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1
Introduction

Looking outside on a rainy day reveals some of the fascinating aspects of drop impact.
Due to wind, rain drops may be blown against the windows and move downwards
after contact with the window. When a raindrop impacts onto a puddle, one might
observe small secondary droplets breaking off after impact. Leafs of trees and plants
also feel the impact of a raindrop, causing the position of the leaf to move under the
influence of the force applied by the impacting drop. These are examples of natural
drop impacts, but also in industrial applications drop impacts are omnipresent. One
of these industrial applications of drop impact which occurs in the nanolithography
machines produced by ASML The Netherlands B.V., is the motivation of the work
done in this thesis.

In 1876, Worthington [1] made the first advances in revealing the different stages
of drop impact, as shown in Fig. 1.1. Here, observations by eye of a boiled milk drop
impacting onto a smoked glass substrate are sketched. To visualize the different stages
of drop impact, a flash light was used to illuminate the impacting drop for a short
time. It is already observed that fingers form at the edges of the drop (I-IV) and that
the drop may eject small secondary droplets (II and III). At later stages in time, the
drop may recede (V and VI). Since these first advances, high speed imaging is further
developed [2], resulting in numerous studies of the intriguing aspects of drop impact,
such as bouncing, deposition and splashing. This high speed imaging makes the study
of drop impact a relatively new field in fluid dynamics.

1



2 CHAPTER 1. INTRODUCTION

Figure 1.1: Sketches of the impact behavior of a 6-mm boiled milk drop impacting
onto a smoked glass substrate as observed by Worthington [1] in 1876. The drop is
generated 100 mm above the substrate. During impact, the formation of fingers is
observed in I-IV. Next to that, at some impact events (II and III), small secondary
droplets break off from these fingers. At later times, the drop is collecting again (IV),
and it comes off the substrate (V), leaving behind some small droplets (VI).

1.1 Drop impact

Drop impact is influenced by many parameters. Properties of the drop that influence
the impact event are its impact velocity U , diameter D, impact angle α , surface tension
γ , kinematic viscosity ν , and density ρ . Most of these drop properties are captured
by the dimensionless Weber number We = ρDU2/γ , which is the ratio of kinetic and
surface energy, and Reynolds number Re = DU/ν , giving the ratio of fluid inertia
and viscous forces. In addition, the substrate properties such as the roughness or
structures on the substrate, the wettability, the elasticity, or thickness of a liquid film
coating the substrate are of importance. Next to the drop and substrate properties,
the properties of the surrounding air play an important role in the outcome of a drop
impact events, via the pressure or the viscosity of the surrounding air. All of these
factors together determine what happens when a drop impacts a substrate: (partial)
bouncing, deposition or splashing. These different outcomes are described in the
following sections, and are shown in Fig. 1.2.

1.1.1 Bouncing

One of the possible outcomes of drop impact is that the drop spreads out over the
substrate. When the maximum spreading is reached, the drop retracts and lifts off
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(a)

(b)

(c)

(d)

Figure 1.2: Different outcomes of a drop impact events. Generally speaking, the kinetic
energy of the impacting drop increases from (a) to (c), but a change of properties of the
drop, substrate, and surrounding may also lead to a different outcome. (a) Bouncing:
After impact the drop spreads over the substrate. The spreading stops when surface
tension forces overcome the inertia of the drop. After maximal spreading, the drop
retracts. When this retraction goes fast enough, the drop may lift off the substrate. (b)
Deposition: After impact the drop spreads over the substrate. At maximal spreading
the drop sticks to the substrate and remains deposited on the substrate. (c) Corona
splashing: After impact the spreading lamella (with ligaments) of the drop lift off from
the substrate. The lamella moves outwards with a high velocity. When this outwards
velocity is high enough surface tension is unable to retract the drop and the ends of
the lamella break up into small secondary droplets. (d) Prompt splashing: Secondary
droplets detach parallel to the substrate during the early stages of impact, when the
lamella expands with high velocity. Again, surface tension is not able to keep the drop
together, resulting in the secondary splashed droplets. Images are taken from Ref. [3],
experiments are done by Ref. [4].
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from the substrate, as shown in Fig. 1.2(a). This behavior is called bouncing. The
entire drop can bounce off the substrate, or part of the drop bounces back, the latter
being referred to as partial bounce. Drop bouncing is observed for low impact We, but
the exact value of We depends on substrate properties.

A bounce occurs when the drop spreads much further than expected given its static
receding contact angle. This large drop spread causes the drop to retract, which can
lead to rebound [4]. Another mechanism for bouncing is that the drop is cushioned by
a thin air layer that is trapped between the substrate and the drop [5]. This air layer
prevents contact between the drop and the substrate. Therefore the drop retracts to
minimize its surface energy. To prevent contact of the drop and the substrate, one
often uses super hydrophobic or structured substrates [6]. However, the air layer can
also remain intact on a hydrophilic substrate or even on a liquid pool [7]. In all these
cases bouncing is observed.

Once the drop bounces off the substrate, it falls back due to gravity and impact
again. This secondary impact occurs with lower impact velocity and hence lower We,
because of energy losses in the bouncing process [5, 8]. This energy loss is minimal on
rigid substrates [5, 8], while it is much higher on a liquid pool due to additional energy
dissipation in the pool [7]. The time it takes for a drop to bounce is independent of the
impact velocity, but increases with increasing drop radius [7, 9].

1.1.2 Deposition

For larger We, the air layer in between the drop and the substrate is squeezed out and
the drop makes contact with the substrate during its spreading. This contact prevents
bouncing, therefore the drop is deposited: it remains as whole into contact with the
substrate (Fig. 1.2(b)). After contact with the substrate is made, the drop deforms to
a flat shape and a spherical rim is formed at the outer edges of the drop. Over time,
this rim distributes evenly over the thin splat, where the final splat size depends on the
wettability of the substrate.

The spreading of the drop over the substrate occurs in different stages [10]. Shortly
after impact in the kinematic phase the drop spreading over time scales with t1/2. An
ejection sheet is created which grows in time. At later times the spreading slows
down and a thicker rim at the outer edges is formed. These phenomena depend on We,
Re, the contact angle with the substrate θ and time. In the relaxation phase the drop
may begin to recede, and it finally ends up in a equilibrium phase where the drop has
reached its final shape.

Next to the spreading dynamics, the maximum spreading of an impacting drop has
been studied. The maximum spreading depends on the drop’s kinetic impact energy,
its surface energy and the viscous dissipation [11, 12]. The general expression for the
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maximum spreading diameter derived in Ref. [12] reads:

ξmax =
Dmax

D
=

P1/2

A+P1/2 Re1/5, (1.1)

with P = WeRe−2/5 and A = 1.24 a fitting constant. For low Re, in the limit where
the spreading depends solely on viscous dissipation, a scaling of the maximum spread-
ing with Re1/5 is found [13]. In the capillary regime, where viscous dissipation is
negligible (high Re), energy conservation predicts a scaling of Dmax with We1/2 [14].

In all scaling arguments, only the drop properties are taken into account, expressed
by We and Re. In addition, the spreading is influenced by properties of the substrate.
On superheated substrates for example, the maximum spreading is different than
expected from theory, which might be due to the additional vapor layer generated
from the drop itself [15]. Chemicallicy structured substrates can enhance spreading in
one direction and limit spreading in the other direction [16, 17]. The contact angle
of the drop on the substrate also determines the spreading of the drop, such that an
increase in contact angle causes a decrease of maximum spreading [18].

1.1.3 Splashing

The break off of small secondary droplets, which is called splashing, may be oberved
when We is further increased. An example of so-called corona splashing is shown in
Fig. 1.2(c). Here, a rim has formed that is moving upwards from the impact location
and secondary droplets detach at the end of this rim. Another way of splashing is
prompt splashing (Fig. 1.2(d)). This splash occurs earlier in time and secondary
droplets break off from the fast moving ejecta sheet at the contact line. Describing the
splashing threshold is very complex as it depends on many conditions.

Many studies focused on the transition from deposition to splashing and the
determination of a splashing threshold. This threshold is influenced by properties of
the drop expressed in We and Re, but also by the properties of the surrounding air and
the substrate. When a drop impacts under an angle, the splash becomes asymmetric
and splashing is suppressed in specific directions [19–22]. Surprisingly, the transition
to both the prompt and corona splash can be forced to higher We by reducing the
pressure of the surrounding air [23, 24].

The properties of the substrate also have an important influence on the transition
to splashing. Whether a drop impacts onto a rigid substrate, a thin film or a deep
pool lead to a different outcome of the impact, such as a different splashing thresh-
old [25–27] or crown formation [28]. Other properties such as roughness or substrate
structure [23, 29] can also be used to increase the transition to splashing (in a specific
direction), while wettability [30] does not influence the splashing transition. Splashing
is suppressed when the substrate is deformable, such as on viscoelastic substrates [31]
or elastic membranes [32]. The temperature of the substrate can alter the transition
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to splashing both when the substrate is (well) above the boiling temperature of the
drop [33] and when the substrate is (well) below the melting temperature of the
drop [34–39].

It is now clear that many parameters influence the transition to splashing, but so far
only observations are mentioned. In Sec. 1.2 the different criteria to obtain splashing
are discussed in more detail.

1.2 Splashing criteria

The starting point of all splashing criteria is that the drop needs a minimal impact
velocity to splash. However, different theories exist on what causes a drop to splash
when this minimal impact velocity is exceeded. Below we first discuss drop-substrate
interaction followed by the role of the surrounding air. Lastly, it is discussed how also
the substrate temperature may trigger drop splashing.

1.2.1 The role of drop-substrate interaction

The most commonly used splashing criterion is based on the idea that the crown of
the drop needs a minimal velocity to overcome the retracting surface tension forces,
making the crown break up into small secondary droplets [40, 41]. This minimal
velocity is called the Taylor-Culick velocity VTC =

√
γ/ρe, with e the thickness of

the crown at ejection. VTC balances the surface tension forces trying to keep the drop
together and the acceleration forces of the crown moving outwards [42]. The velocity
of the crown V is calculated from volume conservation, where it is assumed that the
volume of the drop is completely distributed over the crown [41]:

D2U ∼ DeV, (1.2)

It has experimentally been shown that e∼
√

νt, with t the time after impact [43].
The minimal velocity the crown needs to have to overcome the surface tension

forces is V > VTC, which is the splashing criterion. Using, the typical impact time
scale t ∼ D/U in Eq. (1.2) we then obtain the splashing criterion

V
VTC
∼We1/2Re1/4 > K, (1.3)

with K the critical number for splashing. Previous studies reported K ≈ 54 for a
rigid surface [25], K ≈ 160 for a thin liquid film [26], and K ≈ 90 for a deep liquid
pool [27].

In Eq. (1.3) the properties of the substrate and of the surroundings are not taken
into account which explains the different values found for K. In practice, for each
different substrate or surrounding parameters the value of K has to be determined
experimentally.



1.2. SPLASHING CRITERIA 7

Lubrication
force

Suction force

Figure 1.3: Schematic view of the forces exerted onto the ejecta sheet. As long as
the ejecta sheet does not touch the substrate again, splashing might be observed. A
lubrication force pushes the ejecta sheet upwards away from the substrate due to an
overpressure below the ejecta sheet. There is an under pressure above the ejecta sheet
resulting in a suction force that pulls on the ejecta sheet to lift it further. The black
arrow shows the motion of the air during the growth of the ejecta sheet. Image adapted
from Ref. [44].

1.2.2 The role of the surrounding air

A more recent criterion [44] takes the role of the surrounding air into account. To
obtain splashing, it states that the ejecta sheet should detach from the substrate, as
schematically shown in Fig. 1.3. This condition implies that there should be a sufficient
vertical lift force acting onto the ejecta sheet to prevent touchdown. Once the ejecta
sheet has detached from the substrate, its edge should not contact the substrate again.
Thus, the velocity at which the ejecta sheet moves upwards has to be larger than the
growth rate of the rim at the end of the ejecta sheet to prevent touchdown.

Given the importance of this criterion, let us briefly recall the key steps of the
analysis of [44]. The sheet that forms the ejecta sheet can only be ejected if the tip
of the sheet moves outwards faster than the wetted base area. From a momentum
balance, the critical dimensionless time at which the sheet is ejected te,c = t̃c/(D/Uc)
is calculated:

c1Re−1
c t−1/2

e,c +We−1
c = c2t3/2

e,c , (1.4)

with c1 =
√

3/2 and c = 1.1 are fitting parameters and the subscript c denotes the
parameter at the splashing threshold. In the limit of high We we find te,c ∼ Re−1/2,
while te,c ∼We−2/3 for low We.

Once the sheet is ejected the vertical lift force ` can be calculated. ` consists of
two contributions that are illustrated in Fig. 1.3: (i) the lubrication force exerted in
the wedge between the substrate and the ejecta sheet and (ii) the suction force exerted
at the top part of the ejecta sheet. The overpressure in the wedge dominates over
the suction force, which gives `∼ µgVt , with µg the dynamic viscosity of the air and
Vt ∼Ut−1/2

e,c the radial velocity of the ejecta sheet. Once the lift force is known, the
vertical force balance ρH2

t V̇v ∼ ` can be solved to find an expression for the vertical
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tip velocity

Vv ∼

√
`

ρHt
, (1.5)

with Ht the thickness of the tip of the ejecta sheet. For the ejecta sheet not to contact
the substrate again, the vertical tip velocity has to be larger than the growth rate of the
rim at the tip of the ejecta sheet Vv > Ḣt . The growth rate of the rim is found to scale
as

Ḣt ∼VTC ∼
√

γ/ρHt . (1.6)

To obtain a large enough lift force at the tip of the ejecta sheet to prevent touchdown
Vv >VTC which gives

µgU
γ

t−1/2
e,c =C, (1.7)

where C is the critical number for splashing. Substrate properties such as roughness
or (chemical) patterning of the substrate however are not known a priori and are
captured in C, which again has to be determined experimentally for each substrate.
For substrate temperatures up to the Leidenfrost temperature of the impacting drop,
temperature dependent liquid and gas properties can be used in the non-simplified
version of Eq. (1.7). In this way the increase of splashing threshold with substrate
temperature (up to the Leidenfrost temperature) has been explained [33].

In the limit of high We Eq. (1.7) can be rewritten into the form of Eq. (1.3) to
show the difference between both criteria:

µgU
γ

t−1/2
e = We1/2Re1/4

√
µ2

g

ργD
>C. (1.8)

From the differences between Eqs. (1.3) and (1.8) one concludes that K is modified
not only by properties of the surrounding air, but also by properties of the impacting
drop. This difference illustrates the underlying fundamental difference in the physical
mechanism for splashing.

1.2.3 The role of temperature changes in the drop

The temperature of the substrate gives a third criterion for drop splashing. When the
temperature of the substrate is (well) above the boiling point of the drop, Leidenfrost
splashing may occur [33]. On the other hand, if the substrate temperature is (well)
below the melting point of the drop it may trigger freezing induced splashing [34–39].

At the Leidenfrost temperature, a sudden decrease in splashing threshold is
found [33]. This decrease shows that when the drop contacts the substrate (below the
Leidenfrost temperature) it is harder to splash compared to when the drop does not
contact the substrate, which is the case above the Leidenfrost temperature. Above
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(a) (b)

Figure 1.4: Splats left by plasma-sprayed nickel drops after impact onto a steel
substrate. The transition from liquid to solid for nickel is at 1455◦C. (a) After impact
onto a substrate with temperature 400◦C a circular splat is formed. (b) Impact onto
a substrate of 640◦C results in fingers at the outer radius of the drop. These fingers
represent instabilities during the impact, from which secondary droplets are ejected.
Images are taken from Ref. [34], experiments are performed by [36].

the Leidenfrost temperature, only a slight increase in splashing threshold is found
with increasing temperature. However, all studies [33, 45, 46] show a different weak
temperature dependence in the splashing threshold. Therefore it is concluded that
We and substrate temperature are not the only relevant parameters controlling the
splashing behavior.

When a substrate is at a temperature at or below the melting point of the drop,
the drop cools down during the impact and ultimately solidifies. The final shape
of the solidified splat depends on substrate temperature, as shown in Fig. 1.4 for
plasma-sprayed nickel drops. The amount of solidification depends on the substrate
temperature, the impact velocity of the drop and thermal properties of both substrate
and drop, such as latent heat, thermal conductivity, liquid melting temperature and
thermal diffusivity. When part of the drop is solidified, it may obstruct the outward
flowing liquid of the impacting drop and therefore trigger drop splashing. This
phenomenon is called freezing-induced splashing [34–39]. Since it is difficult to
generate drops that freeze fast enough to study the freezing induced splashing at
controlled size and velocity, a systematic study of this transition to splashing is
lacking.
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1.3 Drop splashing in nanolithography

In most applications, such as ink-jet printing [47, 48], (metal) spray coating [49] or
pesticide delivery [50], splashing is an unwanted side-effect that reduces the efficiency
of the process. Therefore, it is of utmost importance to understand the conditions
for drop splashing and to find ways to prevent it. The work described in this thesis
has emerged from drop impact events in nanolithography machines in the extreme
ultraviolet (EUV) light source. ASML The Netherlands B.V. is market leader in the
production of these machines and wants to enhance the machine’s efficiency and
durability. One way of increasing this efficiency is to reduce the contamination from
liquid debris in the machine by suppressing drop splashing after impact onto hardware,
as we explain below.

The liquid debris is generated during the production of the EUV light, as shown
schematically in Fig. 1.5. EUV light is emitted by a tin plasma that is generated in
the source chamber by shooting onto a liquid tin drop with a pulsed laser, as shown
in Fig. 1.5(b). The process consists of two steps: (i) A first laser pulse deforms the
drop (Fig 1.5(c)) [51], such that the conversion efficiency (ratio of amount of laser
power to EUV power) increases. (ii) With a second laser pulse the liquid tin can be
converted into plasma. However, during both laser pulse impacts small high-velocity
droplets break off from the main drop. These droplets are not converted into plasma
but are expelled towards the hardware of the source chamber. This process leads to
the generation of of tin debris and contaminates various places in the machine. Some
of these drops are directed towards the collector mirror (Fig. 1.5(a)), where they limit
the reflecting efficiency and lifetime of the mirror. Other drops are directed towards
surfaces above the collector mirror. Impact onto most of these parts is harmless, as
long as the drop remains attached to that surface. However, when splashing occurs
small secondary droplets are ejected in multiple directions and they may contaminate
the collector mirror when they impact again. It is therefore of key importance to
suppress drop splashing at these surfaces in the source chamber.

There are also secondary sources of tin debris, which we describe briefly. When
previous drops have impacted onto a hot surface at the side walls, they may form a
liquid film at these surfaces. Next to the fact that these liquid films alter the impact
behavior of the drops, they may also form another source of drop debris. If this liquid
surface is at the ceiling of the hardware, a Rayleigh-Taylor instability may grow when
surface tension forces are not able to overcome gravity forces [55, 56] and drops
detach under influence of gravity. These are relatively large, slow drops with a size
in the millimeter range and an impact velocity of meters per second and are directed
towards the bottom of the source chamber.

Liquid films are also a source of other small drops. These drops are generated
by a process called spitting: Hydrogen radicals in the liquid tin layer lead to bubble
formation. These bubbles rise to the surface and burst, thereby ejection tiny droplets.
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Drop generator

EUV sensors

Collector mirror

Turning mirror

Focusing lens

Targeting cameras

Primary focus

Tin catcher

Intermediate focus (IF)

(a)

Primary focus

Intermediate focus

Target tin dropsCollector mirror

Pulsed laser

(b)
(c)

Figure 1.5: (a) Liquid tin drops are produced by the drop generator and enter the
source chamber. In the EUV source chamber, the tin drops are hit by two laser pulses
at the primary focus in order to create the EUV light out of the liquid tin drop. The
EUV light is then collected by the collector mirror and focused at the intermediate
focus (IF), before it continues to the illumination optics for lithography. During the
conversion from tin to plasma by the laser pulses, tin debris remains in the source
chamber. These small, fast liquid tin drops impact onto side walls of the source
chamber, where splashing and further contamination are limiting the performance of
the EUV source. Image adapted from Ref. [52]. (b) Simplified sketch of the source
chamber. The red star indicates the main source of the tin debris. Image adapted from
Ref. [53]. (c) Drop deformation after the impact of a laser pulse. Small secondary
droplets are ejected in all directions from the main drop, resulting in tin debris inside
the EUV chamber. Image taken from Ref. [54].
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However, the presence of the hydrogen radicals is crucial for the in situ cleaning of
the collector mirror [57] to maximize the running time of the EUV source.

Some of the original high-velocity drops are missed by the laser pulse and continue
their path into the tin catcher (Fig. 1.5(a)). Here, the drops are trapped into a liquid
pool and disposed away. During impact onto this pool, drop splashing may occur and
the splashed droplets might contaminate construction parts. Another possibility is
that a drop is slightly bend off the desired path and therefore misses the liquid pool.
Preventing splashing of these drops is also important to increase the performance of
the EUV source.

In summary, there are multiple sources generating tin drops of different sizes and
velocities that impact onto the hardware of the EUV source. This hardware consists
of different types of material and is kept at different temperatures depending on its
functioning which leads to a variety of drop impact conditions. Next to that, the angle
at which the drops arrive also varies, since the drops are produced at multiple locations
in the source. Therefore, the goal of this thesis is to study how properties of a substrate,
in particular orientation, temperature and elasticity, influence the splashing behavior
of the impacting drops. Once this influence is known, the hardware can be adapted to
minimize drop splashing after impact.

1.4 Dimensionless numbers

The tin drops that cause the contamination in the source have different origins and
therefore different velocities and sizes. To generate and visualize most of these drops
in a controlled way is out of reach, since they either are too small and/or go too fast
for conventional drop-on-demand systems. For this reason, we focus in this thesis
on a number of specific aspects of drop impact, and take advantage of the powerful
method of dimensional analysis. The motivation for the dimensional analysis is that it
allows for the study of an upscaled version of the tin drops that is better accessible
with imaging techniques. Moreover, it allows in certain cases to replace tin by water
which has many practical advantages.

The dimensionless numbers that are important in the EUV source chamber are
determined from the Buckingham-π-theorem [58]. The number of independent di-
mensionless groups equals the the number of important variables minus the number of
physical dimensions of which these variables consist. The nine important variables
in the EUV source chamber are the liquid’s kinematic viscosity ν , density ρ , surface
tension γ , specific heat cp, temperature difference between melting temperature and
substrate temperature ∆T , latent heat for solidification L, thermal diffusivity κ , diame-
ter D and impact velocity U . The four physical dimensions of the variables are length,
mass, time and temperature. From this simple analysis, we find that we need five
dimensionless groups to describe the drop impact phenomena in the source chamber.
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With foreknowledge we construct these dimensionless groups in such a way we find
well-known dimensionless numbers:

The Reynolds number

Re =
DU
ν

, (1.9)

expressing the ratio of the inertia of the fluid and the viscous forces. By comparing the
inertia and the surface tension forces of the liquid of the impacting drop one obtains
the Weber number

We =
ρDU2

γ
. (1.10)

We can also consider the thermal properties of the liquid, where we can define the
ratio between the sensible heat and the latent heat as the Stefan number

Ste =
cp∆T

L
. (1.11)

The advective and diffusive transport rates compared results in the Péclet number

Pe =
DU
κ

. (1.12)

The last dimensionless group can be expressed as an energy ratio of the kinetic energy
and the latent heat of solidification L:

Π =
U2

L
. (1.13)

The use of dimensionless groups reduces the number of parameters to study, but it
also results in a way to compare the impact of drops of different liquids, dimensions
and velocities. Unfortunately it is not possible to match all dimensionless groups at
the same time, however we can study the effect of a single or a few group(s). Once
we neglect the thermal properties of the drop, i.e. the entire process happens at the
same temperature at which the drop remains liquid, We and Re are the two remaining
parameters. To study a drop formed during plasma generation, we want to know the
outcome of a D = 1 µm and U = 100 m/s impacting tin drop. Using dimensional
analysis it is possible to study the impact of a larger and slower drop of a different
liquid. The tin drop has We = 128 and Re = 377, which we can match with a water
drop of D = 15 µm and U = 25 m/s. The dimensions of the drop have increased
and the velocity decreased, making it easier to study the outcome of the drop impact.
Another example of a typical tin drop in the EUV source is given in table 1.1.

For the work presented in this thesis, we make use of dimensional analysis to
make the experiments better accessible for imaging. The transition from fast small
tin drops to larger slower water drops also implies that experiments can take place
at ambient conditions. However, for studying the effect of substrate temperature we
have to use tin drops for our experiments, since the thermal properties of water and tin
cannot be matched in an experimentally accessible regime.
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Table 1.1: Liquid properties for tin and water drops. These properties are used to
calculate dimensionless numbers, of which some are comparable for water and tin
despite the different absolute values of the liquid properties.

Parameter Description [unit] Tin Water

ν liquid kinematic viscosity [m2/s] 2.66 ·10−7 1 ·10−6

ρ liquid density [kg/m3] 6968 1000
γ surface tension [N/m] 0.544 0.072
cp specific heat [J/(kg K)] 227 4.18 ·103

∆T temperature difference [K]
(interface and melting)

140 20

L latent heat [J/kg] 5.85 ·104 3.34 ·105

κ thermal diffusivity [m2/s] 2 ·10−5 1.44 ·10−7

U typical impact velocity [m/s] 82 20
D typical drop diameter [µm] 6.5 100
Re Reynolds number (1.9) 2000 2000
We Weber number (1.10) 555 555
Ste Stefan number (1.11) 0.54 0.24
Pe Péclet number (1.12) 27 1.4 ·104
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1.5 Suppression of drop splashing

To control the tin debris in the source chamber of the nanolithography machine it
is important to understand the transition from deposition to splashing for different
conditions. In this thesis, we therefore focus on this transition. There are numerous
ways to influence the transition to splashing, by varying the properties of the substrate
or the surrounding air. Here, three variations to increase the transition to splashing are
studied, from which one can understand when splashing is to be expected.

Parts of the hardware might be covered with a liquid tin layer and the drops missed
by the laser pulses impact onto a liquid pool in the tin catcher. Therefore we consider
water drop splashing onto a deep liquid pool in Chap. 2. We study the influence of the
impact angle on the splashing behavior and the cavity dynamics. Our goal is to find a
transition to splashing depending on the impact angle and the impact velocity. Next
to the transition to splashing, we also model the maximal dimensions of the cavity
formed during impact. Since the focus here is on the influence of the impact angle
and velocity and not on thermal effects, dimensional analysis allows us to replace tin
by water.

When tin debris from the plasma generation is directed towards the collector
mirror, it impacts onto a cold substrate. In Chap. 3 we study the influence of substrate
temperature on drop splashing and spreading. Since we cannot neglect the influence of
cooling and solidification during the impact, we let tin drops impact onto a substrate
of which we control the temperature. We aim to find an optimal temperature at which
splashing and hence contamination of the hardware is minimized.

In Chap. 4 we suppress splashing by changing the elastic properties of the substrate.
We modify the splashing criterion (Eq. 1.7) to take the elastic properties of our substrate
into account and show that the threshold increases with decreasing elasticity.

In Chap. 5 we focus on practical applications of the work to suppress drop splash-
ing and to minimize the contamination inside the EUV source. We show how substrate
properties can be used to suppress splashing. Moreover, we present a method for
post-analysis of a witness sample to determine what kind of drops (size, velocity,
impact angle) have impacted, such that the source of these drops can be determined.
Finally, Chap. 6 concludes the work of this thesis, and gives an outlook to future work.
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2
Oblique drop impact onto

a deep liquid pool ∗†

Oblique impact of drops onto a solid or liquid surface is frequently observed in nature.
Most studies on drop impact and splashing, however, focus on perpendicular impact.
Here, we study oblique impact of 100 µm drops onto a deep liquid pool, where we
quantify the splashing threshold, maximum cavity dimensions and cavity collapse by
high-speed imaging above and below the water surface. Gravity can be neglected in
these experiments. Three different impact regimes are identified: smooth deposition
onto the pool, splashing in the direction of impact only, and splashing in all directions.
We provide scaling arguments that delineate these regimes by accounting for the drop
impact angle and Weber number. The angle of the axis of the cavity created below the
water surface follows the impact angle of the drop irrespectively of the Weber number,
while the cavity depth and its displacement with respect to the impact position do
depend on the Weber number. Weber number dependency of both the cavity depth and
displacement is modeled using an energy argument.

∗Published as: “Oblique drop impact onto a deep liquid pool”, Marise V. Gielen, Pascal Sleutel, Jos
Benschop, Michel Riepen, Victoria Voronina, Claas Willem Visser, Detlef Lohse, Jacco H. Snoeijer,
Michel Versluis, and Hanneke Gelderblom, Phys. Rev. Fluids 2, 083602 (2017).

†MVG and PS contributed equally to this work.
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2.1 Introduction

In nature, oblique drop impact is ubiquitous. It is for example encountered in rain
drop impact onto waves or puddles [1], where it triggers air entrainment [2] and
aerosol generation [3] that drive the global gas-liquid exchange. In agriculture, e.g., in
pesticides crop spraying [4], oblique drop impact and the subsequent splashing and
droplet rebound [5] is important. In industrial applications oblique impact occurs in,
e.g., metal spray deposition [6] and direct fuel injection internal combustion engines
[7]. In many of these applications, splashing is an unwanted side effect after impact; it
decreases the deposition efficiency and may lead to a widespread contamination.

While drop impact and splashing is a topic widely studied (see, e.g., Refs. [8–
22]), surprisingly few papers (e.g., Refs. [23–26]) deal with non-perpendicular or
oblique impact. Drop splashing upon perpendicular impact has been studied on a
solid substrate [12, 13], a thin liquid film [14–16] and a deep liquid pool [17–22]. In
the last case, a cavity is formed under the water surface [2]. Collapse of this cavity
[27–29] may lead to the pinch-off of small droplets [1, 30]. These droplets emerge
from a high-speed microjet, and can reach velocities higher than the impact velocity
[31]. The main parameter that governs splashing is the Weber number, We = ρDU2

γ

with drop diameter D, drop velocity U , liquid surface tension γ = 0.072 N/m, and
liquid density ρ= 1000 kg/m3. In addition, the splashing threshold depends on the
Reynolds number, Re = UD

ν
, with ν the kinematic viscosity. A standard splashing

threshold has the form of We1/2Re1/4 = K [8, 13] where K is a constant that depends
on the surrounding pressure [32], the thickness of the liquid layer, and the surface
roughness when a drop impacts onto a rigid substrate.

To study oblique impact, experiments onto dry tilted plates [23–26] and onto
a moving plate [33] were performed. Bird et al. [33] showed that by moving the
substrate, the velocity of the ejecta sheet and therefore the splashing threshold changes.
Only a few studies [34–39] focus on oblique impact onto wetted surfaces and thin
liquid films. Gao and Li [38] quantify a splashing threshold for impact onto a moving
thin liquid film, but due to experimental complications such as the liquid inertia, this
approach is not feasible for a deep liquid pool.

In numerical simulations, oblique impact onto a wetted substrate [40–42] shows a
transition from crown splashing to single-sided splashing. In addition, crown formation
and cavity formation [42] are studied. Due to the aforementioned experimental
limitations these simulations lack validation. For oblique drop impact onto a wetted
or dry surface, there is a clear influence of the impact angle on the splashing, but to
our best knowledge no experiments of oblique drop impact onto a liquid pool have
been reported in the literature.

Here, we present an experimental study of oblique drop impact onto a quiescent
deep liquid pool. We provide details of our experimental method in Sec. 2.2 and
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discuss a typical result for the impact and splashing phenomena in Sec. 2.3.1. The
angle of impact is varied systematically to quantify the splashing threshold and a
model to explain these observations is presented in Sec. 2.3.2. We also quantify the
cavity formation and present a scaling law for the cavity formation in Sec. 2.3.3.

2.2 Experimental methods

To study oblique drop impact for a wide range of Weber numbers and impact angles
onto a deep liquid pool, two steps are important: (1) creation of a single drop and
(2) rotation of the drop generator to obtain oblique impact. To create single drops a
method previously described in Ref. [43] is used, which we adopt for oblique impact.
For clarity, we briefly describe this method to isolate single drops from a stream of
drops here, which is schematically drawn in Fig. 2.1(a).

Drops of size of 115 ± 15 µm are generated by pumping (Shimadzu LC-20AD
HPLC pump) demineralized water (<0.1% of ammonia added for conductivity, negli-
gible effects on surface tension) through a micropipette (Microdrop AD K-501). The
continuous jet breaks up into drops by applying a piezoacoustic pressure on the jet,
which transforms the jet into a stream of monodisperse drops with equal velocity.
Velocities ranging from 6 up to 25 m/s can be achieved resulting in Weber numbers
between 40 and 1056. Here, the lower bound is set by the minimum velocity required
to create a train of drops and the upper bound by the maximal flow rate of the apparatus.
The drop train is directed through a ring-shaped charging electrode, where a periodic
high-voltage pulse charges all passing drops except one every 10 ms. Next, the drops
pass another region with a high electric field (E ≥ 100 kV/m) between two deflection
plates. The electric field separates the charged drops from the uncharged ones, and
allows for the uncharged drops to continue straight and impact onto the pool. The
pool consists of a glass container that is filled to the top with water to minimize the
influence of a disturbing meniscus at the container wall that may limit the optical
imaging quality. The charged drops are caught further on their path and then disposed.
To create an oblique impact, the micropipette, charge electrode, and deflection plates
are tilted. In this way, impact angles up to 80◦ from perpendicular can be obtained.
This method allows for the creation of oblique drop impact with a wide range of
velocities and a large enough drop spacing to prevent disturbances of the pool due to
earlier impact events.

Figure 2.1(b) shows a sketch of drop velocity U and impact angle α . These
parameters are varied systematically, while keeping the drop diameter D constant. By
doing so, we effectively change the ratio between the perpendicular impact velocity
U⊥ = U cosα and the parallel impact velocity U‖ = U sinα . Note that U⊥ and U‖
cannot be varied completely independently since a minimum total velocity U is
required to create a train of drops.
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Figure 2.1: (a) Sketch of the experimental setup. A continuous stream of drops is
created by piezoelectric actuation of a microjet. A charging electrode charges the
drops, which are subsequently deflected by the deflection plates. Every 10 ms a
single drop is left uncharged and can be separated from the stream. By tilting the
micropipette, charging electrode, and deflection plates, the impact angle α of the
drops onto the pool can be varied. The pool has a depth of 10 mm, a width of 10 mm,
and a length of 100 mm. (b) Drop diameter D, velocity U , and impact angle α are
controlled by the experiment, and cavity displacement d and height h are measured,
which results in cavity angle αc and a characteristic length of the cavity L. Next to
that, the angle of the jetted droplet out of the cavity α j is measured. The shape of
the splash and the collapse of the cavity are recorded by two separate high-speed
recordings above and below the water surface, respectively.
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Drop impact is recorded in a side view by high-speed imaging (Photron SA-X2,
operated at frame rates up to 100 kfps, average pixel resolution of 3.2 µm) and
backlight illumination (Olympus ILP-2). From these recordings, we extract D, U , and
α using a customized image-processing analysis. The impact velocity is measured
from the penultimate frames just before impact to minimize the influence of air drag.
The error in these measurements is estimated to be 2 µm for D and 0.2 m/s for U ,
both based on the camera resolution. For a typical measured velocity of U = 15 m/s,
these errors result in an error in We of about 15 and in α of about 2◦.

The dynamics of the cavity is characterized simultaneously with the impact event
by collecting two separate recordings for each impact condition, one above and one
below the water surface, in order to compensate for the different optical focal depth.
From the measurements above the water surface we characterize the direction of the
splash. From the cavity recordings, we estimate the maximum cavity displacement d,
maximum height h and define the cavity angle αc by tanαc =

(d
h

)
. These maximum

dimensions are not always clearly pronounced. We therefore obtain d and h, and
hence αc, from an average of six measurements above and below the water surface
for each impact condition. The typical errors obtained are a few µm in d and h and a
few degrees in αc. In total, to quantify the cavity dimensions and collapse below the
water surface and the splashing threshold above the water surface, we analyzed 1147
individual drop impacts.

2.3 Results and interpretation

2.3.1 Typical features of oblique drop impact

Figure 2.2 shows the time series of a typical experiment with We = 674 and α = 28◦.
Qualitatively the different stages of oblique impact are comparable to perpendicular
impact, but with some important qualitative differences, which we will now discuss.

Figure 2.2(a) shows a snapshot 0.02 ms after the drop has impacted. The formation
of a hemispherical cavity has started below the water surface, and an asymmetric
splash ejecting small droplets is visible above the water surface. At t = 0.1 ms [2.2(b)],
both the crown and the cavity are growing. In contrast to perpendicular impact the
droplets only detach on a single side. Just below the water surface, a wave crest is
observed [28]. At t = 0.28 ms (2.2(c)) this wave crest is highlighted by an arrow
while it travels downward along the cavity wall. Here one can clearly observe that the
cavity is asymmetric. At this point in time, the cavity is still growing while surface
tension causes the crown to retract and the rim to grow thicker. Figure 2.2(d) (t =
0.66ms) shows the cavity at its deepest point, where the maximum cavity depth and
displacement are reached. Then, the closure of the cavity starts and the capillary wave
crest collides at the bottom of the cavity. During the collision of these waves an air
bubble can be entrapped [2]. The tip at the bottom of the cavity in 2.2(d) marks this
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air bubble just before pinch-off. The tip will retract quickly due to the high local
curvature. The series of subsequent image frames suggest that the jetted droplet, which
is visible above the water surface in Fig. 2.2(e) at t = 0.77 ms, originates from the
rapid tip retraction. The droplets jetted out of the cavity reach velocities of the same
order as the main drop impact velocity. Below the water surface [2.2(e)] a tiny bubble
is clearly visible. At t = 1.02 ms [2.2(f)] the cavity has completely collapsed, marked
by the emergence of a thick Worthington jet [44].

2.3.2 Splashing threshold

After drop impact three different phenomena can be observed above the water surface,
as illustrated in Fig. 2.3(a). First, the drop can smoothly coalesce with the liquid
pool. This behavior is identified as deposition. Second, a crown can be formed, which
destabilizes on a single side of the drop and results in the ejection of satellite droplets
at the tips of the crown on this side of the drop. The direction of splashing corresponds
to the direction of impact. This behavior is denoted as single-sided splashing. The
final phenomenon observed is the ejection of small satellite droplets from the crown
in all directions, which is indicated as omni-directional splashing. We quantify these
phenomena in a phase diagram of α and We illustrated by three distinct regions; see
Fig. 2.3(b). For a single value of α the impact behavior can change from deposition to
single-sided splashing to omni-directional splashing for increasing We. Similarly, for
a single value of We the impact behavior can change from omni-directional splashing
to single-sided splashing to deposition for increasing α .

We now provide a scaling argument to explain these observations. To find the
splashing threshold for oblique impact, we aim to describe the velocity of the crown
in terms of U , D, α , and We. We start by considering perpendicular (i.e. vertical)
impact. A schematic view of the drop during impact is shown in Fig. 2.4(a). In this
case, the flow into the crown is distributed symmetrically. Once the entire drop has
impacted, we can assume that the entire drop volume is proportional to the volume of
the crown, which gives (per unit time) [15]

D2U ∼ eDV, (2.1)

where e is the thickness of the crown at its origin. In line with a model for splashing of
the fast ejecta onto a thin liquid film [15], we assume that in order to obtain splashing
upon impact onto a liquid pool the velocity of the crown V has to be larger than the
Taylor-Culick velocity VTC ∼

√
γ

ρe . Thoroddsen [21] showed experimentally that

e∼
√

νt, consistent with dimensional analysis. Using t ∼ D
U in the expression for e

and (2.1) to express V we find the splashing criterion

V
VTC
∼We1/2Re1/4 > K, (2.2)
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(a) t=0.02 ms (b) t=0.10 ms (c) t=0.28 ms
U

α

(d) t=0.66 ms (e) t=0.77 ms (f ) t=1.02 ms

200 μm

D

Figure 2.2: Time series of a drop impacting onto the pool with a Weber number We =
674 and impact angle α = 28◦, where t = 0 marks the moment the drop makes first
contact with the pool. In this caption time t is non-dimensionalized to t∗ = t

timp
= tU

D
while in the figure the dimensional time is given. (a) t∗ = 3.6. The impacting drop
causes a splash that fragments into droplets. Here, the splash is formed on a single
side only. (b) t∗ = 18. A crown develops and remains more pronounced on one side.
The cavity has a hemispherical shape and is growing. (c) t∗ = 51. The splashing is
finished and the cavity still grows. An arrow points to the wave crest, which travels
downwards along the cavity surface; see Ref. [28]. The oblique impact leads to an
asymmetry of the cavity. (d) t∗ = 119. The capillary wave focuses off-center at the
bottom of the cavity. (e) t∗ = 139. Collapse of the wave leads to the entrainment of a
bubble and retraction of the jet leads to the ejection of tiny droplets during closure of
the cavity. The arrows indicate the position of the entrained bubble and the droplets.
(f) t∗ = 184. A Worthington jet is formed during closure of the cavity [44].
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(a)

(b)

Figure 2.3: (a) Three types of impact behavior are observed above the water surface.
From left to right: deposition (green), single-sided splashing (yellow), and omni-
directional splashing (purple). (b) A phase diagram of the impact behavior as a
function of the Weber number We and impact angle α . The color codes correspond
to (a): upward green triangles represent deposition, yellow squares represent single-
sided splashing, and downward purple triangles represent omni-directional splashing.
The solid and the dashed line are derived from Eqn. (2.4) with c = 0.44, where the
solid line represents the splashing threshold from deposition to single-sided splashing
[Eqn. (2.4) with plus sign] and the dashed line indicates the splashing threshold from
single-sided splashing to omni-directional splashing [Eqn. (2.4) with minus sign].
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Figure 2.4: Schematic illustration of the mass distribution in the crown. Volume 1
indicates the part of the original drop that flows into crown volume 3. Volume 2
represents the part of the original drop that flows into crown volume 4. Volumes 1
and 3, and 2 and 4 are identical due to mass conservation. (a) For perpendicular drop
impact the volume of the original drop is distributed evenly over the crown, such that
volumes 1 and 2, and thus 3 and 4, are identical. (b) For oblique impact, U‖ will
cause a shift (solid line) in drop position with respect to the perpendicular impact
(dashed line). This shift reduces volume 1 and increases volume 2 by an amount of
±ρDU⊥U‖t (see text). As a result, the crown becomes asymmetric.

where K is the critical number for splashing [8, 9, 45].

The numerical value of K depends on specific experimental conditions, such as
the flow profile inside the crown [15]. Previous studies reported K ≈ 54 for a rigid
surface [9], K ≈ 160 for a thin liquid film [14], and K ≈ 90 for a deep liquid pool [20].
For our experiments we determine for perpendicular impact (α ' 0◦) a critical Weber
number for splashing of about Wes ≈ 400 which leads to K ≈ 130.

For oblique impact the mass is no longer symmetrically distributed over the crown:
the mass flow into the crown increases on one side of the drop and decreases on the
other side of the drop (Fig. 2.4(b)). This unequal mass distribution originates from the
contribution of the tangential component of the impact velocity U‖. On one side of
the drop, U‖ leads to an increased mass flow, while on the other side the mass flow is
decreased. The added or reduced mass flow rate into the crown scales as ±ρDU⊥U‖t,
respectively, where U⊥ sets the speed with which the drop is moving down into the
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pool. To account for this additional mass flow, we rewrite (2.1) as

D2U⊥± cDU⊥U‖t ∼ eDV, (2.3)

where c is a fit parameter that accounts for the exact amount of mass that is redis-
tributed over the crown. The (critical) velocity for crown splashing now depends on
both U⊥ and U‖. From (2.3) it follows that U⊥

[
1± c

U‖t
D

]
∼ Ve

D and hence the splashing

criterion for oblique impact reads, with t ∼ D
U⊥

,

V
VTC
∼We1/2Re1/4(cosα)5/4 [1± c tanα]> K. (2.4)

In (2.4), we use K = 130 (as determined for perpendicular impact) to find the splashing
threshold as a function of We and α . These considerations show that there are two
transitions in the phase space of Fig 2.3(b): (1) A transition from deposition to single-
sided splashing when VTC is reached on a single side of the drop (solid line). (2) A
transition from single-sided splashing to omni-directional splashing when VTC is
reached for splashing in all directions (dashed line).

In Fig. 2.3(b) we plot these transitions and we find qualitative agreement with the
experimental data using c = 0.44. The model also quantitatively captures the transition
from deposition to single-sided splashing, while the predicted transition from single-
sided to omni-directional splashing shows a stronger deviation from experiment.
Moreover, we experimentally observe a zone where all three impact behaviors overlap
for We around 400 and α < 20◦, which is absent in the model. In this transition
region the three impact behaviors are close together. As a consequence, this region
is very sensitive to small experimental variations in We and α . In addition, smaller
droplets ejected in a splash might not be observable because of the camera resolution,
which further complicates the judgment on the impact behavior. More importantly,
three-dimensional effects that occur outside the observation plane make it difficult
to discriminate between single-sided splashing and omni-directional splashing in a
discrete manner: the transition is not sharp but gradual. Therefore the dashed line in
Fig. 2.3(b) is far from perfect in separating between single-sided and omni-directional
splashing.

2.3.3 Cavity formation

From our recordings we extract the angle αc, as defined in fig 2.1(b), and the dimen-
sions (h and d) of the cavity. In Fig. 2.5 cavity angle αc is plotted as a function of
impact angle α . For small impact angles the cavity angle equals the impact angle,
which is expected since the momentum of the drop is transferred to the cavity in
the direction of impact. However, for impact angles larger than α & 30◦, αc gets
increasingly smaller as compared to α . The measurement error of αc does not explain



2.3. RESULTS AND INTERPRETATION 31

Figure 2.5: Cavity angle αc as a function of the impact angle α . The solid line has
slope unity. Each data point is the average value of six separate experiments, where
the error bars indicate the propagated error in αc corresponding to the measurement
error in d and h.

the observed decrease. We analyzed the cavity angle as a function of We, but found
no significant dependency (data not shown). A possible explanation for the deviation
in proportionality of αc with α for larger impact angles could come from additional
wave drag [46] for drops moving almost parallel to the surface (i.e., drops impacting
with a large α). For larger impact angles, part of the impact energy will be dissipated
into the build-up of waves in the direction tangential to the surface, which reduces the
cavity angle.

We now present data on the maximum cavity depth and maximum displacement.
In Figs. 2.6 and 2.7 the maximum cavity depth h and displacement d are plotted as
a function of We based on the perpendicular impact velocity We⊥ =

ρDU2
⊥

γ
and the

tangential velocity We‖ =
ρDU2

‖
γ

, respectively. The data suggests h ∼ We1/2
⊥ while

d ∼We1/2
‖ . These scalings can be explained from energy conservation. We consider

that the kinetic energy of the impacting drop is proportional to the additional surface
energy to create the cavity

ρD3U2 ∼ γL2, (2.5)

where L is the characteristic length of the cavity, as shown in Fig. 2.1(b). For oblique
impact experiments, L depends on both h and d since the maximum depth of the cavity
is displaced by d as a consequence of the tangential component of the impact velocity,
resulting in L∼

√
h2 +d2 ∼ h

√
1+ tan2 α . Here we have assumed tanα = d

h , which
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Figure 2.6: Double logarithmic plot of the maximum cavity depth h as a function of
the Weber number, based on the perpendicular impact velocity We⊥. The dashed line
corresponds to Eqn. (2.6) and a prefactor of 0.18. Each data point is the average value
of six separate experiments with corresponding error bars.

Figure 2.7: Double logarithmic plot of the maximum horizontal cavity displacement d
as a function of the Weber number based on the tangential impact velocity We‖. The
dashed line corresponds to Eqn. (2.7) and a prefactor of 0.15. Each data point is the
average value of six separate experiments with corresponding error bars.
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will introduce a small error for α & 30◦, as seen in Fig. 2.5. From (2.5) we find L
D ∼

We1/2. Using the geometrical relation for L we find h
D ∼We1/2 cosα , and hence

h
D
∼We1/2

⊥ . (2.6)

Figure 2.6 shows scaling law (2.6) together with the experimentally determined
maximum cavity depth, where we used a prefactor of 0.18. For We⊥ > 100, we
observe a somewhat larger spread in h. This spread could be due to capillary waves
propagating over the cavity surface, which distort the measurement of h. For the
maximum cavity displacement we find d

D ∼
h
D tanα ∼We1/2 sinα , which gives

d
D
∼We1/2

‖ . (2.7)

In Fig. 2.7 scaling (2.7) is plotted with a prefactor 0.15 together with the experimentally
determined maximum cavity displacement. For We‖ . 100 we observe a deviation
between the experimental data and the proposed scaling. For these small Weber
numbers the uncertainty in d (of a few micron) becomes of the order of the value of
d that is actually measured. As explained in Sec. 2.2, the perpendicular and parallel
impact velocity in our experiment cannot be varied completely independently. Indeed,
to achieve the measurements at small U‖, and hence small We‖, we had to use a large
U⊥ to create a drop train. However, a large U⊥ at small U‖ implies a small α and
hence a small d, which is hard to measure accurately. In addition, the measure for the
cavity displacement is not as well defined as that for the cavity depth: when the cavity
becomes less sharp, several values for d could correspond to the same h, which leads
to a further spread in the data in Fig. 2.7.

2.4 Discussion on cavity collapse

The collapse of a cavity is sometimes accompanied by the jetting of a droplet out of
the cavity; see Fig. 2.8(a). In this subsection we aim to quantify the direction of the
jetting behavior. Figure 2.1(b) depicts the angle α j at which the droplet is jetted out of
the cavity. Not every impact leads to the observation of a jetted droplet, which could
mean that no droplets were pinched off from the jet, or that droplets remain trapped
inside the cavity. Given the small droplet size and the limited depth of field of our
imaging system, the ejected droplet could also have moved out of the optical focal
plane.

Another observation is that the trajectory of the droplet is curved when it moves
out of the cavity, as shown in Fig. 2.8(a). This may be an indication that the initial
α j, directly after pinch-off from the jet, is different from the α j measured above the
closing cavity, where it may be hindered by a disturbing airflow. To better quantify



34 CHAPTER 2. OBLIQUE DROP IMPACT ONTO LIQUID POOL

(a)

αr

(b)

Figure 2.8: (a) The trajectory of two jetted droplets for We = 371 and α = 0.3◦ shows
a deflection when the droplets leave the cavity. This deflection is indicated by the
arrow. (b) Snapshot of the cavity at its maximum dimensions (top), and approximately
14 µs later (bottom) when the collapse and tip retraction have started. The red arrows
indicate the direction in which the cavity starts to collapse, which is used as a measure
for the direction of the jetted droplet out of the cavity.

the jet direction, we therefore change our focus to the cavity collapse and deduce
the retraction angle αr, as depicted in Fig. 2.8(b), where we assume that the onset
of retraction of the cavity sets the initial direction of the jetted drop. From a series
of frames αr is measured where the first frame was taken when the cavity is at its
maximum dimensions. In the next frames we follow the direction of cavity collapse
by tracking this point to find the retraction angle.

As shown in Fig. 2.9(a), α j and αr are indeed similar, with α j being slightly
smaller than αr, which is probably due to the influence of a disturbing airflow, as
discussed above. αr follows α up to about 25◦. For α > 25◦, αr flattens and reaches
a maximum of about 30◦. The deviation from α occurs around the same α for
both αc and αr. However, the build-up of drag waves in front of the impacting
drop is not enough to account for the flattening observed for αr. We speculate
that this saturation is caused by a maximum angle that the cavity can make with
the surface. For perpendicular impact, the cavity is symmetric and hemispherical,
which is energetically most favorable. For oblique impact, the cavity is no longer
hemispherical but one side of the cavity wall starts to move inwards (see Fig. 2.9(b)).
At the other side the cavity opening grows as surface tension smooths the sharp edge
as is illustrated in Fig. 2.9(b) by the shaded area. This effect breaks the symmetry and
therefore poses a limit on the maximum value of αr.
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(a)

αc

αr

(b)

Figure 2.9: (a) Angle of the droplet jetted out of the cavity α j (upward black triangles,
each triangle corresponds to the average of about six measurements) and retraction
angle of the cavity αr (downward red triangles, each triangle corresponds to the
average taken over six measurements below and above the water surface) as a function
of the impact angle α . (b) Schematic view of the cavity angle and the retraction angle.
When a drop impacts obliquely, one expects a cavity consisting of the white area,
due to symmetry. However, since surface tension prohibits the existence of the sharp
corner, the shaded area is pulled outward. Therefore, an asymmetric cavity forms
resulting in a retraction angle which is smaller compared to the cavity angle.
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2.5 Discussion and Conclusions

We presented an experimental study of oblique drop impact onto a quiescent deep
liquid pool. We performed quantitative experiments where drops impact obliquely
onto a deep liquid pool for a wide range of Weber numbers and impact angles, and we
analyzed the splashing behavior, the cavity formation, and the cavity collapse.

In analogy to previous studies (e.g., Refs. [8, 9, 15, 45]), we found that the crown
velocity has to be larger than the Taylor-Culick velocity to obtain splashing. For
oblique drop impact this crown velocity is influenced by the tangential velocity of the
impacting drop, leading to an asymmetry in the crown and giving rise to an asymmetry
in the splashing threshold [33]. In contrast to the model presented in Ref. [33], where
oblique drop impact onto a dry substrate was studied, we cannot describe our data by
simply adding or subtracting the tangential velocity to the crown velocity. Instead,
we assumed the tangential velocity influences the amount of mass squeezed into the
crown. We quantified this effect using scaling arguments and derived a model that is
consistent with our measurements for a wide range of We and α . Thus, the model
gives valuable insight into the occurrence and direction of splashing.

For small impact angle α the cavity angle αc directly equals the impact angle
and does not depend on We, for large α a decrease in αc with respect to α was
observed. The magnitude of the cavity displacement depends on the tangential Weber
number and the cavity depth depends on the perpendicular Weber number. The scarce
numerical simulations on oblique impact [42] confirm this We-dependence of the
cavity displacement. However, since Ref. [42] described drop impact onto a thin liquid
film, no information on the cavity depth is available.

In conclusion, our study provides the first quantitative overview of the events
following oblique impact onto a deep quiescent liquid pool. The results allow us
to predict under what impact velocity and in what direction drops can splash after
impact. In our experiment, data from a single measurement plane is obtained. It would
be interesting to obtain the full three-dimensional profile above and below the water
surface using holographic microscopy [47] or by extended numerical simulations.
Further studies will also be required to assess the influence of gravity on splashing
and the cavity collapse, which may be relevant for larger droplets as generated by rain
or breaking waves.
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3
Solidification during tin drop impact ∗

The dynamics of drop impact can be changed considerably when solidification occurs
due to contact with the substrate. Here, we experimentally study tin drop impact
onto a sapphire substrate of controlled temperature. By combining side and bottom-
view images of the impacting drops, we measure the maximum drop spreading and
determine the number of ligaments formed at the outer edge of the drop for various
substrate temperatures. We find that the maximum drop spreading decreases when
the drop solidifies during the impact and model this process quantitatively. Moreover,
solidification is found to strongly decrease the number of ligaments formed, which we
attribute to solidification of the early-time ejecta sheet. Beyond that, we also show
how the splashing threshold is affected by the liquid solidification.

3.1 Introduction

Drop impact onto a substrate with a temperature below the freezing temperature of
the liquid is encountered in many applications. Perhaps most importantly, precise
solid structures can be fabricated with three-dimensional (3D) printing of liquid metal
drops, which solidify after impact [1, 2]. Another example is thermal spray coating,
where a uniform metal coating is applied to surface [3]. Here, it is important to know
how solidification alters the drop spreading and the splashing threshold during impact.
Next to the direct application of solidifying drops, drop solidification is also relevant

∗To be submitted as: “Solidification during tin drop impact”, M.V. Gielen, R. de Ruiter, R.B.J.
Koldeweij, D. Lohse, J.H. Snoeijer and H. Gelderblom.
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for airplanes, transmission lines, or wind turbines under solidification conditions,
as due to solidification impacting rain drops decrease the efficiency. For air planes,
anti-icing surfaces prevent the drop to freeze after impact by minimizing the contact
time of the drop with the substrate or delaying solidification inside the drop [4–6].

The reason why solidification during drop impact is a challenging phenomenon
lies in the combination of the drop deformation dynamics [7, 8] with simultaneous
heat transfer and phase transition [9–14]. In the following, we will briefly discuss
what had been done on the individual phenomena, namely isothermal spreading after
impact, solidification in spreading drops, isothermal drop splashing, and solidification
during drop splashing.

Isothermal spreading has been studied extensively, see e.g. [7, 8, 15, 16]. A
theoretical criterion for isothermal maximum spreading has been derived [8], where
the drop arrests once its thickness equals the thickness of the viscous boundary layer.
However, solidification has not yet been included in this arrest criterion.

Solidification in spreading drops after deposition (zero impact velocity) has been
studied both experimentally and theoretically [17–20]. A successful model [17]
invokes the kinetic undercooling of the contact line, where the drop stops spreading
abruptly when the liquid at the contact line reaches a critical temperature. It remains to
be tested whether this model holds for drops with a finite impact velocity. Few studies
considered drop impact onto cold substrates [9, 13, 14, 21, 22]. Solidification was
shown to decrease the drops maximum spreading. This limited spreading is explained
by a loss of kinetic energy in the solidified liquid [9–11]. However, a systematic and
quantitative comparison of these models to experimental data is lacking.

Drop splashing under isothermal conditions has been studied extensively (see
e.g. [23–29]). Several substrate properties have been shown to influence splashing
behavior. The substrate’s roughness or structure can either suppress or promote
splashing in a specific direction [30–32]. The substrate’s (visco-)elasticity can be used
to suppress splashing [33–35]. On cold substrates where the liquid solidifies during
impact one would also expect splashing to be suppressed. However, experimental
studies report that solidification actually promotes splashing [10–12, 21, 22, 36]. A
solidified layer is thought to obstruct the radially outwards flowing liquid and therefore
trigger freezing-induced splashing. Several studies [11, 12, 36] used (plasma-)sprayed
drops to study the splashing threshold. For these sprayed drops it is difficult to obtain
a controlled range of sizes and velocities where single drop impact events can be
studied. However, the development of a drop-on-demand system that generates single
drops that solidify and splash during impact is challenging. As a result, there is no
quantitative study on the splashing threshold for solidifying drops.

Here, we experimentally study tin drop impact onto a sapphire substrate of various
temperatures below the melting point of tin. In Sec. 3.2 we present a setup to generate
isolated liquid tin drops with a controlled impact velocity and size that allows for
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simultaneous side and bottom-view imaging. The outcome of a typical experiment
is described in Sec. 3.3. We quantify the maximum drop spreading as a function of
substrate temperature and present a model to explain our findings in Sec. 3.4.1. Our
bottom view experiments reveal the growth of ligaments over time. We measure the
number of ligaments as a function of substrate temperature and explain our results
in Sec. 3.4.2. We quantitatively determine the splashing threshold of the impacting
drops as a function of substrate temperature in Sec. 3.4.3. This chapter closes with a
discussion in Sec. 3.5.

3.2 Experimental method

To study the influence of the substrate temperature on the impact dynamics, we let
tin drops impact onto a sapphire substrate of which the temperature is controlled. To
create isolated liquid metal drops in a controlled way we adopted a similar method as
in Refs. [37, 38]. An overview of the entire setup to generate single liquid tin drops
on demand is shown in Fig. 3.1.

Drops of size of 1.7 ± 0.16 mm or 2.0 ± 0.43 mm were generated by heating the
reservoir containing the tin to T = 250◦C, which is well above the melting temperature
of tin (Tm = 232◦C). We used 99.9% pure tin with density ρ = 7.0 ·103 kg/m3, surface
tension γ = 0.54 N/m, and kinematic viscosity ν = 2.6 ·10−7 m2/s. Thermal properties
of the tin are its specific heat cp = 2.3 ·102 J/(kgK), its latent heat L = 5.9 ·104 J/kg,
its thermal diffusivity κ = 2.0 ·10−5 m2/s and its thermal conductivity k = cpρκ = 31
W/(mK). The bottom of the reservoir is tapered to allow smooth connection to the
needle (Hamilton, custom made, stainless steel, � 0.71 and 1.14 mm). The reservoir
is mounted on a movable stage of one meter that allows to change the impact height
and thereby the impact velocity of the drop between 0.5 m/s <U < 5.5 m/s.

The pressure inside the reservoir was controlled by pressure controllers that are
situated one meter above the liquid tin reservoir. In this way the pressure controllers
remained at room temperature (working temperature) while the tin in the reservoir
can be melted. To prevent leakage of the molten tin under the effect of gravity the
reservoir was maintained at an underpressure of p≈ 45 mbar. To generate a tin drop
the underpressure was replaced by a short pressure pulse of 340 mbar (pulse duration
between 0.06 s < ∆t < 0.09 s depending on height of the tin in the reservoir). The
pressure pulse is longer as compared to Refs. [37, 38] due to the one meter connection
between the pressure controller and the tin reservoir.

To prevent oxidation of the liquid tin drop during its fall, the entire setup was
contained in a closed box. The box was filled with nitrogen gas at a slight overpressure
to prevent oxygen leaks. During heating the setup was flushed with nitrogen while
during operation the flow was lowered to minimize disturbances to the impacting drop.
The temperature of this box was controlled at T = 250◦C to prevent cooling down of
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Figure 3.1: Schematic view of the drop impact setup. Tin was put in a reservoir and is
heated to 250◦C. When the tin melted, it filled a needle from which the drops were
generated. The pressure inside the reservoir was controlled: It was kept at a slight
underpressure to prevent the tin from leaking out. To generate a drop a short, large
pressure pulse was given. The drop fell down under the influence of gravity. By
changing the needle height H, the impact velocity was varied in the range 0.5 m/s
<U < 5.5 m/s. The temperature of the sapphire substrate Ts was controlled between
40◦C and 250◦C. The substrate and the tin reservoir were placed within a closed box,
where a nitrogen environment was created to avoid oxidation and the temperature was
controlled at 250◦C.
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the drop during its fall.
At the bottom of the closed box a sapphire substrate (thickness h = 3 mm, thermal

conductivity k = 24 W/(mK)) was placed inside a temperature-controlled holder.
We waited for ten minutes after placing the substrate inside the setup to assure the
temperature at the interface is the same as the temperature of the substrate heater,
as observed from our temperature measurements. No temperature measurements
were performed during impact. The center of the metal holder is open to allow for
bottom-view measurements. The substrate temperature was varied between 40◦C
< Ts < 250◦C, such that the influence of the substrate temperature on the drop impact
can be compared to isothermal conditions.

We measured the outcome of the impact using high-speed imaging from the side
and from below. The side-view images (Camera 1 in Fig. 3.1, Photron SA1.1, 30,000
fps) were taken with back light illumination (Sumita LS-M352A) and the bottom-view
images (Camera 2 in Fig. 3.1, Photron SA-X2, 30,000 fps) were generated with coaxial
illumination (Asahi MAX-303). Both cameras were synchronized to the pressure
pulse that generates the drop with a delay of 0.4 seconds.

In the experiments drop diameter D, impact velocity U , and substrate temperature
Ts can be varied. In dimensionless form the control parameters are the Reynolds
number Re = UD/ν , Weber number We = ρDU2/γ , and Péclet number Pe = UD/κ

based on the drop properties, and the Stefan number Ste = cp(Tm−Ts)/L based on the
drop thermal properties and the substrate temperature Ts. Our goal was to measure the
dimensionless drop spreading ξ = Ds/D over time from the bottom-view images, with
Ds the spreading diameter of the drop, and to identify the critical impact conditions
for splashing as a function of the dimensionless substrate temperature Ste from the
side-view images.

3.3 Typical experiments

Figure 3.2 shows the time series of three impacting drops at similar We onto a sapphire
substrate of varying temperature (Ts = 249◦C, 150◦C and 39◦C). The top row images
show the drop impact event in side view, the bottom row images in bottom view.
The bottom-view images reveal interesting aspects of the impact event that cannot be
observed from side-view images. Before impact ((i) in Fig. 3.2(a), (b) and (c)) the
drop is not visible from below, since there is no contact with the substrate.

During isothermal impact (Fig. 3.2(a)) we observe that the drop spreads smoothly
over the substrate at early times (ii). As time evolves ligaments become visible (iii) and
grow until the drop reaches its maximum spreading (iv). Since the static contact angle
of tin with the sapphire substrate is about 130◦ (as measured by side-view imaging
of a deposited drop), the drop retracts after maximum spreading and part of the drop
bounces off the substrate while small droplets detach (v).
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(i) t = 0 ms (v) t = 6.7 ms(iv) t = 1.2 ms(iii) t = 0.70 ms(ii) t = 0.07 ms

(a)
(i) t = 0 ms (v) t = 6.7 ms(iv) t = 2.5 ms(iii) t = 0.70 ms(ii) t = 0.07 ms

(b)
(i) t = 0 ms (v) t = 6.7 ms(iv) t = 2.2 ms(iii) t = 0.70 ms(ii) t = 0.07 ms

(c)

Figure 3.2: Time series of drop impact onto a sapphire substrate of different substrate
temperature. (a) We =310, Ts = 249◦C (b) We = 267, Ts = 150◦C, and (c) We = 278,
Ts = 39◦C. The top rows show side-view images recorded by camera 1, the bottom
rows bottom-view images taken with camera 2 (see Fig. 3.1). The scale bar in each
row represents 2 mm. The drop is shown just before impact (i) and spreads over the
surface in time (ii and iii) until it reaches its maximum spreading in frame iv and
retracts or remains solidified at the substrate (v).
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We now lower the substrate temperature to Ts = 150◦C (Fig. 3.2(b)), which is
below the melting temperature of tin. During the impact the variations in grayscale
below the impacting drop show the solidified structures at the substrate. Directly after
impact (ii), a gray spot is visible at the impact center of the drop (red arrow), which is
the center air bubble that is entrapped during impact [39]. This spot remains visible
since the surrounding tin solidifies after contact with the substrate. When the drop
spreads further radially outwards moving stripes become visible. These stripes are
visible starting from the defect distance Dd [40], which is indicated by the red circle
in (iii). The stripes then grow into ligaments, which are clearly visible at maximum
spreading (iv). Both the number of ligaments and the drop’s spreading are reduced
as compared to isothermal impact (Fig. 3.2(a)). As time progresses (v) the bulk of
the drop solidifies. As the drop stays attached to the substrate the bottom-view image
no longer changes over time. At some locations there are dark gray spots visible in
the imprint of the spreading drop. At these locations the liquid tin is hindered by
imperfections at the substrate during the spreading, which results in the entrapment
of air pockets. Due to solidification of the surrounding tin most of these air pockets
remain visible at the final splat (v), while some have disappeared.

For a further decrease of substrate temperature (Ts = 39◦C, Fig. 3.2(c)) we again
observe the air bubble entrapped at early times of impact in the solidified splat (red
arrow in (ii)) and the defect distance as indicated by the red circle in (iii). Again,
the observed ligaments can be traced all the way back to the defect distance (iv).
Their number is lower than at isothermal impact (Fig. 3.2(a)), but comparable to the
experiment shown in Fig. 3.2(b). The drop spreading is even smaller than the one in
Fig. 3.2(b). Moreover, at later times an inward moving front is observed from bottom-
view images (red arrow in (v)). This is a peeling front where the drop detaches from
the substrate. This peeling is a consequence of the stresses in the quickly solidifying
drop, which make the drop bend away from the substrate. This bending of the drop is
called self-peeling [40]. Indeed, the splat of the drops that show this self-peeling is
much easier to remove from the substrate after the experiment than a splat without
self-peeling.

Splats of drops that peel off the substrate were evaluated under the microscope. An
example of a microscope image is shown in Fig. 3.3(a). Since for this experiment We
is small (We = 135) as compared to Fig. 3.2 no radially moving outwards structures
and ligaments are observed. We do see a clear wavelength of undulations that might
grow into ligaments once We is higher. At the impact center a black spot is visible,
which is the air bubble entrapped directly after impact. At small spreading distances a
light area (white circle) is observed where no structures are visible: the defect distance
Dd . Outside this area a pattern of circular rings is observed. These circular rings are
called air ridges [40]: Solidification stops the contact line from moving while the bulk
liquid tin spreads further over the substrate. During this renewed contact of the liquid
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(a) (b)

Figure 3.3: Microscopic image of the solidified splat of a tin drop that has impacted
onto a sapphire substrate with (a) 5× magnification, We = 135 and Ts ≈ 50◦C and (b)
4× magnification, We = 448 and Ts = 150◦C. (a) The scale bar represents 0.5 mm.
Around the impact center there is an area without structure. Further outwards, a pattern
of circular rings is observed. The first circular rim is observed at Dd/D≈ 0.7 mm as
indicated by the white circle. (b) The scale bar represents 2 mm. For impact at higher
Weber number the circular rings are also observed. At such high Weber number also
ligaments are formed, and a radial outward pointing stripe pattern is observed.

tin with the substrate air is trapped between the tin and the substrates forming the air
ridge. At larger We, we observe similar circular structures (Fig. 3.3(b)). In addition,
the radial stripe pattern and ligaments are visible.

3.4 Results and interpretation

Having seen that solidification strongly influences the outcome of an impact event,
we now quantify and explain how solidification alters the spreading, the formation of
ligaments and splashing of drops during impact. In Sec. 3.4.1 we use the bottom-view
images to focus on the spreading dynamics and determine the maximum spreading
as function of Pe and Ts. In Sec. 3.4.2 we present a model where we show how
the substrate temperature affects the formation of ligaments and analyze the number
of ligaments as a function of We. The splashing threshold as function of substrate
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Figure 3.4: (a) Plot of the dimensionless spreading ξ = Ds/D of the drop as function
of time t∗ = t/(D/U) for different substrate temperatures for We = 278, Ts = 39◦C
(blue dots), We = 267, Ts = 150◦C (yellow dots) and We = 310, Ts = 249◦C (red dots).
For clarity, only one every three data points is shown. For Ts = 249◦C, we observe
retraction of the drop, which means that ξ decreases after the maximum is reached.
For Ts = 150◦C and Ts = 39◦C, the drop solidifies during the expansion phase and
does not retract, such that ξ remains at its maximum value. For decreasing substrate
temperature, this maximum spread decreases. (b) Plot of the maximum spreading
ξmax = Dmax/D as function of impact velocity U for different Ts (color bar). The
maximum spreading increases with increasing U and Ts.

temperature is evaluated in Sec. 3.4.3.

3.4.1 Drop spreading

We study the spreading of a drop onto a sapphire substrate by systematically varying
the impact velocity and the substrate temperature. We measure the spreading of the
drop in time using the bottom-view images (bottom row in Fig. 3.2) from which
we determine the equivalent diameter of the area occupied by the spreading drop.
Figure 3.4(a) shows the dimensionless spreading diameter ξ = Ds/D of three drops
on a sapphire substrate of different substrate temperature over time t∗ = t/(D/U).
At early times (t∗� 1), all drops follow the isothermal spreading curve. The exact
moment of deviation from isothermal spreading depends on the substrate temperature.
In contrast to what has been reported for gently deposited drops [17], this deviation
from isothermal spreading is not abrupt: The spreading first slows down before the
drop comes to rest. For lower substrate temperatures the deviation starts earlier and a
smaller maximum spreading is reached. When the drop solidifies during impact, no
retraction is observed, which means that the maximum spreading is reached during
the expansion phase of the drop.
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h(t)

r
s(r,t)

Figure 3.5: Schematic view of the growth of the solidification layer inside the spread-
ing drop at arrest. The thickness of the solidified layer s (in blue) reaches the thickness
of the liquid spreading drop h (in red). The drop is assumed to have a pancake-shape.
While the pancake spreads the solidified layer starts growing after the drop comes into
contact with the substrate. As this occurs at a different time for different radial posi-
tions the solidified layer assumes a radial dependent shape s(r, t). When s(0, t) = h(t)
the drop stops spreading.

The curves of Fig. 3.4(a) allow us to extract ξmax = Dmax/D, with Dmax the
maximum spreading diameter. Figure 3.4(b) shows ξmax as function of the impact
velocity U for different substrate temperatures. For increasing U we observe an
increase of ξmax. A decrease of substrate temperature results in a decrease of the
maximum spreading. For example, for a drop with U ≈ 4.6 m/s the maximum
spreading ranges from ξmax = 5.2 (isothermal) to ξmax = 3.1 (Ts ≈ 50◦C).

To explain the behavior observed in Fig. 3.4(b), we now develop a model for
the maximum spreading that accounts for the influence of solidification. Isothermal
spreading upon impact has succesfully been modeled by assuming that arrest occurs
when the growing viscous boundary layer reaches the thickness of the spreading
drop [8]. In this spirit, we assume that for solidification-limited spreading the drop
arrests when the solidified layer that grows from the bottom of the drop reaches the
thickness of the spreading drop, as shown schematically in Fig. 3.5.

The first step is to determine the time at which the spreading arrests. We start by
noting that in our experiments arrest occurs during the isothermal expansion phase on
a time tmax ∼D/U . On this time, the drop shape can be approximated by a pancake [8]
of uniform thickness h, see Fig. 3.5. From mass conservation it follows that

h∗ =
h
D
∼
(

D
Ds

)2

. (3.1)

As solidification-limited arrest occurs at early times, i.e. before the viscous boundary
layer has grown to a considerable thickness, the pancake dynamics can be described
by the axisymmetric Euler equation [41]. In the thin-sheet approximation mass and
momentum conservation then read

r
∂h
∂ t

+
∂

∂ r
(ruh) = 0, (3.2a)

∂u
∂ t

+u
∂u
∂ r

=− 1
ρ

∂ p
∂ r

, (3.2b)
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with r the radial coordinate, u the radial velocity, and p the pressure in the pancake.
Upon integration of Eq. (3.2a) and by using Eq. (3.1), we find u = rḊs/Ds. As
we expect surface tension to have a negligible effect on the spreading dynamics
since tmax/tc ∼We−1/2� 1 with tc =

√
ρD3/γ the capillary time scale, we assume

∂ p/∂ r = 0. Equation (3.2b) then reduces to D̈s = 0, i.e. Ds/D∼ t∗. From Eq. (3.1)
we then find the early-time spreading dynamics of the pancake to be given by

h∗ ∼ t∗−2. (3.3)

The next step is to describe the thickness of the solidified layer and to equate it to
the thickness of the pancake from Eq. (3.3) to find the time of arrest. We assume that
a one-dimensional (1D) solidification front grows from the bottom of the drop after
the drop makes contact with the substrate. The thickness of this solidified layer [42,
p.185-188] in the center is given by (see App. 3.A)

s∗ =
s
D
∼
√

t∗
Ste
Pe

. (3.4)

In Fig. 3.5 the growth of the solidified layer is shown schematically. Solidification
starts as soon as the liquid contacts the substrate. As a result, the thickness of the
solidified layer varies over the radial distance from the impact center: Since the drop
diameter increases linearly in time, the solidified layer will show a square-root radial
dependency, i.e. s∗ ∼ (Ds− r)1/2.

We assume that for solidification-limited spreading arrest occurs when h∗ = s∗,
which gives

t∗max ∼
(

Pe
Ste

)1/5

. (3.5)

From Eq. (3.3) we find that ξ = Ds/D ∼ t∗, thus ξmax ∼ t∗max, and hence, using
Eq. (3.5),

ξmax ∼
(

Pe
Ste

)1/5

. (3.6)

Eq. (3.6) is valid as long as the spreading is solidification-limited and s∗ is larger than
the boundary layer thickness δ ∗ = δ/D∼

√
t∗/Re, which means that Ste/Pr > 1 with

Pr = ν/κ the Prandtl number. For our experiments Ste/Pr & 10, which means that
the spreading is indeed solidification limited and Eq. (3.6) can be used to describe
the maximum spreading. Furthermore, as the arrest occurs at early times tmax� tc,
surface tension also has a negligible influence on the maximum spreading.

When no solidification occurs (Ts > Tm) the drop spreads isothermally. In that case,
the maximum spreading has been previously addressed in detail [16]. The importance
of viscosity and surface tension is described by the impact parameter P =WeRe−2/5.
In our isothermal experiments P = O(1), such that both surface tension and viscosity
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Figure 3.6: (a) Dimensionless plot of the maximum drop spreading ξmax as function of
Pe for different Ste (color bar). The solid lines give the expected maximum spreading
from Eq. (3.6) with prefactor 0.9. The maximum spreading for the isothermal experi-
ments (dashed line) is given by Eq. (3.7) with prefactor 0.9. (b) Dimensionless plot of
the maximum drop spreading as function of (Pe/Ste)1/5 for Ste > 0 for different Ste
(color bar). The solid line corresponds to Eq. (3.6) with prefactor 0.9.

control the maximum drop spreading. For this transition regime a scaling for the
maximum spreading has been suggested [16]

ξmax ∼
P1/2

A+P1/2 Re1/5, (3.7)

with A = 1.24 a fitting constant.
Figure 3.6(a) shows our measurements in dimensionless form where U is non-

dimensionalized using Pe = UD/κ . For different Ste, the predictions of Eqs. (3.6)
and (3.7) are plotted together with our measurements. The isothermal experiments
(Ste ≤ 0) show good agreement with Eq. (3.7) using a prefactor of 0.9, while in [16] a
prefactor unity is used. This small discrepancy originates from the fact that we assess
the spreading diameter from our bottom-view images where we can correct for the
length of the ligaments and measure the equivalent area covered by the spreading
drop.

When the drop solidifies during impact our model of Eq. (3.6) shows good agree-
ment with prefactor 0.9 for all Ste. At low Pe (Pe . 110) there is a regime where
the modeled isothermal maximum spreading (Eq. (3.7)) is smaller than the maximum
spreading model where solidification is taken into account (Eq. (3.6)) for all Ste. In
this regime the maximum spreading is not solidification-limited, but the combined
effect of surface tension and viscosity determines the maximum drop spreading and
the data follows Eq. (3.7). In Fig. 3.6(b) we show that we can collapse all solidified-
limited data of Fig. 3.6(a) onto a single master curve by using the rescaling in terms
of Pe and Ste, which is well described by the scaling law of Eq. (3.6).
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Figure 3.7: Number of ligaments N as function of We for different Ste (color bar).
The solid line shows the expected number of ligaments according to Eq. (3.11) with
a prefactor of 4.25. The dashed line shows the expected number of ligaments when
solidification is taken into account as given by Eq. (3.14) with prefactor 10. For
We . 150, no ligaments are observed.

3.4.2 Number of ligaments

As the rim decelerates over time, corrugations at the rim get amplified by the Rayleigh-
Taylor instability [43]. In addition, a capillary (Rayleigh-Plateau) instability of the
same wavenumber [43] develops at the rim. As the corrugations grow they develop
into ligaments from which secondary droplets may detach. In Fig. 3.2 we observe that
solidification has a strong influence on the development of these ligaments, as was also
observed in Ref. [21]. In contrast to [21], the bottom-view images allow us to follow
the growth of the ligaments over time. In particular, for the solidified drops ligaments
seem to evolve from the early-stage stripe pattern as discussed in Sec. 3.3. By contrast,
for isothermal impact the ligaments evolve from the rim and become apparent only at
later stages of spreading (compare Fig. 3.2(a),(iv) with Fig. 3.2(c),(ii)).

To interpret these observations we manually count the number of ligaments N
as a function of We for different substrate temperatures as shown in Fig. 3.7. For
We . 150 no ligaments are observed as the impact is not violent enough to trigger an
instability. For larger We, the number of ligaments N increases with increasing We,
where N increases much steeper for isothermal impact than for solidification-limited
impact: N (almost) doubles when we compare isothermal impact (Ste ≤ 0) and impact
onto the coldest substrate used (Ste = 0.69).

We now propose a model to explain the spreading in the data points of N in
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2 clouds. For isothermal impact, destabilization of the outer rim is observed at
relatively long time scales after impact (t∗ ≈ 2, see Fig. 3.2(a)). At impact events
with solidification the ligaments also become visible at relatively long time scales,
but the origin of these ligaments can be traced back to times shortly after impact by
following the imprint of the radially outward pointing stripes (see Fig. 3.2(b) and (c)).
We hypothesize that on cold substrates early-time destabilizations of the fast ejecta
sheet are immediately solidified. Therefore, they set a solidified pattern over which
the remaining liquid flows, forming the radial stripes on which the ligaments formed
by the rim eventually evolve.

To describe these two branches, we first revisit the model for rim destabilization
derived by Villermaux and Bossa for impact onto a pillar [43]. We then modify
this model to account for the early-time destabilizations and solidification of the
ejecta sheet. During spreading the rim located at Ds moves outwards. For our model
we assume that the expulsion of ligaments at the rim is due to a Rayleigh-Taylor
mechanism. The number of ligaments then depends on the wavenumber of the fastest
growing mode k, which scales as

k ∼

√
−D̈sρ

γ
, (3.8)

with D̈s the deceleration of the rim. The number of ligaments is then obtained from
Eq. (3.8) and the diameter of the spreading drop on which the corrugations grow:

N ∼ kDs. (3.9)

For isothermal impact, the corrugations become visible close to maximum spread-
ing [43]. Here we approximate D̈s ∼−Dmax/t2

c such that

k ∼
√

Dmax

D3 , (3.10)

where Dmax is given by Eq. (3.7). In our case, Dmax is given by Eq. (3.7), which is
different from Villermaux and Bossa [43], where inviscid impact onto a pillar was
considered. By combining Eqs. (3.9) and (3.10) we find the number of ligaments to be

N ∼

(
A+P1/2

P1/2 Re1/5

)3/2

. (3.11)

This scaling is shown in Fig. 3.7 as the solid line and shows good agreement with the
isothermal data with prefactor 4.25.

When solidification becomes important, we re-evaluate Eqs. (3.8) and (3.9) using
the deceleration of the ejecta sheet D̈e instead of the outer rim. To this end we use the
model for the ejecta sheet dynamics by Riboux and Gordillo [29]:

De ∼ D
√

te, (3.12)
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with te = t̃eD/U the dimensionless time of sheet ejection and t̃e the time of sheet
ejection. In the limit for Re/We� 1 (here Re/We > 55) the dimensionless time of
sheet ejection scales as te ∼We−2/3 [29], which gives

De

D
∼We−1/3 (3.13a)

D̈e

D
∼−We. (3.13b)

The fastest growing wavenumber is now calculated from Eqs. (3.8) and (3.13b). This
result combined with N ∼ kDe and (3.13a) sets the number of ligaments:

N ∼We1/6, (3.14)

This weak dependence on We is confirmed by our experimental data (see Fig. 3.7).
Eq. (3.14) predicts the minimum number of ligaments well for solidifying drops with
prefactor 10.

To support our hypothesis that the ligaments may grow from the corrugation at
the solidifying ejecta sheet we check if the time needed to solidify the ejecta sheet
is indeed shorter than the time at which the rim corrugations develop. In analogy to
Sec. 3.4.1 we assume that the ejecta sheet solidifies if s∗ = h∗e , with s∗ the thickness of
the solidified layer (Eq. (3.4)) and h∗e the thickness of the ejecta sheet. From [29] it is
found that h∗e ∼ t3/2

e and te ∼We−2/3 as used before, which gives

h∗e ∼We−1. (3.15)

From Eqs. (3.4), (3.15) we then find the time scale to solidify the ejecta sheet

t∗s ∼
Pe

Ste We2 (3.16)

Rim stabilities develop at time scales of t∗c ∼
√

We. Therefore, the ejecta sheet can
solidify before rim corrugations are developed when

t∗s
t∗c
� Pe

Ste We5/2 . (3.17)

Indeed, for t∗s /t∗c � 1 the ejecta sheet solidifies way before the rim corrugations
develop, such that the solidified ejecta sheet controls the number of ligaments, which
then follows Eq. (3.14). On the other hand, when t∗s /t∗c � 1 the ejecta sheet cannot
solidify before the rim corrugations develop and Eq. (3.11) holds. For our experiments
with Ste > 0, t∗s /t∗c ∼ O(10−3) so the ejecta sheet rapidly solidifies and therefore N
can be determined from corrugations at the ejecta sheet.
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The models for the number of ligaments in Eqs. (3.11) and (3.14) give limiting
values for our measurements. The isothermal model (Eq. (3.11)) gives the upper
limit which is in good agreement with our measurements. The model accounting for
the solidifying ejecta sheet (Eq. (3.14)) gives the lower limit. For most impacting
drop the actual number of ligaments is above this lower limit. While the minimum
number of ligaments is set during early time scale, new ligaments can form next to
the early-time corrugations therefore altering the total number of ligaments. For drop
impacts Pe & 400 (i.e. at high impact velocity) and substrate temperature slightly
below Tm (Ste = 0.12) we observe that the number of ligaments follows the isothermal
scaling. In that case, the late-time corrugations grow over the ejecta sheet corrugations
and N follows the isothermal scaling.

3.4.3 Splashing threshold

The ligaments formed may destabilize, which results in secondary droplet generation,
i.e. splashing. When no secondary droplets are created the drop is said to deposit
when it adheres to the substrate and to bounce when (part of) the drop lifts off from
the substrate. In Fig. 3.8(a) we quantify the outcome of an impact event for different
substrate temperatures and impact conditions. For the isothermal impact events
(Ts = 250◦C) and low We the drop bounces. For We > 400 splashing is observed.
There is a small transition regime, which is a range of We where both bouncing
and splashing are observed. When the substrate temperature is below the melting
temperature of tin we do not observe bouncing at low impact velocities but deposition:
The drop sticks to the substrate. The width of the transition region increases for
increasing substrate temperature. Splashing can be observed both at early times
(Fig. 3.8(c)(iii)) and at late times (Fig. 3.8(c)(iv)), however in the data shown in
Fig. 3.8(a) and (b) we do not distinguish between these types of splashing.

In Fig. 3.8(b) we show the Weber numbers corresponding to both the first splashing
and the last deposition event as a function of Ste. On the one hand, the last deposition
event increases rapidly with increasing Ste. For Ste > 0.3 we still observe both
deposition and splashing events even at the highest We accessible by our setup. On
the other hand, the first splashing event increases up to Ste ≈ 0.3, then decreases for
increasing Ste. As a result, the transition regime increases for increasing Ste.

To explain the twofold splashing behavior (decreasing first splashing event, in-
creasing last deposition event), we again invoke the early-time solidification of the
ejecta sheet. First, the solidified ejecta forms corrugations at the substrate. These
corrugations interact with instabilities developing on the rim and may trigger freezing-
induced splashing [10–12]. This effect becomes more severe with increasing Ste
(lower substrate temperatures). The occurrence of a freezing-induced splash will
depend on the detailed interaction between the substrate, the solidified pattern formed
by the ejecta sheet, and the corrugations developing at the rim. This type of splash-
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(a) (b)
(i) t = 0 ms (ii) t = 0.07 ms (iii) t = 0.17 ms (iv) t = 1.5 ms (v) t = 3.3 ms

(c)

Figure 3.8: (a) Phase diagram showing the outcome of drop impact as function of
We and Ts. The three impact behaviors observed are bouncing (orange triangles),
deposition (green circles) and splashing (purple stars). (b) Plot of the first splashing
event (4) and last bouncing/deposition event (O) observed as function of We and Ste
extracted from the data in Fig. 3.8(a). For isothermal impact (Ste ≤ 0) the transition
to splashing is found at We ≈ 375. The threshold for the last deposition/bouncing
event rapidly increases to We outside our measurement range, as marked by the
gray symbols and arrows. (c) Side-view images of drop impact with We ≈ 370 and
Ts = 40◦C. Splashing is observed at different time scales: (1) From the ejecta sheet
(indicated by the red arrow in (iii)) and (2) close to maximum spreading (iv).
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ing therefore has a stochastic nature and is not observed for each single experiment.
Second, in absence of a solidified pattern the drop will still splash at sufficiently high
Weber number [23, 29]. On this type of splashing solidification is expected to have a
suppressing influence: As part of the liquid solidifies during impact less kinetic energy
remains in the drop for splashing. For increasing Ste the amount of energy lost in
solidification increases, which explains the increase of the last deposition event with
Ste.

3.5 Discussion and conclusion

We studied the influence of solidification on drop impact dynamics. Solidification
was shown to strongly alter drop spreading, destabilization through the formation of
ligaments, and splashing.

Using bottom-view imaging we recorded drop spreading curves. Drop spreading
is already limited by solidification during the expansion phase, resulting in a lower
maximum spreading. We described this reduced maximum spread by assuming that
the drop arrests once the thickness of the solidification layer equals the thickness of
the spreading drop. For the solidified layer growth a quasi-static one-dimensional
model was used, where the contact resistance between the drop and the substrate was
neglected. Our simple argument showed good agreement with experiments. Numerical
simulations could be of added value to reveal the radial and longitudinal growth of
the solidified layer over time, and provide a further test for the validity of the 1D
model. Below, we reflect on other solidification models from literature and discuss
their applicability to our data.

A frequently used criterion for maximum isothermal drop spreading is based on
energy conservation arguments [44, 45]. In these models, solidification is included
as an additional energy loss [9–11]. Our data is in reasonable agreement with these
models. However, to estimate the energy loss by solidification a fixed arrest time
t∗ = 8/3 is used, independent of the substrate temperature. This assumption is in
contradiction with our experimental observations (see Fig. 3.4(a)) where the gradual
deviation from isothermal spreading sets in earlier for colder substrates.

In a previous study [17] of drop spreading during deposition (i.e. with zero impact
velocity) kinetic undercooling effects were used to obtain a criterion for contact line
arrest. In that work, the entire drop is assumed to stop spreading abruptly, as soon as
the velocity of the contact line is lower than the velocity of the solidification front.
For arrest to occur during the early-time inertial spreading phase, the rapidly moving
contact line has to be at a temperature lower than the bulk solidification temperature.
For impacting drops the contact line moves even faster. One might therefore expect
a similar arrest condition to apply. However, in our spreading curves we observed
gradual deviations from isothermal spreading before the drop arrests (see Fig. 3.4(a)),
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which is in contradiction with the mechanism by [17]. Furthermore, when the criterion
by [17] is modified to account for the finite impact velocity of the drop it strongly
underestimates the maximum spreading diameter measured.

In fact, the arrest diameter predicted by the kinetic undercooling scenario is of the
order of the defect distance Dd shown in Fig. 3.3 (see App. 3.B). We therefore hypoth-
esize that the first contact line arrest indeed occurs through the kinetic undercooling
mechanism described in [17]. However, as long as the bulk liquid in the drop has
enough kinetic energy available, new liquid can flow over this solidification front and
touchdown at the substrate again at a larger distance [40]. This process continues until
the majority of the bulk liquid is solidified and the entire drop comes to halt. During
these repeated contact-line motions air is entrapped, and ridge patterns as shown in
Fig.3.3 are formed. A more systematic study of the location of the defect diameter as
a function of substrate temperature and impact velocity is required to further validate
this hypothesis.

During the impact corrugations grow at the contact line from which ligaments
may be formed. We have shown that solidification strongly reduces the number of
ligaments that form, in agreement with the results reported by [21]. However, our
bottom-view images provided a unique additional insight: We observed the ligaments
on the solidifying drops form from a stripe pattern that is already present during the
very early stages just after impact. This observation led us to propose a model where
on cold substrates the early-stage ejecta sheet solidifies and thereby forms a solidified
pattern over which the remaining liquid flows. Thereby, corrugations of the frozen
ejecta sheet interfere with the late-time instabilities developing at the rim and strongly
influence the observed wavelength.

The solidified ejecta is also a potential cause of the freezing-induced splashing
we observed. The solidified pattern increases the surface roughness and can thereby
trigger instabilities in the spreading drop. As a result, splashing is observed at Weber
numbers below the isothermal splashing threshold. By contrast, solidification also
shifts the last deposition event to higher Weber numbers, thereby increasing the width
of the transition zone where both splashing and deposition occur. To further quantify
this shift, an experimental setup that can achieve higher Weber numbers is required,
possibly with another drop generation method. On the theoretical side, a future
challenge is to adapt existing splashing models such as the one by [29] to account for
the solidifying ejecta sheet.

3.A 1D model for the solidified layer

The thickness of the solidified layer in Eq. (3.4) is determined from a one-dimensional
heat transfer model [42, p. 185-188], which we briefly discuss here. This model
assumes a quasi-static situation with a solid in contact with a liquid at different
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Ts

s(t)Solid

Liquidx Tm

Figure 3.9: Schematic view of the solidification process. A solidified layer of thickness
s grows on top of a substrate that is kept at Ts. The liquid above s is assumed to be
isothermal and at Tm, while temperature gradients exist in the solidified layer. The
gray dashed rectangle indicates the control volume which moves along with the
solidification front.

temperature. Thereby we neglect the 3D nature of the problem as well as the transient
effects that occur as the drop spreads in time.

Figure 3.9 shows a sketch of the model: An isothermal liquid slab at the solid-
ification temperature Tm is in contact with a solid substrate kept at Ts < Tm. From
the substrate the liquid starts to solidify forming a layer s(t). The motion of s(t) is
governed by energy conservation in a control volume enclosing the front

ρ
∂ s
∂ t

AL =−kA
(

∂T
∂x

)
x=s

, (3.18)

with ρ the density of the liquid, A the area of the solidification front, and L the latent
heat for solidification. The left-hand side describes the energy that has to be extracted
from the control volume to solidify the liquid. On the right-hand side the heat transfer
from the solidification front to the solid is denoted. Both terms of Eq. (3.18) depend
on the exact location of the solidification front, which changes over time.

For a thin solidified layer (Ste < 1) the quasi-static temperature distribution in the
solid is approximately linear

Tm−T (x, t)
Ts−Tm

∼ 1− x
s(t)

. (3.19)

Combining Eqs. (3.18) and (3.19) we find

s∼

√
cp(Tm−Ts)

L
k

ρcp
t, (3.20)

with k/ρcp = κ . In dimensionless form we obtain

s∗ =
s
D
∼
√

t∗
Ste
Pe

. (3.21)
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3.B Contact line arrest criterion for impacting drops

Here, we derive the arrest criterion for impacting drops based on kinetic undercool-
ing [17]. In this criterion the drop stops spreading when contact line reaches a critical
temperature: A non-equilibrium solidification temperature that is lower than the
bulk solidification temperature. In [17] this effect is studied in detail for drops after
deposition (no impact velocity).

We now modify this criterion to account for the contact line velocity UCL of an
impacting drop. From our measurements (see Fig. 3.3) we observe that the point of
first arrest Dd is relatively small, which means it is determined at early times after
impact.

In this early time regime (t∗ < 0.1) drop spreading follows [7]

ξ =
Ds

D
= b · (t∗)1/2 , (3.22)

where b = 2.9 from [7]. The contact line velocity is the given by

UCL =
dDs

dt
= bU (t∗)−1/2 = b2

ξ
−1U, (3.23)

where we used Eq. (3.22) to express t∗ in terms of ξ .
For small kinetic undercooling the velocity of the solidification front U f ront at

arrest is given by [46–48]
Tm−Tf ront =U f ront/κ, (3.24)

with Tf ront the temperature of the solidification front and κ is the kinetic undercooling
coefficient, which is a liquid property that has to be determined from experiments.
In line with [17] we assume that the contact line arrests once the velocity of the
solidification front equals the contact line velocity U f ront = UCL. In that case, the
temperature of the contact line has to be equal to the temperature of the solidification
front, i.e. TCL = Tf ront . For small contact angles the height of the drop close to the
contact line is also small and temperature gradients inside the drop are negligible [17],
such that TCL = Ts. The arrest criterion of Eq. (3.24) then becomes

UCL = (Tm−Ts)κ. (3.25)

Combining Eqs. (3.23) and (3.25) we find an expression for the defect distance

ξd =
Dd

D
= d2 U

(Tm−Ts)κ
. (3.26)

For the experiment shown in Fig. 3.3(a) we find ξd ≈ 0.7 (as determined from high-
resolution images) which gives κ = 0.16 m/(sK), which is of the right order of
magnitude for metals [49–52].
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4
Suppressed splashing on elastic membranes ∗

The dynamics of drop impact on solid surfaces can be changed significantly by
tuning the elasticity of the solid. Most prominently, the substrate deformation causes
an increase in the splashing threshold as compared to impact onto perfectly rigid
surfaces, and can thus lead to splash suppression. Here, we experimentally determine
the splashing threshold for impact on thin membranes as a function of the tension
in the membrane and its elastic properties. The drop dynamics is correlated to the
membrane deformation, which is simultaneously measured using a laser profilometry
technique. The experimental results enable us to adapt current models for splashing,
showing quantitatively how substrate deformation alters the splashing threshold.

4.1 Introduction

Drop splashing onto an elastic membrane is a widely observed phenomenon. For
example, it is encountered when rain drops impact onto leaves, where the impact can
lead to damage [1], or the splashing drop can play a role in the outbreak of foliar
diseases [2]. In industry, drop splashing onto an elastic substrate is encountered in e.g.
pesticide delivery [3], (biological) inkjet printing [4, 5], and (cold) spray coating [6, 7].
In these applications, splashing decreases the deposition efficiency and may lead to
widespread contamination, and is therefore an unwanted side effect.

Splashing of drops during impact is widely studied, as a function of the drop

∗Under review in Physical Review Fluids as: “Suppressed splashing on elastic membranes”, M.V.
Gielen, R. de Ruiter, J.H. Snoeijer and H. Gelderblom
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properties [8–10], the properties of the surroundings [11, 12], and the substrate
properties [9, 12–15]. The impact velocity [8] or viscosity [9] of the drop are examples
of drop properties that can be changed to control splashing. The surrounding air
influences drop splashing by its pressure [11, 12]. The substrate at which the drop
impacts also influences drop splashing, for example by its structure [9, 12, 13].

To quantify the splashing threshold of a drop with diameter D, velocity U , density
ρ , surface tension γ , and kinematic viscosity ν , Mundo, Sommerfeld and Tropea [8]
derived the well-known criterion: We1/2Re1/4 > K, where We = ρDU2

γ
is the Weber

number, Re = DU
ν

is the Reynolds number, and K is the critical number to obtain
splashing depending on for example substrate properties. This splashing criterion
can be related to the argument that the velocity at which the ejecta sheet moves away
from the impact location has to be larger than the Taylor-Culick velocity to obtain
splashing [16]. For different kinds of substrates, typical values for K are found: K ≈
54 for a rigid surface [17], K ≈ 160 for a thin liquid film [18] and K ≈ 90 for a deep
liquid pool [19]. For oblique drop impact on a liquid pool, this splashing criterion
is modified to account for the parallel impact velocity [20]. However, this splashing
criterion by Mundo, Sommerfeld and Tropea does not account for the role of the
surrounding atmosphere [11, 12].

Recently, Riboux and Gordillo [21] derived a new splash criterion that includes
the effect of the surrounding gas and showed good agreement with the experimental
results of Ref. [11]. In this argument the liquid not only has to dewet the solid, but the
upward velocity of the ejecta also has to be large enough to prevent touchdown of the
growing rim, which leads to an adapted splashing threshold:

(µgU/γ)t̃−1/2
e >C, (4.1)

where C is the critical number to obtain splashing based on e.g. surface properties, µg

is the dynamic viscosity of the surrounding gas and t̃e = teU/D is the dimensionless
time for sheet ejection.

On elastic or soft substrates, the splashing threshold is found to increase with
decreasing substrate (visco)elasticity [14, 15]. On a viscoelastic substrate [15] a drop
needs up to 70 % more kinetic energy to splash compared to a rigid surface, which is
attributed to the substrate deformation during the early stages of impact. A similar
result is found on elastic membranes [14]. However quantitative data of the substrate
deformation and supporting modeling are lacking. Moreover, the role of substrate
elasticity has not been evaluated in light of the recent advances on the splashing
threshold by Ref. [21].

Here, we experimentally study the splashing threshold on an elastic membrane.
Details of the experimental setup for analyzing the drop impact and the membrane
deformation are provided in Sec. 4.2 and a typical impact experiment is discussed in
Sec. 4.3.1. The splashing threshold is measured for different membrane elasticities
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in Sec. 4.3.2. Systematic measurements of the membrane deformation are presented
in Sec. 4.3.3. In Sec. 4.4 we interpret our observations and modify the splashing
threshold model by Ref. [21], taking the elastic properties of the membrane into
account. The chapter closes with a discussion in Sec. 4.5.

4.2 Experimental methods

To study the influence of membrane elasticity on drop splashing during impact, we
place an elastic membrane (plastic wrap, WRAPPITT) over a circular Teflon frame
with diameter 10 cm, as shown in Fig. 4.1(a). The setup is similar to the one described
in Ref. [14], but with choice of different materials for frame and membrane. The
thickness of the membrane h = 13 ± 0.5 µm, the density ρ f = 1.7·103 kg/m3, the
Young’s Modulus E = 180 ± 37 MPa (calculated from measurements of the extension
of the plastic wrap under the influence of added mass) and the roughness Ra ≤ 50 nm
(as measured with SensoSCAN, Sensofar metrology). The frame is wetted to allow
the membrane to slide over the frame during the experiments.

The membrane is placed under tension by attaching it to a mass (Fig. 4.1(a)). The
mass is added to the membrane carefully, where care is taken to apply no additional
tension. To vary the tension in the membrane the mass M attached to it is varied
between 292 and 1460 g. The tension is then given by T = Mg/2πR f , with g the
gravitational constant and R f the radius of the frame and ranges from 9 ± 0.2 ≤ T ≤
46 ± 0.7 N/m. To obtain a measure for the error in the applied additional tension, we
use multiple membranes for the experiments at some tensions (T ≈ 9, 27 and 46 N/m).
We notice that when putting the membrane under tension it shows a considerable
amount of creep, which affects the reproducibility of our experiments. Therefore, we
wait at least two hours after we place the membrane over the frame before performing
the experiment.

An ethanol drop with a diameter of D = 2.3 ± 0.4 mm is created by pumping
ethanol at low flow rate through a capillary. Experiments take place under ambient
conditions, such that the ethanol density ρ = 789 kg/m3 and the surface tension γ =
0.02 N/m. By varying the release height of the drop, the impact velocity is controlled
between 0.7 ≤U ≤ 5.1 m/s. The outcome of the impact is recorded by side-view
shadowgraphy imaging. The drop is illuminated (Sumita LS-M352A) and recordings
are taken at 8,000 fps (Photron SA-X2) at a resolution of 23 µm per pixel.

To relate the drop dynamics to the membrane deformation, we simultaneously
perform shadowgraphy and membrane deformation measurements. The deformation
is measured by laser profilometry, as decribed by Refs. [14] and [22]. The setup for
the profilometry measurements is shown schematically in Fig. 4.1(b). We focus two
laser sheets (Laser Macro Line Generator, Schäfter+Kirchhoff, λ = 660 ± 5 nm, sheet
width ∼ 300 µm) from below at the bottom of the membrane such that the impacting
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Figure 4.1: (a) Sketch of the drop impact setup. At the end of the capillary an ethanol
drop with diameter D is created. The drop falls down under influence of gravity, such
that by changing the release height of the drop the impact velocity U is controlled.
The drop impacts onto an elastic membrane, where the added mass M determines
the variable tension (9 ≤ T ≤ 46 N/m). The membrane has thickness h = 13 µm and
Young’s Modulus E = 180 MPa. A side-view recording of the impact event is made
using high speed shadowgraphy imaging. (b) To measure the membrane deformation
two laser sheets are focused at the bottom of the membrane within a drop radius apart
from each other. A second high speed camera focuses onto the membrane, via a mirror.
When a drop impacts the membrane deforms and the recorded position of the laser
sheets changes. The displacement s of the laser sheets on the camera is related to the
actual membrane deformation ∆y and ∆z through geometrical relations, using laser
angle α` and camera angle αc (Eq. (4.2)).
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drop is not blocking the view. The use of two laser sheets makes the measurement less
sensitive to small variations in the exact impact locations, and provides an additional
measurement. A second camera (Photron SA1.1) is focused via a mirror onto the
bottom of the membrane recording the location of the laser sheets. In order to increase
the reflection of the membrane, the bottom of the membrane is coated with a white
powder. Because of this coating, the intensity of the reflections of the laser sheets
increases and the quality of the recording improves, obtaining a resolution of 21 µm
per pixel at a frame rate of 8,000 fps.

During drop impact the membrane will move down, resulting in a displacement of
the laser sheets on the camera. This displacement is related to the actual membrane
deformations ∆y and ∆z via geometrical relations (Fig. 4.1(b)). For small deformations,
the deformation is linearly related to the displacement of the laser sheet s [22],

∆z =
s
2

sin(αc +α`)

cos(α`)
(4.2a)

∆y =
s
2

sin(αc +α`)

sin(α`)
, (4.2b)

where α` is the angle of the laser and αc is the angle of the camera, corresponding to
the angle of the mirror.

To calculate ∆y and ∆z correctly, α` and αc are determined from separate cali-
bration measurements. For α`, we track the direction of the laser sheets using our
drop impact shadowgraphy setup as the light passes through the membrane. For αc

we remove the membrane from our frame and use a flat target for calibration. For
various target heights, we know ∆z from our shadowgraphy measurement and from
our profilometry setup we know α` and measure s, which allows us to calculate αc

from these combined experiments.
For every impacting drop we detect the profile of the laser sheets. The maximum

deformation along the laser sheet gives the impact center of the drop in x-direction (see
Fig. 4.2(a)), while the impact center of the drop in y-direction is extracted from the
shadowgraphy measurements. Once we know the exact impact position of the drop,
we relate every detected point of the laser sheet to a radial distance from the impact
center, as shown in Fig. 4.2(a). Combining this radial distance and the measured
deformation, we construct the entire profile of the deformed membrane. An example
is shown in Fig. 4.2(b). The maximum deformation is not captured by the laser sheets,
therefore a linear fit through the four branches is made to determine the maximum
deformation at r = 0. For each frame, the average value at r = 0 of those fits gives
an estimate of the central deformation δ (t) of a single experiment. We compared
different fitting functions, and found the linear fit the most appropriate and robust,
even though it lacks the condition of vanishing slope at r = 0 and therefore slightly
overestimates δ .
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Figure 4.2: (a) Schematic representation of the drop impact center c with respect to
the location of both laser sheets. By combining the shadowgraphy and profilometry
recordings, the location of the impact center c is determined. From here the radial
distance to both laser sheets is calculated. Each laser sheet therefore consists of two
branches starting at the same radial position. (b) Plot showing the membrane profile at
maximum deformation for We = 1123 and T/Eh = 0.012 (see Fig. 4.3). The colors
match the branches from Fig. 4.2(a). With increasing radius from the impact center
the deformation decreases. A linear fit (dashed line) is made to the laser sheets to find
the maximum deformation at the center of the impacting drop (r = 0).
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In the experiments we can vary the drop diameter D, impact velocity U and mass
M (resulting in a change in membrane tension T ) and measure the outcome of the
impact and the deformation of the membrane z simultaneously. In dimensionless
form, the control parameters are the Weber number We= ρDU2/γ and the scaled
tension T/Eh. Typically, T/Eh� 1 in our experiments. Our goal is to identify the
critical Weber number for splashing as a function of the dimensionless tension, and to
correlate this to the membrane’s deformability.

4.3 Results

We first explain the general outcome of a drop impact event, emphasizing the informa-
tion we get from the simultaneous shadowgraphy and profilometry measurements in
Sec. 4.3.1. In Sec. 4.3.2 the splashing threshold obtained from shadowgraphy mea-
surements and its dependence on impact velocity and membrane tension are presented.
Finally, in Sec. 4.3.3 we show how the membrane deformation varies with impact
velocity and membrane tension.

4.3.1 A typical drop impact experiment

Figure 4.3 shows the time series of a typical experiment with We = 1123 and dimen-
sionless tension T/Eh = 0.012. The top row images show the drop during impact while
the bottom row images show the measured deflection of the laser sheets at the same
time. Before impact (Fig. 4.3(a)) the membrane is undeformed, while in Fig. 4.3(b)
the impact has started and both drop and membrane are deforming. At t = tmax = 0.63
ms (Fig. 4.3(c)), the maximum deformation of the membrane is reached, while the
drop is still spreading. Shortly after the moment of maximum deformation, secondary
droplets break off from the initial drop and a splash is visible (Fig. 4.3(d)). After t
= 2.50 ms (Fig. 4.3(e)), the membrane has released all of its stored energy and has
returned to its original position. The drop, however, is still spreading further over the
membrane until it reaches its maximum spreading diameter at t = 4.30 ms (Fig. 4.3(f)).
During this spreading, the membrane oscillates around its equilibrium position until
these oscillations are damped out (images not shown here). An important observation,
which applies to all splashing events studied, is that the splash occurs after the mem-
brane has reached its maximum deformation. This observation is consistent with the
result of Ref. [14].

4.3.2 Splashing threshold

We now study the impact of a drop onto an elastic membrane by systematically
varying the impact velocity and the membrane tension. Two different outcomes of an
impact event are observed: (i) Deposition: After impact the drop remains intact on



74 CHAPTER 4. SUPPRESSED SPLASHING ON ELASTIC MEMBRANES

(a) t=-0.03 ms (b) t=0.25 ms (c) t=tmax=0.63 ms

(d) t=0.88 ms (e) t=2.50 ms (f ) t=4.30 ms

Figure 4.3: Time series of a drop impacting onto the membrane. The dimensionless
tension in the membrane is T/Eh = 0.012 and the impact Weber number We = 1123.
Time t=0 marks the moment the drop makes first contact with the membrane. Each
snapshot consists of two images: a side-view image where the drop is visible and
an image of the laser sheet reflection on the membrane to show the deformation of
the membrane. For clarity, the dashed lines indicate the original position of the laser
sheet. (a) t = -0.03 ms: Just before impact, when the membrane is undeformed. (b)
t = 0.25 ms: Right after the impact both the drop and the membrane start to deform.
(c) t = 0.63 ms: The drop spreads over the membrane, while the membrane reaches
its maximum deformation. The corresponding membrane deformation is shown in
Fig. 4.2(b). (d) t = 0.88 ms: Drop splashing; the formation of secondary droplets is
observed, indicated by the arrows. (e) t = 2.50 ms: The membrane has returned to its
original position, while the drop is still spreading over the membrane. (f) t = 4.30 ms:
The drop reaches its maximum spreading, while the membrane oscillates around its
equilibrium position.
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the membrane. (ii) Splashing: After impact small secondary droplets break off from
the rim of the original drop. In case only one or two droplets are ejected on the same
side, this is still referred to as deposition. Figure 4.4(a) shows all experimental data
for different impact velocities and tensions. For low impact velocities, the impacting
drop deposits onto the membrane, while for higher impact velocities the drop splashes
during impact. With decreasing tension the impact velocity at which splashing is first
observed increases. For each tension there is a small region where both deposition
and splashing are observed, which is called the transition region. From this transition
region the splashing threshold and its standard deviation are derived, which will be
used as an error bar for the determination of the splashing threshold. To this end, the
impact velocities are grouped in bins with a range of 0.25 m/s and the percentage of
drops that splashes during impact is determined. A cumulative distribution function
fit is made through all these data points to find the expected threshold value and its
standard deviation. To test the reproducibility of our results, we repeated the same
experiments with a new membrane for T/Eh = 0.0039, 0.012, and 0.020. The increase
in standard deviation of the splashing threshold for these experiments shows the
sensitivity of the experiments to the manual fixation of the mass to the membrane.

The threshold for splashing is presented in non-dimensional form in Fig. 4.4(b),
where we show the critical Weber number Wec = ρDU2

c /γ as function of the di-
mensionless tension T/Eh (black circles). As a reference case, we also performed
experiments onto a membrane carefully placed on top of a glass plate, where we avoid
air bubble entrainment between the glass plate and the membrane, finding a splashing
threshold of We = 255 (solid line). While Wec for splashing decreases with increasing
dimensionless tension, the rigid threshold is never reached, which shows that even at
the highest tension impact energy is used to deform the membrane. In Ref. [14] a sim-
ilar range of tensions was studied and the results are reproduced here for comparison
(black squares). The authors also found a decrease in splashing threshold, however,
in contrast to our results, there the rigid limit (We = 382) was reached already for
the highest tensions. Despite the higher rigid splashing threshold, the typical values
reported for Wec on the membrane are lower compared to our observations.

4.3.3 Membrane deformation

To explain the splash suppression mechanism, we now turn to the membrane de-
formation. From a simultaneous measurement of the impact event and membrane
deformation, we can relate the deformation dynamics to the impact velocity of the
drop. In Fig. 4.5(a) we plot the central deformation (at r = 0) as function of time. At
t = tmax the maximum deformation δmax is reached. Before t = tmax, the membrane
deforms and stores part of the kinetic energy of the impacting drop as elastic energy.
For t > tmax, the membrane returns to its original position and (part of) the stored
elastic energy is released. At later times, the membrane oscillates and subsequently
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(a) (b)

Figure 4.4: (a) Plot of all individual measurements done for different tensions in the
membrane T and varying impact velocity U . The blue circles indicate deposition
experiments, while the red crosses indicate splashing experiments. For each tension we
find a zone where deposition and splashing events overlap, from which we determine
the splash threshold velocity Uc. (b) Non-dimensional plot of the critical Weber
number Wec = ρDU2

c /γ for splashing as function of the non-dimensional tension in
the membrane T/Eh. Circles represent measurements of this study, while squares
represent measurements by Ref. [14]. The error bars indicate one standard deviation.
The solid black line is the splashing threshold on a rigid substrate with the same surface
properties (standard deviation negligibly small), the black dashed line indicates the
rigid splashing threshold found by Ref. [14]. For decreasing T/Eh, Wec increases. The
solid green line shows the splashing threshold according to Eq. (4.9) with ct = 0.07
for our measurements.
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(a) (b)

Figure 4.5: (a) Plot of the central deformation of the membrane δ as function of time
t for the same experiment as shown in Fig. 4.3 (We = 1123 and T/Eh = 0.17). Time
t = 0 corresponds to time of impact. A linear fit from zero to maximum deformation
δmax gives a measure for the velocity at which the membrane deforms (here Us ≈ 0.77
m/s) . Before t = tmax = 0.63 ms, kinetic energy of the impacting drop is stored as
elastic energy in the membrane. For t > tmax, this elastic energy is released and the
membrane returns to its original position while oscillating. (b) Plot of the membrane
velocity Us as a function of U2 for three different tensions. We have taken bins of
U = 0.25 m/s to group experiments. Us is linearly related to U2 until the splashing
threshold is reached. Black symbols indicate the critical velocity for splashing Uc at
different tensions with corresponding error bars. The solid line shows the empirical fit
given by Eq. (4.3) to the data with cU = 18.

relaxes to its final position.
From Fig. 4.5(a) one can extract the velocity Us at which the membrane initially

deforms from a linear fit. Figure 4.5(b) shows Us as function of U2. One observes
that the membrane velocity increases linearly with U2. For larger impact velocities
U a deviation from this trend is observed, which starts at lower U for higher tension.
The start of this deviation turns out to coincide with the splashing threshold Uc,
marked as the black symbols in Fig. 4.5(b). Apparently, from this impact velocity on
the membrane can no longer store enough impact energy to prevent the drop from
splashing. The lower the tension, the higher Uc, and therefore the higher the membrane
velocity where the deviation starts. For U <Uc, the membrane velocity collapses onto
a single linear curve (black solid line in Fig. 4.5(b)) for all tensions. To describe the
data up to the splashing threshold we therefore propose the following empirical law

Us = cU
U2

U∗
, (4.3)

where U∗ =
√

E/ρ f is the characteristic wave velocity of the membrane and cU = 18
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(a) (b)

Figure 4.6: (a) Maximum deformation δmax as function of the impact velocity U . Each
open symbol corresponds to a set of experiments averaged over a small range of U
(0.25 m/s). For increasing impact velocity the maximum deformation increases. For
lower membrane tension the deformation is larger at the same impact velocity. (b)
The same data as shown in (a) plotted in dimensionless form. The solid black symbols
indicate the maximum deformation measured at the splashing threshold. The increase
of deformation with impact velocity is captured by Eq. (4.7) with cδ = 0.4. After the
splashing threshold a deviation is observed between model and experimental data.

gives a fit to our data.
From the membrane deformation measurements as shown in Fig. 4.5(a) one can

also extract the maximum deformation of the membrane. In Fig. 4.6(a) we show that
the maximum deformation increases with impact velocity, as was to be expected. In
addition, the maximum deformation is larger when the tension is smaller.

4.4 Interpretation

We now interpret and quantify the increase in splashing threshold with decreasing
tension observed in Fig. 4.4(b). To this end, the model for the splashing threshold on a
rigid surface as given by Ref. [21] is modified to account for the membrane elasticity.
The modified threshold will turn out to involve both the membrane deformation
velocity Us (Sec. 4.3.3) and the maximum deformation δmax, which is therefore
discussed in more detail in Sec. 4.4.1. In Sec. 4.4.2 we then use Us and δmax to arrive
at a splashing criterion for impact on an elastic membrane.

4.4.1 Maximum membrane deformation

In Fig. 4.6(b) we plot the dimensionless maximum deformation δmax/D versus the
impact velocity nondimensionalized by the characteristic membrane velocity U/U∗.
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To understand the dependence of δmax on U and T , we propose a model for the
maximum deformation based on momentum conservation in two consecutive steps: A©
The momentum of the drop before impact is equated to the momentum of the drop and
the membrane at the moment of the inelastic collision. B© Subsequently, at maximum
deformation the drop has stopped moving downwards and the membrane has provided
an impulse ∼ σhδmaxtmax, with σ = Eε +T/h the total stress in the membrane. In
terms of a scaling analysis, the momentum balance then reads

ρD3U
A©∼ (ρD3 +ρ f h`2)Us

B©∼
(

Eε +
T
h

)
hδmaxtmax, (4.4)

where ` is the horizontal length scale over which the membrane is deformed and
ε ∼ (δmax/`)

2 is the strain in the membrane. From A© we obtain an expression for `,
making use of our experimental observation U/Us� 1,

`2 ∼ ρD3

ρ f h
U
Us

. (4.5)

For the parameters in our experiments this predicts `∼ 10−2 m, which is consistent
with the experimental observations (Fig. 4.2(b)).

Eliminating ` through Eq. (4.5) and using that tmax ∼ δmax/Us in Eq. (4.4) B© we
obtain a quadratic relation for δmax:(

δmax

D

)2

=
1
2

c2
δ

ρD
ρ f h

T
Eh

U
Us

[
−1+

√
1+4

Eh2ρ f

T 2 U2
s

]
. (4.6)

The use of an equality sign in Eq. (4.6) requires a definition of the proportionality
constant cδ , which will be determined from experiments. Noting that 4 Eh2ρ f

T 2 U2
s � 1

allows us to reduce Eq. (4.6) to(
δmax

D

)
= cδ

[
ρDUUs

T

]1/2

, (4.7)

where Us follows from Eq. (4.3). A fit of Eq. (4.7) to the data in Fig. 4.6(b) gives cδ

= 0.4.
Figure 4.6(b) confirms that Eq. (4.7) captures the dependence of δmax on both U

and T up to Uc, where the membrane velocity starts to deviate from Eq. (4.3).

4.4.2 Splashing threshold

The next step is to adapt the splashing criterion by Riboux and Gordillo given in
Eq. (4.1) to account for the membrane elasticity. To this end, we use the empirical rela-
tion of the membrane velocity Eq. (4.3) and the model for the membrane deformation
Eq. (4.7).
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For completeness, we first briefly recap the model for splashing on a rigid substrate.
To obtain splashing, two criteria have to be fulfilled simultaneously [21]: (i) The ejecta
sheet has to dewet the solid such that the ejecta sheet moves upwards, and (ii) the
vertical velocity at the tip of the ejecta sheet has to be large enough to prevent
touchdown of the growing rim on the substrate. Once both conditions are fulfilled, the
splashing criterion is given by Eq. (4.1), where the time scale for sheet ejection at the
splashing threshold te,c is found from [21]

k1Re−1
c t̃−1/2

e,c +We−1
c = k2t̃3/2

e,c , (4.8)

with t̃e,c = te,cUc/D and k1 =
√

3/2 and k = 1.1 taken from Ref. [21]. Our mea-
surements on a rigid substrate coated by the elastic membrane give a critical impact
velocity Uc ≈ 1.8 m/s. Applying the model of Eqs. (4.1) and (4.8) to our measurements
of a membrane coated glass slide, we obtain t̃e,c ≈ 0.027 (te,c ≈ 35 µs), and find for
the critical splashing number C ≈ 0.0093.

On an elastic membrane criteria (i) and (ii) still need to be fulfilled to obtain
splashing. However, as the impact energy is firstly absorbed by the membrane and
released only at later times t > tmax, we hypothesize it is now the time scale of
the membrane deformation that controls the sheet ejection. We therefore suggest a
modified splashing criterion by simply adding te and tm in Eq. (4.1), such that the
splash criterion now reads

µgUc

γ
(t̃e + ct t̃max,c)

−1/2 =C, (4.9)

where ct is a fitting parameter. The critical dimensionless time of membrane deforma-
tion is given by t̃max,c =

δmax
D

Uc
Us

, where the membrane velocity is given by Eq. (4.3) and
the maximum substrate deformation by Eq. (4.7) with the prefactors as determined
from the independent deformation measurements. In the limit where T →∞ (t̃max→ 0)
one recovers the splashing criterion on a rigid substrate (Eq. (4.1)).

In Fig. 4.4(b), Eq. (4.9) is compared to the experimental data, as shown by the
solid green line. In Eq. (4.9) C = 0.0093 as obtained for a rigid substrate is used, since
the only substrate property that is varied in the experiment is the tension. We then
solve Eq. (4.9) numerically, using µg = 1.7 · 10−5 kg/m·s and find good agreement
with the experimentally determined splashing threshold for ct = 0.07.

4.5 Discussion and Conclusion

The splashing threshold for drop impact onto an elastic membrane is determined by
the simultaneous measurement of the impact behavior by side-view imaging and the
membrane deformation by laser profilometry. The observed increase in splashing
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threshold with decreasing tension is interpreted by modifying the splashing criterion
by Ref. [21] to account for the membrane deformation.

From the profilometry measurements we extracted two key quantities that deter-
mine the splashing threshold: the membrane deformation velocity and the maximum
membrane deformation. We observed a quadratic scaling of the membrane velocity
with the impact velocity independent of membrane tension, up to the splashing thresh-
old. For larger impact velocities the membrane can no longer deform fast enough
and the drop splashes. The maximum membrane deformation could accurately be
described by a simple scaling argument based on momentum conservation, again up
to the splashing threshold. The increased splashing threshold is then explained by
a delayed sheet ejection time caused by the membrane deformation dynamics, and
showed good agreement with experimental data. Unfortunately we could not test the
splashing criterion against the data by Ref. [14], since the reported measurements do
not provide enough data on the membrane deformation.

So far, we validated the modified splashing criterion by measuring the splashing
threshold as a function of membrane tension. A more direct validation would require
measurements of the sheet ejection time as a function of the membrane tension, which
unfortunately was obscured from view by the membrane deformation. On visco-elastic
gels similar problems have been reported [15]. A detailed numerical model could be
used to overcome these experimental limitations. Moreover, such model could provide
a detailed description of the membrane dynamics and explain the observed deviation
from the quadratic scaling in the membrane velocity. However, our basic modification
of Riboux and Gordillo [21] based on simple scaling arguments is already capable of
predicting the observed trends.
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5
Valorization chapter:

How to suppress splashing in the EUV source

In this thesis we studied drop impact for different substrate properties and impact
conditions. In this chapter we focus on the implications of our results for the impact
dynamics in the EUV source. Here we provide guidelines to overcome challenges
in the EUV source based on the results obtained in Chap. 2 to 4, and we discuss
the missing knowledge to eliminate sources of tin debris. Next to that, we present
additional experiments to specifically assess the conditions of practical relevance.

In Sec. 5.2 we show in what direction and with what droplet size and velocity
splashed droplets are created after oblique impact onto liquid-coated substrates such
as the side walls or the tin catcher. We then discuss how the temperature of substrates
in the source can be used to control and prevent splashing of drops after impact in
Sec. 5.3. Finally, in Sec. 5.4 we present a method to determine the impact conditions
of a drop from the solidified splat. This provides a way to determine the diameter of
the impacting drop, the impact angle as well as the impact velocity, that can be used
for diagnostic purposes.

5.1 Tin debris generation in the EUV source

As discussed in Sec. 1.3 there are various origins of liquid tin contamination in the
EUV source chamber. First of all, not all drops coming from the drop generator are
hit by a laser pulse. These missed drops continue their path and enter the tin catcher
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where they impact onto a liquid pool as shown in Fig. 1.5(a). The function of this tin
catcher is to trap the drops after impact such that no (parts of the) drops can escape
into the source chamber. For the design of the tin catcher it is important to understand
in what direction splashed droplets are expected and how splashing can be suppressed.

Second, tin debris is generated when the incoming drops are hit by the laser
pulse, since the liquid tin is not fully converted into plasma as shown in Fig. 1.5(c).
This tin debris is ejected in all directions and impacts onto the side walls of the
source chamber and the collector mirror (see Fig. 1.5). Drops that impact onto
the collector mirror solidify during impact since the collector mirror is kept at low
temperatures to enhance its performance. The area contaminated by the drop has to be
minimal to maximize the EUV reflection. Drop spreading has thus to be minimized.
At the same time drop splashing has to be suppressed since the small secondary
droplets create another location where tin debris impacts. Side walls might not have a
temperature restriction, such that a substrate temperature can be chosen to minimize
the contamination. However, one has to take into account that these side walls will
be covered with a layer of solidified tin from previous impacts, which may alter the
impact behavior.

Once the temperature of these side walls is above the melting temperature of
tin, previously impacted drops will form a liquid layer. Soon enough, this liquid
layer becomes a deep liquid pool for tiny incoming drops: For a 100 nm-drop, a
micron-sized layer is already a deep liquid pool. Depending on the orientation of the
side walls new tin debris impacts obliquely onto this deep liquid pool. It is important
to understand the direction at which splashed droplets are expected for the design of
the side walls.

Third, liquid tin debris can accumulate at the ceiling of the source chamber for
substrate temperatures above the melting temperature of tin. When too much tin
has accumulated, the liquid tin becomes unstable and drops are dripping because
a Rayleigh-Taylor instability develops. These drops fall down under the influence
of gravity and are therefore relatively large and slow. They impact onto the lower
side walls where the orientation of those side walls determines the direction at which
splashed droplets are expected.

And fourth, liquid tin debris is generated when hydrogen radicals recombine in
a liquid tin layer and from bubbles. When these bubbles burst at the surface, small
droplets are ejected, which is called spitting.

Because of all these effects, the tin drops in the EUV chamber cover a wide
range of dimensions and velocities depending on their origin. Tin debris created after
laser pulse impact typically are 100 nanometer-sized and have velocities of 100 m/s
(Re ≈ 40,000 and We ≈ 13,000) while tin drops coming from the drop generated are
50 micrometer-sized and have a velocity of 20 m/s (Re ≈ 37,500 and We ≈ 250). The
relatively large drops dripping from the top side walls are typically 3 millimeter in size
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and have a velocity of 3 m/s (Re ≈ 37,000 and We ≈ 350). When solidification does
not play a role (Ste < 0, Ts > Tm), the fluid dynamic response of a tin drop impact is
governed by the Weber and Reynolds number, as discussed in Sec. 1.4.

Exploiting the concept of dynamic similarities (see Sec. 1.4) we can use the results
obtained for obliquely impacting water drops in Chap. 2 to learn about the situation in
the source chamber. As a consequence, the D = 100 µm water drop impacting with
U = 5 to 25 m/s in our water experiments can be compared to a tin drop of D = 6.5
µm and U = 20 to 100 m/s which resemble typical drops present in the source. The
translation of our results relevant for EUV will be given in Sec. 5.2. To determine the
effect of substrate temperature on spreading and splashing we studied tin drop impact
in Chap. 3, since the dynamic similarities of water and tin do not hold when thermal
properties are important. In Sec. 5.3 we reflect on how our results are of importance
for EUV and we study how the impact dynamics are changed when the substrate is
coated with a thin, solid layer of tin. We will also use the results obtained in Chap. 3
to provide a post-analysis tool to determine the impact conditions of the drop from the
solidifed splat to be able to locate the origin of the impacting drops in Sec. 5.4.

5.2 Suppress splashing
by controlling the impact angle ∗

5.2.1 Conditions for splashing

We now use the results of Chap. 2 to see how the impact angle can be used to control
the direction of splashing after impact onto a deep liquid layer. A schematic view
of a possible outcome is shown in Fig. 5.1. When a drop impacts a deep liquid
pool obliquely, different outcomes of the impact are possible: deposition, single-
sided splashing (front-splashed droplets) and omni-directional splashing (front and
back-splashed droplets). For experimental examples we refer to Fig. 2.3(a). We
measured drop impacts for a wide range of We and impact angles α , as shown
in Fig. 2.3(b). Following the theory described in Chap. 2, we find that there is a
transition from deposition to single-sided splashing and from single-sided splashing
to omni-directional splashing (Eq. (2.4))

We1/2Re1/4(cosα)5/4 [1± c tanα]> K. (5.1)

The range where we measured (We . 1000) is relevant for tin drops coming to the
tin catcher and for dripping drops. To directly capture the tin debris generated by
the laser pulse impact, we extrapolate our model to high We. Then Eq. (5.1) reduces
to (cosα)5/4 [1± c tanα] > 0. The transition to splashing then occurs at cosα > 0,

∗ The findings in this subsection are used for an internal General Information Document at ASML.
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Front splashBack splash

Figure 5.1: Schematic view of an impacting drop. Impact angle α , impact velocity
U , drop diameter D and angle of the splashed droplet αs are indicated in this figure,
as well as the front and back splashed droplet(s). Below the water surface a cavity is
formed, as studied in detail in Sec. 2.4.

which gives α < 90◦ for the limit to omni-directional splashing, which corresponds to
the case where ± is a +. In the limit to single-sided splashing we find 1− c tanα > 0,
which gives α < arctan(1/c)≈ 66◦ when c = 0.44 is used as found in Sec. 2.3.2. The
predicted transitions from this extrapolation are shown in Fig. 5.2.

This extrapolation is based on the same assumptions describe in Sec. 2.3.2. These
assumptions imply that splashing is observed once the drop has fully impacted and
that the volume of the crown consists of liquid from the impacting drop only. From
numerical simulations for perpendicular impact onto a (deep) liquid layer [1, 2] we
already observe that the crown consists of liquid of both the drop and the layer. When
We approaches very large values, the crown volume may primarily consist of liquid
from the pool, rather than from the drop. Once this is the case our extrapolation loses
its validity. However, numerical simulations have to reveal the composition of the
crown at high We.

If the extrapolation holds at high We, the limiting values show that it is possible
to suppress omni-directional splashing for all We by keeping the impact angle above
66◦ (Fig. 5.2). Complete suppression of splashing is not possible since at α = 90◦ a
drop splashes always on a single side for large enough We (We & 104) as seen from
Fig. 5.2. A schematic view of the outcome of the impact for different impact angles is
shown in Fig. 5.3(a). This gives a clear guideline for design within the EUV source.
As the origin of the drops can not be altered, the orientation of the substrate has to be
adapted to prevent drop impact below α < 66◦ to exclude omni-directional splashing.
The single-sided splash occurs only in the direction away from the impact location
(see Fig. 5.1). Therefore these splashed droplets can be disposed away: Namely, when
the side walls are covered with structures the front-splashed droplets can be trapped
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Figure 5.2: Extrapolated phase diagram of the impact behavior as a function of We
and α . Upward green triangles represent deposition, yellow squares represent single-
sided splashing, and downward purple triangles represent omni-directional splashing.
The solid and the dashed lines are derived from Eq. (2.4) with c = 0.44, where the
solid line represents the splashing threshold from deposition to single-sided splashing
(Eq. (2.4) with plus sign) and the dashed line indicates the splashing threshold from
single-sided splashing to omni-directional splashing (Eq. (2.4) with minus sign). The
single-sided splash results in front splashed droplet(s) only, while the omni-directional
splash results in both front and back-splashed droplets. The limit for single-sided
splashing is at 90◦, while the limit for omni-directional splashing is found at 66◦.
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Figure 5.3: Schematic view of the splashing behavior depending on impact angle. (a)
When a drop impacts with an angle larger than 66◦ (green area) there is no back splash.
Drop impacts with an angle less than 66◦ (red area) may result in a back splash. (b)
In our measurement regime we only observe back-splashed droplets with a minimal
angle of 30◦ from the pool surface (orange area).

inside these structures. Front-splashed droplets inside the tin catcher can go deeper
into the tin catcher. Both the front-splashed droplets trapped inside the structures at
the side walls and the front-splashed droplets trapped in the tin catcher can prevent
further contamination of the source chamber.

5.2.2 Characterization of secondary debris

We now turn to the situation where we consider secondary tin debris generated during
splashing. When splashed droplets impact and splash again, more small tin debris goes
into the source chamber. To prevent this secondary source of tin debris, new impact of
the splashed droplets has to be controlled. As discussed above, front-splashed droplets
can be trapped inside structures applied at the side walls. Therefore, it is important to
know the direction, size and velocity of these droplets. Back-splashed droplets are
more difficult to trap, since these droplets go into the direction where the original
drop comes from (see Fig. 5.1). These droplets can not be trapped inside structures,
but applying (hydrogen) flows in the source chamber can change the direction of the
splashed droplets. However, the droplet characteristics have to be known to apply a
flow where the droplets will follow the streamlines and can be disposed away.

To this end, we measure the angle of both the front and the back-splashed droplets
of the experiments performed in Chap. 2 (as defined in Fig. 5.1) as a function of the
impact angle as shown in Fig. 5.4. For the back-splashed droplet we observe a minimal
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Figure 5.4: (a) Angle of the splashed drop as function of the impact angle. Blue open
circles indicate the front-splashed droplets, red filled diamonds the back-splashed
droplets. The back splashed droplet has a minimal ejection angle of 30◦ in our
measurements. (b) Adopted from Fig. 5.1. Schematic view of an impacting drop.
Impact angle α , impact velocity U , drop diameter D and angle of the splashed droplet
αs are indicated in this figure.

angle of 30◦ for our measurement range. By contrast, the front-splashed droplets
cover the full range. In other words: no matter what impact angle the impacting drop
has, a back splash with an angle less than 30◦ does not occur, as shown schematically
in Fig. 5.3(b). No dependence of the splashing angle on We is found from our
measurements. Experiments or numerical simulations have to confirm whether or not
a dependence of splashing angle on We exists at high We.

Next we determine the droplet sizes and velocities of the front and back-splashed
droplets. In Fig. 5.5(a) we report the size of the splashed droplets Ds as obtained in
our measurements. It seems that the size of the splashed droplets for α ≈ 0◦ is smaller
than the size for larger α . Most of the splashed droplets are up to 30% of the size
of the impacting drop, but a lot of spread in the data is found. Typically the sizes
of the back-splashed droplets are smaller (maximal ≈ 15% D) than the sizes of the
front-splashed droplets, such that they follow an applied flow more easily. Not all
sizes of the splashed droplets could be measured due to focusing issues. Then, we
determine the velocity of the splashed droplets Us as shown in Fig. 5.5(b). The velocity
of the splashed droplets is of the same order as the impact velocity, with the velocity
of the back-splashed droplets slightly smaller than the velocity of the front-splashed
droplet. It seems that for high We the restitution coefficient Us/U decreases. However,
this might be due to the limited data available at high We or to imaging limitations,
where the splashed droplet cannot be measured for two consecutive frames.
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(a) (b)

(c)

Figure 5.5: The dimensionless diameter (a), dimensionless velocity (b) and the Weber
number of the splashed droplets (c) of the splashed droplets as a function of the Weber
number of the incoming drop. The front splashed droplets are indicated by circles, the
back-splashed droplets by diamonds. The color bar indicates the impact angle. (a)
The diameter of the splashed droplet is (much) smaller as compared to the impacting
drop. The mean size of the back splashed droplet is smaller than the front splashed
droplet. (b) The velocity of the splashed droplets is comparable to the velocity of the
impacting drop for all We. The apparent trend of decreasing Us/U with increasing
We might be due to a lack of measurements or imaging limitations in this regime. (c)
Wes = ρDsU2

s /γ as compared to We. Wes is around 10 times smaller than We, mostly
due to the smaller size of the splashed droplets, as shown in (a). There are fewer data
points shown in (c) as compared to (a) and (b), since the droplets have to be in focus
for at least two consecutive frames to measure both diameter and velocity accurately.
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From the size and velocity of the splashed droplets we can now calculate the
Weber number of the splashed droplets Wes = ρDsU2

s /γ , as shown in Fig. 5.5(c). The
number of data points is reduced as compared to Ds and Us. To calculate Wes both Ds

and Us are needed, while for some experiments only one of the two can be measured
as discussed above. In general, we observe that Wes reduces by a factor of around 10
with respect to the original We, which is mostly due to the decrease in droplet size.
This reduction of Wes makes it more difficult to splash for the secondary droplet. We
note that Wes is typically lower for the back-splashed droplets as compared to the
front-splashed droplets, which is a similar trend as observed for Ds.

5.2.3 Summary

Let us summarize our main findings of this section, relevant for the design of the
EUV source chamber. For high We it is not possible to completely suppress splashing.
However, by controlling the impact angle such that α > 66◦ back-splashed droplets
can be prevented (Fig. 5.3(a)). The front-splashed droplets can be caught further in the
tin catcher or deeper into possible structures at the side walls. Since the Weber number
for the splashed droplets Wes is approximately 10 times smaller than We (Fig. 5.5(c)),
splashing of the secondary front-splashed droplets after impact can be more easily
suppressed.

When the impact angle is between 0 < α < 66◦ both front- and back-splashed
droplets can be observed depending on We (Fig. 5.2). The back-splashed droplets are
the most difficult to catch, since they are ejected towards the origin of the original
drop (Fig. 5.1). Since the size of these droplets is less than 15% for our measurements
(Fig. 5.5(a)) flows applied in the source chamber can be used to alter the direction at
which these droplets are going to prevent these droplets going towards the origin of
the impact drop (Fig. 5.3(b)).

5.3 Suppress splashing
by controlling the substrate temperature

In Chap. 3 we studied how the spreading and splashing behavior is altered by the
substrate temperature. We measured liquid tin drop impact onto a sapphire substrate of
controlled temperature and used side and bottom-view imaging to describe the impact
dynamics. While we studied a smooth, clean substrate in Chap. 3 during operation the
side walls of the source chamber can be contaminated by a tin layer from previous
drop impacts. In this section we therefore first discuss the lessons learned on a smooth,
clean substrate. Second, we focus on drop impact onto a substrate with a tin coating
to mimic the situation at the side walls during operation.
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5.3.1 Spreading and splashing on clean substrates

In Sec. 3.4.1 we measured a limited spreading once the substrate temperature is
lowered, as shown in Fig. 3.6(a). We modeled the maximum spreading to account for
the influence of substrate temperature and we found

Dmax

D
∼ 0.9

(
DU
κ

L
cp∆T

)1/5

, (5.2)

as presented nondimensionally in Eq. (3.6). From this one would conclude that the
lower the substrate temperature the more the spreading is limited. At the same time
however we showed that at low substrate temperature freezing-induced splashing is
promoted (see Sec. 3.4.3 and Fig. 3.8(b)). When a drop splashes another location also
gets contaminated, which increases the total area where contamination can be found.

From here we learn that an optimal substrate temperature depends on the exact
requirements of the impact location. For impact onto side walls it is critical to
prevent the generation of secondary droplets. At intermediate substrate temperature
(Ste ≈ 0.3 for our experiments), the Weber number where the first splashing event
is observed is at a maximum (Fig. 3.8(b)). For tin drop impact, Ste ≈ 0.3 implies
that a substrate temperature of Ts ≈ 150◦C is optimal to suppress splashing. Since
splashing depends on the actual substrate properties such as roughness and contact
angle, for different substrates the exact values for the first splashing event as function
of substrate temperature remain to be tested experimentally.

For impact onto the collector mirror the total area that is contaminated has to
be minimal to maximize the EUV reflection. To minimize the spreading the sub-
strate temperature has to be as low as possible, as shown in Fig. 3.6(a). Therefore
the area contaminated by impacting drops is minimal for the lowest substrate tem-
peratures. However, there is a complication: At these low substrate temperatures,
freezing-induced splashing is promoted. This will not lead to a significant increase in
contaminated area of the first impact drop, but it might influence the spreading and
splashing dynamics of later impacting drops. As a result, the minimum total area that
is contaminated after multiple impacts at locations close to each other might be found
at a different substrate temperature.

5.3.2 Spreading and splashing on substrates with a tin coating

During operation previous impacted drops may have formed a layer of tin on top of
the side walls. This layer of tin can influence the drop impact dynamics, since the
layer can interact with the incoming tin drop. To study whether or not this tin layer is
of influence on the drop impact dynamics we perform new experiments of single tin
drop impacts onto a stainless steel substrate of controlled temperature with a 10 to 20
micrometer thick tin coating (h�D). We measure the impact dynamics and we focus
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(a) (b)

Figure 5.6: (a) ξmax as function of Pe for different Ste (color bar). The maximum
spreading measured increases with increasing Pe, but seems not to depend on substrate
temperature. (b) ξmax as function of PeSte1/5 for different Ste (color bar). The solid
line corresponds to Eq. (3.6) with prefactor 1. From here it is seen that Eq. (3.6) does
not show the right scaling since no data collapse is observed.

on the differences found for impact onto a temperature controlled sapphire substrate
and a temperature controlled stainless steel substrate with a tin coating.

We start by measuring the maximum spreading of the drop. Since bottom-view
images are obscured from view by the substrates opaqueness spreading can only be
measured by side-view imaging. On top of that, the analysis is restricted to bouncing
and deposition, as for splashing drops the spreading radius cannot accurately be
determined due to formation of ligaments. As a result the range of Pe (U) that can
be measured is limited. In contrast to the measurements onto a sapphire substrate,
we measure the end of the ligaments and therefore a larger spreading as compared to
Sec. 3.4.1, where we measured the equivalent diameter of the spreading drop. The
maximum spreading is shown as a function of Pe in Fig. 5.6(a). We observe that the
maximum spreading increases with Pe. The substrate temperature does not have an
influence on the maximum spreading, since the measurements for different substrate
temperature form a cloud.

As a check for the lack of dependence of maximum spreading on substrate tem-
perature we show the same data a function of Pe/Ste1/5, as is found from Eq. (3.6).
When the stainless steel substrate with tin coating would show the same maximum
spreading as function of temperature as the sapphire substrate this rescaling would
give a collapse of all data. However, it is clearly seen that the data does not collapse,
so the maximum spreading is altered by the tin coating on top of the stainless steel
substrate.

A possible explanation for this deviation is found by considering the tin coating.
Since this layer is made of the same material as the impacting drop, the drop can
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melt this layer once the energy to melt the tin coating is smaller than the energy
coming from the liquid drop that diffuses into the tin coating. The energy to melt
the tin coating is given by Em ∼ (cp∆T +L)M, which is the energy it takes to heat
the tin coating to its melting temperature and the energy to actually melt the tin
coating, respectively. Here, M = ρhD2 the mass of the tin coating that has to melt
and ∆T = Ts−Tm the temperature difference between the tin coating at the substrate
and the melting temperature of tin. The diffusive energy to melt this tin coating is
provided by the impacting drop. This diffusive energy has to be transported over
the thickness of the tin coating with a certain temperature. The thermal diffusivity
determines the amount of energy that can be transported, the area and the duration
determine where and how long the energy diffuses into the tin coating. This energy is
given by Ed ∼

s
k(∂T/∂y)dAdt ∼ k(∆T/h)D2ti, with ti = D/U .

By comparing the available energy Ed and the energy necessary to melt the tin
coating Em we see that for every impact experiment we performed Ed > Em. High
impact velocity u = 5 m/s and high substrate temperature Ts = 200◦C experiments
have the least diffusive energy available Ed ≈ 150 mJ for a 2-millimeter drop. The
energy to melt the tin coating in this case is Em ≈ 18 mJ, which is much less than
the available energy. From here we conclude that for every impact experiment we
performed the diffusive energy in the drop is high enough to melt the tin coating, as
shown schematically in Fig. 5.7. By melting this layer the heat transfer for the process
is changed, which alters the maximum spreading. Next to that, the substrate properties
are changed since an indentation is created by melting the tin coating. Therefore,
the maximum spreading is influenced and no dependency on substrate temperature is
found, as shown in Fig. 5.6.

Besides the maximum spreading we also measure the splashing threshold for tin
drop impact onto a stainless steel substrate with a tin coating. Figure 5.8(a) shows
all our experiments. At Ts = 200◦C we observe (partial) bouncing drops for low We
and in a few experiments we observe deposition. When We increases the drops are
splashing. For lower substrate temperatures, no bouncing events are observed. At low
We the drops are deposited while for increasing We splashing is observed.

From these measurements we measure the transition to splashing by considering
the first splashing event and the last bouncing/deposition event as shown in Fig. 5.8(b).
In contrast to the transition to splashing on a sapphire substrate (Fig. 3.8(b)) the
transition to splashing on a stainless steel substrate with a tin coating does not depend
on substrate temperature. The first splashing event is observed for 50 < We < 135 and
the last bouncing/deposition event is observed for 140 < We < 175 for all substrate
temperatures. Hence, the transition regime significantly is smaller for all substrate
temperatures measured as compared to the impact events on a sapphire substrate,
where the last deposition event increased above the limit of our setup for low substrate
temperatures. Next to the fact that the transition regime is smaller, the transition to



5.3. CONTROL OF THE SUBSTRATE TEMPERATURE 97

D U

(a) (b) (c)

Figure 5.7: Schematic views of tin drop impact onto a tin-coated stainless steel
substrate below the melting temperature of tin. The tin coating is visualized as the blue
layer. (a) The drop before impact with diameter D and impact velocity U . A thin layer
of solid tin (blue) is on top of the stainless steel substrate (gray). (b) During impact the
high temperature of the liquid tin drop melts the tin coating. At parts where the drop
has impacted this melting results in an indentation at the solid substrate. (c) When the
drop spreads further it feels the unevenness of the substrate. The maximum spreading
is therefore influenced since the substrate properties change during the impact event.
Next to that the indentation might trigger corrugations to grow over time and splashing
is promoted.

(a) (b)

Figure 5.8: (a) Phase diagram of the impact behavior for drop impact onto a tin-coated
substrate with varying substrate temperature. The orange triangles denote bouncing
events, the green circles denote deposition and the purple stars show splashed drops.
(b) Non-dimensional plot of the first splashing event (4) and last non-splashing event
(O) measured as function of We and Ste. Splashing is first observed for relatively low
We and shows no significant dependence on substrate temperature.
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splashing starts at lower We than for impact on a sapphire substrate.
The fact that the splashing events start at lower We on the stainless steel with

tin coating than on the sapphire substrate can be due to substrate properties such as
roughness or thermal conductivity. A possible explanation for the missing temperature
dependence is found in melting the tin coating, as discussed for the spreading mea-
surements. The substrate temperature does not influence the outcome of an impact
event when the tin coating melts during impact. The indentation created by melting of
the tin coating can trigger corrugations in the drop to grow (see Fig. 5.7) and therefore
splashing is promoted.

These results imply that the temperature of tin-coated side walls of the source
chamber can not be tuned to minimize drop spreading or splashing. As long as the
substrate temperature is below the melting point of the tin, the impact dynamics are not
altered significantly as function of the substrate temperature. However, the influence
of the ratio of the thickness of the tin coating and the impacting drop h/D remains to
be studied as it may influence the dependence on substrate temperature.

5.4 Determine impact conditions from solidified splat

In the EUV source tin debris is found on different parts of the machine. Often, the
origin of these drops (direction, size, velocity) is unclear. However, it is only possible
to examine the debris from retrospective analysis, i.e. after operation of the source.
This makes it difficult to determine the impact conditions of the drops. In this section,
we discuss how a witness sample that collects drops that solidified inside the source
at a specified temperature can be used to determine the origin and impact conditions
of the drops retrospectively. These results can then be used for engineering purposes
to get a better quantification of the debris present in the source. This analysis is only
applicable for single drop impact events since the impact behavior of a second drop
will be changed by the splat of the first drop.

Once a drop has impacted onto a cold witness sample (T < Tm) it forms a solidified
splat. The mass of this splat M is related to the size of the original drop by

D =

(
6M
πρ

)1/3

, (5.3)

assuming that the mass of possible splashed droplets is negligible.
When a drop impacts under an angle the shape of the splat becomes asymmetric,

as shown in Fig. 5.9. The eccentricity of the splat can be used to determine the impact
angle of the drop. Ligaments may be more pronounced in the direction of the impact
as compared to other directions due oblique impact [3, p.36–43]. We decompose
the impact velocity in a perpendicular (⊥) and a parallel (‖) component such that
U⊥ =U cosα and U‖ =U sinα , with α the impact angle of the drop. We assume that
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Figure 5.9: (a) Side view showing the drop impact angle α with diameter D. Impact
velocity U is decomposed into a parallel ‖ and a perpendicular ⊥ component. (b) Top
view of the asymmetric splat after impact. The width of the splat w is determined by
U⊥, while the length of the splat l is set by U .

the width of the splat w is determined by the perpendicular velocity U⊥ only and the
length of the splat l is determined by the impact velocity U , in analogy to the cavity
formation as discussed in Sec. 2.3.3. Furthermore, we assume solidification limits the
drop spreading in the same way in all directions as given by Eq. (3.6). We then find [3,
p.36–43][4–6]

w
l
∼

U1/5
⊥

U1/5 ∼ (cosα)1/5. (5.4)

The impact velocity is determined from the splat size. We use the model of
Eq. (3.6) where the maximum spreading diameter is related to the impact velocity and
the substrate temperature. Since the drop solidifies during impact and no retraction
is observed w = Dmax, which gives w/D ∼ 0.9(Pe⊥/Ste)1/5 and thus, using U⊥ =
U cosα ,

Um ∼
1

cosα

1
0.95

κ

D
cp∆T

L

(w
D

)5
, (5.5)

with Um the impact velocity calculated by the model of Eq. (5.5) and 0.9 the prefactor
as used in Eq. (3.6).

We now test the retrospective analysis described above. We collect several splats
after impact onto a sapphire substrate. These splats can be removed from the substrate
and no additional material is attached to the splat. Drops impacting onto the stainless
steel substrate with tin coating are not used, since the drops stick to the substrate.
Next to that, part of the tin coating might adhere to the splat therefore altering the size
and velocity found by the model. Since oblique impact onto cold substrates was not
studied we cannot validate Eq. (5.4).

For a few measurements, the analysis is shown in Tab. 5.1. The velocity calculated
from the model is compared to the experimental velocity and shows relatively good



100 CHAPTER 5. VALORIZATION CHAPTER

Table 5.1: Experimental parameters and model predictions of three splats. The images
are not shown to scale. The model gives a reasonable estimate for the impact velocity,
but the uncertainty is quite large.

Measured parameters
U [m/s] 2.49 3.49 3.63
Ts [◦C] 40 100 150
Mass [mg] 15 45 64
Dmax [mm] 4.0 7.7 9.6
Model predictions
D [mm] 1.7 2.4 2.7
Um [m/s] 2.13 3.89 3.99
Comparison
Um/U ·100 [%] 86 111 110

agreement for these examples. The measured velocity is found from the impact height
at which the drops are generated, which is known for the collected splats.

The comparison of Um with U for more analyzed splats is shown in Fig. 5.10,
where Um varies from 86 to 143% of U . We observe reasonable agreement between
model and experiment. For Ts > 50◦C (Ste < 0.6) only a few data points could be
obtained due to sticking of the drop to the substrate (no self-peeling). For low substrate
temperatures and high impact velocities the model overestimates the impact velocity.
This overestimation can be accounted for when the impacting drop splashes violently
and a lot of secondary droplets are ejected. The mass of the ejected droplets can
become so high that it is no longer negligible to the total mass of the impacting drop.
The measured mass of the drop is thus too low resulting in a smaller drop diameter,
which gives an overestimation of Um. To check whether the splashed droplets are
causing the deviation from the model imaging of the impacting drops has to be done
to measure the size before impact and to observe the outcome of the impact.

In summary, the retrospective analysis performed in this section can be a very
powerful tool to determine the impact conditions from the remaining splat once the
substrate temperature is known. The drop diameter is calculated from the mass
of the splat (Eq. (5.3)). The mass of a splashing drop is underestimated because
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Figure 5.10: Validation of the retrospective analysis of Eq. (5.5) by the maximum
spreading model of Eq. (3.6). U is compared to the velocity given by the model
of Eq. (5.5) Um for different Ste (color bar). The dashed line has slope unity. The
measured points deviate from the model, but a rough estimate of the impact velocity
can be made.

the secondary droplets are detached and thus not measured. Since we only study
perpendicular impact we cannot confirm Eq. (5.4). The velocity of the impacting drop
is calculated (Eq. (5.5)) using the spreading model on a cold substrate discussed in
Sec. 3.4.1. By comparing the velocity found from the analysis by the velocity found
from the measurements itself we find reasonable agreement. For drops impacting with
a high velocity onto a cold substrate the analysis overestimates the impact velocity,
since these drops might loose a significant amount of mass via splashed droplets. As
a results, a smaller drop diameter is calculated, which gives an overestimation of
the calculated impact velocity. Therefore it is difficult to extract the exact impact
conditions of the drop, but a reasonable estimate is obtained. As such, this method
can serve as a very promising diagnostic to quantify key aspects of tin debris in the
EUV source, in particular their direction, sizes and velocities.

5.5 Conclusion and outlook

In this chapter, we studied the suppression of the generation of splashed droplets for
oblique drop impact (Sec. 5.2) and solidification during impact (Sec. 5.3). We also
measured the direction, size, and velocity of the splashed droplets after oblique impact
to control where these droplets go. Finally, in Sec. 5.4 we determined the impact
conditions of liquid tin drops from the solidified splats.

While here we focused on preventing secondary droplets by suppression of splash-
ing, let us briefly comment on other possible sources of tin debris generated after
impact that need to be prevented. After a drop impacts onto a liquid pool, closure
of the induced cavity can lead to the formation of a (Worthington) jet from which
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secondary droplets may detach. The impact conditions of these secondary droplets
remain to be quantified. Next to that, during operation multiple drops will impact
shortly after each other and the drop impact dynamics are not isolated. The effect on
spreading and splashing of multiple drop impacts remains to be studied in future work.

Let us close by some further remarks based on the findings in this thesis. To
enhance the in-situ cleaning of the collector mirror, it might be beneficial to keep
the substrate temperature low. When the drop solidifies quickly after impact stresses
inside the bulk may cause the drop to peel from the substrate [7], which makes it easy
to remove the drop from the substrate. The exact conditions for peeling at the collector
mirror have to be studied, as well as an in-situ method to remove those splats. Finally,
having seen the influence on splashing of all these parameters individually, it would
be of interest to study the combined effect on splash suppression. One can think of
using an elastic material at low temperature where the drops impact obliquely to study
how splashing is suppressed. However, it is a challenging task to find a material with
these properties that can be used due to the extreme conditions in the source chamber,
such as high vacuum, high temperature and the presence of (liquid) tin.
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6
Summary and Outlook

As discussed in Sec. 1.1 many parameters influence the outcome of a drop impact
event. In this thesis we showed how the drop’s impact angle (Chap. 2), the substrate’s
temperature (Chap. 3) and the substrate’s elasticity (Chap. 4) influence the impact
behavior of the drop. In Chap. 5 we described the practical application of our work
for the design of the EUV source chamber. Tin debris that impacts and subsequently
splashes causes undesired contamination of the hardware in the source chamber.
To prevent this contamination we studied how substrate properties can be used to
suppress splashing. In this chapter, we briefly summarize our findings and discuss
further possible implications and open questions.

6.1 Summary

6.1.1 Oblique drop impact onto a deep liquid pool

In Chap. 2, we studied oblique water drop impact onto a deep liquid pool and dis-
tinguished three different outcomes: deposition, single-sided splashing and omni-
directional splashing. A model was developed to account for these different impact
behaviors. In this model, it is assumed that the velocity component parallel to the
liquid pool induces an asymmetric distribution of liquid mass over the crown. This
asymmetric mass distribution in turn induces asymmetric (i.e. single-sided) splashing
when the impact angle is far from perpendicular. In Chap. 5 we extrapolated our
model and found impact angles at which omni-directional splashing does not occur.
This information can be used in the design of the side walls and the tin catcher in the
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EUV source.
Next to the splashing behavior, we also measured and modeled the cavity dy-

namics in Chap. 2. Our model revealed that the depth of the cavity depends on the
perpendicular impact velocity only, while the cavity displacement depends solely on
the parallel impact velocity. Our measurements confirmed this dependency. After the
cavity has reached its maximum dimensions it collapses. During this collapse small
secondary droplets may be ejected or an air bubble can be entrapped below the water
surface. As discussed in Chap. 5, this collapse can be another source of tin debris
formation in the EUV source chamber.

6.1.2 Solidification during tin drop impact

We studied the influence of substrate temperature on the impact behavior by measuring
tin drop impact onto a sapphire substrate of controlled temperature in Chap. 3. Solidi-
fication of the impacting drop was found to strongly alter the impact dynamics. The
maximum spreading is reduced and the number of ligaments formed by instabilities
of the deforming drop decreases for impact events where the substrate is so cold that
the liquid solidifies. Next to that, the transition to splashing is altered. On the one
hand, the last deposition event observed rapidly increases to higher Weber numbers
with decreasing substrate temperature. On the other hand, the first splashing event is
measured at lower Weber number when the substrate temperature decreases.

When the substrate was changed to a stainless steel substrate with a tin coating,
as shown in Chap. 5, we observed different outcomes of the impact event for similar
impact conditions. The maximum drop spreading and the transition to splashing were
found to be independent of the substrate temperature. A possible explanation was
found in the melting of the tin coating during impact.

Furthermore, in Chap. 5 we demonstrated how the drop solidification during
impact can be used for diagnostic purposes in the EUV source chamber. We provided
a retrospective analysis tool to determine the drop impact conditions from the solidified
splat. This tool allows one to determine impact angle, size and velocity when there is
no optical access for high-speed imaging, such as in the EUV source.

6.1.3 Suppressed splashing on elastic membranes

We studied the influence of the elasticity of a substrate on drop splashing in Chap. 4.
To this end, drops were impacted onto an elastic membrane that was placed under
tension. We found an increase of the splashing threshold when the tension applied
to the membrane was lowered such that the membrane could deform. We quantified
the membrane deformation as a function of the tension and the impact velocity by
profilometry measurements and we provided a model for this deformation. It was
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found that the membrane deformation delays the formation of an ejecta sheet. As a
result the ejecta is slowed down, which leads to splash suppression.

6.2 Outlook

In this thesis, we focused on the transition from deposition to splashing. Thereby we
did not discriminate between the different kinds of splashes that exist: the prompt and
corona splash (see also Chap. 1), while the characteristics of the splashed droplets
depend on the kind of splashing behavior. When drops detach from an upward moving
rim the splash called corona splash, while prompt splashing occurs earlier in time when
droplets detach from the ejecta sheet [1, 2]. Depending on the exact time of ejection,
the droplets will have different sizes, velocities and directions of motion. For a more
detailed understanding of the characteristics of the splashed droplets it is therefore
important to distinguish between the two different splashing mechanisms. How are
the prompt and corona splash affected by the substrate elasticity or solidification?

The characteristics of the ejecta sheet determine whether a drop splashes from this
ejecta sheet after impact or not. However, only few studies focused on the dynamics
of the ejecta sheet as a function of the drop properties, such as drop size, viscosity
or surface tension [3–5]. In Chap. 4, we assumed that the time at which the ejecta
sheet is generated is delayed on elastic substrates, which leads to splash suppression.
Despite the fact that our simple modification to the ejection time described the change
in splashing threshold relatively well, it remains to be studied how the exact dynamics
of the ejecta sheet depends on substrate elasticity. On cold substrates (Chap. 3) we
observed that the last deposition event increases rapidly when the substrate temperature
is lowered, which we attributed to solidification of the ejecta sheet. Next to the
suppression of the splashing, we also observed that early solidification of the ejecta
sheet reduces the maximum spreading and the number of ligaments. A more detailed
experimental visualization and modeling of the solidifying ejecta sheet remains a
challenge for future work.

All experiments carried out in this thesis were performed at ambient pressure.
For impact onto rigid substrates, it is well known that reducing the ambient pressure
helps to suppress splashing [6, 7]. In such case, the lift force on the ejecta sheet
generated by the lubricating air layer below is reduced [5], thereby preventing the
ejecta sheet to break up into secondary droplets. For drops impacting onto an elastic
membrane (Chap. 4) a similar mechanism is expected to suppress splashing when
the surrounding pressure is reduced. In contrast, splashing during impact on a liquid
pool (Chap. 2) and freezing-induced splashing (Chap. 3) are expected to be unaffected
by ambient pressure reductions. In particular, for solidifying drops splashing at low
Weber number is triggered by the already solidified liquid that perturbs the remaining
liquid. The splash formed during impact on a liquid pool (Chap. 2) is created by the
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upward flow of liquid originating from the impact event, which is not affected by the
ambient pressure [8]. However, the direction of the splash is affected by the density of
the surrounding gas [9]. The investigation of the splash direction as a function of the
surrounding pressure remains an important topic for future research, not only from a
fundamental point of view, but also for application in the low-vacuum EUV source.

When splash suppression is successful, the transition moves to higher Weber
numbers. Due to experimental limitations, such as encountered in Chap. 3, it therefore
becomes harder to determine the splashing threshold experimentally. Numerical simu-
lations can be of added value in these regimes. Next to their use for studying impact
events outside the measurement range, numerical simulations can also provide a full
three-dimensional view of the impact event. This 3D view enables measurements of
splash characteristics at the full perimeter instead of in a two-dimensional field of view
only. For example, in [10] the three dimensional splashing and cavity development
during oblique impact were studied numerically and compared to the experimental
results in Chap. 2, thereby providing a clear view on the transition from single-sided
to omni-directional splashing. Numerical simulation also can reveal velocity profiles
inside the drop or, in case of impact experiments on cold substrates, could potentially
be used to study the growth of a solidification front.

In this thesis, we isolated three parameters and studied their influence on the
splashing behavior of an impacting drop: the impact angle, the substrate temperature,
and the substrate elasticity. One can also consider to combine some of the parameters
to study their combined effect on splashing. We have seen that impact on a cold
substrate promotes splashing, while less tension applied to an elastic membrane
suppresses splashing. What happens when a liquid tin drop impacts onto an elastic
membrane at temperatures below the melting temperature of tin? And can splashing
and solidification in specific directions be suppressed by altering the impact angle on
cold substrates? The control parameter space of drop impact is multidimensional and
any thesis can only scratch at its surface.
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Samenvatting

We zijn allemaal bekend met vallende regendruppels op verschillende soorten opper-
vlakken. Wanneer een regendruppel inslaat op een oppervlak zijn er verschillende
uitkomsten mogelijk afhankelijk van de eigenschappen van zowel de druppel als
het oppervlak. Ook in industriële toepassingen komen inslaande druppels voor, bij-
voorbeeld in de extreem ultraviolet (EUV) lithografiemachines geproduceerd door
ASML. In deze toepassing is het uiteenspatten van druppels na inslag een ongewenst
effect, omdat dit vervuiling veroorzaakt. Daarom is er in dit proefschrift gekeken naar
manieren om het oppervlak zodanig aan te passen dat het uiteenspatten van inslaande
druppels beperkt wordt.

In hoofdstuk 2 is experimenteel onderzocht op wat voor manier de hoek waaronder
een druppel inslaat op een vloeistofbad het uiteenspatten van deze druppel beı̈nvloedt.
We maken hierbij onderscheid tussen drie verschillende gedragingen na inslag: het
opgaan van de druppel in het vloeistofbad, het uiteenspatten met de richting van
de inslag mee en het uiteenspatten in alle richtingen. De overgangen tussen deze
verschillende gedragingen kunnen beschreven worden met een schalingsargument
waarbij de eigenschappen van de druppel en de hoek van de inslag bepalend zijn.
Naast het uiteenspatten van de druppel verandert ook de holte die de druppel in het
vloeistofbad maakt van vorm als de inslaghoek verandert. Aan de hand van een
energiebalans kunnen we achterhalen dat de diepte van deze holte bepaald wordt door
de loodrechte component van de inslagsnelheid, terwijl de verplaatsing van het diepste
punt van de holte bepaald wordt door de parallelle component van de inslagsnelheid.

Een druppel stolt tijdens inslag wanneer deze druppel inslaat op een oppervlak
met een temperatuur onder de smelttemperatuur van de vloeistof. De invloed van het
stollen van tindruppels tijdens inslag is experimenteel onderzocht in hoofdstuk 3. De
maximale spreiding van een druppel wordt beperkt wanneer de druppel stolt tijdens
de inslag. Onze experimentele resultaten kunnen goed worden verklaard met een
model waarbij de druppel stopt met spreiden wanneer de dikte van de spreidende
druppel gelijk is aan de dikte van de gestolde laag die tijdens de inslag groeit vanaf
het koude oppervlak. We vinden een tweeledig effect van de oppervlaktetemperatuur
op het uiteenspatten van de druppel. Aan de ene kant wordt het voor de druppel
moeilijker om uiteen te spatten, omdat een deel van de druppel bevriest. Dit deel komt
tot stilstand waardoor de kinetische energie van de druppel als geheel afneemt, en het
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uiteenspatten wordt bemoeilijkt. Aan de andere kant wordt het uiteenspatten van de
druppel bevorderd, omdat de gestolde laag onregelmatigheden op het oppervlak vormt
die het uiteenspatten van de spreidende druppel vergemakkelijken.

In hoofdstuk 4 hebben we bekeken hoe het vervormen van een elastisch membraan
het uiteenspatten van de inslaande druppel verandert. Hiervoor hebben we membranen
van verschillende spankrachten gebruikt en hebben we de benodigde inslagsnelheid
voor uiteenspatten bepaald. Daarnaast hebben we de bijbehorende membraanvervorm-
ing gemeten. We stellen een model op voor de membraanvervorming en gebruiken dit
resultaat om het uiteenspatten van de druppel te beschrijven. Door het vervormen van
het membraan wordt het tijdstip waarop het uiteenspatten van de druppel geı̈niteerd
wordt, uitgesteld. Hierdoor is de snelheid van de spreidende druppel afgenomen, wat
ervoor zorgt dat meer kinetische energie bij de inslag nodig is om deze uiteen te laten
spatten.

In hoofdstuk 5 hebben we de focus gelegd op de toepassing van het eerder
beschreven werk in de stralingsbron van de EUV lithografiemachines van ASML.
Door de oriëntatie van een met vloeistof bedekt oppervlak aan te passen (hoofdstuk 2)
kan het uiteenspatten van druppels in bepaalde richtingen onderdrukt worden. We
extrapoleren ons model en leren dat het uiteenspatten in de richting waar de druppel
vandaan komt onderdrukt kan worden wanneer de druppel parallel genoeg inslaat,
hetgeen gebruikt kan worden als ontwerpregel voor de wanden van de stralings-
bron. Daarnaast hebben we gezien dat de energie van de uiteengespatte druppels
is afgenomen. Wanneer deze secundair gevormde druppels opnieuw inslaan, wordt
het moeilijker om een tweede keer uiteen te spatten. Wanneer het oppervlak onder
de smelttemperatuur van tin wordt gehouden, zal de druppel inslaan op een hard
oppervlak met een dun tinlaagje van eerder ingeslagen druppels. De aanwezigheid
van dit tinlaagje verandert de spreidingsdynamica en het gedrag van uiteenspatten
aanzienlijk: waar in hoofdstuk 3 een duidelijk verband gevonden wordt tussen de
oppervlaktetemperatuur en het spreiden of uiteenspatten, lijkt deze afhankelijkheid
verdwenen wanneer het oppervlak bedekt wordt met een dun laagje gestold tin. Een
verklaring hiervoor kan gevonden worden in het smelten van het dunne tinlaagje
door de inslaande druppel, waardoor de eigenschappen van het oppervlak tijdens het
inslaan veranderen. Als laatste hebben we gekeken of we kunnen achterhalen wat
de eigenschappen van de inslaande druppel zijn geweest wanneer we de gestolde,
gespreide druppel na inslag analyseren. De massa van de gestolde druppel geeft de
grootte van de inslaande druppel en wanneer de oppervlaktetemperatuur bekend is,
kunnen we aan de hand van de maximale spreiding van de druppel de inslagsnelheid
achterhalen. We hebben een model opgesteld om de inslaghoek van de druppel te
bepalen. Dit geeft een leidraad om te bepalen waar druppels vandaan komen en welke
grootte en snelheid deze hadden, om zo de bron van de druppels te achterhalen en te
karakteriseren.
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