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A test of lithium wettability was performed in high vacuum (< 3 x 10~* Pa). High magnification
images of Li droplets on stainless steel substrates were produced and processed using the MATLAB®
program to obtain clear image edge points. In contrast to the more standard “6/2” or polynomial
fitting methods, ellipse fitting of the complete Li droplet shape resulted in reliable contact angle
measurements over a wide range of contact angles. Using the ellipse fitting method, it was observed
that the contact angle of a liquid Li droplet on a stainless steel substrate gradually decreased with
increasing substrate temperature. The critical wetting temperature of liquid Li on stainless steel was
observed to be about 290 °C. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4865118]

I. INTRODUCTION

Lithium (Li), especially flowing liquid Li, when em-
ployed on Plasma Facing Components (PFCs), has the po-
tential to make significant improvements to plasma perfor-
mance in fusion research devises.'™ In 2012, two types of
flowing liquid Li limiters (FLLL) were employed in the HT-
7 fusion device and encouraging results were obtained. Dur-
ing the course of that work, it was also found that the wet-
tability of Li onto PFCs should be studied and possibly
improved.’

The contact angle, i.e., the angle between the tangent
of liquid at the contact point of a 3-phase (solid/liquid/gas)
droplet and the baseline of a solid substrate, has normally
been used to characterize wettability.>” When the contact an-
gle is higher/lower than 90°, the solid surface is said to be
hydrophobic/ hydrophilic, and liquid wettability to the solid
surface is characterized as bad/good. Therefore, a contact an-
gle of 90° represents a critical state of wetting for a liquid
droplet.

Several approaches to measuring contact angle have been
reported in the literature. The most widely used techniques are
the “9/2” method as well as various curve fitting methods.®”
The “6/2” method assumes that the droplet shape is part of a
circle. By measuring the height of the droplet and the length
between the two contact points, the contact angle can be esti-
mated in an extremely simple manner. As compared to the
“0/2” method, ellipse'® and polynomial fittings®!!' are two
more sophisticated and accurate methods to determine con-
tact angle. In this work, comparisons of data processing and
analysis for the “6/2”, ellipse and polynomial fitting methods
are discussed in detail. This comparison was done in an effort
to determine the “best” method to measure a wide range of Li
contact angles—thus allowing Li wettability to stainless steel
(SS) to be accurately characterized.
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Il. EXPERIMENTAL SET-UP

The experimental set-up used to measure liquid Li con-
tact angles on a SS surface is shown in Fig. 1. It includes a
large vacuum vessel containing a sample table with attached
heater and thermocouple. A movable sample plate (150 x 80
x 3 mm) could be translated across the sample table—while
maintaining good thermal contact—using a positioning sys-
tem consisting of a bellows and a push-pull rod. An injec-
tion system was used for the controlled deposition of liquid
Li droplets onto the sample plate. This system consisted of
a liquid Li reservoir connected to delivery pipes with either
10 mm or 4 mm inside diameter.

Digital images of droplets were taken with a high resolu-
tion camera (5184 x 3456 pixels) under conditions of bright
lighting. Reproducible positioning of the droplet in front of
the camera was assured by mechanical means and a back-
ground plate positioned behind the sample plate ensured that
high optical contrast images could be attained.

Before each measurement, the vacuum vessel was evac-
uated to < 3 x 107" Pa and the measured vessel leak rate
was certified to be < 1 x 107° Pam’/s. At the beginning
of a measurement, the sample plate was inserted to a posi-
tion directly under the outlet of the Li delivery pipe. Liquid
Li droplets with volumes in the range 30—200 uL were in-
jected onto the sample plate. This deposition took place when
the temperature of the Li reservoir and the delivery pipe re-
mained above 450 °C while substrate temperature was held at
~180 °C—the melting temperature of Li. Following deposi-
tion of a droplet, the sample plate was pulled back into the
center of the vacuum vessel and positioned directly and accu-
rately in front of the camera. After allowing the Li droplet to
cool on the substrate for ~ 3—5 min, wetting tests began by
gradually increasing the substrate temperature from ~ 180 °C
to ~ 400°C. As the substrate temperature changed, images
of the droplet were taken about every 5-10 °C. Finally, these
images were analyzed using the MATLAB® program.

Using MATLAB®, images underwent a grayscale trans-
formation, binarization processing, and edge extraction by
Prewitt filtering. With good optical contrast between the
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FIG. 1. Test equipment of liquid Li wettability.

droplet edge and the background, the gray values of the first
two background line arrays were averaged and divided by 255
to obtain a gray threshold. This threshold was used to get a bi-
nary image. At that point a Prewitt filter, used to detect verti-
cal and horizontal edges, which were calculated by using dif-
ference between corresponding pixel intensities of an image,
was used to detect edges in the image.

lll. DATA PROCESSING AND ANALYSIS
A. Calculating the contact angle
1. Small contact angle (<90°)

a. “6/2” method Figure 2 shows a raw high-magnification
image of a liquid Li droplet with contact angle < 90°. The x
and y coordinates of three points (i.e., left and right contact
points and the top point of the liquid Li droplet) are indicated
in the image. Using the “6/2” method, the contact angle can
be determined as follows:

0 = 2arctan(h/r)180/m, (1)

where h and r are the height and half-width of the droplet,
respectively. Thus h = Yr—(YrL+ Yr)/2 and r = (Xg—X)/2.

Applying the measured coordinates to Eq. (1), the contact
angle of the droplet was calculated to be 6 = 49.1°.

b. Curve fitting methods ~ As shown in Fig. 3, the black quasi-
circle represents the edge points after grayscale transforma-
tion, binarization, and Prewitt processing of the image shown
in Fig. 2. The black, red, and blue curves are the 3rd, 5th, and
7th order polynomial fitting curves of the complete Li droplet

X=157,y=44

FIG. 2. Image of aliquid Li droplet including the coordinates of three points.
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FIG. 3. 3rd, 5th, and 7th order polynomial fitting curves of edge points.

shape. Obviously, the 7th order polynomial fitting appears to
be optimal, and fits almost all edge points, as shown in the
magnified curve of the left contact point.

As seen in Fig. 4, the red and blue curves represent
the ellipse and 7th order polynomial fittings of the complete
droplet shape. Both techniques appear to generate curves that
fit the droplet image reasonably well. By enlarging the im-
age of the left contact point, however, it was noted that the
contact angle calculated by the ellipse fitting of the com-
plete droplet shape had larger deviations in the region near
the contact point as compared to the 7th order polynomial
fitting.

The equations of the 7th order polynomial and ellipse fit-
ting curves y(x) were readily generated by the MATLAB®
program. Contact angles (0) for both the left and right points
of contact were calculated by the following equation:

dy
0 = arctan [ — ) 180/m, 2)
dx

where y(x) is the curve used to approximate the edge
points of the Li droplet. According to the polynomial/ellipse
fitting equations, (%) it = 1.55/1.23 and (%) right
= —1.22/—1.33. The average contact angle of the liquid Li
droplet calculated by 7th polynomial and ellipse fitting meth-
ods were 53.9° and 52.0°, respectively. So the contact angles
calculated by the 7th polynomial and ellipse fitting of com-
plete droplet shape differed by less than 2° as listed in Table 1.
This indicated that 7th polynomial fitting method was slightly
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FIG. 4. Comparison curves generated by 7th order polynomial and ellipse
fitting.
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TABLE I. Comparison of calculation methods and angles.

7th polyfit of Ellipse fitting
Method “6/2” entire shape of entire shape
Contact angle 49.1° 53.9° 52.0°

more accurate than the ellipse method although both fitting
methods were suitable to measure contact angles <90°.

2. Large contact angle (>90°)

a. “6/2” method Figure 5 shows the image of a liquid Li
droplet with contact angle >90°. Using the “6/2” method, the
droplet contact angle was determined to be 6 = 104.7°.

b. Curve fitting methods In Fig. 6, red and blue lines rep-
resent the ellipse and 7th order polynomial fitting curves of
Fig. 5 edge points, respectively. It can be seen that the 7th
polynomial fitting of the complete droplet shape does not re-
produce the entire edge region.

This illustrates a point about polynomial fittings in gen-
eral. When the contact angle approaches 90°, the slope of the
tangent near the contact point approaches infinity, so clearly
7th order polynomial fitting of the complete droplet shape can
only fit droplet shapes with contact angle <« 90°—a severe re-
striction. In order to address this problem for contact angles >
90°, the region near the contact point was fitted instead with
a 2nd order polynomial. This quadratic fitting is shown in the
upper left corner of Fig. 6 and reproduces the droplet shape
reasonably well. However, polynomial fitting of edge points
is generally extremely sensitive to the resolution of image at
the contact point, the number of edge points, and the order of
the polynomial. Hence, under some conditions, these fittings
can produce unacceptably large errors and are thus not con-
sidered viable options for data processing over a wide range
of contact angles.

Conversely, the ellipse fitting shown in Fig. 6 appears
to reproduce the complete droplet shape extremely well even
though the contact angle > 90°.

Finally, the average contact angle calculated by ellipse
fitting method was 112.5°, as listed in Table II.

X=246,y=159

X=34,y=160

+

FIG. 5. Image of liquid Li droplet with contact angle >90°.
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FIG. 6. Comparison of the two fitting curves.

B. Comparison the contact angle determined
by the “6/2” and ellipse methods

As discussed above, compared with polynomial fitting,
ellipse fitting of the complete Li droplet shape can be used
over a wider range to get reliable contact angle measurements.
Hence in this section, the “6/2” method is compared against
ellipse fitting method only.

The general equation of an ellipse is:

X2 y?

S+s=1 3)
where a is the major axis and b the minor axis of the ellipse.
Here, a > b, and x = acosf while y = bsinf. The tangency
slopes k; and k; of an ellipse and a circle, respectively, can be
expressed as

b? —bcos
klztana:——2~f:,—ﬂ, “)
as 'y asinf

b—y b—bsinf

kr = tan(6/2) = mr——

&)

where o and 6 are the contact angles calculated using ellipse
and circle fittings (“6/2” method), respectively. The difference
in contact angles (¢—#6) is plotted against « in for different
values of b/a in Fig. 7. It can be seen that the difference is
small at low values of « but reaches a maximum at about
a = 130°. Also the maximum of contact angle differ-
ence increases strongly with decreasing values of b/a.
These trends indicate that for a fixed b value (i.e., fixed
height of Li droplet), larger volume Li droplets (larger
a) would have larger contact angle differences (ax—0).
Hence, when associated with large-scale Li droplets and
at large contact angles, measurements of contact an-
gles determined from the “6/2” method can be expected
to be less accurate than those determined by ellipse
fittings.

TABLE II. Comparison of calculated method and contact angle.

2nd polyfit of
edge points

Ellipse fitting

Method “6/2” of entire shape

Contact angle 104.7° 113.0° 112.5°
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FIG. 7. Comparison of angle differences with different b/a values.

Therefore, wettability data described below were ana-
lyzed using ellipse fitting because the range of measured con-
tact angles and the range of droplet sizes were both large.

C. Preliminary test results of Li wettability

Both a large and a small Li droplet were successively
placed on SS substrate after 2 days of baking the vacuum ves-
sel with a temperature ~ 300 °C. Both droplets were analyzed
contemporaneously. As shown in Fig. 8, below ~ 250 °C, the
contact angle, calculated using the ellipse fittings, exhibited
little change with increasing SS substrate temperature. Above
~ 250 °C, the contact angle gradually decreased with increas-
ing temperature. The critical wetting temperature of liquid Li
droplets was found to be ~ 290°C. It is also clear that the
initial contact angle of the large Li droplet was smaller than
that of small droplet due to the larger effect of gravity on
a large droplet. As the contact angles decreased, the droplet
heights decreased and the effect of the gravity also decreased.
The difference in contact angles between large and small Li
droplets therefore decreased gradually with substrate temper-
ature. Hence, to obtain more accurate contact angle data, it
appears that smaller scale Li droplets should be selected.

—=—large Li dropet
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FIG. 8. Test results of contact angles with large and small scale liquid Li
droplets using the ellipse fitting method.
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IV. CONCLUSIONS

Both of “0/2” method and the curve fitting methods are
based on the image acquisition and processing technology, so
the large test error might result from the size of Li droplet, the
image resolution, optical contrast between the droplet edge
and the background, data processing methods, and so on. For
liquid Li droplets with volumes of 30—200 uL, the contact
angle calculated by “6/2” method produced large errors, es-
pecially at large contact angle. Using 7th order polynomial
fitting of the complete droplet shape produced a satisfactory
curve of Li droplet profiles only for contact angle < 90°. Us-
ing 2nd order fitting in the neighborhood of the contact point
yielded a reasonable result for angles > 90°. By comparison,
however, ellipse fittings of the complete droplet shape could
produce accurate measurements over a wide range of contact
angles. Using the ellipse fitting method, it was found that the
contact angle of liquid Li droplets gradually decreased with
increasing SS substrate temperature. The measured critical
wetting temperature of liquid Li on SS was ~290 °C. Hence,
as guidance to the FLLL experiment mentioned above, it ap-
pears that before injecting liquid Li onto a SS limiter, the tem-
perature of limiter should be higher than 290 °C.
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