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The wetting of three component silicate

glasses on platinum

G. J. COPLEY, A. D. RIVERS

Pilkington Brothers Limited, R & D Laboratories, Lathom, Lancs, UK

Measurements of the contact angles of sessile drops of alkali silicate glasses, containing
other oxide additions, on platinum have been used to study the role of the glass
composition in the wetting processes. A model has been proposed which relates the
degree of wetting to the competition between the substrate metal and cationic and anionic
groups in the molten glass for the valency electron of non-bridging oxygen ions. An
empirical relationship between equilibrium contact angle and the affinity for oxygen ions of

cations in the glass supports this model.

1. Introduction

In a recent paper on the wetting of E-glass on the
platinum group metals [1] it was proposed that
one of the factors which would govern the
propensity of the glass to wet the metal sub-
strate would be the demand by the atoms of the
substrate metal to bond with non-bridging
oxygen ions in the glass. The degree of wetting
would then be determined by the competition for
non-bridging oxygen ions from the substrate
metal and from the cations in the glass. This
model was used qualitatively to explain the
observed wetting behaviour of E-glass on
platinum, palladium, iridium, rhodium and
binary and ternary alloys of these metals.

Other workers have used similar models based
upon the strength of the metal oxide bonds and
the polarizing power of the metal atoms. Thus
Pask er al. [2] suggested that the contact angle of
glasses on various metals may be related to the
polarizing power of the metal while in a later
paper [3] they proposed a theory of chemical
bonding with a balance of bond energies across
the glass/metal interface. Godron [4] considered
that polarization may be important and although
a trend relating decreasing polarizing power with
increasing contact angle was observed the results
were not conclusive. Presnov and Nogina [5]
adopted a similar approach and suggested
criteria for the wetting of oxides by glasses.
Visotskis [6] claimed a relationship between
contact angle and the radius of alkaline earth
metal cations in the glass. Many workers have
studied the wetting of the platinum group
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metals with reference to the metal oxides, their
stabilities and the influence of the experimental
atmosphere [7-10].

To investigate further the effect on wetting of
the cations in the glass, contact angle measure-
ments have been made on silicate glasses on
platinum in which the cation content of the glass
was varied in a systematic way by the addition of
different oxides to a common binary alkali
silicate glass. The added cations were selected
to have different roles in the base glass (network
formers, modifiers or both) and to give a range
of cation-oxygen single bond strengths. The
equilibrium contact angles of sessile glass drops
were measured under constant conditions of
temperature, atmosphere and substrate metal so
that the comparative wetting behaviour would
allow comment to be made on the role of the ions
in the glass in the wetting mechanism.

2. Experimental method and resuits

The experimental method was essentially that
described in previous publications, [11, 12] and
involved measuring the contact angles of glass
sessile drops on platinum substrates.

The glasses used were based upon a binary
alkali silicate glass containing a 4:1 mole ratio of
Si0, to Na,O. Other oxide additions were made
in 5, 10, and 20 mol% proportions to make
homogeneous glasses containing CaO, B,0;,
TiO,, ZrO,, Zn0, Al,O,; and PbO, while main-
taining the 4:1 mole ratio of SiO, to Na,O.

Beads were prepared from these glasses by
spheroidizing glass chips on a graphite block at
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Figure 1 Contact angles and compositions of the experimental glasses at 1273 K (curve 1), 1378 K (curve 2), and
1453 K (curve 3). Contact angles measured at (a). 1 min, (b) 10 min, (¢) 100 min, and (d) at equilibrium.
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1573 K ; the beads had a nominal diameter of 1
mm. The platinum substrates were prepared by
metallographic grinding, polishing and de-
greasing techniques. The substrates were held in
the furnace at temperature for 15 min before the
glass beads were placed on them.

Sessile drop experiments were performed in
air at 1283, 1378, 1418 and 1453 K. The beads
were observed and photographed in profile until
“equilibrium” conditions were achieved. Contact
angles were subsequently determined from the
photographs; a typical curve showing the
variation of contact angle with time is shown in

Fig. 2 of the preceding article in this journal.

The glasses had a wide range of viscosity—
temperature characteristics and in certain cases,
with the most viscous glasses at the lower
temperatures, the experiments had to be
performed over a period of many hours to
achieve ‘“‘equilibrium” conditions or until no
further change could be detected in the contact
angle within the time scale of the experiments.

The contact angles for each of the glasses at
1273, 1378 and 1453 K at 1, 10 and 100 min and
at equilibrium, are depicted in Fig. 1 and
tabulated in Table I.

TABLE 1 Contact angles for three-component glasses at (a) 1273, (b) 1378 and (c) 1453 K measured at 1, 10 and

100 min, and equilibrium

Contact angle (degrees)

(@) (b) ©
Oxide addition to 80:20 SiO,:Na,O glass (wt %)
Time (min) 5 10 20 5 10 20 5 10 20
CaO
1 37 49 44 26 36 36 24 24 22
10 19 24 20 17 19 15 20 20 16
100 15 20 15 16 18 10 20 20 16
Equilibrium 16 20 15 15 19 10 20 20 15
B,0,
1 46 57 110 31 42 — 28 43 56
10 28 48 105 27 36 — 17 31 33
100 25 47 103 27 35 e 15 30 32
Equilibrium 24 47 87 27 35 — 15 29 3t
TiO,
1 36 29 20 19 17 17 16 15 14
10 18 18 12 10 9 19 10 11 6
100 12 12 12 10 6 6 9 10 6
Equilibrium 11 6 11 10 5 5 9 10 5
71,0,
1 136 143 162 49 131 155 35 87 104
10 33 103 161 20 52 108 22 31 48
100 18 56 147 14 33 47 22 27 38
Equilibrium 14 33 44 12 33 38 22 27 37
ZnO
1 52 137 124 36 34 46 19 36 19
10 20 111 27 15 19 17 13 16 15
100 16 17 15 10 20 15 10 11 14
Equilibrium 16 8 15 10 20 15 10 11 15
ALO,
1 97 133 160 52 110 148 42 102 157
10 44 92 158 23 47 146 25 39 143
100 22 43 156 22 36 137 25 34 80
Equilibrium 15 39 — 21 37 38 25 35 48
PbO,
1 43 a7 42 44 46 44 40 44 38
10 32 34 40 33 37 43 39 39 43
100 30 20 37 32 36 42 21 38 38
Equilibrium 15 9 11 32 35 24 15 9 11
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The ionic additions had various effects on the
equilibrium contact angles. In summary the
addition of calcium oxide, zin¢ oxide and lead
oxide increased the contact angle (in comparison
with the binary sodium silicate glass); boron
oxide, zirconium oxide and aluminium oxide
markedly increased the contact angle; titanium
oxide markedly reduced the contact angle
(increased the degree of wetting).

3. Discussion

In the earlier paper on the wetting of E-glass on
platinum group metals [1] it was proposed that
the propensity to wet was determined by the
demand by the metal atoms in the substrate
surface to form chemical bonds with the non-
bridging oxygen ions in the glass. According
to this model the degree of wetting would be
governed by the competition for non-bridging
oxygen ions between the cations present in the
glass and the platinum substrate atoms.

In the present experiments the demand by the
valency electrons of the platinum atoms to form
bonding orbitals with the valency electrons of
the non-bridging oxygen ions in the glass is
assumed to be a constant factor. The ability to
form bonds will then depend upon the availability
and polarizability of the bonding electrons of the
oxygen ions and this will vary with the ionic field
strength of the cations present in the glass and
their role in the silicate network. The degree of
interaction will be reflected in the equilibrium
contact angle.

The structure of the alkali silicate glasses used
in these experiments will consist of a continuous,
but irregular, three dimensional network of
SiO,-tetrahedra with the alkali cations in
interstitial sites in the network. The added cations
will enter either interstitial sites (Ca?t Zr?+);
substitutional sites replacing silicon ions (Ti%,
B3+); or both interstitial and substitutional sites
(AI3+ Pb%*) according to their role as network
former or modifiers.

During the “melting” of the silicate glasses
some Si~O bonds will be broken resulting in the
formation of two types of ionic group one group
having an overall negative charge due to an
excess of O~ iomns, the other a positive charge due
to the high positive charge on the silicon ion and
a deficiency of oxygen ions. The two groups are
represented schematically in Fig. 2.

In binary sodium silicate glass the positively
charged alkali cations will tend to be located in
the cationic group, where their positive charge
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Figure 2 Yonic groups formed on “melting” a binary
sodium silicate glass: (a) an anionic group (I)~ and (b) a
cationic group (II)* with an excess and a deficiency of
non-bridging oxygen ions respectively.

can be screened by the excess of non-bridging
oxygen ions. Overall electrical neutrality is
maintained by the balance of the charge on these
groups.

When the molten glass is brought into contact
with the platinum metal surface, the valency
electrons of the platinum atoms seek to form
bonding orbitals with the oxygen ions; this
demand can best be satisfied by the anionic
groups. The glass immediately in contact with
the platinum might then be expected to contain
an excess of the anionic groups, while an excess
of the cationic groups, would form an electrical
double layer in the glass more remote from the
metal surface. Indirect evidence for such a
composition gradient may be reflected in the
detailed shape of glass beads wetted onto
platinum previously reported [11]. Attention was
drawn to the micro- and macro-contact angles of
binary sodium silicate glass beads on platinum.
The inflection in the shape of the bead near its
periphery would be consistent with the proposed
surface layer as depicted in Fig. 3.

The platinum atoms have high-energy d-state
electrons and the surface energy of the platinum
will be reduced if spreading of the glass occurs
and d-bonds form between the platinum atoms
and the O~ ions in the glass. However, the
cationic groups (II)* in the glass and the added
cation Na+, Ca?* etc will also be competing for
non-bridging oxygen ion neighbours. The degree
of wetting will thus be governed by the relative
strengths of (1) the platinum-oxygen d-bonds and
(2) the cation—oxygen bonds.

Compositional changes, made by adding
cations to the glass, will influence the wetting by
changing the relative ionic field strengths of the
cationic (I1)* and anionic (I)~ groups. Thus
additions which increase the negativity of the
anionic groups or decrease the positivity of the
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Figure 3 (a) Photomicrograph of the micro- and macro-
contact angles of an alkali silicate glass bead on platinum,
x 550. (b) Schematic representation of a postulated
double layer. I - designates an excess of anionic groups; I+
designates an excess of cationic groups.

cationic groups (or do both) will make available
more of the charge on the non-bridging oxygen
ions for bonding with platinum atoms and
hence will allow more wetting. Conversely,
additions which decrease the negativity of the
anion groups or increase the positivity of the
cation groups (or do both) will discourage
wetting by using the charge on the oxygen ions to
screen the cations in the glass.

In these experiments, cations with a range of
ionic field strengths and different roles in the
silicate network were added to a basic binary
alkali silicate glass. The ionic additions caused
different degrees of wetting determined by
measurement of the equilibrium contact angles.
The influence each cation had in determining the
amount of charge on the non-bridging oxygen
ions which is available to form bonding orbitals
with the platinum atoms may be considered in
terms of their contribution to the relativestrength
of the charges on the anionic and cationic groups.

Of the added ions sodium, calcium and
probably zirconium and zinc enter the silicate
lattice in inferstitial sites (zirconium may also
under some circumstances enter substitutional

sites); boron and probably titanium enter
substitutional sites, effectively replacing silicon
atoms: aluminium and lead will enter both
substitutional and interstitial sites [13].

The added cations will be situated preferen-
tially in the negatively charged anionic group
()~ if they go into interstitial sites (thereby
being screened by the valency electrons of the
excess non-bridging oxygen ions). The cations
will enter both the anionic (I)~ and cationic
(ID)* groups if they go into substitutional sites
replacing silicon. Tn both cases the added ions
will change the balance of charge between the
anjonic and cationic groups.

An interstitial cation will add its competition
for the valency electrons of the non-bridging
oxygen to the anionic group thereby reducing the
overall positive charge and reducing wetting. A
substitutional cation will increase or decrease the
positivity of the cationic group according to
whether its field strength is greater or less than
the ionic field strength of the silicon ion. The
rele of each added cation and its influence on
wetting may, therefore, be summarized in a
qualitative way.

Of the interstitial cation additions the sodium
ion has the smallest ionic field strength. The
non-bridging oxygens will, therefore, in the
basic binary glass, be relatively polarisable and
the valency electrons will be available to form
d-bonds with the platinum atoms and a low
contact angle will result. The observed contact
angle is low, being about 10°.

The calcium and zinc ions have slightly higher
ionic field strengths than sodium and their
charge will be added to the competition for
oxygen valency electrons in the anionic group
{I)~ thus reducing the negativity of the group and
slightly reducing the wetting when compared
with the binary alkali silicate glass.

o~ - o~ +

| Na* I
O+—S§i=—0" si4t

I Ca?t /

o- o

- "

The observed contact angle is 15° for the glass
containing 209, calcium oxide and 12° for the
glass containing 209/ zinc oxide.

Boric oxide will form a network of boron and
oxygen atoms arranged in nearly planar triangles
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interlocking the silicate network. Effectively the
boron ions will be in substitutional sites and the
ionic groups may be represented as follows:

B o - o T+
l Na+

O—5i—0"

BE+

|
o _ L o-
- tt

The boron ion has a higher positive charge
than the silicon ion thus the substitution of boron
for silicon will reduce the negativity of the
anionic group (1)~ and increase the positivity
of the cationic group (II)*. Both factors will
reduce the charge of the valency electrons of the
non-bridging oxygen ions available for bonding
to the platinum and a marked reduction in the
amount of wetting would be expected. The
observed contact angle of the 209 boric oxide
glass is 31°.

The titanium ion has a field strength lower than
silicon and hence a substitution of titanium for
silicon will have the opposite effect to that of
boron, increasing the negativity of the anionic
group (I)~ and decreasing the positivity of the
cationic group (IT)*. Both factors will increase
the wetting.

- o - - +
T Nat T
O=—5i=—0" Si<
l— O-
Nat
oO——Ti—O"~ O=—Ti%*
— — -~ -

(- un®t

The observed equilibrium contact angle for the
titanium containing glass is very low, being 5°.

The zirconium ion enters silicate networks
either interstitially or substitutionally. The
marked decrease of wetting in the zirconia
containing glass suggests that the important
contribution to the wetting behaviour is from the
interstitial ions which would markedly reduce
the negativity of the anionic group.
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The observed contact equilibrium contact angle
for the 20% zirconia-containing glass is high,
being 37°.

Aluminium and lead ions can both enter the
silicate lattice in either substitutional or inter-
stitial sites. In the case of aluminium, the ion has
a lower ionic field strength than the silicon ion
and hence, when replacing silicon in substitu-
tional sites, will lower the positivity of the
cationic group.

o~ - o- |t
l Nat
- N 14+
Q=Si 0] Si o-
I A13+ /
o~ © A3t
- |
L o
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In interstitial sites aluminium will strongly
reduce the negativity of the anionic group since
its ionic field strength is much larger than the
sodium ion. Apparently the second of these
effects is of overriding importance since alumin-
ium additions markedly increase the equilibrium
contact angle.

In the case of lead it is possible that the first
additions enter the lattice in interstitial sites
while at larger concentrations the lead ions
occupy both interstitial and substitutional sites.
With the reasoning used above, the first additions
in interstitial sites would reduce the negativity
of the anionic group and hence would reduce the
wetting.

—
07 Na*
T S| —— O~
Pt

(1=

The equilibrium contact angle for the 5% lead
oxide glass is 15° compared with 10° for the basic
glass.
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If the lead ions enter both substitutional and
interstitial sites at larger concentrations, the
negativity of the anionic group would be
increased and the positivity of the cationic group
decreased since lead has a lower field strength
than silicon.

~ — . -
! T Na™t Q *
O—S§j——0" sidt
I ppat \0‘
o
—— Pb~—0" ok pp2t

Both changes would contribute to the observed
increased wetting. The equilibrium contact angle
for the 209 lead oxide glass is 11°.

The proposed model in which the propensity
to wet is related to the demand by the d-electrons
of the platinum atoms to form bonding orbitals
with the valency electrons of the non-bridging
oxygen ions in the glass, and in which the degree
of wetting is related to the competition for these
electrons between the platinum atoms and the
cations and cationic group in the glass, helps to
explain and predict the wetting behaviour of the
various glasses. Abundant data are available for
the single bond strengths of all the cations used
in the experiments; these values are shown in
Table 11. It should be possible using these values
to relate the degree of wetting expressed as the
equilibrium contact angle to the relative strengths
of the cation-oxygen bonds since we have
assumed in the foregoing arguments that, to a
first approximation, 8, = f(Ept-0 — FEi-o0)-
Where 0, is the degree of wetting expressed as a
function of 8, E;_o is the single bond strength
between the cations in the glass and oxygen and
Ept o is the single bond strength between the
platinum atom and oxygen. If it is assumed that
Epi—o is constant with the different glasses then
6, may be expressed as the sum of a function of
all the cation-oxygen bond strengths, thus
by = Zf(Ei-o).

Three different cases may then be dis-
tinguished, namely the added cations entering (1)
interstitial sites only, (2) substitutional sites
only, and (3) both interstitial and substitutional
sites. The three cases may be represented
schematically as follows:

Na* I Na* I Na*
=—S5i—0~ —S{— 0O O —Si—0~
wt I wt

(o o~ o~
Qe Mo O O —M—0"

(i) lii} {iii)
In case 1 it is assumed that 2Zf(E;—o) is the

I
arithmetic sum of the bond energies of silicon,
sodium and the added cation M, thus

6, = ;’f(Ei_o) = f(Esi~o + Ena-o (1)
+ Ey-o) .

In case 2 the net effect on the availability of
oxygen valency electrons will be determined by
the weighted mean of the bond energies Esi—o
with Fm-_o with the arithmetic addition of
Exa—o0; thus

0, = f(x Esi—o + yEyM—0 + ENa-0)

where x and y are the mole fractional concentra-
tions of Si-O and M-O bonds. Assuming a 2:1
ratio of silicon to added cations for the 80:20
binary glass with a 20 mol %/ addition

2Eg;- Eyp—
0, =f< e ENa—O)' )
In case 3 using similar arguments;
2Esi-0  Em-o
Oy =f ( 7+ 3

3
+ Exa-o0 + EM~O> .
Using the single bond strengths from Table 11

TABLE II Single bond strengths of the added cations
with oxygen

M in MO, Role in Single bond strength
network * Ey-o (kcal)
Na 1 20
Ca I 32
Zr I 61
Zn 1 36
Pb 1 36
Pb S 73
Al I 60
Al S 100
Si S 106
Ti S 73
B S 119

*[ = occupying an interstitial site.
S = occupying a substitutional site.
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in these equations, a figure is obtained which is a
measure of the affinity for oxygen of the ionic
groups in the glass. The higher the affinity then
the less oxygen valency electrons will be available
for bonding with the platinum surface atoms and
the less will be the degree of wetting, 8,.

TABLE III Empirical values for the affinity for oxygen
of the cationic groups in the experimental
glasses and the equilibrium contact angles
observed at 1453 K

Added Rolein  Affinity for Equilibrium
cation M glass oxygen contact angle
(degrees)

Na 1 126 10

Ca 1 158 i5

Zr I 187 37

Zn I 162 15

Pb I 162 15

Pb I+ S 150 11

Al I+ S 183 48

Ti S 114 6

B S 130 31

The data are summarized in Table II1 with the
equilibrium contact angle for each glass. For the
purposes of comparison the results from the
glasses with the higher ionic additions are used
and, for the purposes of interpretation, the

higher temperature results are taken since these
are the most likely to be equilibrium angles
despite the variation of viscosity from glass to
glass.

The empirical relationship between the degree
of wetting expressed as the measured equilibrium
contact angle 4, and the “affinity for oxygen”
figures derived from the bond strengths of
silicon, sodium and the added cations with
oxygen ions is plotted in Fig. 4. As can be seen
in the figure, the contact angle increased (wetting
is decreased) as the demand for oxygen bonding
by the cations in the glass increased — most of the
elemental additions falling on a smooth curve.
This regular behaviour supports the view that the
wetting mechanism is a competition for the
valency electrons of the non-bridging oxygen
ions. Boron and aluminium are notable excep-
tions to this behaviour; however, both these
elements, while strong glass formers, are trivalent
and it is unlikely that their occupancy of the
silicate network would lend itself to the simple
arithmetical treatment of oxygen bond strengths
used in the above analysis.

The effect on the equilibrium contact angles of
adding a third component to an alkali silicate
glass is reminiscent of the treatment used by
many workers to describe phase separation in

Equilibrium
contact
angle &
60 I
50 | Al
o
40
A
B
30 ©
20 t+
Ca_gPbit)
o/ Zn
-
T _—/N"u/b(u-s)
%
1 ] 1 1 1 . ] - 1 T
100 10 120 130 140 150 160 170 180 190 200

Attinity for oxygen from cations within the glass

Figure 4 Empirical relationship between equilibrium contact angle and the affinity for oxygen from cations

within the glass.
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glasses in which parameters such as the mis-
cibility temperatures are related to the jonic field
strength of the constituent ions [14, 15]. The
factors which govern the energy of an interface
between the separated components in a molten
glass and those at the interface between a molten
glass and a metal are similar and it is instructive
to regard a wetting system with a low contact
angle as a homogeneous solid solution, while a
non-wetting configuration maybe regarded as a
phase separated system. Indeed there are many
fruitful parallels to be drawn between the
extensive studies of phase separation and the
problems of controlling wetting at glass-metal
interfaces.

4. Conclusions

The propensity for alkali silicate glasses to wet
platinum has been regarded as originating in the
demand by the platinum atoms to form bonds
with the non-bridging oxygen ions in the molten
glass. The formation of a double layer in the
glass may account for the inflected shape of glass
beads on platinum and the formation of micro-
and macro-wetting angles. The degree of wetting
has been related to the competition for the
valency electrons of non-bridging oxygen ions
between the substrate metal and cationic and
anionic groups in the molten glass. Third
element additions influence the wetting beha-
viour by changing the balance in the competition
for oxygen ions. The influence of several cations
of different field strengths, entering different
sites in the silicate structure suggests that cations
which increase the negativity of anionic groups
in the glass will increase the degree of wetting by
making available valency electrons from the
non-bridging oxygen ions to form d-bonds with

the platinum atoms. Conversely, cations which
decrease the negativity of anionic groups
decrease the degree of wetting by more tightly
binding the oxygen valency electrons.
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