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Abstract

Wetting of W by Pb and Pb-17 at.%Li in the range 400-900 °C is studied by the dispensed drop technique. Experiments
are performed using different furnace atmospheres (high vacuum, reducing gas) and different heat treatments to achieve W
deoxidation. A simple pairwise model is used to explain the relation between surface interaction, which is responsible for

wetting, and bulk interactions determining miscibility.
© 2006 Elsevier B.V. All rights reserved.

1. Introduction

The main requirement for containers materials
used for liquid metals is negligible reactivity. In
the case of metals with low or moderate melting
point such as Sn, Pb, Ag or Au, this condition is sat-
isfied by several non-metallic materials such as iono-
covalent oxides (alumina, magnesia, etc.) and
graphite. With these ceramics, non-wetting (i.e. a
contact angle 6 > 90°) is observed [1,2]. This is inter-
esting in many applications (crucibles, moulds), in
which a mechanically weak interface is needed in
order to obtain easy detachment of the solidified
metal during cooling. In contrast, wetting is needed
in some applications, for instance for the flow of
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metallic films. The requirements of negligible reac-
tivity and good wetting can both be satisfied using
the refractory d-metals W, Mo or Ta as substrate
materials. Indeed it is well established that wetting
can be observed in liquid metal/solid metal systems,
in principle even in the case of non-immiscible cou-
ples [2]. It should be noted that the extent of wetting
varies widely among these systems, from 6 = 10° to
0 = 80°, though the reasons for this variation are
not known.

In the present investigation, wetting and inter-
facial interactions are studied for Pb/W and Pb-
Li/W couples. Together with other refractory mate-
rials, tungsten is a candidate for fusion reactor
blankets [3]. In this application, the refractory solid
could work in contact with liquid Pb or Pb-Li
eutectic alloy.

Pb/W is one of the most immiscible metallic
couples, as indicated by the very high value of
partial enthalpy of mixing of W in molten Pb
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(AHwpp) = 166 kJ/mol [4]). W-Li interactions are
even weaker than W—Pb (AHw; = 203 kJ/mol).
Standard thermodynamic calculations performed
using these values indicate that the solubility of W
in liquid Pb and PbLi in the 400-900 °C tempera-
ture range is much lower than 1 ppm.

As wetting in metallic systems is extremely sensi-
tive to pollution by oxygen, two different furnace
atmospheres, high vacuum and He-H,, and various
heat treatments were used in the present study to
achieve W deoxidation.

2. Experimental set-up

Tungsten substrates were prepared from sintered
polycrystalline ingot (99.96%, Plansee). The main
impurities were Mo (100 ppm), P (50 ppm), Fe
(30 ppm), C (30 ppm) and O (30 ppm). Just before
introduction into the furnace, the W plates were
polished up to | pm diamond paste. The average
surface roughness R, of the substrates was less than
10 nm. XPS analysis of the W surface just after
polishing revealed the presence of a thin, nanomet-
ric oxide layer corresponding to the oxide WOs;.
High-purity Pb (99.999%) and Pb-17 at.%Li eutec-
tic alloy (Metaux Speciaux, total amount of impuri-
ties less than 50 ppm) were used for the experiments.

Wetting was studied by the ‘dispensed drop’
modification of the classic sessile drop technique.
The experiment involved heating the fusible metal
separately in an alumina crucible. Once the experi-
mental temperature was reached, a drop was
extruded from the crucible and transferred to the
substrate. Afterwards spreading continued in the
classic sessile drop configuration. The main advan-
tages of this method over the classic sessile drop
technique is that it leads to the formation of clean
droplets as the oxide layer often covering liquid
metal surfaces is disrupted during extrusion [5].
Also it allows a wetting experiment to be performed
at a given temperature after heat treatment of the
substrate at a higher temperature.

The time-dependent change in the linear dimen-
sions of the drop (base radius and height) and con-
tact angle 0 are filmed by a video camera (25 frames
per second) connected to a computer enabling auto-
matic image analysis to be performed. This device is
used to obtain the characteristic dimensions of the
drop (base radius R and contact angle 0) with an
accuracy of £2° for 0 and £2% for R. Experiments
were performed in a metal-walled furnace under
high vacuum (2 x 107° Pa at room temperature) or

in a static atmosphere of He-8 vol.%H, gas (impu-
rities < 0.4 ppm H,0, <0.1 ppm O,) further purified
by passing it through a cartridge with activated
carbon cooled with liquid nitrogen. After cooling,
selected samples were cut perpendicular to the inter-
face, ground and polished up to 0.3 pm alumina sus-
pension. A scanning electron microscope (SEM)
with energy dispersive X-ray spectroscopy (EDXS)
was used to examine the solid/liquid interface as
well as the substrate surface chemistry.

3. Results and discussion
3.1. Wetting by Pb

Due to the high vapour pressure of Pb, wetting
experiments in high vacuum were performed only
at 400 °C. In the first experiment the temperature
was raised directly to 400 °C, then a Pb drop was
deposited on W without any additional heat treat-
ment. The contact angle rapidly stabilised (Fig. 1)
and remained constant for a few thousand seconds
(note that this information does not appear in
Fig. 1). The high, non-wetting contact angle
0 =106° £ 2°, which is close to (but somewhat
lower than) the contact angles of non-reactive
metals on iono-covalent oxides [2], indicates that
the W surface is not metallic but still oxidised. For
instance when the contact angle of Pb was measured
in the same conditions on an a-alumina mono-crys-
talline substrate, the value found (107° 4 3°) (Fig. 1)
was very close to that on W. When the dispensed
drop experiment at 400 °C was performed with a
W substrate preheated to 930 °C in high vacuum,
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Fig. 1. Contact angle versus time for liquid Pb in high vacuum at
400 °C on various substrates: (1) W, (2) sapphire and (3) heat-
treated W.
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a contact angle of 66° was observed and remained
constant throughout the entire experiment
(2000 s). For two other droplets processed using
the same conditions, the equilibrium contact angles
were 70° and 66°, respectively. The average value
over the three droplets is § = 67° + 2°. This wetting
contact angle indicates that the prior treatment at
930 °C in high vacuum produced complete or par-
tial deoxidation of the W surface. Decreasing the
heat treatment temperature from 930 °C to 870 °C
produced a slight increase in the contact angle at
400 °C (average value over three droplets 0=
69° 4 2° versus 0 = 67° £ 2°).

In order to study the effect of a reducing atmo-
sphere on wetting, a Pb drop was deposited on a
W plate under high vacuum at 400 °C. The vacuum
was then replaced by a He-H, mixture and the
change in the contact angle with time was deter-
mined during the temperature rise (Fig. 2). A sharp
non-wetting to wetting transition occurred at
570 °C. Afterwards the contact angle continued to
decrease gradually to 63° at 800 °C. Even lower con-
tact angles were observed at 900 °C but these were
only apparent ones, caused by the evaporation of
Pb as indicated by the decrease in drop volume. A
second experiment carried out under He-H, by
depositing a drop directly at 800 °C led to a steady
contact angle § = 60° 4+ 3°. When a dispensed drop
experiment was performed at 400 °C in He-H, with
a W substrate preheated to 900 °C in the same gas
mixture, the contact angle 0 = 59° 4+ 2° was very
close to the contact angles attained at 800 °C. The
value 0 = 59° is the lowest contact angle observed
in this study for Pb on W at 400 °C. This value will
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Fig. 2. Contact angle of Pb on W during temperature rise to
900 °C in He-H,.

be taken as the upper limit of the contact angle of
Pb on a clean W surface (Table 1).

The sharp decrease in 6 observed at 570 °C
strongly suggests that at this temperature the sur-
face chemistry of W changed suddenly. If we accept
that the contact angles close to 110° observed at low
temperatures (Fig. 2) are on WO; (in accordance
with XPS analyses of W at room temperature) and
that the contact angles close to 60° measured at
800 °C are on metallic or nearly metallic W surfaces,
the sharp change in surface chemistry at 570 °C may
correspond to a change from WO; to WO,. As for
the gradual decrease in 6 from 80° to 60°, occurring
between 670 °C and 800 °C, it indicates that during
this stage the W surface would be ‘composite’,
partly metallic and partly oxidised (Fig. 3). For
such a surface the observed contact angle 6 is
given by Cassie’s equation [6] cosf = ocosb,y +
(1 — a)cosf, as a function of the contact angle of
the liquid on the metal, 0,,, and on the oxide, 0,
and of the coverage o of the surface by the oxide.
Accordingly, the contact angles observed between
670 °C and 800 °C (Fig. 2) would reflect the change
with temperature of coverage «. This interpretation
of sharp and gradual wetting transitions can also be
applied to other metallic substrates presenting
different oxidation states such as Fe [7.8].

Table 1
Contact angles at 400 °C of Pb and Pb-17 at.%Li on oxidised W
(noted W) and heat-treated W (noted Wy,)

0() S % 100%
Pb Pb-Li

Wox 106 + 2 87+2 45

Wi 59+2 4942 9

ALO; 107 £3 95+3 30

All results were obtained in high vacuum except for Pb on Wy,
(He-H,). AW, is the increase in work of adhesion of Pb caused by
Li.

Fig. 3. Schematic representation of W surface in contact with a
reducing gas G during (a) a sharp decrease in 6 (in this case only
the value of n in WO,, changes) and (b) a gradual decrease in 0
(the total oxidised area decreases).
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3.2. Wetting by Pb—Li

As it was argued in [5,9], the addition of 17 at.%
of Li to Pb has no effect on the surface tension oy
of molten Pb. Moreover Li can hardly lower the
solid W-liquid Pb interfacial energy as Li inter-
actions with W are even weaker than Pb—W inter-
actions (see Section 1). Therefore, in the absence
of any pollution of the W surface by oxygen, Li
can hardly improve the wetting of W by Pb. How-
ever Li can affect the wetting of oxidised W. Indeed,
the affinity of Li for oxygen is much higher than that
of Pb, as attested by the values at 400 °C of
standard Gibbs energy of formation (per oxygen
gram - atom) of Li,O (—512kJ) and PbO
(=152 kJ). According to the model described in
[10], Li would improve wetting by chemisorption
at Pb/oxide interfaces. This model prediction was
confirmed by a dispensed drop experiment per-
formed with a PbLi alloy on a single a-Al,O3 crystal
in high vacuum (as Li forms with hydrogen stable
hydrides, all experiments with PbLi were performed
in high vacuum). As seen in Table 1, Li leads to a
significant decrease in 6, corresponding to a 30%
increase in the work of adhesion W, (equal to orv
(1 + cos@)). The addition of Li to Pb causes a signif-
icant improvement in the wetting of oxidised W,
corresponding to a 45% increase in W,. When
heat-treated W is used, the effect of Li on W is still
significant but rather limited (Table 1).

It is important to notice that the 0 values
measured at 400 °C on W heated previously at

Table 2
Contact angles of four Pb-Li drops at 400 °C in high vacuum on
Wi,

Drop t(s) 0 (°)

1 600 5142
2 1350 47 +2
3 1950 5542
4 2340 63 +2

t is the holding time for Wy, at 400 °C before dropping.

900 °C remain constant for only a limited time (typ-
ically 30 min). In the case of higher holding times at
400 °C, some pollution of the W surface by oxygen
occurs. This is shown by the results obtained in the
same experiment with four droplets by varying the
deposition time (Table 2). Long deposition times
provoke a limited but significant increase in 0. Even
higher contact angles are expected to form at longer
times.

3.3. Reactivity

In agreement with the thermodynamic calcula-
tions (see Section 1), SEM examination of Pb/W
and PbLi/W interfaces after short experiments (less
than 1 h) at 400-800 °C does not reveal any reactiv-
ity and the interface appears flat at the scale of
0.1 um (Fig. 4). However, examination of the W free
surface near the solid W/liquid PbLi/vapour triple
line shows that some reactivity exists at this partic-
ular area whatever the type of W, with or without
heat treatment. Semi-quantitative EDAX analysis

1um
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Fig. 4. SEM micrograph of a Pb (top)/W (bottom) cross-section (70 min at 800 °C in He-H,).
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of oxygen at the tungsten surface reveals an increase

Such oxygen segregation was not observed with
in oxygen concentration near the triple line (Fig. 5).

pure Pb. The main source of oxygen is the furnace
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Fig. 5. (a) SEM micrograph of W surface near a PbLi drop observed from above (48 min at 400 °C). (b) High-resolution profilometry of

this area is shown. (c) Concentration of oxygen on W surface as a function of the distance from the triple line for PbLi (1) and Pb (2)
droplets.
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atmosphere. This oxygen adsorbs at the W surface
and, afterwards, migrates by rapid surface diffusion
towards the PbLi droplet, attracted by the high
affinity of Li for oxygen. The oxide layer may be
Li,O or, more likely, a mixed Li-W oxide (the
Li,O-WO; oxide was reported in [11]). A careful
examination of the W surface in the vicinity of the
triple line by means of a high-resolution profilome-
ter revealed a depression 150 nm deep and 50 pm
wide (Fig. 5(b)). The reason for this depression is
not clear. A possible explanation is that it results
from stress produced during thickening of the oxide
layer, resulting in detachment and rupture of the
layer. Whatever the origin of this depression, the
above observations clearly demonstrate significant
corrosion of W close to the triple line, occurring
even after short experiments at 400 °C. This corro-
sion is initiated by the interactions between Li con-
tained in the droplet and oxygen present as an
impurity in the furnace atmosphere.

3.4. Surface interactions versus bulk interactions

In this study wetting contact angles in the range
50-60° were achieved for Pb/W and Pb-Li/W sys-
tems. This good wetting, which attests to the devel-
opment of strong hetero-atomic bonds at the
interface, may appear contradictory with the immis-
cibility of Pb and Li with W, reflected by the very
high values of partial enthalpy of mixing of W in
molten Pb and Li. This (apparent) paradox will be
discussed below using a pairwise, nearest-neighbour
model allowing a simple expression to be established
for the contact angle of a liquid B on a solid A as a
function of bond energies ¢ of pairs AB and BB [2]:

Wo gty (1)

oLV EBB

cosf =

In the framework of this model, the partial enthalpy
of mixing at infinite dilution of A in B, AHaw,,
divided by the Avogadro number N, and by the
coordination number Z, is given by

AHA(B) _
NAUZ

SAB—@- 2)

From Egs. (1) and (2) one can see that the contact
angle is determined by the ratio of only two bond
energies while the enthalpy of mixing (and thus,
the miscibility of A and B) depends on a linear com-
bination of three bond energies. A semi-quantitative
evaluation of 6 can be made for the Pb/W couple
using the value AHypp, = 166 kJ/mol estimated in

[4] and the evaporation enthalpies AH, of pure Pb
and W, taken from [12]. These quantities are related
to the bond energies by

1 1

AH:b = —EZNAUSPbe = —Esf)bpm (3a)
1 1

AH:V = —EZNAUSWW = 758:NW' (3b)

The values of different molar bond energies &,
calculated through Egs. (1)-(3), are reported in
Table 3. It can be seen that the PbW bond is strong
and even much stronger than the PbPb bond, lead-
ing to cosf > 1, i.e. to ‘more than perfect” wetting
of W by Pb. It can be easily verified that this simple
model leads to the same prediction for any AB
couple consisting of a low melting point metal B
(implying a low |egp| value) and a refractory metal
A (high [eaal).

The above model thus helps to explain why good
wetting can be observed in metallic AB systems even
in the absence of any miscibility between A and B.
Note that the model predicts ‘more than perfect’
wetting of A by B (implying 6 = 0) while the exper-
imental results for Pb/W and for other metallic
couples [2] indicate wetting, but only partial (0 <
0 <90°). Actually, the model calculations are for
an ideally clean W surface free from any adsorption
or pollution. In wetting experiments, the W surface
can be modified by two types of elements:

(1) Impurities such as oxygen and carbon. Con-
cerning oxygen, even the lowest 0 value achieved
in the present study has not been proven to be
for a W surface completely free from oxygen.
As for carbon, its effect on W surface energy
in He-H, is unlikely because carbon can react
with hydrogen, forming volatile hydrocarbons.
However carbon segregation on a W surface
in high vacuum cannot be excluded.

(i1) Atoms of Pb or Li adsorbed on the W surface.
It is a well-established fact that the surface
energy of high melting point metals is reduced

Table 3

Molar bond energies ¢* for different pairs calculated from Eqgs. (2)
and (3) taking AHppw) = 166 kJ/mol, AH®® = 178 kJ/mol and
AHY = 821 kJ/mol

Bond &* (kJ/mol)
Pb-Pb —355
WwW-W —1640
Pb-W —830
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several tens of per cent by the adsorption of
atoms of low melting point metals [13]. Note
that while the effect of impurities on wetting
depends on the quality of materials and on
the furnace atmosphere, the second effect is
an intrinsic feature of any B/A couple. This
effect alone can explain why wetting is cer-
tainly good but never perfect in non-reactive
metal B on metal A systems.

4. Conclusions

The contact angle of Pb on W in reducing gas
varies between 110°, a value typical of oxidised W
observed at temperatures close to Pb melting point,
and 60°, a value corresponding to a metallic or
nearly metallic W surface, observed at 800 °C. The
decrease in 0 from 110° to 60° occurs in two differ-
ent ways, namely by a sharp decrease occurring at
constant temperature, attributed to a change in
the chemistry of the surface oxide, and by a gradual
decrease, explained by the reduction in the W area
covered by the oxide with temperature and time.
The good wetting observed for Pb and PbLi on
deoxidised W testifies to the establishment of strong
hetero-atomic interactions at the solid-liquid inter-
face, which contrasts with the very weak Pb-W
and Li-W interactions developed in the bulk liquid.
This behaviour, which is general for low melting
point metals on refractory metals, was successfully
explained using a simple pairwise model. Finally,
when an element with high affinity for oxygen, such

as Li, is added to Pb, the wetting of oxidised W is
strongly improved while the wetting of deoxidised
W is affected only slightly. Moreover, through its
strong interactions with oxygen, Li leads to corro-
sion of W at the triple line, which is significant even
in experiments with low temperatures (400 °C) and
short times (less than 1 h).
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