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1. Introduction
The automotive industry is one of the most dynamically developing industry
therefore the research and development of related technologies have a high
importance factor. The number of electronic systems in the vehicles is increasing,
and there are a large number of electronic joints in these parts, so improving the
quality of electronic devices in the vehicle's operating conditions is one of the key
elements of reliability. Soldering is the most popular joint technique in
microelectronic and optoelectronic industries which technologies are widely used
in the vehicle industry [1-5].
Because of worldwide environmental concerns, public sentiments and market
strategies, as well as governmental regulations on the use of toxic Pb in electronic
products, the conventional Sn–Pb solders are under strict scrutiny. Therefore,
many Sn-rich alloy systems have been developed as alternative candidate Pb-free
solders, which have attracted much research and trial applications in recent years
[4, 6]. With a combination of process attributes (modest melting point and
reasonable solderability), comparable electrical performances and good
mechanical properties, the Sn–Ag–Cu system is one of the potential choices
[7, 8].
Soldering may be defined as the joining of metals by utilizing another metal,
which has a melting point or range below about 450⁰C and is lower than the metals
to be joined [9]. In the soldering process, the molten solder wets the substrates,
and the interfacial reaction occurs at the solder–substrate interfaces, thus forming
the soldering joints. Therefore, the wetting property between solders and
substrates is crucial to the reliability of the soldering joints [10-12].
Soldering requires a solder, substrate, and flux system that are compatible with
a specified soldering atmosphere and temperature profile.
Increasing global customer demand for miniaturised, hand-held and pocket
electronic products has been a key driver in the design, development and wide
application of high-density area array package format [13]. The use of ultra fine
pitch packages makes the stencil printing process more critical to produce a
reliable solder joint [14]. The most important step in the SMT (Surface Mount
Technology) production process besides paste printing is the reflow soldering
process. The solder reflow profile is one of the key variables in the electronics
manufacturing process that significantly impacts product yields [15]. The
manufacturing challenges associated with both solder paste printing and reflow
soldering increases as electronic device size decreases. The increasing
manufacturing difficulties are because at very small aperture sizes, the rheological
dominancy of surface tension over paste viscosity impacts negatively on the
printing process. The outcome may include overfill of stencil cavity with solder
paste. The consequence of this outcome may lead to printing defects such as
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solder slumping and bridging. A vital key to achieving urgent customer
satisfaction on further miniaturisation of electronics with good solder joint
reliability is the in-depth understanding of the solder paste transfer efficiency
[16].
An important task for both engineers and scientists to achieve that the
components surface properties are appropriate to their function.
This dissertation summarizes and evaluates the results of international
literature and responds with the results of experimental work to the effect of
multiple reflows and different atmospheric conditions on wetting properties. It
also describes the effect of laser surface treatment on the wetting properties
between lead-free solder pastes and copper or steel surfaces.

2. Literature review
With the advancement of technology, the distance between the pins of the
solderable parts is getting smaller, which implies that the solder joints are getting
closer and closer together. In addition, printed circuit boards (PCB) become more
complex, more and more components need to be soldered, which can not be
achieved with 1 reflow cycle.
Therefore, the soldering of the parts is carried out in multiple reflows, so that
the PCB get the thermal load of the reflow process several times. After the first
reflow, the maximum solder temperature for reflows may be the same as the first
or gradually decreasing temperature [17]. The soldered joints made in the first
cycle are affected by the subsequent heat load resulting from further reflows. A
number of studies in the literature investigate what changes are taking place in a
soldered bond due to the multiple reflows [18-24]. The studies focus on what
intermetallic layer changes occur, what compounds are formed and what their
growth is and how they affect the reliability [18-22]. However, fewer jobs deal
with the change in the surface to be soldered due to multiple reflow [23, 24].
Hetschel et al. investigated that the SAC solder spreading in tin coated PCB
and the increase in tin oxide layer on the surface [23]. The wetted area was
deteriorated in the case of multiple reflows, which was explained by the increase
in the surface SnO and SnO2 layer. Minna et al. examined Sn, Ag and Ni/Au
coated PCBs and made wettability tests and studied the solder spread in different
solder pad sizes [24]. It can be seen from their measurements that the wetting
properties of the samples that have multiple reflows are deteriorating.
During the soldering process, metallic alloys of soldered joints are exposed to
oxidation when soldering is carried out in an air atmosphere [25]. Tin oxides are
rapidly formed in the air environment and these oxides inhibit the molten solder
alloy from being wetted into the contact points of the printed circuit boards and
the pins of the components, causing soldering errors [25]. The use of nitrogen or
argon as a soldering process gas provides an inert, reduced oxygen quantity of
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soldering atmosphere. The inert word means 'not reactive' at the soldering
temperature for the solder components. Reducing the oxides from the solder
improves the wetting and soldering quality [26].
In recent years, lasers are increasingly used to change surface properties
[27-31].
During the past years, a number of researches have clarified the effects of the
laser irradiation on different material surfaces, such as metals, semiconductors,
polymers and multilayer materials. However, very little work has been focused
on improving the material’s wettability by modifying surface properties of
materials by laser [32].
Lawrence et al. [27, 33] found that the wettability of carbon steel,
alumina/silica-based oxide could be improved by high power diode laser
irradiation and the changes of the wettability was attributed to three aspects: (i)
surface oxygen content; (ii) surface roughness; (iii) surface microstructure. They
also found that the phase change and the increase in crystal size could lead to the
changes of surface energy.
Heitz [34], Henari and Blau [35] and Olfert [36] have been studied that
excimer laser treatment improves adherence and adhesion to the applied coating
layer. The improvement in adhesion was explained by the fact that excimer laser
treatment resulted in a smoother surface that improved the wetting properties.
However, they have not reported how changed the surface morphology, surface
material composition, and surface energy.
Zhao et al. [32, 37] investigated the effect of Nd:YAG laser surface treatment
on lead-free solder properties of copper. The change in the power of Nd:YAG
laser surface treatment affect the microstructure of the treated sample. Near the
surface a columnar structure was formed and an improvement in wetting
properties was found as a result of wetting angle measurement with a lead-free
solder surface. Their tests are difficult to reproduce because some details and
parameters of surface treatments can not be read in the publications.

3. Aim of the research work
The examination of soldering and the practical relevance of the use of lasers
are also indicated by a large number of publications appeared recently. This
suggests that the topic has a significant economic and industrial importance and
a major issue around the world that needs to be addressed.
The properties of the solderable surface have a great influence for solderability
and wettability of the solder. Different examination atmospheres are another
influencing factors on the wetting ability of solders, that the soldering itself and
the multiple reflows of the components are in an oxidative or in an inert
environment.
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This study experimentally determines the wetting properties between leadfree solder paste and tin coated PCB or copper using the sessile drop method at
normal atmosphere and at inert gas atmosphere, and determines the effect of the
multiple reflows at both atmospheres.
Creating surface conditions favorable to the soldering process can be achieved
by changing the properties of the soldered surface. According to the scientific
literature laser surface treatment may be suitable for this.
This work experimentally determines the wetting property and microstructure
changes in copper and DC01 steel following a surface treatment with Nd:YAG
laser and CO2 laser. The changes in surface energy were investigated by the
contact angle measurement of solders on the treated substrates.
There were previous studies case of copper and lead-free solder paste system,
but in this work the laser level increments are finer and the measurements are well
documented and reproducible. In addition to copper, the experiments were made
with DC01 steel material. The experiment is comparable that the laser surface
treatments change equally in the wetting properties of different materials. The
measurements with lead-free soldering paste provides a good basis for examining
the effect of laser surface treatment on wettability of molten metals on both copper
and DC01 steel materials.

4. Materials, equipments and methods
As stated in the aim of the thesis, the main aim is to improve solderability,
which I examined with different materials and surface treatments.
Materials
The measurements were performed with Senju M705-GRN360-KV Lead free
SAC305 solder paste, which consist of Sn 96.5 Ag 3 Cu 0.5 solder alloy powder.
This is usual commercial soldering paste which a mixture of solder alloy powder
and flux.
In the experiments three different types of substrate were used: tin coated
PCB, copper and DC01 steel.
The PCB substrates consist of the same base epoxy PCB material with two
copper layers, on the upside and on the bottom side. and the tin coating is directly
deposited on the copper.
Cu ETP R240 (CW004A) copper plates are used as substrates. This type of
copper is widely used for electrical and electronic applications.
I used DC01 steel plates for the investigations. This type of steel is widely
used for cold forming and other applications.
Before the measurements the copper and DC01 steel plates were grinded and
polished to remove the oxide layer and reach similar surface properties in every
sample.
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Equipments of surface treatments
The Nd:YAG laser used in the study was Rofin DY 027 pulsed laser with
emission of 1064 nm wavelength laser beam (Fig. 1.). The laser was equipped
with a fiber optic laser beam driving and an optical scanner head unit. I could
simultaneously treat multiple samples simultaneously by programming the
scanner head. The pulse laser was operated at 100% fill setting, so it was operated
CW mode (CW-Continuous Wave).

Figure 1. rofin DY 027 laser

The used CO2 laser is an Oerlikon precision laser (LE2000T000AA) with
emission of 10600 nm wavelength laser beam (Fig. 2.). The laser used in
continuous wave mode, its power density distribution is TEM00. The movement
of the X−Y table are controlled by CNC program.

Figure 2. Oerlikon CO2 laser
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Wetting angle measurements
The wetting experiments were performed in a wetting angle measuring system
(Fig. 3.) which can measure the wettability using sessile drop method [6], taking
the methodological issues summarized by Sobczak [38] into account.
The measurements can be performed in air or inert atmosphere. The heat
required for the measurements provided by a resistance-heated tube furnace
which can ensure the measuring temperature up to 1473 K. In this paper the
measuring temperature was not high, the melting temperature of investigated
solder are below 523 K.
At the beginning of the wetting angle measurements the samples were
positioned into the furnace at ambient conditions. When the measurements were
performed in inert atmosphere, the pressure was then reduced in the chamber and
the vacuum was replaced by a 105 Pa 99.999 % Ar or Ni gas. The vacuuming and
the inert gas filling were repeated 3 times. When the measurements were
performed in air atmosphere these vacuuming and inert gas refilling steps did not
required. Thereafter the temperature was raised up to the measuring temperature.
The contact angle values of the drop were measured directly from its images.
After the wetting angle measurement, the furnace was switched off and was
left to cool to ambient temperature. After that, the furnace was dismounted and
the sample was removed.

Figure 3. Wetting angle measuring equipment

Test methods for samples taken after the measurements
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From the connection between the contact angle and the substrate surface
possibly give more information when examining the surface layer of the substrate
contacting with the solder. For this purpose I performed metallographic, scanning
electron microscopy (SEM), transmission electron microscopy (TEM), X-ray
diffraction (XRD), X-ray photoelectron spectrometry (XPS) and Auger electron
spectroscopy (AES) measurements on untreated and laser-treated samples.

5. Results
Due to the complexity of soldering, the wetting properties between the solder
and the solderable parts are affected by several parameters that are variable during
soldering. In case of the examinations of the thesis, the variable parameter was
the number of reflows of substrate material, the experimental atmosphere and the
laser surface treatment of the substrate surface.
Effect of multiple reflows and atmosphere on wettability
In my measurements, wetting angle measurement was performed on multiple
reflowed copper or tin coated PCB substrates and lead-free SAC305 solder paste.
Furthermore I examined the effect of experimental atmosphere on the wettability
in case of air and inert (Ar, N) atmosphere.
I call it reflow when the substrate is reached the soldering temperature. When
I examined samples with multiple reflow, the substrates were heated up to
soldering temperature by n-1 times – n is the number of reflows - without solder
paste. And the last reflow was the wetting angle measurement.
The Fig. 4. shows the measured wetting angles of the solder paste on tin coated
PCB chips and on copper as a function of reflows by different measuring
atmospheres.
The effect of different atmosphere is easily definable. The measured wetting
angles when using Argon or Nitrogen atmosphere are about 12˚-13˚. This value
is in the well solderable range. On the contrary the wetting angles under air
atmosphere are around 24˚. This value is double of the former results. It means
that the solderability deteriorate when the solder was measured under air. The
effect of increasing number of reflows increases the wetting angle values in all
three measuring atmospheres. The wetting angles increased from 12˚ to 16˚ when
Argon atmosphere was used, 13˚ to 17˚ when Nitrogen was used and increased
from 24˚ to 28˚ when measured in air atmosphere. The increment of the wetting
angle approximately 4˚ between the samples with 1 reflow and 4 reflows. The
explanation of the difference between the wetting angle values is the different
oxygen concentration. Well known, that the presence of oxygen deteriorates the
wettability [39]. That is why the values under air are higher than under Argon or
Nitrogen. These differences indicate an increasing thickness of the tin oxide layer.
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Figure 4. Wetting angle measurements of Sn 96.5 Ag 3 Cu 0.5 alloy on tin coated PCB
and Cu substrates at 523 K in different atmospheres

The same wettability measurements were performed on Cu plates as
substrates. The Cu plates and the solder paste were examined in the same
atmospheres than the PCBs. The Fig. 4. shows the measured wetting angles of the
solder pastes on Cu plates as a function of reflows by different measuring
atmospheres. The measured wetting angles on Cu substrates show some
similarities with the measured wetting angles on immersion tin coated PCB
substrates. The wetting angles are rising with the number of reflows but on Cu
the increment of the wetting angles are lower than in the case of tin coated PCB
substrate. The wetting angles on Cu substrates do not show difference between
the atmospheres. It means that the solderability do not get better when the solder
was measured under inert (Ar, N) atmospheres. Nitrogen is a more often used gas
than Argon in soldering processes. It is better to use from cost side view.
Effect of laser treatment of Nd:YAG laser on Cu substrate sruface
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In my thesis I experimentally determined the wetting property changes in the
copper following the Nd:YAG laser treatment. The changes in surface energy
were investigated by the contact angle measurement of solder paste on copper.
The copper samples were treated with different laser powers, from 100 W to
2500 W. The laser used in the study was Rofin DY 027, Nd:YAG laser used in
continuous wave mode. The laser beam was focused directly onto a 0.4 mm
diameter spot on the surface of copper plate. During the laser surface treating
process, the laser beam was traversed across the copper samples by means of a
laser scanner at speed of 500 mm/min. The laser scanning speed must be
controlled properly to ensure that a 40 x 40 mm square area can be treated by
laser. Argon gas was used as shielding gas to protect the samples from oxidation
during laser irradiation with the flow-rate of 12.5 l/min.
In Fig. 5 the contact angles of molten SAC305 alloy drop on Cu substrates are
plotted versus the change of laser power applied during the previous surface
treatment. It is surprising, that correlation is not monotonic between the
quantities. Within the small power (below 400 W) the wettability increasingly
deteriorates but this tendency turns to oppose at around 500 W i.e., the wetting is
gradually improved and reaches saturation value. Fig. 5. shows that the contact
angle decreased from 25.2 to 19.2°, which indicate that the surface energy
increased until the 2500 W Nd:YAG laser irradiation.

Figure 5. Contact angle as function of laser power applied at the Cu substrate treatment

The crystal orientation on the copper surface was examined by X-ray
diffraction analysis before and after the laser treatments. In Fig. 6. the relative
intensities are presented for different samples.
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Figure 6. Relative intensities detected by XRD measurements on powder Cu sample [40]
(taken from ASTM data system) and the laser treated Cu surface

Comparing the relative intensity data of copper powder with XRD result of
untreated Cu surface, the difference clearly shows the preferred orientation of the
copper plate is (220) crystal face, which is the consequence of previous rolling
process, applied during the sample preparation. At 400 W irradiation the original
preferred orientation of the Cu substrate further increases, so the texture
development is more pronounced, than before the surface treatment. It means, that
local heat treatments associated with the laser irradiation is insufficient to cause
local melting in the surface layer. Recrystallization is taking place only, and the
preferred orientation growth crystallites is more pronounced resulting the higher
relative intensity of (220) reflection. As it is obvious from Fig. 5. that this kind of
structural change proceeds in solid state, resulting in increased grain growth
which does not promote the wettability on the copper surface. Contrary, the
transient increase of wetting angle was observed, which hints to the wettability
decrease in this range of pre-treatment. In addition, the intensity of (200)
reflection increases compared to the untreated state beyond 500 W irradiation
power, showing the increasing number of crystal orientation of <100> crystal
direction.
In agreement with the earlier investigation [6, 7] these power values can
already result local melting in the vicinity of copper surface. Consequently, the
crystal structure in the surface layer reflects the growing mechanism from molten
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state in which high temperature gradient exists, due to the intensive unidirectional
heat supply. Under such circumstances the preferential growth (highest growing
rate) is favoured in the <100> crystal direction during the solidification. The
thickness of modified layer is a function of the applied laser power. The rate of
solidification is higher at lower power range, the observed anomaly in the
wettability can be associated with the direction dependence of relative XRD
intensities at 500W laser power. (See Fig. 5. and Fig. 6.)
Fig. 6. shows that the increasing laser power applied to the surface treatment
changes the intensity ratio of (200) and (220) planes. The increase in the
dominance of the (200) is manifested in the improvement of the wettability, i.e.
the reduction of the wetting angle values. The intensity of the (311) is higher for
the samples treated with 600 W and 1000 W laser power, which also contributes
to the improvement of wetting.
Fig. 7. shows the surface layer microstructures of the optical metallographic
samples before and after laser irradiation with different laser power. As may be
seen by comparing Fig. 7.(a-d) the laser treatment did not cause noticeable
changes on the copper surface layer. The observations indicate that when the laser
power was 2500 W, the heat absorbed by copper could not lead to the formation
of molten pool which is typical in case of laser surface treatments.

Figure 7. Optical microphotographs of the surface layer microstructures after laser
irradiation with different laser power: a) untreated, b) 300 W, c) 600 W, d) 2500 W

Examination of DC01 steel surfaces treated by different lasers
In this study there is a target that the laser treatment does not leave an optically
visible trace on the surface. Taking this objective into account, the Nd:YAG laser
treatment with the parameters described above has the upper limit at 1000 W. In
this power level, a little discoloration begin. In case of the wettability
measurements there were 3 measurements on each laser power level and on
Fig. 8. the 3 measurements and the differences are shown for each laser power
level.
The graph shows that the contact angles do not change definite when the steel
plates treated with up to 700 W laser power. If the laser power was 1000 W the
contact angles increased. On the surface of the treated samples there is no
optically determinable change up to 700 W. Surface roughness measurements
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verify this statement. There is no difference between the surface roughness of the
treated surfaces up to 700 W laser power. The measured average roughness of the
samples up to 700 W laser power was Ra 0.05 μm. In case of the 1000 W laser
power treatment the surface of the polished steel was optically visibly changed.
The measured surface roughness of this sample was Ra 0.11 μm.

Figure 8. Measured contact angles of Nd:YAG laser treated DC01 steel and SAC305
solder paste

The surface layer microstructures were examined with optical microscopy and
by comparing the different laser treated samples may be seen that the laser
treatment cause noticeable change on the steel surface layer when the laser power
was 1000 W. The observations indicate that when the laser power was 700 W, the
heat absorbed by the steel could not lead to change of the microstructure. The
microstructures are look like a cold rolled steel structure. The microstructure near
to the surface layer was changed, when the laser power was 1000 W. The
modified thickness was ~90 μm.
The surface treatment experiments on DC01 steel have been performed with
CO2 laser too. The treatments were made with 50 W, 100 W, 150 W and 200 W
laser power. In this study there is a target that the laser treatment does not leave
an optically visible trace on the surface. When the laser power was 200 W the
edges of the samples were discolored, burned. It could be the effect of that the
grinding and polishing was not the best near to the edges of the samples and the
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laser absorption was bigger in this points. But this has no effect on the whole
treated sample because the wetting measurements were performed in the center
of the square shaped steel samples. All of the samples have Ra 0.05 μm surface
roughness after the laser treatment.

Figure 9. Measured contact angles of CO2 laser treated DC01 steel and SAC305 solder
paste

In Fig. 9. the graph shows three dfferent measurement in each laser power
level. The contact angles slightly increase when the laser power increase.
Compared to the measurements when the samples were treated with Nd:YAG
laser the difference shows a more gradual changing wetting angles.
As may be seen by comparing the surface layer microstructures of the optical
metallographic samples of the CO2 laser treated DC01 steel substrates the laser
treatment did not cause noticeable change on the steel surface layer. The
microstructures are look like a cold rolled steel structure.

6. Summary of the new scientific results in thesis
Thesis 1 I investigated tin coated printed circuit board (PCB) and 99.9 w% pure
copper plates wettability with molten SAC305 lead-free solder paste by using
sessile drop method at atmospheric conditions. I determined the change in the
wetting angle with the change in the number of reflows with ± 1° uncertainty. (I
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call reflow the process when the substrate is hit by the thermal load of the
soldering) The soldering temperature profile peak temperature was 250ºC at
which temperature the wetting angle measurement was done. In case of tin coated
PCB after four reflows the wetting angle increases from 25° to 29°, almost
linearly increasing with the number of reflows. On 99.9 w% copper substrate after
four reflows the changes of the wetting angle was not significant [J2, J4, J6, J10
C1, C4].
Thesis 2 I investigated tin coated (PCB) and 99.9 w% pure copper plates
wettability with molten SAC305 lead-free solder paste in case of air, argon and
nitrogen atmospheres changing the number of reflows. I determined that in the
case of tin coated PCB substrate in the argon and in the nitrogen atmosphere
compared to the air atmosphere, the wetting angle was reduced from ~25° to
~12.5° while in the case of copper substrate the wetting angle change was not
significant and remained at 25° for all atmospheres. The effect of the number of
reflows on the wetting angle caused the same change in different atmospheres.
On this basis, I conclude that the soldering of tin coated PCB are highly sensitive
for the soldering atmosphere [J2, J4, J6, J10 C1, C4].
Thesis 3 I determined on 99.9 w% copper substrates the effect of 0.4 mm spot
diameter, 12.5 l/min Ar shielding gas, 500 mm/sec scanning speed and 0-2500 W
laser power surface treatment effect on the wettability of molten SAC lead-free
solder paste. I determined that, depending on the laser power, the wetting angle
change can be divided into three sections [J7, J9, J11 C5, C7].
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a)

Section I is part of 100 W to 400 W. Compared to the average of
untreated samples, there is a monotonous increasing in the wetting
angles. The reason for this increase in wetting angles is that the surface
energy decreased due to laser treatment compared to the surface energies
of the untreated samples. Based on my experimental results, I suppose
that the surface energies entered during the cold rolling process used to
produce the plate have been reduced by low laser performance instead
of increasing it. Further, low performance could alter the surface oxide
layer in an unfavorable direction.

b) Section II extends from 400 W to about 600 W. The 430 W treatment
already shows a decrease compared to 400 W and the value for untreated
samples. By slightly increasing the laser power at a 470 W level, a local
minimum is found in the results with a peripheral angle of 21.6°. From
this point, with increasing laser power the wetting angles increasing,
which lasts up to 600 W laser power, when reach the wetting angle of
the copper substrates without laser treatment.
c)

Section III lasts from 600 W to the highest 2500 W laser power level. At
this stage, it is apparent from the further increase in surface energy,
changes in the oxide layer and changes in the structure, that the wetting
angle values have a strictly monotonous decrease to 2500 W laser power.
Based on XRD measurements, the intensity of (220) decreases, the
dominance of (200) and (311) increases, and the intensity ratio
(200)/(220) changes, indicating a reduction in the wetting angle.

Thesis 4 I examined the effect of Nd: YAG laser surface treatments on 99.9 w%
copper substrates. I have determined the optimal laser parameters in case of 0.4
mm spot diameter, 12.5 l/min Ar shielding gas to treat the surface of the substrates
and they do not show any visible change, optical discoloration on the laser-treated
surface: 100-500 mm/sec scanning speed, 0-2500 W laser power. I performed
optical microscopy, SEM and roughnes measurements on the copper substrates.
From the results I found that in the case of 0-2500 W laser power, 500 mm/sec
scanning speed and 0.4 mm spot diameter the structural changes in the laser
treated surface are below 1 μm [J7, J9, J11, C5].
Thesis 5 Following the laser surface treatment, 99.9 w% copper substrates were
subjected to 30 minutes of heat treatment at 350°C under a hydrogen atmosphere
and the wettability tests were carried out on these substrates. I have determined
that heat treatment in hydrogen gas is restored to the wetting properties to the
original state and the effect of laser surface treatment can not detectable. The
average of the wetting angle of laser treatment is 25.1°. The laser treated samples,
15

show smaller difference of the measurement uncertainty than the laser untreated
specimens [J7].
Thesis 6 I determined on DC01 steel substrates the effect of 0.4 mm spot
diameter, 12.5 l/min Ar shielding gas, 500 mm/sec scanning speed and 0-1000 W
laser power surface treatment effect on the wettability of molten SAC lead-free
solder paste. I have determined that treatment with 0-700 W laser power do not
cause visible change on the treated surfaces of the samples, and for any laser
power in this range the average wetting angle is 21.5° [J8, C6, C8, B3].
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