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Abstract

In the present study, we investigated the evaporation process and deposition pattern of saline
droplet on a copper substrate with different roughness under 40°C ambient temperature. These
four substrates are classified as smooth surface and rough surface based on their droplet contact
angles. It has been found in this study that the evaporation pattern of droplets has a strong
relationship to substrate roughness. The thickness boundary of the evaporation pattern on a
smooth surface is larger than that on a rough surface and the particles are closer to boundary and
the tendency more obvious on a smooth surface. The below factors contribute to the result. Onthe
smooth surface, the contact angle of droplet increases as the roughness decreases. On the rough
surface, the contact angle increases as the roughness increases. With contact angle decreasing, the
evaporation rate at the boundary increases leading to the particles at the boundary more easily
sedimentate. Moreover, the capillary flow is hindered by increasing the substrate roughness, while
the Marangoni flow remains constant, resulting in more particles remain in the center of the droplet
on the rough surface. To sum up, the deposition pattern of droplet has a strong relationship to
substrate roughness. The coffee-ring formation is suppressed by increasing the substrate roughness

on a copper substrate under 40°C temperature.
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1. INTRODUCTION

Droplet evaporation is one of the ubiquitous phenomena in nature. This phenomenon has long
attracted much attention from academic researchers because of its rich fundamental phenomenon
and the number of related applied aspects [1,2]. Furthermore, the distribution of sediment in the
nature can be affected by the self-cleaning surface [3,4] and phase change of liquid [5] during the
evaporation process. It is inspired by the nature that the droplet deposition pattern can be control
by the surface with various wettability without extra chemicals. The coffee ring effect is one of sub-
section of droplet evaporation, which is deposited by non-volatile solute of liquid after evaporation
[6,7]. However, this effect is an unexpected result in adverse effect during the manufacturing
process involving inkjet printing [8], spray cooling [9], substrate patterning [10], and DNA/RNA
microarrays [11].

Therefore, many researchers have been carried out to understand and control the process of
solute deposition in the presence of the coffee-ring effect (CRE). In 1996, Parisse et al. [12] revealed
a theoretical model to predict the film thickness upon complete evaporation first time. Later,
Deegan et al. [13] studied the mechanism of coffee-ring formation by observing the colloid droplet
evaporation and his results show that uneven evaporation is the most important role of capillary
flow on mass transport.

Thenceforth, there are many researchers studying unceasingly the mechanism of the CRE. The
formation of CRE is a complex process and mainly relates to the contact line pinning and contact
angle hysteresis [14]. Due to the relatively larger proportion of liquid-air interface at the contact
line, the evaporation rate is higher there, as a result the flow rate there is also relatively higher [15].

For the evaporation of droplets containing colloidal suspension, the magnitude of Capillary flow



affects the order of the particle deposition at the contact line. Marin et al.[16] observed that the
capillary flow diverges at the end of the evaporation process, and the particle deposition also
transforms from ordered to disordered. Meanwhile, the CRE is contributed by a number of other
factors such as Marangoni flow [17,18], the geometry of the substrate and particle surface[19,20],
the ratio of the thermal conductivities of the substrate and liquid[21]

Thus, the final arrangement of solute particles in the coffee ring can be controlled by different
methods such as changing the PH value of dispersion[22], adding surfactant to solutions[23] and
using the Nano-fluid[24,25]. The substrate plays one of the most important roles in the drying
pattern of droplets. Additional, Zhang et al.[26]revealed that a high-purity vapor-deposited film is
hard to be produced by changing the droplet composition, for example, by introducing polymers or
changing the particle shape although these methods made a significant advance in controlling the
coffee-ring effect during droplet evaporation.

Therefore, the role of the substrate with different morphology and deposition of particles has
been studied by several researchers. A part of researchers focuses on the interaction between the
droplet and different substrates. Wei Gong et al. [27] used a lattice Boltzmann approach to
numerical study the water droplet wetting transitions on the biomimetic surface and clarified the
mechanism of wetting transitions. Zu et al. [28] investigated the wetting behaviors of a single
droplet on biomimetic microstructured surfaces with different roughness and the results of
theoretical analysis can effectively predict the wetting transition. The contact angle hysteresis [29-
31] is a factor affecting the pattern formation. The CAH increases with increasing the roughness of
the substrate [32]. The droplet evaporates mainly in the pinning mode with a high contact angle
hysteresis, whereas the contact line slips easily and the stage of constant contact angle is dominant

with a small contact angle [33].



Recently, some researchers [34-39] investigated the evaporation of the droplets on different
morphology substrate. Pham et al. [34,35] mathematically studied drying of droplets of colloidal
suspensions on rough substrates. Their mathematical model can describe several phenomena that
were investigated experimentally and therefore, it is suggested that the pinning of droplets to a
defect arises out of a competition between the capillary-pressure and disjoining-pressure gradients.
In 2018, after investigating the evaporation and patterns of colloidal suspension droplets on glass
substrates with different surface roughness, Zhang et al. [36] found that under room temperature,
the coffee-ring phenomenon is more obvious than on smooth substrate, and the cross-section of
the ring is wedge-shaped with its thickest part on the edge. Lohani et al. [37] investigated the factors
affecting the pattern formation process, such as nanoscale roughness, topography, and skewness
of roughness. Drops containing polystyrene colloidal particles are adopted in their experiment. Their
results showed that with the increase of nanoscale roughness, the wetting property as well as Van
de Waals interaction decreases. In 2011, Smith et al. [38] used microscopy and a modified cantilever
deflection technique to investigate the crack formation and the evolution of stress in drying films of
colloidal particles. They found that the cracking length scale was found to increase with decreasing
substrate modulus. Darbha et al. [39] studied the deposition of latex colloids on a nanopatterned
surface. They mainly focus on the effects of hydrodynamics and colloidal interactions in transport
and deposition dynamics of a colloidal suspension in a parallel plate flow chamber. The results show
that the impact of surface roughness on retention is more significant for smaller colloids and
explains the differences in retention efficiency of mineral colloids in the environment as a function
of particle size.

However, these experiments are carried out when the ambient temperature is near room
temperature and the contact angle of a droplet is smaller than 90°. Currently, there are small

amount of researches about the droplet evaporation under relatively high ambient temperature



and the droplet with a large contact angle. Thus, we studied the evaporation and the deposition
patterns of saline droplet on a copper substrate with different roughness and the ambient
temperature is controlled at 40°C by a water bath. The Marangoni flow is induced under the high
ambient temperature because of the temperature gradient. The Marangoni flow also affects the
distribution of deposit. We aim to explore the effect of roughness on deposit pattern under 40 °C

ambient temperature.

2. METHODOLOGY

2.1 Experimental Set Up

In the present study, a droplet of the saline solution was deposited by a micro-syringe on the copper
substrate. The volume and concentration of the droplet is 0.2 puL and 1.75%, respectively. A high-
speed camera(basler acA2040-90uc), which was mounted on the microscope, was placed vertical to
the saline droplet and records the whole process of the droplet evaporation on substrates with
different roughness (400pp, 1200pp, 0. 2 um and original) per 1s. Besides, the gooseneck lamp is
used to ensure that the high-speed camera has enough exposure. To achieve the substrates with
different roughness, the copper substrate was polished by abrasive paper with the help of grinding
and polishing equipment. The grits of abrasive paper is 400pp and 1200pp, respectively.
Additionally, a high polish copper substrate was polished by the hemp wheel (0.2 um). The original
substrate is without any polishing. The surface roughness was measured by Atomic force

microscopy (AFM). In the whole experiment, the substrate temperature is set to 40°C, which is



higher than normal temperature and controlled by a water bath and the relative humidity is

40%+5%. The date taker (Agilent 34970A) is used to measure the substrate temperature.
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Figure 1. the set-up of the experiment
2.2 The Contact Angle
The Wenzel model can be used to present and verify the relationship between the roughness and

contact angle, which is written as below:

cos0* = rcosO

where 0%is the apparent contact angle which corresponds to the stable equilibrium state, the
roughness of the substrate is presented by r, and 0 is the contact angle of the substrate also called
young contact angle. When the roughness increases and 6 is constant, the r will increases.

Therefore, the apparent contact angle of the droplet is inversely proportional to substrate



roughness when the 8* smaller than 90°. When the 0*larger than 90°, the apparent contact angle
of a droplet in direct proportion to substrate roughness. To investigate the relationship between
the substrate roughness and contact angle of the saline droplet. CA is measured for different
surfaces, which was carried out via a contact angle meter (CAM200,KSV Instruments). Figure 2(a) —

figure 2(d) show the results.
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Figure 2. Surface contact angle of saline droplets on copper substrate (a) droplet on original surface

(c)

(b) 400pp (c) 1200pp (d) high polishing surface(0, 2 um)

Figs. 2(a) and 2(b) show the original surface and 400pp surface respectively. They are classified as
rough surface in the experiment, in which the surface contact angle is large than90°. With the
increase of the roughness from 400pp to original, the contact angle increases gradually from 100.11°

to 121.37°, the increase of the roughness can reduce the wetting of droplet on rough surface and



the hydrophobicity became stronger. Thus, the contact angle of droplet increase as the roughness
increases on the rough surface. The other two figures Figs. 2(c) and (d) show the 1200pp and high
polishing surface and they are classified as the smooth surface which surface contact angle is smaller
than90°. With the increase of the roughness from 0, 2 um to 1200pp, the contact angle decrease
gradually from 25.96° to 16.14°, the increase of the roughness can promote the wetting of droplet
on the smooth surface and enhance the hydrophilicity of the surface. Thus, the contact angle of
droplet decreases as the roughness increases on the smooth surface. Therefore, the experimental

results are follow the Wenzel model.

2.3 Marangoni Flow

By heating the substrate, the Marangoni flow occurs due to non-uniform evaporation flux along
with the droplet interface. The thermal Marangoni number is used to characterize the Marangoni
flow. The Thermal Marangoni number is the ratio of surface tension induced by a temperature

gradient along the free surface to adhesive [40].
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3. RESULTS AND DISCUSSION

3.1 Deposited Patterns on Difference Roughness Substrates. The top view of deposited patterns of
saline droplets on the rough and smooth substrate are shown in figure 3. The resolution of figure is
96 dpi and the dimensions of figure is 2040x2046 pixels. The particle distribution is different

between rough surface and smooth surface. The particle distribution of rough surface is much



uniform than smooth surface. For the smooth surface, the particles are more close to boundary and
tendency more obvious. Meanwhile, the tendency of high polishing surface is more obvious than
the 1200pp surface. The width of the drying pattern decreases with the increase of the roughness
on the rough surface, as shown in Fig 3(a)-3(b) (3.10mm, 3.26mm, respectively). As Figure3(c)-3(d)
shown, the width decreases as the roughness decreases on the smooth surface (6.89mm, 6.35mm,
respectively). The boundary thickness of the droplet decreases as the roughness decreases on the
rough surface. On the contrary, the boundary thickness decreases as the roughness increases on

the smooth surface. As shown in Fig. 3(a)-(d), the boundary thickness is 0.42mm, 0.4mm, 0.43mm

and 0.6mm respectively.

(b)

(d)
Figure 3: Evaporation patterns of saline droplet on copper substrates with different roughness (a)

substrate without polishing (b) 400pp (c) 1200pp (d) high polishing (0.2 pm)



3.2 Evaporation Dynamics of Saline Droplet. The boundary thickness of the droplet on smooth
surface is larger than the droplet on rough surface. Several factors contribute to this result. For
droplet evaporation, the edge temperature of the droplet is the highest. Thus, the evaporation rate
of the edge is faster than other parts, which results in more saline evaporating at the droplet edge
than the center of droplet. Therefore, the saline moves from the center to the edge of the droplet
to offset the losing part. When the whole process of evaporation completed, the concentration of
the boundary is higher than the center of droplet due to the transported and deposited of the saline.
However, the boundary thickness of the droplet not the thinnest part on the rough surface. Hence,
thereis less saline particle move to the edge of the droplet and distribute in the center of the droplet
on the rough surface. Thus, the boundary evaporation rate of droplet increases as contact angle

decreases, results in more particles transport to the edge.

Second, the Capillary flow is hindered by roughness of the substrate. This factor results in the
particles hard transport to edge from the center of the droplet and remain at the center. It also can
explain why the boundary thickness of droplet on the high polishing surface is larger than 1200pp
surface, despite the boundary evaporation rate of droplet on the 1200pp surface is faster than that
on the high polishing surface. Therefore, the capillary flow is weakened by increasing the roughness

of substrate result in more particles remain in the center of droplet.

For the particle distribution, the particles can be easily transported to the edge on the 1200pp
and high polishing surface because of the relatively faster evaporation rate and stronger capillary
flow than the 400pp surface and original surface. Meanwhile, the uniform distribution of 400pp and
the original surface due to the height of the droplet on the rough surface is larger than that on the
smooth surface. The Marangoni flow also affects the particles to remain in the center of the droplet.

Thus, more particles keep at the central region and then attenuation on the rough substrate.



On the rough surface, as can be observed in the comparison between fig. 3(a) and 3(b), the
boundary thickness on the original surface is larger than that on the 400pp surface, despite that the
Capillary flow is more suppressed by its rough substrate. That could be a result of contact line
moving speed. As can be seen in Fig. (2), the contact angle of the droplet placed on the original
substrate is larger than that on the 400pp substrate, thus with the evaporation ongoing, assuming
the evaporation mode remains constant contact angle (CCA) mode, the contact line moves slower
than that on 400pp substrate. Since the sediment is precipitated mainly on the ring area where the
evaporation rate is the highest, it is fair to think that is the reason for a thicker coffee-ring being

observed [41].
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Figure 4. the evaporation patterns on a different roughness substrate. (a)(b) On the original
substrate, the contact angle is the largest, there are more particles transported to the edge than
that on the 400pp surface due to evaporation mode. A lot of particles remain at the center because
of weakened capillary flow while Marangoni flow remains constant; (c)(d) On the 400pp surface, a
few particles move to the edge and a large number remain at the center; (e)(f) on the 1200pp
surface, more particles move to the edge than that on the rough surface and few particles in the
center; (g)(h) on the high polishing surface, most of the particles move to the edge because of

stronger capillary flow and high evaporation rate at the edge.



4. CONCLUSIONS

In the present research, the evaporation of saline droplets on four different roughness substrate
under 40 ° temperature have been studied. We found that the boundary thickness of the
evaporation pattern on smooth surface is larger than that on a rough surface and the particles are
more close to boundary and tendency more obvious on a smooth surface. These factors contribute

to this result:

(1) On the smooth surface, the contact angle decreases and hydrophilicity enhances with
increase of the roughness. On the rough surface, the contact angle increases and the
hydrophobicity stronger with the increase of roughness. With contact angle decreasing, the
evaporation rate at the boundary increases leading to the particles at the boundary more

easily sedimentate.

(2) The capillary flow is hindered by increasing the substrate roughness. On the rough surface,
most of the particles remain in the center of droplet due to the weakened capillary flow
while Marangoni flow remains constant. However, the boundary thickness on the original

surface is larger than that on the 400pp due to their evaporation motion.

To sum up, the coffee ring effect is suppressed by increasing substrate roughness. The smooth

substrate helps to produce a ring shape.
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