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Abstract

The droplet evaporation mechanism has currently attracted widespread atten-
tion. Through investigating the evaporation process of AL202 droplets with a
nanoparticle mass concentration of 0. 05% on iron and glass surfaces, it was
found that droplets exhibit four evaporation modes on iron surfaces: constant
contact line mode, constant contact angle mode, stick-slip mode, and unstable
mode; whereas on glass surfaces, only the unstable mode is observed. The main
reason is that when droplets evaporate on iron surfaces, the solid-liquid surface
tension is greater, leading to the formation of the constant contact line evapora-
tion mode; as evaporation proceeds, the droplet temperature decreases and the
gas-liquid surface tension increases, thereby giving rise to the stick-slip mode.
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Abstract: The mechanism of droplet evaporation has attracted considerable
research attention. By studying the evaporation process of Al O nanofluid
droplets with a mass concentration of 0.05% on iron and glass surfaces, we
found that droplets exhibited four distinct evaporation morphologies on iron
surfaces: constant contact diameter, constant contact angle, stick-slip, and un-
stable morphologies. In contrast, only the unstable morphology was observed on
glass surfaces. The primary reason is that during evaporation on iron surfaces,
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the larger solid-liquid interfacial tension leads to the constant contact diame-
ter morphology. As evaporation progresses, droplet temperature decreases and
gas-liquid surface tension increases, resulting in the stick-slip morphology.

Keywords: droplet evaporation; stick-slip morphology; substrate; nanofluid

Introduction

The evaporation of liquids is a ubiquitous phenomenon in nature and human ac-
tivities that has long attracted research interest, from dewdrops on plant leaves
and petals to liquid droplets on tabletops. In 1997, Deegan first reported on
this seemingly common phenomenon in Nature, introducing the “coffee ring
effect” —the deposition pattern formed during droplet evaporation. This effect
is closely related to evaporation modes and the dynamic motion of the three-
phase contact line. For instance, coffee-ring patterns form due to outward flow
caused by fixed contact line evaporation in solutions or suspensions, uniform
patterns arise from interactions between evaporation dynamics and particles at
the gas-liquid interface, and concentric rings result from alternating fixation and
movement of the three-phase line during evaporation. Various internal param-
eters and external conditions can produce different deposition patterns, with
factors such as solute concentration, particle size, surfactant concentration, and
ionic strength influencing particle deposition modes. However, few studies have
investigated the evolution of droplet evaporation profiles under different sub-
strate conditions. This paper experimentally examines the evaporation process
profiles and contact line evolution on substrates with different surface properties
(glass and iron), providing an experimental foundation for better understanding
the mechanisms underlying droplet evaporation.

1. Experimental Setup

The experimental apparatus for measuring droplet evaporation is shown in [Fig-
ure 1: see original paper|, comprising a constant temperature water bath (Model
F12) and a droplet shape analyzer (Model DSA30) for recording and profiling
sessile droplet evaporation on substrates. The analysis interface is displayed in
[Figure 2: see original paper]|. The surface roughness of both glass and iron sub-
strates was measured using a surface profilometer (Model 2302A), as shown in
[Figure 3: see original paper]. While the iron substrate appears smooth, actual
machined surfaces exhibit micro-scale unevenness with tiny peaks and valleys.
The iron substrate used in experiments had nanometer-scale roughness, whereas
the glass substrate was significantly smoother.

During experiments, ambient temperature was maintained at 20°C (£0.2°C
variation) with relative humidity at 30%. The substrate temperature was 30 °C,
and the nanofluid mass concentration was 0.05%. To ensure experimental re-
peatability and accuracy, particular attention was paid to substrate leveling,
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temperature uniformity, and droplet shape recording.

2. Experimental Phenomena
2.1 Iron Substrate Observations

[Figure 4: see original paper] shows the temporal evolution of contact angle,
contact line, and droplet profile during nanofluid droplet evaporation on an iron
substrate. The data reveal two pronounced contact line slip events throughout
the evaporation process, with the most significant contact angle jump occurring
between 520-580s. During this event, the contact angle increased abruptly while
the three-phase line decreased almost instantaneously.

2.2 Glass Substrate Observations

[Figure 5: see original paper] illustrates the temporal evolution of contact an-
gle, contact line, and droplet profile during nanofluid droplet evaporation on a
glass substrate. The curves show that at a glass substrate temperature of 30 °C,
the entire evaporation process was relatively uniform, with no obvious pinned
three-phase line state or contact angle jumps. The contact angle gradually de-
creased throughout evaporation, and the three-phase line continuously receded,
though the rates of change differed slightly between the early and late stages of
evaporation.

3. Analysis of Experimental Results

Based on observations from the iron substrate experiments, the entire evapo-
ration process can be divided into four morphological stages. The first stage
features a fixed contact angle with continuously decreasing contact line, lasting
a very short duration. The second stage exhibits a pinned contact line with
continuously decreasing contact angle, representing the longest duration. The
third stage shows both decreasing contact line and contact angle, lasting shorter
than the second stage. The fourth stage involves stick-slip motion, where the
contact line suddenly recedes while the contact angle instantaneously increases,
as shown by the red profile in [Figure 6: see original paper|. This stage occurs
very rapidly relative to the entire evaporation process and can be considered
instantaneous. Following this, the contact line becomes pinned again while the
contact angle continues to decrease until evaporation completes.

The third and fourth morphologies warrant particular attention. The first two
stages correspond to constant contact angle and constant contact diameter
morphologies, which have been documented in earlier literature. According to
Young’ s theory, if the contact angle between droplet and surface is at theoret-
ical equilibrium, evaporation should proceed as a dynamic equilibrium process
with constant contact angle morphology. If energy imbalance at the three-phase
contact line causes contact angle hysteresis, constant contact line morphology
emerges. For the third morphology, where both contact line and contact angle
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continuously decrease without reaching equilibrium, the behavior depends on
the force balance among solid-liquid, solid-gas, and gas-liquid interfaces at the
three-phase line and on the evaporation rate.

[Figure 4: see original paper| also reveals two contact angle jump processes
during which the contact angle increases rather than decreases, forming stick-
slip motion. This stick-slip behavior makes the droplet evaporation process
appear periodic. The formation of this periodic process has been analyzed
in previous studies and can be determined by changes in droplet surface free
energy, as expressed in Equation (1). In Equation (1), G represents free energy,
R the contact line radius, and the contact angle. According to Young s
equation, cos can be expressed by Equation (2). The term _ gl is related to
droplet temperature, which in turn correlates with evaporation rate. [Figure 8:
see original paper] and Equation (4) describe the energy transfer and balance
during droplet evaporation on a surface.

Substituting Equation (2) into Equation (1) yields Equation (3). The energy
required for stick-slip motion varies for different droplets, with the first occur-
rence requiring the greatest energy and subsequent events needing essentially
equal energy. As shown in Equation (3), G is closely related to _sl, _ gs, and
_gl

Comparing [Figure 6: see original paper| and [Figure 7: see original paper]| re-
veals that droplet evaporation on glass surfaces follows the third morphology,
where both contact line and contact angle continuously decrease without achiev-
ing equilibrium. Since all experimental conditions were identical except for the
substrate, this demonstrates that the contact substrate plays a crucial role in
determining evaporation morphology.

As evident from [Figure 3: see original paper], the roughness of the iron surface
far exceeds that of the glass surface, resulting in much larger _ s/ for droplets
on iron compared to glass. This causes the initial evaporation stage on iron to
exhibit constant contact line morphology. From Equation (4), iron’ s thermal
conductivity is substantially higher than glass’ s, leading to faster evaporation
rates on iron surfaces and consequently lower droplet temperatures. Decreasing
droplet temperature increases _ gl. When _ gl and _ sl become imbalanced,
new stick-slip motion occurs. Analysis of the stick-slip mechanism will become
a focal point in microfluidic motion research.

Conclusion

Droplet evaporation is a complex process influenced by multiple factors.
Through experimental observation of droplet evaporation morphologies on iron
and glass surfaces, this study analyzed the mechanisms underlying different
morphological formations. The main conclusions are: (1) Four distinct
evaporation morphologies exist during droplet evaporation; (2) Metal surface
roughness and thermal conductivity are important factors causing stick-slip
morphology; (3) Droplet evaporation morphology exhibits periodic variations.
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Note: Figure translations are in progress. See original paper for figures.
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