adhesion and mechanical durability tests.

Temperature (°C) Airspeed (m/s) MVD (um) LWC (gr/m®) Time(s) Ice thickness (mm)

-3 2543 3043 0.8+0.02 180 2t03

The aim of the third test was to assess the mechanical durability of the PTFE solid lubricant
film under the icing parameters given in Table 5-2. These icing conditions caused clear ice
production, which is considered the most difficult type of ice to remove. Each sample was
subjected to numerous ice production cycles within the IWT, and the ice was detached from the
surface using the shear adhesion test equipment. After every five cycles, the roughness was
measured, and the physical state of the film was examined to detect damage and delamination. In
addition, the ice adhesion was measured after each icing cycle to specify the mechanical durability

of the PTFE film.

In addition, the surface temperature of the samples was measured using an infrared (IR) camera
(A320 Thermo Vision, FLIR System) before and during ice development within the IWT to

investigate how the PTFE solid lubricant film can retard the temperature reduction of the substrate.
5.3 Results
5.3.1 Film Distribution

The deposited TiO; coating, by the SPS method, produced a porous surface and cauliflower
features, as illustrated in Figures 5-2a and b [134].

Figure 5-2- TiO; coating (a) top surface (cauliflower features) (b) cross-section, taken from ref. [134].
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Table 5-3 shows that the PTFE film applied to the TiO coating under various vibration and
heating circumstances, and it was distributed differently across the asperities and on top of the
hierarchical features. Figure 5-3 illustrates the surface image of three groups of samples after
applying PTFE solid lubricants on the TiO; coating. Figure 5-3a shows the partially filled samples.
While the majority of the valleys were filled, several cauliflower tips were only partially covered
and could be seen in yellow. In filled samples, Figure 5-3b, the spaces between surface features
were fully covered, and the top of the cauliflower structure had a thin, uniform layer of PTFE solid

lubricant. As shown in Figure 5-3c, the asperities were fully covered by the PTFE solid lubricant

film in the overfilled samples and produced a bumpy surface.

Figure 5-3- Surface pictures of (a) partially filled, (b) filled, and (c) overfilled samples.
5.3.2 Surface wettability Characterization

The measured values of WCA (indicating a static wettability of a surface) and CAH (indicating
the water mobility) for the bare TiO; surface and the PTFE-coated samples are given in Table 5-
3. Since the TiO2-coated surfaces are hydrophilic (WCA=10°"), it was challenging to measure the
CAH because it can be measured only for hydrophobic and superhydrophobic surfaces with high
WCA values.

Table 5-3- WCA and CAH of PTFE solid lubricant samples and TiO» coating.

Sample name Schematic WCA () CAH ()

3 10 7S — 11—

TiO,+ PTFE  Partially Filled /(S 7722 1031
TiO; + PTFE Filled W 13147 22+0.4
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TiO, + PTFE  Over Filled M 10243 631

Table 5-3 shows that the highest WCA (131°) and the lowest CAH (22°) are related to the
filled samples. The WCA of the partially-filled and overfilled samples were 77° and 102°,
respectively, and their CAH values were 103° and 63°. Despite the fact that neither the partially-
filled nor the overfilled samples indicated no discernible superhydrophobicity, they can be still
classified as hydrophobic. Due to the fact that TiO; features are hydrophilic, the wettability and
hydrophobicity of the partially-filled samples might be affected by the partially-covered structure
of the TiO; coating. However, the measured values of WCA and CAH for the overfilled samples
were between the other two samples, which are comparable to the wettability of the PTFE solid

lubricant film on a flat surface.
5.3.3 Surface roughness parameters

Table 5-4 shows the seven different roughness parameters of the samples. It has been shown

that roughness parameters can directly affect ice adhesion [142].

Table 5-4- Roughness parameters of different samples.

Name Category Rp (um) Rv (um) Rz (um) Ra (um) Rq (nm) Rsk (um) Rku (um)
TiO2 e 15.5+0.2 13.4+0.2 28.9+0.9 6.5+0.1 8.1+0.1 0.39+0.02 3.2+0.03
PTFE- Partially

10.1£0.3 8.9+0.3 18+0.2 4.240.2 5.1+£0.7 0.16+£0.01 2.4+0.02
ParFil-1 Filled
PTFE- Partially

9.5+0.2 7.8+£0.2 17.3+£0.2 3.8+0.07 4.6+0.09 0.13+£0.02 2.54+0.02
ParFil-2 Filled
PTFE-Fil-3 Filled 8.6+0.2 5.240.1 13.8+0.4 2.1+0.04 2.6+0.05 0.05+0.01 2.4+0.01
PTFE-Fil-4 Filled 6.9+0.2 4.8+0.2 11.7+£0.4 24+0.05 2.4+0.02 0.04+0.01 2.9 +0.01
PTFE-Fil-5 Filled 5.9+0.1 3.9+0.1 9.8+0.2 1.4+£0.04 2+0.08 0.03+0.01 2.7+0.02
PTFE-Fil-6 Filled 3.2+0.2 1£0.1 4.240.4 1.1+0.01 1.4+£0.02 0.05+0.01 2.9+0.01
PTFE

Over Filled 1£0.1 1.8+0.1 2.8+£0.5 1+£0.08 1.2+0.08 -0.05+0.01 2.840.01

OVE-7
PTFE-
OVE.8 Over Filled 0.3+0.1 0.6+0.1 0.9+0.1 0.6+0.02 0.8+0.03 -0.02+0.01 2.9+0.03
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dynamically decreases the chance of heterogeneous ice nucleation and reduces the total amount of
the developed ice [48].

5.3.6 The shear adhesion strength of ice

The shear adhesion strength of the ice was also assessed to analyze the anti-icing performance
of the PTFE solid lubricant film. Figure 5-6 shows the results of ice adhesive shear strength for

several samples, and the error bars indicate the error of the mean value of four measurements.
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Figure 5-6- Ice adhesive shear strength on different fresh samples.

The adhesion reduction factor (ARF) is a well-known tool for comparing the findings of this
study with those of previous investigations [19]. The ARF was measured by dividing the ice
adhesion on bare aluminum (as a reference) by the results of ice shear adhesion on the samples of
this study. The result showed that the ice adhesion of the PTFE solid lubricant film on TiO2 coating
was significantly lower than that on bare Al. The T-test technique was also used to compare the
values of ice adhesion on duplex coating samples and bare Al [248]. While comparing partially-
filled samples to bare Al, the value was about 107'2; when comparing full and overfilled samples,
it was around 107'®. The measured values are less than a- value (0.05) or strict a- value (0.01),
showing that the hypothesis of a significant difference in mean ice adhesion values on bare Al and
duplex coating at this temperature range is correct.

The bare TiO2 sample had the highest ice shear adhesion with a large variation (323+£28 kPa).
It was anticipated that the bare TiO> sample would exhibit high ice adhesion due to its high Ra and
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Rq values (Table 5-4) and its lowest WCA (Table 5-3). In all icing scenarios, the accreted ice on
the bare TiO; sample resulted in a substantial layer of accumulated ice (Table 5-5).

Additionally, the partially-filled samples with adhesion values of 87412 kPa and 108.6£16 kPa
and a corresponding ARF of about two exhibited good icephobic properties as icephobic surfaces
are defined by adhesion values below 100 kPa [268]. Moreover, compared to the bare TiO> sample,
they showed a considerable reduction of more than 60% in ice adhesion

On the other hand, the overfilled samples, particularly PTFE-OVE-8 with 17.5 kPa, showed
considerably low ice adhesion. They had a significant ARF of roughly 10, confirming the maximal
PTFE solid lubricant performance as an icephobic coating for adhesion reduction. Compared to
PTFE solid lubricant on bare Al, the structure of the overfilled samples can help with the five-time
reduction in ice adhesion.

In addition, all filled samples, with the highest WCA, lowest CAH, and relatively low Ra,
showed a low ice adhesion strength with noticeably low variations, which can be due to PTFE
solid lubricant homogeneous distribution between the asperities and on top of them. The ice
adhesion values of PTFE-Fill- 6 and PTFE-Fill-3 were 20+2 kPa and 70+5 kPa, respectively.
Under the same conditions, the adhesive force of ice on the bare Al substrate was 200 kPa, and the
average ARF was about six. Comparing the ice adhesion of the filled samples with that of the
PTFE-coated Al substrate (120 kPa) indicates that the hierarchical structure of TiO; has helped

reduce ice detachment to an average of 40 kPa (80% reduction).
5.3.7 Mechanical durability of the coating

Since the efficiency of an icephobic surface depends on its durability, the mechanical durability
was determined by measuring the ice adhesion after repeated icing/deicing cycles, which is a more
accurate test technique than detachment by melting the ice because it can severely damage the
substrate [254]. The results of ice shear adhesion strength versus the number of cycles are shown
in Figure 5-7, and error bar shows standard deviation for each five measurements.

It has been shown that some surface roughness parameters, including the height of features, the
width of the gap between features, and the presence of dual-scale roughness, affect the wetting and
icephobicity of the surface [296], [297]. Therefore, the roughness parameters were also measured
every five cycles and compared with the initial state of the samples to study their effect on the

durability of the film.
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Figure 5-7- Average ice adhesion measurements for every five cycles.

The behavior of the partly-filled sample was different from that of the other samples, as shown
in Figure 5-7. During the first ten cycles, the change in ice adhesion on the partially-filled samples
was more significant. The adhesion strength quickly increased after five cycles, and finally, very
high adhesion values (about 170 kPa) showed that the PTFE solid lubricant films failed. Table 5-
6 shows the roughness parameters of PTFE-ParFill-1 every five cycles before the film is severely
damaged. When compared to the initial values, Table 5-6 indicates an increase in most roughness
parameters, such as Rz, Ra, Rq, and Rku. The Rku values are less than three before the initial ice
adhesion, but they increase to roughly three after five cycles and more than three after ten cycles.
In addition, the increase in the number of valleys on the surface is confirmed by the Rsk value
reduction to more negative values during deicing cycles.

Table 5-6- Roughness parameters of sample PTFE-ParFill-1 during mechanical deicing.

No. of Cycles Rz (um) Ra(nm) Rq (nm) Rsk Rku
Initial 18+0.2 4.23+0.2 5.1+0.7 0.16 +£0.01 2.43+0.1
5 20.2+0.7  4.90+0.1 7+0.4 -0.09+0.02 2.98+0.1
10 225409  5.84+0.2 8.9+0.8 -0.10+0.01 3.4340.1

After seven deicing cycles, most TiO: tips lost their PTFE solid lubricant films (shown by
yellow circles in Figure 5-8a). The ice formation and detachment occurred on the bare TiO>

cauliflowers. Then, ice separation caused severe damage to the nanostructure of the cauliflowers
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and led to the detachment of TiO; textures, as seen in Figure 5-8a with red circles and Figure 5-8b

with glossy patches.

Figure 5-8- The surface of partially-filled samples (a) damage to PTFE solid lubricant film (yellow circles) and
TiO; texture (red circles) after seven cycles, magnification 5X, (b) TiO; cauliflower detachment after ten cycles,

magnification 20X.

On the other hand, the overfilled samples showed a very low ice adhesion for at least ten cycles
(36 kPa). However, the shear adhesion began to rise when the icing/deicing cycles increased to
more than ten. The ice adhesion of PTFE-OVE-7 was an average of 54 kPa after 15 cycles, and
then it exceeded 100 kPa for more cycles. According to Table 5-7, the roughness values of the
PTFE-OVE-7 sample after five cycles are very similar to the initial ones, then increase slightly
after ten cycles of ice detachment. Compared to the partially-filled samples, the roughness result
of PTFE-OVE-7 in Table 5-7 shows a minor increase in Rz, Ra, and Rq, confirming the better
coverage of the solid lubricant film on the TiO; coating after 20 cycles of ice detachment.

Table 5-7- Roughness parameters of sample PTFE-OVE-7 during mechanical deicing.

No. of Cycles Rz (um) Ra (um) Rq (um) Rsk Riu
Initial 2.8+0.5 1£0.1 1.2+0.1 -0.05+0.01 2.8+0.01
5 2.9+0.7 1.3 +0.1 1.5+0.4 -0.06+0.02 2.8+0.03
10 3.1£0.9 1.6 £0.3 1.8+0.2 -0.08+0.01 2.9+0.02
15 3.9+0.4 2+0.3 2.240.2 -0.08+0.03 3.0+0.02
20 4.8+0.5 4.3 £0.1 4.5+0.3 -0.09+0.02 3.2+0.03

91



Although Rsk values are very close to zero in all cycles, they also gradually reduce to more

negative ones, indicating an increase in the valleys. The Rku also increases gradually with the

number of deicing cycles. The confocal microscopy analysis of the solid lubricant surface after

around 20 cycles revealed the yellow dots that confirmed the film separation on top of the

cauliflowers, as illustrated in Figure 5-9.

Figure 5-9- The surface of the overfilled sample showed PTFE solid lubricants film detachment on top of

cauliflowers (yellow dots) after 20 cycles.

Moreover, the filled samples demonstrated considerable mechanical durability and

outperformed the others. The ice adhesion values remained close to 50 and 75 kPa after ten and

fifteen cycles, respectively, and increased to roughly 80 kPa after twenty mechanical deicing

cycles. PTFE-Fil-6 was also the most durable icephobic sample, and its average ice adhesion was

below 50 kPa for up to 20 cycles. Throughout the deicing cycles, the surface roughness values of

PTFE-Fil-6 were measured (Table 5-8), and Rp and Rv did not significantly change.

Table 5-8- Roughness parameters on sample PTFE-Fil-6 during mechanical deicing.

No. of Cycles R (um) Ra(um) Rq (um) Rsk Riku
Initial 4.2+0.4 1.2+0.1 1.4+0.02 0.05+0.01 2.96+0.01
5 4.2+0.6 1.1+0.2 1.3+0.1 0.09 +£0.02 2.7+0.05
10 4.1+ 0.9 1.2+0.3 1.44+0.2 0.06 £0.01 2.4+0.07
15 4 +£0.5 1.4+0.3 1.5+0.2 0.03+0.01 3.1£0.09
20 4.1£0.3 1.4+0.3 1.5+0.7 0.04+0.02 2.9+0.04
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To investigate the damage and delamination of the PTFE solid lubricant film, the surface of
PTFE-Fil-6 was examined by the confocal microscope at two different magnifications, as shown
in Figure 5-10. No damage to the surface and cauliflowers can be seen at the 5X magnification in
Figure 5-10a, but the higher magnification shows minor removal of PTFE solid lubricants from
the top of some cauliflowers after 20 cycles of deicing (Figure 5-10b). The PTFE solid lubricant
film detachment mostly occurred in the front part of the sample, where higher stress is concentrated
due to the applied force during ice detachment. However, these minor film detachments did not

significantly affect the ice adhesion values.

Figure 5-10- The surface of the sample PTFE-Fil-6 after 20 cycles of mechanical deicing (a) in 5X (b) in 20X

magnification shows minor detachment at the top of TiO, cauliflowers.
5.4 Discussion
5.4.1 The effect of surface energy on the ice adhesion

Table 5-3 shows that the filled samples have higher hydrophobicity and better water repellency.
This result is in agreement with other studies where stearic acid and DLC:SiOx were applied on
the surface of the same TiO> coating and indicated a static WCA of 97°+1 and 159°+1, respectively
[7], [136]. On the other hand, TiO> characteristics might not affect the wettability of overfilled
samples since their wetting properties are similar to a pure flat PTFE solid lubricant surface. The
results of Figure 5-6 show that the combination of the hydrophobic PTFE film reduced the
solid/liquid interaction in all samples and enhanced the effect of the hierarchical structure of TiO2

coating. The combination of dual-roughness and low wettability also weakened solid/ice bonds at

93



the interface and helped develop an icephobic surface with a lower ice adhesion, which is in

agreement with similar studies that tried to reduce the surface energy of textured coatings [173].
5.4.2 The effect of surface roughness on the ice adhesion

Several roughness parameters were investigated (Table 5-4) for two reasons. First, since the
PTFE-coated samples have the same surface chemistry, their various wettability (Table 5-3) and
anti-icing behaviors (Figure 5-6) can be related to differences in surface roughness characteristics.
Second, by comparing the Rv, Rp, and Rz values of the bare TiO> and PTFE-coated samples, it is
possible to assess the film distribution on top of the cauliflowers and the spaces between the
cauliflowers, which can have a considerable effect on ice adhesion. In other words, a decrease in
Rv values can primarily result in a decrease in Rz values. When Rv (the valley to the mean line)
is lower, the mean line also moves and causes a reduction in Rp (the peak to the mean line). The
negligible change in Rp values might be due to the relatively tiny area of cauliflower tips compared
to the valley between them and their ability to be protected by a thin film. Therefore, any reduction
in Rv values might be the main factor causing the decline in Rz and indicate that the PTFE solid
lubricant film can fill the valleys between TiO: coating asperities. Figures 5-3 a-c also confirm the
different distribution of the PTFE solid lubricant film on the samples under various vibration and
heating conditions.

Due to the high surface energy of the partially-filled samples (Table 5-3) and their high
roughness parameters (Table 5-4), water droplets can make a stronger mechanical interlocking on
the surface of the partially-filled samples than the filled or overfilled ones. Therefore, significant
roughness parameters of the partially-filled samples, such as Ra and Rq can be considered the
worst-case scenario for ice adhesion compared to the filled and overfilled samples [142]. However,
the coverage of PTFE solid lubricant helped to reduce the adhesion compared to that on the bare
TiO2 sample. Although PTFE solid lubricants were applied unevenly and without complete
coverage of cauliflowers in the partially-filled samples, the film covered the area between the
asperities and provided a smooth contact area with ice, as illustrated in Figure 5-2a.

The filled samples, especially PTFE-Fil-6, produced without heating, showed a less significant
difference between Rv and Rp, resulting in smaller Rz values among the filled samples, as shown
in Table 5-4. Therefore, a uniform distribution of the PTFE solid lubricant film on the TiO; coating
and between the asperities was achieved (Figure 5-2b). Compared to the partially filled samples,
the Ra, Rz, and Rq values (Table 5-4) of the filled samples were much lower. The filled samples
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can be ideal for ice adhesion due to their wettability (Table 5-3) and roughness characteristics
when the PTFE solid lubricant film uniformly covers the asperities and top layers of nano features,
which is in agreement with the result of Figure 5-6.

On the other hand, the PTFE solid lubricant film generated a bumpy but smooth surface in the
overfilled samples when it completely covered the texture of the TiO» coating. Lower ice/solid
interfacial strength and easier detachment can be due to the stress-rising effect of the bumpy
interface with low roughness parameters, such as Ra and Rq (Table 5-4), which lessen ice
adhesion. This is consistent with the results of other studies [81], [298], [299].

Moreover, it has been shown that TiO> cauliflower features, which covered by low surface
energy PTFE solid lubricant film, can help entrap the air pockets between the water droplets and
the substrate during the freezing [141], which can provide the Cassie-Baxter wetting mode [286].
These air pockets at the interface can act as defects and stress concentrations, facilitating interfacial
crack propagation and eventually making ice detachment easier [300]. However, a large negative
value of Rsk can also lead to a more contact area between the ice and the substrate, increasing ice
adhesion when very small-sized water droplets impact the surface at high speed [171].
Accordingly, the bare TiO; sample with high surface energy (Table 5-3) and large roughness
(Table 5-4) led to considerable ice adhesion (Figure 5-6). Moreover, combination of the filled
samples with the dual-scale roughness of TiO; coating (shown in Figure 5-4) might be helpful to
trap the air pockets and can hold water droplets on the top. It has also been reported that the air
trapped within the hierarchical roughness act as a thermal insulation layer, reducing the solid/liquid
contact area. Air pockets might decrease heat transfer and act as barriers to heterogeneous ice
nucleation [123], [144]. The delay in surface temperature reduction was confirmed by the results
of Figure 5-5. As the droplets freeze on the peaks, water vapor within the valleys reduces. The
existence of dry or under-saturated valleys at the interface can encourage the evaporation of water
collected within the valleys and retard further condensation, thereby reducing ice formation within
the valleys [301], [302]. As a result, the valleys transform to voids and defects at the interface,
which can slow down the formation of ice crystals, act as stress risers at the interface, and prevent
the formation of a strong interlocking of ice. This is consistent with the results shown in Figure 5-
6.

In addition, the height and shape of the asperities can be estimated by another surface parameter

called Kurtosis (Rku) [141], [280], [303]. It has been shown that the actual surface area at the
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ice/substrate interface is highly dependent on Kurtosis, and the higher its value is, the higher the
interface contact area [142]. A larger contact area between the substrate and the freezing water
droplets can lead to stronger bonding and ice adhesion [294]. The surface of bare TiO, samples
showed a considerable divergence from the normal distribution, and its kurtosis value was larger
than three, which showed the highest ice adhesion (Figure 5-6). However, all filled and overfilled
samples with kurtosis values close to three (Table 5-4) did not show a considerable peak and
valley, had lower contact area after freezing, and had less ice adhesion (Figure 5-6).

Finally, a very low solid/ice contact area (roughness parameters), lower surface energy, and the
presence of stress concentrations resulted in a low interfacial strength, which can explain the lower

1ce adhesion when TiO; hierarchical structure and PTFE solid lubricant are combined.
5.4.3 Mechanical durability

The mechanical durability results of Figure 5-7 can be explained with regard to the surface
roughness parameters and physical condition of the PTFE solid lubricant film after each deicing
cycle. In addition, a possible explanation for the different ice adhesion during several deicing
cycles of the samples can be the anchoring action of the TiO» substrate that holds the solid lubricant
film. In other words, because TiO» features showed a significant anchoring effect on the filled
samples and the weak van der Waals forces hold the solid lubricant layers together, the adhesion
between PTFE solid lubricants and TiO» features is stronger than that between the film and the ice.
On the other hand, the required anchoring between the film and the substrate was not provided for
the other samples due to different vibration and heating times during the film deposition.

According to Table 5-6, the surface of the partially-filled sample has considerably more
significant peaks and deeper valleys when comparing the values of Rku after five deicing cycles.
Lower Rsk values and higher Rz values might potentially indicate that the PTFE solid lubricant
film was detached from the cavities during the dicing cycles. Therefore, the ice adhesion suddenly
increases due to an increase in the total contact area at the interface. Deeper ice formation within
the asperities also occurs, leading to stronger ice interlocking [304]. The damage to cauliflowers
and PTFE solid lubricant film, shown in Figures 5-8 a and b, also confirms the improved ice
adhesion results of Figure 5-7.

Although the overfilled samples showed a considerably low ice adhesion, they did not indicate
acceptable mechanical durability, as shown in Figure 5-7. For this sample, the film was deposited

with no vibration or heating, which is the only factor that sets it apart from other samples (Table
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5-1). The separation of the PTFE solid lubricant film from the tips of cauliflowers after 20 cycles
can be confirmed by Figure 5-9. Table 5-7 also confirms that the film is worn off when after
roughly 20 cycles, the Rz increases from 2.8 um before deicing to 4.8, Rsk is reduced, and Rku is
larger. A larger Rku and more negative values of Rsk can increase the likelihood of impinging and
freezing water droplets within the deep areas. Consequently, the ice has a larger surface area when
it comes into contact with the PTFE solid substrate, in contrast to primary deicing cycles.
Therefore, the adhesion between the PTFE film and the substrate is not as strong as the interfacial
strength of ice/solid lubricant, leading to a rapid rise in ice adhesion as some of the lubricant films
are worn away.

Finally, the filled samples showed the highest mechanical durability, as shown in Figure 5-7,
due to their highest anchoring to TiO: coating. According to the roughness parameters of Table 5-
8, such as Rz, enough film remains on the TiO; cauliflowers, and there is no loss of PTFE solid
lubricant during deicing. Furthermore, the stability and durability of the film can be shown by the
consistency of Ra and Rq after 20 cycles in Table 5-8.

5.5 Conclusion

In previous studies, TiO-coated samples with dual-scale surface roughness and reduced total
accreted ice were produced by suspension plasma spray. In this study, PTFE solid lubricant film
was applied on top of the TiO» coating by brushing, followed by different vibration and heating
times to fabricate several samples. The variation in the vibration and heating times significantly
affected the distribution of the PTFE solid lubricant film. The surface was analyzed by measuring
the WCA and CAH, and the filled samples showed the highest wettability and water mobility with

a uniform distribution on top and between dual-scale roughness features of TiO».

Three different tests were carried out to evaluate the amount of accumulated ice, ice shear
adhesion, and mechanical durability of the samples. The amount of accumulated ice for the filled
samples was significantly lower under the icing conditions with 45m/s airstream speed and 45°
angle of impact. Ice adhesion results demonstrated that the overfilled and filled samples had the
lowest ice adhesion. However, the filled samples with the highest WCA and the lowest CAH
showed considerable durability with an acceptable ice adhesion for up to 20 cycles. The low ice
adhesion of the filled samples can be attributed to the TiO2 dual-scale roughness that trapped air,
acted as a stress riser at the interface after freezing, and led to a very low mechanical interlocking

and ice adhesion. The highest durability of filled samples might result from the significant
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anchoring effect between the PTFE solid lubricant film and TiO> features due to the vibration
applied during film deposition.

A thicker film applied on the overfilled samples might provide more protection to the substrate
but reduce the effect of the hierarchically TiO; nanoscale surface characteristics. The overfilled
samples have a smooth surface with micro bumpy features that act as stress concentrations to
reduce ice adhesion in initial dicing cycles. However, the PTFE solid lubricant film was easily
detached after a few deicing cycles, leading to its low mechanical durability.

A thinner coating on the dual-scale roughness features of the partially-filled samples does not
reduce ice adhesion. After a few cycles of dicing, hierarchical structures of TiO> come into contact
with the ice. As a result, the ice shear stress severely damages the cauliflower structure at the

interface, leading to higher ice adhesion and poor mechanical durability.
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Chapter 6. Conclusions and future work directions

This chapter summarizes the results, conclusions, and findings. It also suggests some ideas to

continue this study and improve the performance of the PTFE solid lubricant for ice adhesion.



6.1 Conclusions

Ice adhesion is a threat to numerous industries, including communications, transportation,
power plants, turbines, and airplane parts. Several methods have been extensively used to tackle
this issue, which can be categorized into active anti-icing techniques, such as applying chemicals
and mechanical deicing equipment, and passive deicing (e.g., icephobic coatings). Active methods
might be effective in particular icing situations; nevertheless, they have some limitations in terms
of cost and energy consumption or need sensors to detect ice formation to activate them. Therefore,
icephobic surfaces, including oil or liquid-infused ones, have been developed to limit ice formation
or decrease its adhesion passively. For this purpose, polymers, specifically PTFE, have been used.
However, after several deicing cycles, their mechanical stability and durability is deteriorated.

This study aimed to evaluate the anti-icing performance of the PTFE solid lubricants on
aluminum (in the first part) and TiO2 coating (in the second part) and its mechanical durability
during several dicing cycles.

The first part aimed to investigate the effect of PTFE solid lubricants on ice adhesion reduction
over aluminum substrates and compare the results with ice adhesion on bare aluminum under the
similar conditions. As a reference, aluminum has been utilized in several research to estimate the
adhesion reduction factor (ARF). The ice development was carried out within an icing wind tunnel
(IWT), and several tests were conducted to generate various types of ice with consistent shapes. A
custom-built test rig measured the ice shear adhesion of PTFE solid lubricants applied on
aluminum. The failure mechanism at the interface was identified as a blistering formation during
the ice detachment. Blisters started to form in the middle of the sample, then advanced toward the
edges, and assisted in separating the ice. The wettability and adhesion of PTFE solid lubricant
were significantly lower than those of the bare Al, and the PTFE film showed a shear adhesion
reduction within the temperature range of -2 ‘C to -10 “C. Moreover, PTFE solid lubricant
decreased adhesion compared to Al in different roughness values. Finally, the mechanical
durability of PTFE solid lubricant was acceptable for the first ten cycles; then adhesion increased
due to some film detachments at the interface.

In the second part of the study, a layer of PTFE solid lubricant was deposited on a TiO2 coating
which had been applied via suspension plasma spray on the stainless steel substrate. The TiO2
coating has demonstrated dual-scale hierarchical roughness and proved its efficiency in reducing

ice accretion. The PTFE film was deposited under different vibrating and heating conditions, and
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three groups of samples were produced: filled, overfilled, and partially-filled. Different modes of
the film distribution and uniformity between and over the substrate structure led to various
properties. The wettability of the filled samples was the lowest, while the partially-filled samples
showed the highest WCA and CAH. Ice accretion on the filled samples indicated a 50% reduction
compared to the bare Al substrate. Additionally, the overfilled and filled samples showed an
average ice adhesion of 17 kPa and 20 kPa, respectively, while the partially-filled ones showed an
ice adhesion of 87.7 kPa. Finally, ice shear adhesion and roughness parameters were measured to
determine the mechanical durability of the samples during several icing/deicing cycles. The results
of the durability test demonstrated that the filled samples produced under vibration had the
maximum mechanical durability, and their adhesion remained below 50 kPa for up to 20 cycles.
In contrast to the filled samples, the overfilled and the partially-filled samples showed lower
mechanical durability. The durability results indicated that PTFE solid lubricant must anchor with
the substrate to protect the dual-scale features of the TiO2 coating.

In conclusion, PTFE solid lubricant applied to bare TiO> coating outperformed PTFE solid

lubricant applied to bare Al in terms of wettability, ice adhesion reduction, and durability.
6.2 Future work directions

The suggestions below can be followed to improve the icephobicity and durability of PTFE solid
lubricant film:

- The interfacial failure analysis of PTFE solid lubricant on TiO: coating: it is
recommended to conduct comprehensive research on the evaluation of the interfacial
failure mechanism of PTFE solid lubricant on the TiO> coating, analyze the chemical and
thermal properties of the PTFE solid lubricant, and investigate the presence of a liquid
layer, mechanical interlocking, and chemical bonding at the interface because they are the
primary factors responsible for ice adhesion reduction.

- More compact TiO: coating: by adjusting the deposition parameters, it might be possible
to produce a more compact cauliflower structure. A more compact structure can provide a
homogeneous, organized micro-texture with packed dual-scale characteristics. Closer-
spaced textures can produce a better hierarchical texture to hold tiny water droplets on top
of cauliflowers and maintain Cassie-Baxter wetting mode, prevent the droplets from
penetrating the substrate asperities, and ultimately reduce the ice adhesion after a high-

speed impact.
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Different film deposition methods: other PTFE film deposition methods, such as
spraying, might help develop a topcoat with better wettability and durability and extremely
lower adhesion values, such as 2-5 kPa.

Deposition of other oxides: TiO; is one of the oxides that can be used as a suspension
solution, but other oxides, such as Si oxide, can be an appropriate substitute. When a
topcoat of PTFE solid lubricant is applied, a distinct structure is formed and can help lessen
ice adhesion.

Film deposition on carbon fiber reinforced composites: deposition of PTFE solid
lubricants on carbon fiber composites as a future material for the body of airplanes and
helicopters, and analysis of the ice adhesion can be a good idea.

Composite fabrication with the PTFE solid lubricant: different studies have used PTFE
to spray a doped coating with excellent qualities. A PTFE solid lubricant film can be used
as an additive to be deposited by sputtering or other thermal spray methods on a laser-
treated surface with a porous structure. This composite coating can offer a better anchoring

effect of solid lubricants in sliding, leading to higher mechanical durability.
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