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ARTICLE INFO ABSTRACT

Keywords: This study focuses on the influence of copper surface roughness on evaporation dynamics and deposition mode of
Sessile droplet fixed silica nanofluid droplets. It aims to achieve an enhanced cooling effect based on silica nanofluid spray. The
Nanofluid

results show that roughness significantly impacts copper surface wettability. As roughness decreases, the
evaporation lifetime of silica nanofluid droplets would be prolonged, by up to 75 %. Increasing the roughness
will also increase the temperature of the droplet apex, and the temperature difference between the top of the
droplet; the contact line area will also be reduced by up to 54 %, inhibiting the evaporative cooling effect.
Roughness also significantly impacts the deposition pattern of nanofluid droplets. The coffee ring effect is pro-
duced on all kinds of surfaces. Still, the coffee ring effect is suppressed as the roughness increases, and the coffee
ring deposition has a very small number of fractures on smooth surfaces with more minor roughness. In contrast,
on rough surfaces, the number of fractures increases significantly. In summary, this experimental study reveals
the critical influence of the roughness of copper, a widely used heat dissipation material, on the heat and mass
transfer process and sedimentary pattern of silica nanofluid droplet evaporation.

Surface roughness
Droplet evaporation

1. Introduction

Droplet evaporation is one of the most common physical processes in
nature. Since Maxwell first deduced the equations of droplet evapora-
tion based on the diffusion process in the still air in 1877 [1], experi-
mental and numerical studies on droplet wetting and evaporation have
become increasingly and more in-depth. Nowadays, the physical phe-
nomenon of droplet evaporation is used widely, such as spray cooling
[2], ferrofluid heating [3], inkjet printing [4], surface coating [5], bio-
pharmaceutical [6], combustion engine fuel [7], and semiconductor
device manufacturing [8]. Among them, due to the efficient energy
transport characteristics of nanofluids, the evaporation of nanofluid
droplets has received widespread attention and has been widely used in
various fields [9-12]. Due to the contained nanoparticles, it not merely
affects the evaporation dynamics but also leads to depositional processes
on the surface, such as the classic coffee-ring effect [13], which was first
proposed in 1997 by Deegan et al. [14]. Therefore, it is natural to
associate that in addition to nanofluidic properties, the characteristics of
the surfaces contacted by the droplets will strongly influence their
evaporation and deposition processes. Hence, as one of the primary
surface properties, surface roughness has been widely considered in
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engineering and scientific research [15], such as surface coating [16],
cooling efficiency [17], and even contact killing of bacteria [18].
Moreover, surface roughness could also significantly impact the droplet
heat and mass transfer process during evaporation [19], owing to its
effect on surface morphology, surface free energy, wettability, and heat
transfer efficiency. Based on this, it can be judged that surface roughness
will significantly impact the heat dissipation effect of thermal manage-
ment methods based on droplet evaporation, such as spray cooling.
Therefore, it is crucial to reveal the impact of surface roughness on the
nanofluid droplet evaporation dynamics and sedimentary pattern.

The roughness degree is a critical issue in the evaporation process.
Surface roughness could influence the wetting phenomenon [20]. Be-
sides, the surface roughness could also impact the sessile droplet evap-
oration dynamics like contact line moving [21], evaporation mode [22],
and evaporation rate [19]. Therefore, the total evaporation time and
average evaporation rate of the sessile droplet also changed accordingly
owing to these effects. Kumar et al. [23] pointed out that the charac-
teristic of surface roughness is sufficient to cause the contact line pinning
phenomenon during droplet evaporation, thus having a significant
impact on droplet evaporation dynamics. Nguyen et al. [24] indicated
that with the increase of surface hydrophobicity, the evaporation time
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can also be prolonged, and lots of similar studies have also verified this
phenomenon [19]. Zhang et al. [25] fabricated four surfaces with
different roughness on a steel substrate and found that they were all
hydrophilic, and the contact angle of the water droplets decreased with
increasing roughness. Bussonniere et al. [26] also pointed out that the
Cassie-Baxter state of the droplet could be prolonged with the increase
of roughness on the hydrophobic micro/nano-structures surface. Chen
et al. [27] revealed that the critical transition of the Cassie-Baxter state
to the Wenzel state has a strong relationship with the surface roughness
for the sessile droplet, and based on this, they pointed out that the
surface with hierarchical roughness would effectively suppress this
critical transition and constant contact radius (CCR) mode. Huang et al.
[28] designed a model with different roughness based on silicon sub-
strates. The research results show that when the roughness decreases,
the proportion of the total time of the droplet constant contact angle
(CCA) mode also increases. Gunjan et al. [29] proposed to integrate the
dynamic roughness changes caused by air pollutants into the classical
evaporation model, and the new model can predict the process of droplet
evaporation on the surface of the silicon pillar and the change of the
evaporation mode. Siddiqui et al. [30,31] found that a porous structure
with different pore sizes and areal porosity would form on the surface
after the nanofluid droplet evaporation, and the surface roughness of
residue will also increase with porosity, which will increase the evapo-
ration rate of subsequent droplets. However, studies about the influence
of surface roughness on the sessile nanofluid droplet evaporation pro-
cess are still rare, and the mechanism of the effect of surface roughness
on the evaporation heat transfer of nanofluid droplets is still unclear.
Therefore, the effects of surface roughness on the sessile silica nano-
fluids droplet evaporation remain elusive and need to be explored in
depth.

As mentioned above, the surface roughness could significantly in-
fluence the sessile droplet wetting and evaporation process. Naturally, it
also plays a vital role in the sedimentary pattern of particle-laden
droplets [32,33]. Batishcheva et al. [32] found that the ring sedimen-
tary pattern was formed on the aluminium-magnesium alloy surface
when the droplet loaded 0.025 % v/v polystyrene (PS) particles, and
when the concentration increased to 0.3 % v/v, a spot-like sedimentary
pattern was formed which owing to the presence of multimodal
roughness on the surface treated with laser radiation. Mulka et al. [34]
also explore the drying process of silica nanofluid droplets on copper and
stainless-steel substrates with different degrees of surface roughness.
They found two types of crack formation: logarithmic spiral and straight
radially oriented. The spiral cracks are due to deposition delamination,
while the interaction of capillary pressure and shear stress between the
coating and the substrate causes straight cracks. Liu et al. [35] also
found that when silica nanofluid droplets were evaporated on glass
substrates with different roughness, the crack spacing produced by the
sedimentary pattern became smaller with increasing roughness. Wasik
et al. [36] also studied the Bénard—Marangoni (BM) cell sedimentary
pattern effect produced when ZnO nanofluid droplets evaporate on
different substrates, and the results showed that the BM deposition
patterns produced on glass surfaces with minimal roughness have the
most minor diameters and density. Kubochkin et al. [37] performed
droplet sedimentary pattern studies with CdTe nanofluids and found
that button-like patterns were formed on polypropylene-sprayed sur-
faces with significant maximum roughness while coffee-ring sedimen-
tary patterns were produced on other smooth surfaces. Meanwhile, Kim
et al. [38] pointed out that the difference in the surface roughness of
each sample is reduced due to the deposition of nanoparticles on the
surface during the evaporation, which makes the effect of roughness on
the evaporation heat transfer of nanofluid droplets insignificant. Liu
et al. [39] also pointed out that the surface roughness of the substrate is
an essential factor in affecting the sedimentation of particles loaded by
nanofluidic droplets. They found that the internal flow would be
inhibited, and the Marangoni effect would also be weakened with the
increase of surface roughness, making the sedimentation distribution
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even and slow. Charitatos et al. [33] also pointed out that surface
roughness strongly affects the sedimentary pattern of nanoparticle-laden
droplets on the inclined substrates. Moreover, as far as the authors’
knowledge, not many reports in the literature have clarified a descrip-
tion of the relationship between the surface roughness and the nanofluid
droplet sedimentary pattern until now.

In the wide range of applications of droplet evaporation, silica
nanofluids are increasingly involved, and the sedimentary characteris-
tics of droplets loaded with nanoparticles also significantly affect the
effects of various industrial applications and products. At the same time,
copper is a commonly used industrial metal material, so studying the
effect of copper surface roughness on the heat and mass transfer
mechanism during the evaporation of silica nanofluid droplets is sig-
nificant. Therefore, this study mainly reveals the heat and mass transfer
mechanisms at the liquid-vapour interface of silica nanofluid droplets
and explores the effect of surface roughness on the solid-liquid interface
on the sedimentary pattern of nanofluid droplets. Ultimately, based on
the experimental results and theoretical analysis, this study shows that
surface roughness significantly affects the wettability of copper surfaces
and the evaporation dynamics of silica nanofluid droplets. The findings
also indicate that the substrate surface roughness significantly affects
the coffee-ring effect of the nanoparticle sedimentary pattern. This study
helps reveal the interaction mechanism between surface roughness,
nanofluid droplet evaporation dynamics, and sedimentary process,
which is expected to guide related industrial applications and scientific
analysis.

2. Experimental setups and methodology

Before the experiment, the environmental conditions of the closed
laboratory were measured, and the relative humidity in the laboratory
was about 50 + 5 %, which was detected automatically; the ambient
temperature and air pressure were 293 + 2 K and 0.1 MPa, respectively.
Under these well-controlled conditions, the experimental measurements
are highly reproducible. The experimental processes are shown in Fig. 1.
As shown in Fig. 1, the contact angle and droplet shape change measured
by the Optical Profilometer (Biolin Scientific, Finland), and the liquid-
vapor interface temperature distribution of the sessile nanofluid
droplet was also observed by the Infrared Camera (FLIR LLC, USA).

The fluids used in the experiments are deionized (DI) water and silica
nanofluid, in which silica nanoparticles (SNP) were dispersed in DI
water (RS PRO, UK) and followed by ultrasonication for two hours based
on the two-step method. The silica nanoparticles (Sigma-Aldrich, USA)
with a diameter of 0.007 pm were used in this study and were prepared
at a fixed particle concentration of 0.5 % volume fraction, respectively.
A pipette (Eppendorf Corporate, Germany) generates the nanofluid
droplet, which ensures a constant volume by pushing the working fluid
out smoothly. Meanwhile, 2, 4, 6, and 8 pL are the droplet volumes used
during the experiment.

2.1. Substrate surface preparation

As shown in Fig. 1, the copper discs were polished with emery paper
(3 M Science, USA) through a lapping machine. The grid size of the
emery papers is P120, P240, P400, and P1200, respectively. The optical
microscope (OPTIKA Microscopes, Italy) with cold LED light observed
the surface image and the deposition appearance. Besides, in this study,
the surface roughness parameters of the substrate listed in Table 1 and
the 3D colour view images shown in Fig. 1 were measured by the 3D
optical profilometer (KLA Corporation, USA). The surfaces S1 to S4 are
fabricated by P120, P240, P400, and P1200 emery paper through a
grinding machine. The surface roughness parameters include S, which
means the roughness average, S; means the root mean square roughness,
S, means the highest peak height, S, means the absolute value of
maximum pit height, and Sy means the surface skewness. The
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Fig. 1. (a) Schematic diagram of experimental device and process; (b) optical profiling of the sample surface.

Table 1

Surface roughness measurement data of copper disc samples.
Samples No. Sq (um) Sg (pm) Sp (um) S, (um) Sg (pm)
S1 15.86 20.64 96.19 84.25 —0.0343
S2 14.88 19.78 90.73 112.32 —0.6768
S3 13.97 18.83 99.02 110.05 —-0.6919
S4 9.389 12.05 80.97 51.61 0.2265

calculation formula is shown in Egs. (1-5). The copper discs are fixed on
the water bath heater with silicone grease (RS PRO, UK), and the surface
temperature is controlled at about 40 + 2 °C.
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It is essential to determine if the sessile droplet on the rough copper
surfaces is a spherical cap to analyse the subsequent changes in the
droplet shape. The effect of gravity on the droplet could be confirmed by
the Bond number (Bo), a dimensionless number defined as the ratio of
gravitational force to surface tension force. And usually, when the Bo is
<1.0, the effect of the influence of gravity can be ignored, and surface
tension dominates. The maximum value of the Bo number in this study is
about 0.85, so all experimental groups can be regarded as meeting the

requirements. The Bo can be calculated by using Eq. (6),
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Bo (6)

where Ap is the density difference between the liquid and air, r is the
radius of the contact line, g is the gravitational acceleration, and oy, is the
surface tension of the liquid. At the same time, the adhesion work is
defined based on the Dupré equation [40] could be described as:

Wap=Ya+Yp—Yap @)

where A and B mean phase or object, when the two objects are solid and
liquid, respectively, the work of adhesion can also be described as:

Wy = 05 + 01 — 051 ®

where og means surface free energy, o), means surface tension of liquid,
and ogy, means interfacial tension between solid and liquid phase. Then,
the simplified work of adhesion per unit area could be described as:

Whg, = Wy /A 9

where A is defined as the two-dimensional contact area of the liquid-
vapour interface.

2.2. Silica nanofluid preparation

In this experimental study, the one-step method was used to prepare
nanofluids, a standard method for preparing nanofluids [41-43]. The
one-step method usually has the advantages of good dispersion and high
suspension stability. In this article, the silica nanoparticles were directly
dispersed into the base liquid deionized water, and then an ultrasonic
generator was used for ultrasonic vibration and stirring for 2 h. In this
experiment, the mass percentage concentration of silica nanofluid was
0.5 wt%. Besides, it needs to be mentioned that based on previous
studies on the surface tension of silica nanofluids [44,45], the surface
tension of 0.5 wt% nanofluid at 40 °C was estimated to be 63 mN/m.
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3. Results and discussion
3.1. The effect of surface roughness on the droplet wettability

The surface wettability could be influenced significantly by the
surface roughness. As seen in Fig. 2(a-d), the surface wettability also
improved with the increase of the surface roughness degree. As shown in
Fig. 2(a), for the 2 pL silica nanofluid droplet, when it is located on the
S1 surface, the contact angle (CA) appears as 43° approximately. When
the surface changes to the S2, S3, and S4, the apparent contact angle also
increases to about 60°, 77°, and 92°, respectively. This is attributed to
the inverse relationship between contact angle and roughness under
hydrophilic surfaces. It also could be described as cos¢* = r-cosf, which
is also known as the Wenzel equation [46], where 6* is the apparent
contact angle, 0 refers to Young’s contact angle, r refers to surface
roughness degree. As shown in Fig. 2(b-d), this phenomenon still occurs
when the volume of silica nanofluid droplets increases. Although the
initial apparent contact angle changes somewhat with the volume
change, the overall difference is insignificant. It can be concluded that
the impact of droplet volume on wettability is very limited. In addition,
it is worth mentioning that on surfaces with different roughness, the
difference in the contact angle hysteresis of the droplet is not apparent,
which shows that the surfaces are generally hydrophilic. Then, as shown
in Fig. 2(a-d), the surface roughness degree also significantly affects the
silica nanofluid droplet evaporation lifetime. It is worth noting that the
contact angle is too small in the final evaporation stage, making it
difficult to measure directly. Therefore, for the convenience of analysis,
the endpoint of the evaporation time of the curve in Fig. 2 is taken as an
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integer multiple of 50 s, and the final stage of evaporation is described
by a dotted line fitting. As shown in Fig. 2(a), as the substrate surface
changes from S1 to S4, the evaporation lifetime also extends from about
250 s to 400 s, increasing by about 60 %. As shown in Fig. 2 (b-d), as the
surface roughness degree decreases, the evaporation lifetime of the
sessile droplet also maximum prolongs about 66.7 %, 71.4 %, and 75 %,
respectively. It can be concluded that on a hydrophilic surface, the in-
crease in roughness will reduce the life of the silica nanofluid droplet,
which may owe to the increase in roughness increases the contact area of
the solid-liquid interface, enhances the heat transfer process, and pro-
motes evaporation. Besides, the wettability can significantly affect the
evaporation mode of droplets [47]. Similarly, in this study the surface
roughness could also significantly affect the silica nanofluid evaporation
mode. As shown in the dotted line in Fig. 2(a-d), regardless of the droplet
volume, the evaporation mode of the droplets on the S1, S2, and S3
surfaces always remains in the constant contact radius (CCR) mode [48],
which means that the droplet contact line (CL) is pinned. The contact
angle continues to decrease during the evaporation process. However,
on the S4 surface, during the last 10 %—20 % stage of evaporation of the
droplet, the evaporation mode of the droplet will change from CCR to
mixed mode [49], which refers to the process that the contact line and
contact angle of the droplet move simultaneously. It may be because
smoother surfaces have more minor energy barriers, lowering the en-
ergy and tension requirements needed to move the droplet contact line.
Thus, as evaporation proceeds, the surface tension at the liquid-vapour
interface drives the contraction of the contact line, which in turn gives
rise to the slip phenomenon.

At the same time, the quantitative trend of droplet height H changes
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Fig. 2. Evolution of the contact angle of a sessile droplet with a volume of (a) 2, (b) 4, (c) 6, (d) 8 pL when located on substrates with different roughness.
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is shown in Fig. 3(a-d). The degree of surface roughness has a significant
effect on profile-changing trends. As shown in Fig. 3(a), with the in-
crease of the surface roughness degree, the height of the silica nanofluid
also keeps decreasing. Then, the inverse ratio of dimensionless height
change with time is also shown in Fig. 3(a). Regardless of the surface
roughness, the rate of change of the reciprocal of the dimensionless
height of the droplet (Hyp/H) increases significantly as the evaporation
process proceeds, and they all rise sharply about fifty seconds before the
evaporation process ends. As shown in Fig. 3(b-d), this trend also has the
same appearance at the droplet volume of 4-8 pL. This may be because,
during the evaporation process, the height of the droplets decreases. In
the final evaporation stage, the evaporative cooling effect is weakened.
This makes the relative evaporation rate of the droplets more significant,
which in turn accelerates the droplet height shrinking velocity.

To further study the effect of copper surfaces with different rough-
ness on the wettability of silica nanofluid droplets, based on the
experimental results, the change of the work of adhesion (WoA) at the
liquid-solid interface of the droplet during the evaporation process was
calculated according to Egs. (7-9), as shown in Fig. 4(a-d). As the surface
roughness decreases, the work of adhesion between the droplet solid-
liquid interface also decreases. Based on the individual volumes, the
initial work of adhesion of the silica nanofluid droplet decreases by an
average of about 45 % when the surface goes from S1 to S4. During the
evaporation of the droplet, the magnitude of the adsorption work at the
liquid-solid interface of the droplet on the surface with minor roughness
is always lower. As time goes by, the work of adhesion of the liquid-solid
interface gradually increases and eventually reaches a maximum value
of about 137 mJ/m?2. These calculations show that the greater the
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roughness, the more work is required to separate the droplet from the
surface and the stronger the wetting ability.

3.2. The effect of surface roughness on the droplet interfacial heat transfer

The effect of surface roughness on wettability was introduced in the
previous section. This section will also introduce the influence of the
surface roughness on the silica nanofluid droplet heat and mass transfer.
Under different surface roughness, the temperature change trend at the
top of the 2 pL silica nanofluid droplet with time is shown in the line
chart in Fig. 5(a). It can be seen from Fig. 5(a) that with the increase of
the surface roughness degree, the temperature at the top of the droplet
(Ttop) keeps increasing. The Ty increased from about 34.4°C to 37.4 °C,
improving 8.7 %, when the substrate surface changed from S4 to S1. This
may be because as the surface roughness degree increases, the droplet
height becomes lower, which enhances the heat conduction process
inside the droplet, thereby increasing the temperature of the liquid-
vapour interface. Under other droplet volume conditions, the
maximum increase in Ty is also around 8.7 %, meaning that volume
changes have little impact. On the other hand, it can also be seen from
the bar chart in Fig. 5(a) that as the roughness decreases, the maximum
difference between the temperature at the top of the droplet and the
temperature in the contact line area (Tgiff,max) also becomes more sig-
nificant. The Tgiff, max Of the silica nanofluid droplet increased from
about 1.3°C on the surface S1 to about 2°C on the surface S4, which is an
increase of approximately 54 %. As the roughness increases, the evap-
orative cooling effect of the liquid-vapour interface is also enhanced,
which may be due to the reduced surface wettability, inhibiting the heat
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Fig. 3. The height shrinkage process of the (a) 2 pL, (b) 4 pL, (c) 6 pL, and (d) 8 pL droplets.
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Fig. 4. Variation of adhesion work at the liquid-solid interface of a (a) 2 pL; (a) 4 pL; (a) 6 pL; (a) 8 pL droplet during evaporation.

transfer process inside the droplet, thus promoting the evaporative
cooling effect. The Tgiff max difference on the surface of S1 and S4 also
change to 40 %, 35 %, and 32 % as the volume increases to 4 pL, 6 pL,
and 8 pL, respectively. Then, these kinds of trends also remain un-
changed, with the droplet volume gradually increasing to 4 pL, 6 pL, and
8 pL. As shown in Fig. 5 (b-d), the temperature at the droplet’s top
gradually increases and stabilizes at about 40°C. With the silica droplet
volume increase, the Ty, also decreases in the initial stage, like the S1
surface decline of about 2 %. It may be due to the droplet height
increasing with droplet volume, suppressing droplets inside heat trans-
fer and further enhancing the evaporative cooling effect, making the
temperature of the liquid-vapour interface decline. At the same time,
with the increase of silica nanofluid droplet volume, Tgiffmax also in-
creases significantly, such as increasing by 25 % on the S4 surface from 2
pL to 8 pL, which could be attributed to the enhanced evaporative
cooling effect.

Then, as shown in Fig. 6, the temperature distribution of the liquid-
vapour interface of the silica nanofluid droplets of different volumes on
the S4 surface. It can be seen from Fig. 6(a-d) that on the S4 surface,
droplets with various volumes have a relatively pronounced evaporative
cooling effect in the initial stage. At the liquid-vapour interface, the
temperature in the top centre region is significantly lower than in the
contact line region. As the evaporation proceeds, the temperature dis-
tribution at the liquid-vapour interface gradually becomes uniform,
stabilizing at about 40 °C in the final evaporation stage.

3.3. The effect of surface roughness on the nanofluid droplet sedimentary
pattern

The previous sections analysed the effects of roughness on the sur-
face wettability and silica nanofluid droplet interfacial heat and mass
transfer processes during the evaporation process. In this section, we
will discuss the sedimentary pattern of silica nanofluid droplets after the
evaporation process and analyse its relationship with surface roughness.
In this experimental study, nanofluid droplets produced a coffee-ring
effect after evaporating on surfaces with different degrees of copper
roughness. The sedimentary pattern of 2 pL silica nanofluid droplets on
the surfaces S1 to S4 is shown in Fig. 7(a-d). As the surface roughness
decreases, the sedimentary pattern becomes more precise and complete.
It may be owed that as the surface roughness decreases, the substrate
surface wettability decreases, and the evaporative cooling effect of the
droplets is also enhanced. In this way, the temperature difference be-
tween the top and edge regions of the sessile droplet becomes more
significant, which enhances the Marangoni effect inside the silica
nanofluid droplet, which in turn leads to a faster and more massive
aggregation of silica nanoparticles inside the droplet to the contact line
region via Marangoni flow. It can be concluded that increasing the
roughness of the copper surface can inhibit the coffee-ring effect to a
certain extent. At the same time, it can also be seen from Fig. 7(a-d) that
as the roughness increases, the coffee-ring sedimentary pattern becomes
unclear, and its shape also becomes more irregular. This is because
during the wetting process, after the droplet adheres to the surface, the
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droplet volume is (a) 2 pL; (b) 4 pL; (c) 6 pL; (d) 8 pL.
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Fig. 6. The evolution of interface temperature distribution of (a) 2

contact line is restricted by the large grooves on the rough surface and
cannot move evenly around but is hindered, limiting the contact line’s
roundness and further affecting the sedimentary pattern.

At the same time, the relative height distribution statistics of the
coffee-ring sedimentary pattern of silica nanofluid droplets under
different roughness surfaces are shown in Fig. 8(a-d). As shown in Fig. 8
(a), the range of horizontal coordinates represents the width of the
sedimentary coffee-ring pattern marked by the white line in the illus-
tration within Fig. 8(a). h/hayg represents the dimensionless height of the
sedimentary coffee-ring pattern, which means the ratio of the height of

olejejejeje
|ejejojojejeje/e/eeee®
| EEEEERAO00O00000
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uL; (b) 4 pL; (c) 6 pL; (d) 8 pL droplet on the S4 surface with time.

each location to the overall average height. In the dimensionless height
distribution of the coffee ring formed on the surface of S1, the maximum
value differs from the minimum value by a factor of about 2.6. Mean-
while, as shown in Fig. 8(b-d), the difference between the maximum and
minimum values of the dimensionless heights of the silica nanofluid
droplets increased to about 2.7, 5.9, and 8.5 times when the droplets
were located on the S2, S3, and S4 surfaces, respectively. This phe-
nomenon is due to several reasons. Firstly, as the surface roughness
degree increases, the coffee-ring phenomenon of the silica nanofluid
droplet is suppressed. This makes the coffee-ring sedimentary pattern
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Fig. 8. Dimensionless height of the cross-section of the sedimentary ring after evaporation of a 2 pL silica nanofluid droplet on the (a) S1, (b) S2, (c) S3, (d)

S4 surface.

relatively insignificant, leading to a flatter distribution of dimensionless
heights. Second, as the roughness decreases, the copper substrate sur-
face becomes smoother, allowing the silica nanoparticles to be deposited
chiefly on the surface rather than in the grooves, contributing to a more
differentiated distribution of dimensionless heights.

Also, the pattern of sedimentary coffee rings formed on the surface of
the copper substrate after the evaporation of different volumes of silica
nanofluid droplets is shown in Fig. 9, where only the roughest S1 surface
and the smoothest S4 surface were selected for comparison to clarify the
differences. As shown in Fig. 9(a-c), the diameter of the sedimentary
coffee-ring pattern increases as the droplet volume improves. At the
same time, the sedimentary coffee-ring patterns remain visible as the

droplet volume increases, and all these have about 1-4 fractures. As
shown in Fig. 9(c), a localized 3D surface measurement of the fractures
by optical profilometer shows that there are almost no residual silica
nanoparticles left at the fracture regions, which indicates that the frac-
tures appeared abruptly after the silica nanofluid droplet evaporation
and the formation of the sedimentary coffee-ring patterns. Meanwhile, it
can be seen in Fig. 9(d-f) that the coffee-ring effect appears regardless of
the increase in droplet volume. Still, the sedimentary coffee-ring pattern
produced by the droplet’s evaporation is not apparent, and the ring
deposition pattern has many fractures (>10). Although the sedimentary
coffee-ring patterns fractured on both surfaces, the causes differed. On
the smooth surface (S4), the sedimentary coffee-ring pattern formed
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Fig. 9. Microscope images of the sedimentary coffee-ring patterns of (a) 4; (b) 6; and (c) 8 pL silica nanofluid droplets placed on the S4 surface; Microscope images of
the sedimentary coffee-ring patterns of (d) 4; (e) 6; and (f) 8 pL silica nanofluid droplets placed on the S1 surface; (g) and (h) is the optical profile of the selected area.

gradually and entirely during evaporation. In contrast, the fracture may
be attributed to the bottom heating, which caused the sedimentary
coffee-ring pattern to receive thermal stresses. Some localized thermal
stresses were stronger than the inherent strength of the silica sedimen-
tary ring itself, and thus, a sudden fracture occurred after the evapora-
tion was completed. Meanwhile, on the rough surface (S1), the surface
grooves were much more numerous than those on the smooth surface
and had a greater depth, resulting in a poorer flatness. In this way, when
the nanoparticles gather and deposit toward the contact line area during
the evaporation process, the coffee-ring sedimentary pattern formed by
them is subject to natural uneven stress distribution at the bottom,
which makes many fractures generated, so it may not be possible to form
a complete and continuous ring sedimentary pattern during the evapo-
ration process.

4. Conclusions

In this paper, the effect of copper surface roughness on the evapo-
ration dynamics of the sessile silica nanofluids droplet is investigated
experimentally. There are many studies on the evaporation phenome-
non and deposition pattern of silica nanofluid droplets [34,50,511,
including its deposition mechanism or the effect of surfactant addition.
However, this paper is unique in that it studies the effect of surface
roughness on the coffee deposition cracks of silica nanofluid droplets.
The results show that based on the hydrophilic copper surface, the
surface wettability increases with increasing roughness, reducing the
contact angle of the nanofluid droplets. Correspondingly, the height
change of droplets is not significantly affected by roughness, and the
change rate is slow in the early evaporation stage and increases sharply
in the later stage. Meanwhile, the evaporation of nanofluid droplets on
the S1, S2, and S3 surfaces follows the CCR pattern regardless of the
droplet volume. However, on the S4 surface, the evaporation is in the
CCR mode in the beginning and middle stages but changes to the mixed
mode in the last 10 %—20 % of the total process approximately. In
addition to wettability, the experiment also observed the effect of
roughness on the heat transfer process at the liquid-vapour interface of
silica nanofluid droplets. As the surface roughness decreases, the
adhesion work between the droplet and the solid-liquid interface also
decreases. When the surface changes from S1 to S4, the initial adhesion
work, on average, decreases by about 45 %. At the same time, as the

roughness decreases, the temperature at the apex of the liquid-vapour
interface also decreases, and the temperature difference between the
top liquid-vapour interface and contact line region also increases, up to
about 2.5°C, indicating that increasing the surface roughness can sup-
press the evaporative cooling effect of the nanofluid droplet during
evaporation. Similarly, substrate roughness also impacts the coffee-ring
effect of silica nanofluid droplets. As the roughness increases, the
coffee-ring sedimentary pattern of the nanofluid droplets becomes less
pronounced due to the dual reasons of deep surface grooves for greater
roughness and suppression of the Marangoni flow. Experimental results
show that forming rounded droplet and coffee ring deposition patterns
on rough surfaces is challenging but accessible on smooth surfaces. On
the smoother surface, there are fewer fractures in the coffee-ring sedi-
mentary pattern, and the relative height difference of the sedimentary
pattern is more pronounced, with a maximum amplitude of up to 8.5
times. Besides, regardless of the change in droplet volume, the effect of
surface roughness on the sedimentary pattern remains unchanged. In
inkjet printing, paint coating, plant fertilization, and even medical
testing, regulating the shape and cracks of the coffee ring deposition
pattern will significantly affect its effect. This study hopes to guide the
research related to the effect of roughness on the evaporation of nano-
fluid droplets and its subsequent practical application.
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