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ABSTRACT When a sessile drop evaporates in an unsaturated environment, it may
change its geometry during mass loss in a variety of ways, depending largely on the
surface state of the solid of contact. Under some circumstances, “pinning” of the
wetting triple line (TL) to the solid surface may occur, leading to decrease of contact
angle. Subsequent “de-pinning” leads to relatively rapid TL recession and
accompanying contact angle increase, only to be followed by pinning again. Thus a
“stick-slip” cycle is set up. We here consider experimental results of ethanol drops on
PTFE, and both apply and develop ideas presented some years ago in a simple
theoretical study of the possible mechanisms involved in stick-slip behaviour.

KEYWORDS Contact angle, drop evaporation, “stick-slip”, triple line, wetting
hysteresis.
1

1. INTRODUCTION

Over recent years, the apparently trivial phenomenon of the evaporation of small drops
of liquid has proven not to be nearly so easy to comprehend satisfactorily as might
have been initially expected
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. Considerations of heat and mass transfer are relevant

whilst wetting and capillary phenomena must be taken into account. Possibly one of
the most fascinating aspects discovered recently has been the existence of flow
phenomena within a drop associated with evaporation and manifested by the drying of
such suspensions as coffee, leaving stain rings of grounds near the initial position of
the wetting front 3,4. Advective flow to replace evaporated liquid brings further solid to
deposit in the triple line region. Although such annular stains have presumably been
observed by human beings over centuries, their origin has apparently only recently
been investigated! (at least, successfully).

A perfunctory assessment of wetting combined with evaporation may lead one to
suppose that an axisymmetric sessile drop of liquid disappears due to a constant
evaporation flux over its exposed liquid/vapour surface, thus leading to the drop
shrinking with consistently diminishing contact radius, R, and height, h, whilst
maintaining a constant equilibrium value of contact angle, θο, at the wetting triple line
(TL), as given by the Young equation.

However, apart from an increased evaporation rate found near the triple line, at least
for small contact angles

3,4,6,9

, phenomena related to wetting hysteresis, or deviation

from the expected Young equilibrium contact angle, come into play

1,2

. The TL may

effectively remain “stuck”, or “pinned” to the solid surface, at least for some time.
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Contact radius, R, and therefore liquid/solid surface area, πR2, remain constant during
this stage of the evaporation, and as a consequence the contact angle, θ must decrease
with time. In the case of a liquid containing a suspended solid, this pinning may be
permanent, virtually up until final drop disappearance

3,4

, but for a pure liquid, it is

more often temporary. In the latter case, once the contact angle has decreased
sufficiently, the TL may recede relatively rapidly reducing liquid/solid contact area and
increasing drop height, such that the low contact angle may increase again, at least to
some extent, tending towards its assumed equilibrium value. The TL then again
becomes pinned, and after sufficient reduction of θ, following further evaporation, it
may then jump again to a smaller value of drop contact radius. The cycle is then
repeated and we obtain a phenomenon of “stick-slip” wetting hysteresis.

A simple theoretical argument to explain such observations, and based on excess free
energy as a criterion for TL movement, was put forward a few years ago 13. Although
simple, it appears to contain the basic ingredients to explain stick-slip hysteresis. In
this paper, we present experimental results which are coherent with the previously
proposed theory, and extend various aspects.

2. SIMPLIFIED CONSIDERATIONS OF STICK-SLIP EVAPORATION

We shall commence with a brief summary of the main points of reference 13 in order
to present the proposed basics of stick-slip TL movement during drop evaporation.
Assuming gravitational flattening to be negligible, the drop is represented by a
spherical cap of contact angle θ and contact radius R (see Figure 1). Drop volume, W,
and liquid/vapour surface area, A, are given by:
3
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The Gibbs free energy associated, G, is given to within an additive constant by:
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where use of Young’s equation has been made to replace (γSL-γSV.) by −γ cosθο, θο representing
the equilibrium contact angle, γ, γSL and γSV being respectively liquid surface free energy, and
solid/liquid and solid/vapour interfacial free energies.
For a given volume, W, we have an equilibrium contact radius, Ro, corresponding to contact
angle θο, but if the drop is out of equilibrium with, say, contact radius R = Ro+δR (and
therefore contact angle θo-δθ), its excess free energy, δG, is given by:
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Since [dG/dR]R=Ro=0, as Ro is the equilibrium value, we may evaluate the excess free energy

~
per unit length of TL, !G =δG/(2πR) to O[(δR)2] from equations (1) to (4):
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Alternatively, we may use a Taylor expansion in powers of δθ, rather than δR as in equation
(4), to obtain:

~ #R.("!)2
"G =
2(2+cos!o )

(6).

~
During evaporation, !G increases for a pinned TL (this is clearer from equation (6) than from
equation (5), since δθ physically decreases during pinned evaporation), until it just exceeds
the potential energy barrier, U, physical or chemical, for de-pinning. At this moment, the TL
may de-pin and recede, leading to a smaller value of R, assumed to be a new equilibrium value
of Ro corresponding to the recently diminished drop volume. The new Ro will be smaller than
the previous one, but since the height of the drop, h, will increase during the (assumed rapid)

~
TL motion, the original θο may be regained, at least in this simplified model. !G should again
become zero. As discussed below, whether the original value of θο should be expected to be
attained after the initial de-pinning is doubtful. It should be noted that a further simplification
assumed here is that TL motion occurs over a sufficiently short period for concomitant mass
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loss by evaporation to be considered negligible. Also, explicit time dependence is neglected in
this preliminary model.

3. EXPERIMENTAL
The experimental equipment used to carry out the investigation consists of a First Ten
Angstroms FTA200 dynamic contact and surface tension analyzer used for drop shape
analysis. This setup allows the deposition of droplets on substrates at controlled rate and
volume, as well as performing subsequent analysis of data obtained. The FTA package can be
used to evaluate the contact angle, θ, volume, W, height, h, and diameter, 2R, of axisymmetric
sessile drops. An automatic injection pump is used to deposit a calibrated drop on the substrate.
The optical technique uses a projection method to determine the drop profile (contact angle,
base, height and volume) vs time. As the deposited droplet evaporates, its profile can be
analysed using the FTA200 drop shape analysis software. The drop profile is analysed based
on a 2D view assuming an axisymmetric shape. Optical measurement is calibrated and permits
precision of the drop angle of better than 0.5 degrees, and base diameter, height and drop
volume to less than 2%, on the assumption of true axisymmetry.

For the present experiments, the substrate was a thin (thickness 1mm) plate of
poly(tetrafluorethylene), PTFE, heated by a resistive heater from below. The heater was
connected to a temperature Proportional, Integral, Derivative (PID) controller. Plate
temperature was controlled to within ± 0.5°C. Surface temperature was measured using an
embedded thermocouple, which was centered within the plate. It should be noted that all
temperatures reported in this study correspond to those measured by the thermocouple. Surface
analysis using a ZYGO profilometer revealed that the substrate was randomly rough (148 nm
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RMS). Ethanol droplets of initial volume of 10 µL were deposited on the substrate at a
controlled rate using a step motor syringe.

4. RESULTS AND DISCUSSION
Figure 2(a) shows typical examples of the evolution of contact radius, R, with time, t, for
ethanol drops of volume ca. 10 µL on PTFE, at various temperatures from 20°C to 60°C. The
stick-slip behaviour can be clearly seen, after the initial relatively long stick period. Behaviour
is similar at all temperatures, allowing for more rapid kinetics at higher temperatures. Figure
2(b) shows a specific case corresponding to behaviour at 60°C. Both contact radius, R, and
contact angle, θ, are given. In this case, the first period of evaporation lasting ca.10 seconds at
constant R, but decreasing θ, corresponds to initial TL pinning. This is the primary “stick”
period during which the contact angle decreases by ca. 13°. It seems different from the
subsequent cycles and we shall return to this point below. The primary pinning is followed by
a “slip” phase of decreasing R during which θ initially stagnates but then increases, albeit
slightly (by ca. 2°). Henceforth, the observed cycles are smaller, at least as far as θ is
concerned, and somewhat erratic, but typically θ may be seen to vary by ca. 1-2° over a given
cycle, whilst R either pins or decreases monotonically, depending on the part of the cycle and
in agreement with the simple model
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presented succinctly above. Over a period of several

cycles, θ tends to increase its average value. However, this is probably not significant since
the PTFE used as the substrate was quite rough, with a random surface pattern, and so it is not
too surprising that the stick-slip cycles are somewhat erratic. Nevertheless, the essential
features of the stick-slip model are present. Similar overall behaviour was found at the other
test temperatures.
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4.1 TIME DEPENDENCE OF STICK-SLIP
The model so far has no explicit time dependence, but we may attempt to incorporate this. Let
us first consider the pinning phase. Under conditions of constant R, overall volume evaporation
rate from the drop is given by:
3
dW = dW # d! = "R
d!
dt d! dt (1+cos!)2 dt

(7),

from equation (1). In order to estimate a pinning period, we integrate equation (7) between θ =

θo and θ = θo –δθ, where θo –δθ

is the threshold contact angle at which the TL starts to

recede. (We assume that pinning commences at the equilibrium value of contact angle.) Given
the slight variability of θ during pinning, the time t1, is given approximately by:

t1 =

$#R3."!
(1+cos!o )2.dW / dt

(8),

where the negative sign allows for the fact that dW/dt represents mass loss. Under the given
conditions, approximate values of the various ingredients are R = ca. 2.5 mm, θo = ca. 25° and

δθ = ca. 2°. A typical value of dW/dt has been calculated from evolving drop shape and is of
the order of -0.3µLs-1. These values lead to an estimate for t1 of the order of 2 seconds, which
is consistent with observations. Given the variability of the results, a more precise estimate is
unmerited.
We also consider the typical time of slip, t2. It is probable that the hydrodynamic theory of
wetting will apply

14

, given that re-condensation

15,16

is unlikely under the experimental

conditions considered here. The receding nature of the TL during the slip period is really a case
8

of de-wetting. A well-established treatment of the phenomenon using the lubrication
approximation leads, in the case of de-wetting, to the equation 14:

2
2
dR ~ $ #"(t)("o $" (t))
dt
6!L

(9),

where θ(t) is time-dependent contact angle, η liquid viscosity and L the logarithm of the ratio
of a macroscopic distance (ca. drop radius) and a microscopic cut-off length to avoid
divergence of the flow-field near the contact line (L is estimated typically to be of the order of
10-12, and approximately constant because of its logarithmic nature). Since θ(t) varies little
during slip, we may reasonably rewrite equation (9) as:

dR ~ $ #"o2("o $"(t))
dt
3!L

(10),

which is readily integrated with the constant volume condition, W~πR3θ /4, to give :

# (t )~#o $"#.exp($t ! )

(11),

where time constant, τ, is given by :
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With approximate values of η = ca.10-3 Pa.s, L =ca. 10, γ = ca. 25 mJ.m-2, W = ca. 10-8 m3, and

θο = ca.30°, we find τ = ca. 10-2 seconds, and therefore, assuming the asymptotic approach to
θo to be virtually finished after 3 time constants, the overall slip time, t2, is typically of order
1/30 second, which is very short.
Since slip is a fairly rapid process, we may wonder whether inertial forces play a
significant role. Let us consider the initiation of slip. Per unit length of TL, the initial capillary
force, fc, is given by:

fc =#(cos("o %!")%cos"o )$#"o .!"

(13).

From equations (10) and (11), we have:

d 2 R %$o2.#$
~
dt 2 3"L!

(14).

We take a segment of drop (like a slice of cake) subtending an angle corresponding to unit
length of TL, whose mass, m, is given by #"R3 / 4. ! /(2#R) ="R 2 ! /8 , where is ρ liquid density.
For axisymmetric TL motion, the corresponding inertial force, fin, is then given by:
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where k is a numerical constant, k < 1, and corresponds to a correction for the fact that during
TL motion, it is not the entire segment which moves: there is gradient from virtually zero
motion at the centre of the drop to full motion at R. Finally, the ratio fin/fc can be expressed:

fin k#$o2 R 2
%
fc 24"L!

(16).

Constant k is expected to be of order 0.5. With values given above and ρ = ca. 800 kg.m-3, we
then find a value of fin/fc of ca. 0.3, or less. Thus the inertial force will have little impact on the
capillary force, and the order of magnitude of τ of 10-2 seconds remains unchanged.
Examination of the data suggests that in some cases, the slip time is effectively very short,
although not precisely measurable. However, in others, the overall slip time is much longer,
suggesting a more gradual process, perhaps involving metastable energy barriers, or “microsticking”. Again, the roughness of the PTFE surface being random, variation of behaviour may
be expected, especially as what we are observing is an average of behaviour around the entire
drop contact line. A possible explanation is suggested. If slip conditions are attained at a given
small length of the TL, δL, whereas neighbouring zones on either side are not yet at their slip
threshold, due to the random nature of the solid surface, the local, lateral, elastic response of
the TL

14

will hinder the slip of δL. Effectively, the neighbouring zones will supply a braking
11

force working against the capillary imbalance tending to move δL and thus slow down slip.
The overall time of slip will effectively involve the sum of all the contributions from the
various TL sections, which do not attain threshold conditions simultaneously. We note also
that under these conditions, some evaporation will occur and perhaps modify TL movement.

4.2 FREE ENERGY BARRIERS

~
The above theory invokes an excess free energy, !G , which is taken with reference to a
supposed equilibrium state with contact angle θο. In the simplified model, it is assumed that

~
evaporation with pinning leads to a monotonic increase in !G associated with decrease in θ,
given by equations (5) or (6), until de-pinning occurs at a threshold value of θ. This is then
followed by a rapidly receding motion of the TL until θο is again attained, with concomitant

~
reduction of !G .
~
In Figure 3 is presented the evolution of normalised free energy excess, !G /γ, with
normalised time, t/tf (tf is the overall drop lifetime), for various test temperatures, as evaluated
from equation (6) and using the assumed value of θo (corresponding to the initial contact
angle, at t = 0) and the actual drop volume at t (obtained from θ(t) and R(t)). The zigzag shape
of the curves clearly points to the existence of potential energy barriers to TL de-pinning.

~
Peaks of !G /γ correspond to threshold θ, attained just preceding the onset of slip. The
qualitative features expected from the description of section 2 are present, yet Figure 3 shows a

~
primary maximum of !G /γ just preceding the first de-pinning, and henceforth continuously
~
smaller maxima for subsequent slip thresholds. In addition, !G /γ, does not return to zero.
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In order to explain this observation, we postulate that there are two values of θo, depending
on whether the solid surface has previously been in contact with ethanol or not. The initial
value of θo, denoted θo, , then corresponds to that of the liquid when the external solid surface
1

is dry (corresponding to γSV.). However, for subsequent cycles, the newly exposed solid surface
has previously been in contact with ethanol, and therefore some liquid may remain, either due
to adsorption or, more likely, slight physical retention within the surface roughness. Thus a
second value of θo, denoted θo, , is more appropriate for later behaviour. The value of θo, has
2

2

been estimated from θ at the onset of slip at the second cycle. An example is shown in Figure
4.

~
The values of !G vs t/tf, at 60°C, following use of the two values of θo, viz. θo, and θo, , can
1

2

be seen in Figure 4. Also shown are the corresponding θ. Note that positive or negative
deviations of θ from the expected equilibrium lead to positive excess free energy changes,

~
because of the dependence on (!" ) 2 (equation (6)). A primary maximum of !G is present,
followed by secondary maxima. The primary maximum is markedly greater than all of the
secondary peaks: the relative magnitudes can be seen in the inset of Figure 4. After the primary
peak, although the first secondary is considerably smaller than the primary, it is still greater

~
than most of the following peaks. The return to a zero value of !G at the appropriate point in
each cycle is quite convincing. We conclude that the simple theory based on free energy
reasonably explains most of the observed features, if we allow for a difference between an
initial and then a secondary value for θo.

~
Considering Figure 4, it can be seen that !G is typically of the order of 10-7 N for the
~
first cycle based on θo, , and 10-8 N for subsequent cycles based on θo, . The units of !G are the
1

2
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same as those of line tension and clearly there is a similarity between the two quantities. They
may even possibly be construed as manifestations of the same effect. Theoretical predictions of
values of line tension are usually in the range of 10-12 N to 10-10 N
experimental studies suggest values nearer to 10-6 N

17, 18

. However, certain

~
. Our values of !G lie between

17

experimental and predicted values of line tension. Is this coincidental, or is line tension
intimately connected with the wetting hysteresis free energy barrier? We open the debate.

4.3 SLIP DISTANCE
By considering equation (5) and equating it to U, the potential energy barrier for de-pinning,
we obtain an expression for δR, the slip distance between two pinning positions:

1/ 2

&
#
2RU
)R=$
!
2
% ( sin 'o (2+cos'o ) "

(17).

This expression suggests that δR scales with R

1/2

. Figure 5 represents data of δR vs R

1/2

obtained from Figure 2(b). The data are restricted to early stick slip cycles, as indicated in
Figure 2(b), since later behaviour is difficult to employ, the randomness of the surface reducing
the clarity of the jumps. Although there is an acceptably linear relation, the line clearly does
not pass through the origin. Something is clearly awry. This may be related to the fact that the
simple model assumes a single value, U, for free energy barrier, whereas in fact there is

~
variability, as suggested above to explain the initially high value of !G . Although the use of
two values of θo could possibly be involved, an explanation is not presently available.
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Figure 2(b) clearly shows that towards the end of drop life, contact angle steadily
decreases to zero. Instead of the drop getting smaller and smaller, yet following the stick-slip
cycles with ever decreasing δR, (δR~ R

1/2

: see above), and oscillating θ, we attain a phase in

which θ tends to zero. This may be explained by an insufficient capillary free energy excess,

~
!G , to overcome the hysteretic barrier, U 13. Consider the free energy, Gc, of equation (3)
corresponding to a critical value of drop radius, Rc. Gc may be considered to be the excess free
energy compared to that of the solid when the drop has totally vanished (assuming no
adsorption). As a consequence, this is the maximum of free energy that can be supplied in order
to surmount the hysteretic barrier, assumed to be constant around the drop periphery. Thus if:

2
Gc =#!Rc2 )'
*cos"o &$ <2!RcU
( (1+cos")
%

(18),

Henceforth the drop will have insufficient energy in order to engage in slip behaviour. It will
remain pinned with evaporation leading to contact angle, θ, and drop height, h, tending to zero
at final disappearance. With a dependence on Rc2 for available free energy, and a dependence
on Rc for the overall barrier energy, it can be seen that the threshold value occurs at some small
limiting value of contact radius. Our results suggest final TL pinning at R = Rc =ca. 1 mm, and
thus a rough estimate of U is given by:

&
#
1
U ~)Rc $
' cos(o !
2
% (1+cos(o )
"

(19).
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For our data, this suggests a potential energy barrier of the order of 10-6 N, which is
comparable to some figures quoted for experimentally obtained values of line tension

17

(also

see above). Are line tension and our free energy barrier directly related?

5. CONCLUSION

The wetting hysteresis, during evaporation, of sessile drops of ethanol on a randomly rough
PTFE surface has been studied. Stick-slip behaviour has been clearly identified. A period
during which the wetting triple line is pinned, maintaining constant drop contact radius, but
involving the decrease of drop height and contact angle, is followed by a phase of receding
wetting front accompanied by increasing contact angle and height. The cycle then repeats
itself.
A comparison with a simple model using excess free energy as a criterion for stick-slip
behaviour has been made. The basic features of the model and experiment correlate well. Time
dependence has been added to the model and we explain satisfactorily the order of magnitude
of the pinning time. However, there is more variability of the slip time. This has been
tentatively attributed to the non-simultaneous attainment of the slip threshold around the drop
periphery: the slipping period is then “spread out”.
Evaluation of excess free energy barriers for slip to occur suggests a difference between
primary and subsequent cycles, possibly related to the retention of a slight amount of liquid on
the exposed solid after wetting line recession.

16

Slip distances diminish approximately with the square root of contact radius, but the
agreement between model and observations is feeble. However, analysis of final drop
disappearance behaviour suggests a hysteretic energy barrier of ca. 10-6 N, comparable with
reported values of line tension.
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(a) Drop volume, W, height, h, and contact angle, θ, decreasing while base radius, R,
remains constant.

(b) Height and contact angle increasing with base radius decreasing (contraction).
Figure 1: Sketch representing evaporation leading to stick-slip motion of triple line (TL)
of a sessile drop. (a) Initial evaporation leads to decreased height, h, and
contact angle, θ, at constant contact radius, R, due to TL pinning. (b) When
the TL de-pins, it recedes leading to increased h and θ, the latter tending
towards its equilibrium value. The process then repeats itself with further
evaporation, giving successive periods of “stick” and “slip”.
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Figure 2: Experimental evidence of stick-slip behaviour of ethanol on PTFE: (a) contact radius, R, vs
time, t, at various substrate temperatures from 20°C to 60°C, (b) contact angle, θ, and contact
radius, R, vs time, t, at 60°C.
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Figure 3: Normalised free energy excess, !G /γ, vs normalised time, t t f , at various temperatures.
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Figure 4: Contact angle, θ, and free energy excess, !G , vs time, t, where the initial value of θo, has been
1

adopted for the first cycle, and the maximal value of the second cycle,θo, , for the second and
2

subsequent cycles . (θo, and θo, are indicated on the figure.) The inset, on a different scale,
1

2

allows the totality of the energy peak to be seen.
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Figure 5: Slip distance, δR, vs drop contact radius, R 1/2, from the data of Figure 2 (b).
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