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Abstract

In 2003, the RoHS (Restriction of Certain Hazardous Substances) Directive emerged in the European Union to
restrict hazardous substances in electronics, prompting the search for alternatives to lead-based solder due to
health concerns related to its toxicity. Soft solder, working at low temperatures (up to 450 °C), is essential in heat-
sensitive electronic components. With the evolution of smart electronics, wettability (the ability of liquids to spread
on solid surfaces) has become critical for the integration, power, miniaturization, and flexibility of electronics.
However, the scarcity of affordable devices to test wettability limits research in this promising field. Addressing this
need, an affordable device, costing around US$ 30.00, was developed to measure the wettability of low-temperature
alloys. The construction was carried out by planning its structure and geometry through parametric 3D CAD
(Computer Aided Design) modeling software. Then, the components were manufactured and assembled to conduct
a wettability test. The device provided material dripping onto copper substrates, eliminating the need for prior
contact. After six tests, the results revealed contact angles ranging from 139.08° to 147.93°, indicating partial
wettability and low adhesion due to material drop caused by air resistance. This functional and affordable device
can drive studies in the field, promoting research on lead-free solder and new materials for electronic components.

Keywords: lead-free, device development, wettability, sessile drop, electronic components.

Resumen

La Directiva RoHS (Restriction of Certain Hazardous Substances) surgié en la Unién Europea en el 2003 para
restringir sustancias peligrosas en dispositivos electronicos, impulsando la busqueda de alternativas a la soldadura
a base de plomo debido a preocupaciones de salud relacionadas con la toxicidad del plomo. La soldadura suave,
al trabajar a bajas temperaturas (hasta 450 °C), es esencial en componentes electrénicos sensibles al calor. Con
la evolucion de la electrénica inteligente, la mojabilidad (la capacidad de los liquidos para extenderse sobre
superficies sdlidas) se ha vuelto critica para la integracion, potencia, miniaturizacién y flexibilidad de la electrénica.
Sin embargo, la escasez de dispositivos asequibles para probar la humectabilidad limita la investigacion en este
campo prometedor. En respuesta a esta necesidad, se desarroll6 un dispositivo asequible, con un costo de
alrededor de US$ 30.00, para medir la humectabilidad de aleaciones de baja temperatura. La construccion se llevé
a cabo planificando su estructura y geometria a través de un software modelador CAD (computer-aided design)
paramétrico en 3D. Luego, los componentes se fabricaron y ensamblaron con el objetivo de realizar una prueba
de mojabilidad. El dispositivo proporcioné goteo de material sobre sustratos de cobre, eliminando la necesidad de
contacto previo. Después de seis pruebas, los resultados revelaron angulos de contacto que oscilan entre 139,08°
y 147,93°, indicando una mojabilidad parcial y baja adherencia debido a la caida del material causada por la
resistencia del aire. Este dispositivo funcional y asequible puede impulsar estudios en el area, fomentando la
investigacion sobre soldadura sin plomo y nuevos materiales para componentes electronicos.

Palabras claves: sin plomo, desarrollo de dispositivo, humectabilidad, gota sésil, componente electrénico.

Resumo

Em 2003, a Diretiva RoHS (Restriction of Certain Hazardous Substances) surgiu ha Unido Europeia para restringir
substancias perigosas em eletrdnicos, gerando a busca por alternativas a solda a base de chumbo devido a
preocupacdes de saude por conta da toxicidade do chumbo. A solda branda, por trabalhar em baixas temperaturas
(até 450 °C), é essencial em componentes eletrbnicos sensiveis ao calor. Com a evolugédo dos eletrbnicos
inteligentes, a molhabilidade (a capacidade de liquidos se espalharem em superficies sélidas) tornou-se critica
para integragdo, poténcia, miniaturizacéo e flexibilidade de eletrénicos. Entretanto, a escassez de dispositivos
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acessiveis para testar a molhabilidade limita a pesquisa nesse campo promissor. Visando essa necessidade, um
dispositivo acessivel, custando cerca de US$ 30.00, foi desenvolvido para medir a molhabilidade de ligas de baixa
temperatura. A construcao foi feita a partir do planejamento de sua estrutura e geometria através de um software
modelador CAD (computer-aided design) paramétrico em 3D, em seguida os componentes foram fabricados e
montados com o objetivo da realizagdo de um ensaio de molhabilidade, assim o dispositivo proporcionou o
gotejamento do material em substratos de cobre, eliminando a necessidade de contato prévio. Apés seis ensaios,
os resultados revelaram angulos de contato variando de 139,08° a 147,93°, apresentando molhabilidade parcial e
baixa aderéncia por conta da queda do material devido a resisténcia do ar. Esse dispositivo funcional e acessivel
pode impulsionar estudos na area, promovendo pesquisas sobre solda branda sem chumbo e novos materiais
para componentes eletrdnicos.

Palavras-chave: livre de chumbo, desenvolvimento de dispositivo, molhabilidade, gota séssil, componentes

eletrénicos.

1. Introduction

The United Nations (UN) has a clear position on
lead (Pb): it is a toxic metal and can cause serious
health  problems. Anthropogenic activities,
including industrialization, urbanization and
mining have resulted in the redistribution of lead
from the Earth's crust to the soil and the
environment (THOMAS et al., 2022). “Although
many countries have systematically banned or
restricted its application, lead pollution has
become a public health problem due to its non-
biodegradable nature” (NIU et al., 2023). In 2003,
the RoHS (Restriction of Certain Hazardous
Substances) limited the use of certain hazardous
substances in electrical and electronic equipment
in EU members and disclosed a mechanism for
additional restrictions in the future (PECHT et al.,
2016). The RoHS originally came into effect on
July 1, 2006, and later in 2011, the directive was
modernized as RoHS-2. This provided deadlines
for some exempt applications. It also mentioned
the specific reasons for some exemptions that
were essential to maintain. In 2015, the directive
was revised again and further restricted some
substances in electrical and electronic equipment.
However, lead has proven to be hazardous to
human health and the environment (PATIL and
DABADE, 2019). From contact, lead has a half-life
of about 30 days in the blood, after which it
diffuses into soft tissues such as the kidneys,
brain, and liver. Then, it is distributed to bones,
teeth, and hair as lead phosphate (ENGWA et al.,
2019). In the last 10 years, studies have shown
detrimental effects on the environment and human
health, with the use of many materials, including
lead, being restricted and prohibited by the WEEE
(Waste Electrical and Electronic Equipment)
(CHENG et al., 2017). Still, according to Pecht et
al. (2016), electronics manufacturers associated
with excluded and exempt products often seek to
preserve the use of lead-based parts and
assembly processes, mainly due to the concerns
regarding the long-term reliability of solder joints.

In electronics, soft soldering is a term commonly
used to refer to low-temperature soldering,
generally below 450°C, which is ideal for heat-
sensitive electronic components, as it prevents

damage to them. Thus, due to low cost, lower
melting temperature, excellent mechanical and
thermal properties, adequate wettability behavior
and eutectic composition, Sn-Pb solders were
widely used (JAFFERY et al., 2022). However,
manufacturers have sought a new generation of
lead-free solders, called Lead Free, to replace Sb-
Pb solders as an alternative to this problem
(ZHOU et al., 2023).

Liu et al. (2016) says that wettability is the ability
of a liquid to spread over a solid surface and is
measured by the contact angle. When the contact
angle (B) is small (less than 90°), the liquid tends
to spread more, indicating high wettability. When
the angle is large (greater than 90°) and wettability
is low, the liquid tends to form droplets. According
to Cosmo et al. (2022), wettability is an essential
characteristic of the material to define weldability
properties, especially in industries that use soft
welding, as there is no casting between the filler
alloy and the substrate. In recent years, the focus
of studies about wettability testing has increased.
This is associated with the use of new materials
driven by the development of intelligent electronic
equipment designed for high integration, power,
miniaturization and folding (Kuang et al., 2022).
Thus, due to the high cost and limited availability
of the devices necessary to perform the wettability
test, access to this technology is unfeasible in
many places, which can hinder the development
of promising research in this area. One of the most
commonly used methods for analyzing the contact
angle is the direct measurement of the tangent at
the three-phase contact point using the sessile
drop method (Figure 1) (HEBBAR et al., 2017).
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Figure 1. Diagram of contact angle (6), external contact angle
(Bext), interfacial tensions between solid-liquid (ys.), solid-
vapor (ysv) and liquid-vapor (y.v) interfaces.
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In Young's equation, the surface is considered
ideal (i.e., flat, non-reactive, homogeneous, and
non-porous) (Ebrahim et al., 2021). In the present
work, it is assumed that the surface under study is
ideal. These ideal conditions serve as a reference
for understanding the behavior of real surfaces,
facilitating the development and optimization of
materials and coatings in various practical
applications in science and engineering. The
relationship for the contact angle was defined by
physicist Thomas Young (1773-1829) and is
expressed in Equation 1 below:

Ysv — VsL 1)

Yiv

coscos () =

ysv represents the surface energy between the
solid and vapor (or air), while ys. denotes the
surface energy between the solid and liquid.
Additionally, y.v indicates the surface energy
between the liquid and vapor (or air). The contact
angle formed between the solid surface and the
liquid is represented by 6. B.« refers to the external
contact angle formed between the liquid surface
and the vapor (or air). For contrast purposes, in
some images, it is preferable to measure the Gex
using the optical method of the sessile droplet so
that it is possible to determine the 6 (Equation 2).

0 = 180° — 6,,, )

For Cosmo et al. (2022), this method consists of
placing the material with the lowest melting point
on the prepared surface of the solid substrate and
heating the substrate until the material melts.
However, some variations of this procedure are
also used, such as dripping the material with a
lower melting point onto the solid substrate at the
desired temperature and avoiding prior contact
with the materials, carried out by Sehirli et al.
(2022).

The term lead-free refers to products or materials
that do not contain lead. “For a long time, tin-lead
alloys have been the main soldering materials in
the field of electronic welding because of their
good electrical conductivity, mechanical
properties, and low cost” (GAN and NGAN, 2018;
JIANG et al.,, 2019). The most commonly used
alloy for microelectronics soldering is tin-lead
eutectic, which is composed of approximately 63%
Sn and 37% Pb (SURYOVA et al., 2020). Its
melting point is around 183 °C, which prevents
overheating of soldered electronic components
(WERNICKI, 2023). However, due to restrictions
on the use of this toxic metal, researchers around
the world have carried out many studies on lead-
free solder alloys. Tehrefore, tin-based (Sn-
based) alloys are considered the most promising
candidates to replace the traditional Sn-Pb solder
alloy (LI Y. et al., 2020).

Two candidate alloys are Sn-2wt.%Sb, tested by
Dias et al. (2015) and Rocha et al. (2018), and Sn-
5.5wt.%Sb tested by Cosmo et al. (2022). The
composition of these alloys has better resistance
to room temperature, ductility, and greater
microstructural stability when compared to Sn-Pb
system alloys. Although the commercial Sn-
37wt.%Pb alloy presented smaller angles than
those of lead-free alloys, the difference is not
significant, suggesting that Sb-containing alloys
are potential substitutes for commercial lead-
based alloys (COSMO et al., 2022).

Therefore, aiming to meet the study needs, the
general objective of this work is the sizing,
development, verification, and presentation of the
costs of manufacturing a wettability analysis
device for alloys up to 400 °C. This device will use
a variation of the sessile drop method that takes
into account the free fall of the material. The
development of this device aims to provide
savings in the device purchasing value to enable
future research in wettability with alternative lead-
free alloys.

2. Materials and Methods

Various materials were used during the
development of the device. Some of these
materials are part of the device, while others
helped in its creation. The distinction between
these materials is important since the costs of
developing the device will only include the
materials and components that comprise it.

2.1. Device and Auxiliary Materials

Most of the materials that comprise the device
were purchased, but some, such as the tiltable
stand and the substrate platform, were reused
(Figure 2).

] Electrical
Adjustable base Substrate base resistance
‘ 5

| x5t

Materials of the
ceramic piece

Electrical wires and
power cord

Washers, nuts, and
bolts

S |

Aluminum foil

Clamp and bubble

Current controller
\ al
w*

Figure 2. Materials that integrate the wettability device.
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Next, Figure 3 shows the auxiliary materials that
belong to the laboratory where the device was
developed, and for this reason, their purchasing
values will not be counted.

Metallographic
abrasive

Copper sheet

Hot air gun

Infrared

thermometer Drill machine

Hack saw

Personal protective

Screwdrivers =
equipment

Figure 3. Materials used during the development of the
wettability device.

2.2. Development Methodology

2.2.1. Making the Device Support

Some of the requirements for selecting and
manufacturing the bases of this wettability device
are the type of material, inclination, stability, size,
and mobility. Taking these aspects into account,
two components within the laboratory that met
these characteristics were unusable, but they
were reused for the development of the device.
Both components belonged to damaged
laboratory microscopes. One of these was the
adjustable base made of aluminum, which has a
melting point of 660 °C and was of a suitable size
for mobility. Moreover, the substrate structure has
an adjustable height, which facilitates the
determination of the height at which the liquid drop
falls. Therefore, the substrate platform was
attached to the front of the adjustable stand and
fixed by screws, forming a single structure.
Furthermore, some holes were made in the
adjustable base for securing screws to the
ceramic piece and substrate platform and for
passing the power cable, shown in the red circles
in Figure 4.

oo

Figure 4. Union of the manufactured support.

Inserting the power cable into the back of the

apparatus prevents the wires from being affected
by the heat of the test and ensures they remain
firm with the help of the clamp.

2.2.2. Production of the Ceramic Piece and its
Components

The objective of the ceramic part is to concentrate
the heat emitted from the test in itself, preventing
the heat from being dissipated from the system.
Therefore, to obtain the model of the part, ©
FreeCAD (3D parametric CAD—computer-aided
design and modeling software) in Figure 5a was
used. Through the design of the part, additive
manufacturing was used to obtain a 3D printed
mold, thus making it possible to develop the
established dimensions and desired geometry.
Figure 5b shows the mold model developed and
printed in 3D.

b)
Figure 5. a) Mold model design and b) 3D mold printing.

In the next stage, the composition materials of the
ceramic piece were used to obtain the final mass
of the piece. To obtain a piece that was highly
resistant to high temperatures, the
recommendation on the packaging of the
refractory mass was followed. A proportion of
5:1:1  (refractory: cement: sand) was
recommended for intermediate mass, consistent
Pivinskii's (2021) findings on the reduction of
mixtures to increase resistance to high
temperatures. However, clay was also included in
the intermediate mass in a ratio of 2:1
(intermediate-mass: clay), as it can be molded

easily due to its high plasticity, presenting
structural resistance after firing at high
temperatures (ALMEIDA et al, 2015).

Furthermore, after obtaining the final mass, a ratio
of 1:5 (water: final mass) was used to obtain the
final mixture. The next step consisted of
depositing the final mixture into the mold and
waiting 24 hours for pre-curing. After that, the
piece was removed from the mold and placed in
an oven (Figure 6a) at 150 °C for 30 minutes to
bake and dehumidify the piece. Then, with the
piece prepared, roughing was carried out in the
frontal region to open a channel (Figure 6b), this
being the place where the resistance that will emit
heat will be deposited. In addition, holes were
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made for the screws that will fix the piece to the
support. Finally, the aluminum sheet was made to
suspend the metal that will be cast, covering the
front part of the ceramic piece (Figures 6c, 6d, and
6e). The complete production is shown in Figure
6.

(2]

Figure 6. a) ceramic piece in the oven; b) front roughing; c)
drawing for aluminum sheet cutting; d) cut aluminum sheet,
and e) final result.

The resistance channel is relatively deep.
Therefore, the aluminum sheet will not come into
direct contact with the resistance, thus avoiding a
short circuit in the system.

2.2.3. Device Assembly

With all the device components made and
prepared, the next step consisted of assembling
the device, as shown below:

1) Initially, the power cables were inserted into the
holes designed to support the device, and they
were tied to the base with a cable so that they
would not come loose.

2) The electrical resistance was fitted into the
channel (in the lower front part of the piece) and
its two ends were connected to each of the screws
(in the upper front part of the part ends). This
connection aims to pass electrical current through
the resistance, thus heating it due to the Joule
effect, to induce heat in the experiment.

3) The ceramic piece was attached to the base
and fixed using a screw and a nut (in the middle of
the piece);

4) The stripped ends of the power cable were
wrapped around the two screws (on the upper
back of the ends of the piece) and were firmly
tightened between the nuts and washers;

5) The aluminum sheet overlaps the ceramic piece
(on the front of the piece) so that it is heated by
the heat from the electrical resistance through
conduction.

6) Finally, the current controller was coupled to the
device's power cable so that it was possible to
control the power of the electrical resistance.
Therefore, the assembled device can be seen in
Figure 7, which displays several viewing

perspectives.

Figure 7. Display of the developed wettability device (without
aluminum sheet) from various perspectives.

In Figure 7 above, the device is shown without the
aluminum sheet, allowing for an analysis of its
interior. As noted, the device was rigid, stable, and
functional, ready to perform the six planned tests.

However, the copper substrates and the
specimens to be tested still needed to be
prepared.

2.2.4. Preparation of Copper Substrates and
Test Specimens

Considering the importance of the substrate
parameters for carrying out the test, the surface
must come close to the ideal model proposed by
Young, which must be clean and as smooth as
possible. Thus, Figure 8 shows the steps that were
followed to obtain the copper substrates and the
alloy test specimens used for the test.

Step 1 Step 2

Obtaining the substrates Preparing the substrates for the test

v v
Sanding the pieces with water sandpapers of
grit size 100, 220, 320, 400, 600, and 1200
mesh

Cutting the copper sheet into 6 pieces of 30
mm X 30 mm using a hacksaw

w

Step 4
Obtaining the samples

The samples were melted in a spherical clay Using the hot air gun, three test specimens
mold with a 10 mm diameter were melted for cach alloy

¥ |

&

A

Figure 8. Steps for obtaining and preparing copper
substrates for testing and test specimens.
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As mentioned before, two alloys will be used to
compare the test angles, Sn-5.5wt.%Sb and Sn-
37wt.%Pb, with three test specimens for each
alloy.

2.2.5. Carrying out the Wettability Test

After assembling the device and preparing the
copper substrates and test specimens, it was
possible to carry out wettability tests using the
developed device. Thus, the test followed these
steps:

1) Firstly, because one of the alloys contains lead
in its composition, PPE (Personal Protective
Equipment) such as masks, gloves, boots, and
glasses were used to avoid contact with the toxic
metal.

2) Each of the six specimens to be tested was
placed on the aluminum sheet, one for each test.
Then, the sheet was superimposed on the ceramic
piece to transmit heat to the specimen.

3) The copper substrate was leveled at
approximately 180° with the aid of the spirit level
so that there was no difference caused by
unevenness. In addition, the distance of the lower
edge of the aluminum sheet was adjusted to 1 cm
to try to prevent the liquid drop from being
significantly affected by the effect of air resistance
and from solidifying during the fall.

4) The pyrometer was configured and fixed on a
tripod and positioned to measure the temperature
of the contact line between the test piece and the
aluminum sheet.

5) Since there is still no place for thermal insulation
of the device, the test environment was controlled
to avoid air currents near the device during the
experiment, thus avoiding changes in results due
to temperature variation.

6) The device's power cable was connected to the
current controller to control the resistance power
in a 110 V socket.

7) With the current controller, the resistance power
was increased, thus increasing the heat emitted to
the aluminum sheet, which consequently
increased the temperature of the test piece.
8)The drop of the test piece on the copper
substrate had a distance of 1 cm and was
recorded by a cell phone camera to observe the
way the drop fell and its adhesion to the copper
substrate. Moreover, the aluminum sheet was
readapted not only to heat the metal to be melted
but also to heat the copper substrate by
conduction, thus facilitating the union of the
droplet with the substrate. Figure 9 shows a
schematic of the device and the droplet as it falls
onto the substrate.

iﬁ Solid test

specimen
’ Electrical
, #4| resistance

Solidified test
specimen
Cooper
substrate

\
Figure 9. Schematic of the device showing the droplet falling
onto the substrate.

Finally, measurements of the external contact
angles (6ex) were carried out using the optical
sessile droplet method. Three stereoscope
images of the test specimen were taken to
determine the average of the angles, standard

deviations, and coefficients of variation, as
calculated by Equations 3, 4, and 5, respectively.
n
2
5= 2 (Z (6:.-9) ) (@)
n—1
CV =2 x 100%
=3* 0 ®)

Hence, it is possible to check through these
equations the average reliability of the contact
angle measured, since the standard deviation and
coefficient of variation are measures that allow the
analysis of data dispersion. That is, they are used
to measure the average dispersion around the
average arithmetic.

3. Results

3.1. Measurement of the Developed Wettability
Device

The equipment weighs approximately 1.2 kg and
its dimensions are 34.0 cm in height and 8.0 cm in
width. It has a tilt of 45, and the liquid material is
suspended at a distance of 1.0 cm from the copper
platform (which can be altered by varying the
height of the copper substrate). The aluminum
sheet was changed twice during the tests,
meaning one sheet for every three tests of each
alloy. The device is shown in Figure 10.
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Figure 10. The developed wettability device.

To carry out the tests, it was necessary to wait for
the copper substrates to reach a temperature of
50 °C so that a good union between the metals
could occur. Additionally, using the Optical
Pyrometer, it was noted that the maximum
temperature the device reaches is 650 °C.
However, for safety reasons, the device will be
operated up to a temperature of 400°C,
representing the ideal temperature for the project.
Hence, the burning of the electrical resistance is
avoided. The sequence Illustrates the
transformation of a solid droplet into a liquid
flowing over the heated aluminum foil (Figure 11).

Figure 11. Recording the droplet falling on the copper
substrate.

In the first stage, the solid droplet is at the top,
maintaining its shape. In the second, liquefaction
begins, making the surface shiny. In the third
stage, the droplet starts to descend due to gravity,
elongating as it falls. In the fourth, it is midway
down, with the liquid flowing to the bottom. In the
fifth stage, the droplet reaches the tip of the fall
and is about to detach. Finally, in the sixth stage,
the droplet is released, and it is deposited onto the
copper substrate, spreading out upon contact.

3.2. Measurements of the Contact Angle and
External Contact Angle

After measuring the wettability device and
validating it after carrying out the tests, the test
specimens were identified and grouped as shown
in Figure 12.

Sn-37wt.%Pb Sn-37wt.%Pb

Sn-37wt.%Pb
~

- _ &gl :
Figure 12. a), b), c) 1st, 2nd and 3rd test specimen of lead

alloy; d), e), f) 1st, 2nd and 3rd test specimen of lead-free
alloy.

During the testing of Sn-37wt.%Pb alloy
specimens, it was observed that the droplets
tended to form with one end wetting the substrate
in a circular shape, while the other end displayed
irregularities. This occurs as the droplet falls, since
the contact area between the aluminum plate and
the liquid droplet decreases, reducing heat
transfer between them. This results in the droplet
solidifying in midair due to air resistance.
Additionally, similar characteristics were observed
during testing of the Sn-5.5wt.%Sb alloy, as it has
a liquidus-to-solidus temperature difference of
only 2 °C. The external contact angles of both
alloys showed partial wettability on the copper
substrates and were subsequently measured
using the ImageView software in the stereoscope.
An example of the measurement is shown in
Figure 13.

Figure 13. Example of a measurement of the external contact
angle (6.x) of test specimens.

Furthermore, to maintain stability when taking
images with the stereoscope, the specimens were
attached to a support base. Each of the two alloys
was tested three times, with three external contact
angles measured for each specimen. Table 1
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shows the contact angles obtained for the three
Sn-37wt.%Pb alloy specimens (Equation 2), as
well as their averages, standard deviations, and
coefficients of variation.

Table 1. Contact angles obtained from the three test
specimens of the Sn-37wt.%Sb alloy.

Coefficient
of
variation,
CV (%)

Test Contact Contact Contact Average, Sla_ndard
Speci angle 1, angle 2, angle 3, deviation,
pecimen

6. () 6 () () 20 s

1 137.85 139.95 140.60 139.47 1.87 3.49

2 142,57 143.19 146.16 143.97 2.23 4.97

3 144.84 146.85 147.82 146.50 1.94 3.75

Thus, it can be observed that the maximum values
of standard deviation and coefficient of variation
are 2.23 and 4.97%, respectively. The same
procedure was then performed for the three Sn-
5.5wt.%Sb alloy specimens shown in Table 2,
which presents the obtained contact angles, as
well as their averages, standard deviations, and
coefficients of variation.

Table 2. Contact angles obtained from the three test
specimens of the Sn-5.5wt.%Sb alloy.

Coefficien

Test Contac Contac Contac Average, Stand_ard tof
Specimen tanglf tangl:e !ang\ue 0) deviation, variation,
1,6.() | 26:() | 3.6() - S CV (%)

1 143.34 145.78 146.94 145.35 2.34 1.61

2 146.91 147.38 149.51 147.93 1.61 1.09

3 137.52 139.78 139.95 139.08 1.82 131
Therefore, the maximum values of standard

deviation and coefficient of variation are 2.34 and
1.61%, respectively. The higher coefficient of
variation (CV) values of 4.97% and 1.61% indicate
low variability relative to the mean, suggesting that
both samples have consistent data with little
dispersion. Hence, the average contact angles
obtained in Tables 1 and 2 are plotted in Graph 1.
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Graph 1. Average contact angles obtained from test
specimens of Sn-37wt.%Pb and Sn-5.5wt.%Sb alloys.

From the graph, it can be observed that the
wettability of the Sn-37%Pb alloy is better than
that of the Sn-5.5%Sb alloy, as it showed lower
contact angles in specimens 2 and 3, with a
difference of almost 1% for each of these
specimens. However, in specimen 1, the Sn-
5.5%Sb alloy presented a contact angle 0.27%

lower than that of the commercial lead alloy.
Additionally, this observation is similar to the
findings in the study by Cosmo et al. (2022). In that
study, one out of four tested specimens also
showed a lower contact angle for the Sn-5.5%Shb
alloy than the commercial lead alloy, further
highlighting Tin-Antimony as a promising material
for lead-free alloys. Furthermore, it was found that
the contact angles of the specimens in this study
are approximately 7.9% lower than those reported
by Cosmo et al. (2022). This difference can be
attributed to the material falling onto the solid
substrate due to gravity, which increases
spreading and decreases the contact angles, an
effect that did not occur in Cosmo et al. (2022) due
to their use of the conventional sessile drop
method. In contrast, some specimens in Figure 12
detached easily, which is an indication of non-
adhesion as a result of insufficient heat transfer
between the materials. In this case, both the
copper substrate was not at the ideal temperature
to create adhesion with the drop, and the drop
itself lost heat during its fall, thereby preventing
intermetallic compound formation for a strong
bond.

3.3. Development Cost of the Device

The device was developed with the help of some
materials and components already existing in the
laboratory, but others were acquired for the
project. Therefore, only the materials that make up
the device will be included in the cost calculation.
Hence, such materials and their purchasing
values are shown in Table 3.

Table 3. Cost of the developed wettability device.

COMPONENTS / MATERIALS UNITS PRICE
500 g of clay 1 US$ 1.50
500 g of cement 1 US$ 0.10
500 g refractory dough 1 US$ 0.28
Nylon cable tie 1 US$ 0.03
2 m power cable 1 US$ 5.65
Current controller 1 US$9.79
Aluminum sheet 0.4 mm x20cm x1m 1 US$ 3.40
Bubble level 1 US$ 3.33
Screws, nuts, and washers 3/16" x 3/4" 2 US$ 3.39
Electrical resistance 1000 W 1 US$ 2.00
TOTAL
US$ 29.47

Thus, the developed device was able to perform
the 6 planned tests without any issues related to
functionality or durability. However, due to residue
formed along the path followed by the droplet, the
aluminum sheet used must be sanded or replaced
when different materials are tested. The average
cost of a wettability measurement device can vary
considerably, depending on its precision and
functionalities. In general, the price of basic
wettability measurement equipment can range
from about US$ 20,000 to US$ 50,000. Compared
to these commercially available devices, the
developed device, costing less than US$ 30.00,
lacks features such as a high-resolution camera,
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thermal insulation, or real-time data acquisition.
However, the results it produced were of great
value for the research.

4. Conclusions

A small-sized and low-cost device was
successfully developed, showing promise in terms
of accessibility and portability, although it may lack
some functionalities compared to market devices.
Nevertheless, it proved to be valuable for
research, undergoing tests with Sn-37wt.% Pb
and Sn-5.5wt.%Sb alloys. In these experiments,
patterns and trends in the wettability properties of
the mentioned alloys were identified. Early
solidification of sessile drops due to heat loss
during the fall resulted in different wettability
modes at the ends, suggesting the potential for
process improvement by reducing substrate
roughness or shortening the fall distance.
Measurement and data processing procedures
were accurate and reliable, with wettability angles
calculated based on Young's equation and using
the contact angle measurement technique. The
values of mean, standard deviation, and
coefficient of variation were consistent, indicating
reliable results, and the understanding of the
wettability behavior of lead-free alloys provides
valuable insights for the development of new
materials. This can lead to the creation of more
efficient, durable, and environmentally friendly
alloys for use in electronic components. From the
promising results obtained in the wettability test,
there is an indication that these alloys may meet
environmental and joint reliability requirements,
contributing to regulatory compliance. The device
was effective in investigating the interaction
between low-melting alloys and a copper
substrate, especially in the analysis of material
drop due to gravity. This resulted in an increase in
spreading and contact angles but a decrease in
joint adhesion, without the formation of
intermetallic compounds between the materials.
This study serves as a stimulus for future
improvements and further research in the
academic field, with the potential to significantly
contribute to advancing knowledge about the
wettability behavior of low-melting alloys.
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