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Abstract

Wetting and sticking of soda-lime glass on two types of stainless steel as well as on platinum and vitreous carbon substrates are studied
in a neutral gas atmosphere between 860 and 120Wetting is measured by the “transferred drop” version of the sessile drop technique,
enabling fully isothermal spreading kinetics to be monitored. Sticking is investigated by measuring the temperature of glass drop detachment
from the substrate during cooling below the vitreous transition temperature. Characterization of substrate and glass surfaces after separation
is carried out using surface profilometry, atomic-force microscopy (AFM) and scanning electron microscopy (SEM) with energy-dispersive
X-ray (EDX) spectroscopy. The character of molten glass wetting on metal (reactive or non-reactive) and the type of interactions ensuring
ultimate wetting and adhesion (physical or chemical) are identified and discussed. The factors controlling glass spreading kinetics and those
governing glass/steel sticking are also evidenced.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction This study is a contribution to the subject based on sessile
drop wetting and sticking experiments. The results are sup-
A major problem in glass container production is sticking plemented by chemical and morphological characterization
of the glass on metallic molds. As a consequence, in glassof mold and glass surfaces in contact. The glass of this in-
molding by pressing or centrifugatidi], the selection of  vestigation is soda-lime glass, which is the most widely used
process parameters such as mold temperature or cooling ratén production. The substrates simulating mold materials are
is strongly influenced by the requirement of non-sticking. In two common stainless steels. Some additional experiments
the open literature there is no satisfactory theory explaining are also performed with platinum and vitreous carbon sub-
the mechanism of glass sticking in such processes. Althoughstrates. Platinum is used as a noble metal reference, while
several studies of mold material wetting by molten glass vitreous carbon enables the simulation of mold lubrication,
have been published, (see for instaf2@]), to the best of  which is often practiced in glass container production. Ex-
our knowledge no theory exists relating sticking with wet- periments are carried out in a pure helium atmosphere.
ting and glass-mold interfacial interaction. It is not possible  The wetting experiments are performed by the “trans-
to formulate such a theory at present because a divergencderred drop” version of the sessile drop technique, enabling
of experimental results exists concerning the effect on stick- fully isothermal spreading kinetics to be monitored. Stick-
ing of material parameters such as the mold surface chem-ing is investigated by measuring, during cooling below the
istry and roughnesfgl-7]. One main reason explaining this vitreous transition temperaturd), the temperatureTg)
divergence is the lack of standard experimental techniquesat which the “solidified” glass drop spontaneously detaches
to quantify sticking. from the substrate. The chemistry of substrate and glass
surfaces after separation is determined using scanning elec-
tron microscopy (SEM) with energy-dispersive X-ray (EDX)
* Corresponding author. Tekt 33-476-82-65-04; spectroscopy. The topography of th_ese surfaces is deter-
fax: +33-476-82-67-67. mined by two complementary techniques, namely surface
E-mail address: nikos@ltpcm.inpg.fr (N. Eustathopoulos). profilometry and atomic-force microscopy (AFM), so that
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features at different scales from 1 nm to seveyal can be carried out using the “transferred drop” variant of the ses-
detected. The study parameters are the temperature betweesile drop technique. In this method the glass is melted on an
860 and 1200C as well as the surface chemistry of the steel, inert auxiliary substrate, heated to the wetting temperature
oxidized and unoxidized. The experiments were carried out and then transferred by capillary contact to the substrate to
with smooth substrate surfaces (average roughness of a fewbe wetted. Another advantage of this technique, as will be
nm). For comparison purposes, experiments were also per-seen below, is that the molten glass on the auxiliary substrate
formed on rough substrate surfaces (of average roughnesgan be refined before transfer.
around Jum). The experiments were performed in a metallic furnace.
The atmosphere was of helium purified through a Zr-Al
alloy of high specific area to maintain the oxygen partial
2. Experimental procedure pressure below 1 Pa. The furnace consisted essentially
of a molybdenum resistance fitted with windows enabling
The glass used in this investigation is common soda-lime direct illumination of the sessile drop on the substrate. The
glass. Its composition is N® 13.4, CaO 10.9, MgO 1.4, spreading process was filmed by a video camera connected
Al,0O3 1.6 and Si@ balance in wt.%. For the wetting and to a computer on which the images were stored. After the
sticking experiments the glass mass was set at around 10Gxperiment, the contact angteand the drop base radius
+ 3mg to minimize gravity effects on drop shape and to R were measured directly from the recorded images. The
favor refinement of the glass, as described below. angle measurement was based on the tangent method using
Among the different mold materials used in glass con- suitable software. The accuracy was3® for 6 and 2% for
tainer production, two widespread stainless steels were seR.
lected, commercially designated as RNOS and X25V. The The glass sample was taken from a large piece of glass,
average value of their Young’'s modulus) @nd thermal ex-  taking care to avoid large defects (cracks or gas inclusions)
pansion coefficienta) in the range from 20 to 50 are inside the sample. The sample was ultrasonically cleaned
given in Table 1together with their chemical composition. with acetone, then introduced inside the furnace onto a flat
The steel substrates were 20 mm in diameter and 3 mm invitreous carbon substrate. The latter was chosen as the aux-
thickness. In addition to stainless steel, pure platinum (Pt) iliary substrate because it is not wetted by glass and reacts
and vitreous carbon substrates (Cv) were used. The 99.95%negligibly with it. The study substrate was placed about
pure platinum sample was a 15 mm15 mm square witha ~ 7-8 mm above the upper glass surface. A high dynamic vac-
thickness of 1 mm. The vitreous carbon sample was a 20 mmuum was then created to obtain a pressure of around 28
x 20mm square with a thickness of 3mm, with no open and the system was heated gradually. This step aimed to
porosity and an ash content less than 50 ppm. All steel, Pt andevacuate all gas residues lying between the glass sample and
vitreous carbon substrates were polished to an average finathe carbon support. Afterwards a static pressure of purified
roughness of 2 nm. Experiments were also performed usinghelium was created and the system was heated again up to
micro-blasted X25V surfaces having an average roughness1200°C. The temperature was kept at this value as long as
of 1.3um. necessary (typically about 2 h) to refine the glass completely
In the classical sessile drop technique, a piece of glass isby removing any bubbles that had appeared during heating.
placed on the substrate surface, then heated to the wettindgsubsequently the temperature was lowered to the wetting
temperatureTy). A preliminary experiment was performed temperature Ty). When Ty, was reached, the glass drop
using this technique fof,, = 960°C. During heating the  on its carbon support was raised so as to initiate contact
glass started to change shape above about®0The wet- between its upper surface and the study substrate, gradually
ting process was nearly finished oriGg had been reached. forming a pendular bridge between the substrafég, 1
Clearly, this technique is not suited to studying the isother- As spreading of the drop over the substrate surface pro-
mal wetting kinetics of glass. Therefore experiments were gressed under the action of capillary forces, the glass bridge

Table 1

Chemical composition and mechanical characteristics of substrate materials

Material Chemical composition (wt.%) o (umm 1K1 E (GPa)
RNOS sted Cr 16.26, Ni 1.88, Mn 0.43, Si 0.27, C 0.20, Fe balance 20 (austenitic steel) 11 (martensitic steel) 200
X25V steeP Cr 25.0, Ni 20.0, Si 2.0, C 0.1, Fe balance 17 180
Platinum[8] Pt (99.9%) 9 250
Vitreous carbofi C (ash contenk50 ppm) 3 40

@ Saarsthal GmbH-Germany.

b Aubert&Duval SA-France.

¢ Carbone Lorraine SA-France.

d E of vitreous carbon was determined by normalized four-point bend testing.
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Fig. 1. The different steps of the “transferred drop” variant of the sessile drop technique: (a) non-refined glass; (b) refined glass; (c) glass pendula
bridge; (d) hanging glass drop.

abruptly became unstable. At that moment, most of the be seen later, this oxide film was thick enough to allow
pendular drop detached from the carbon support to becomea real wetting experiment to be performed on oxidized
a sessile glass drop hanging under the study substrate. Oncsteel.

the drop shape had stabilized, corresponding to the final Several techniques were employed to determine the
contact angle, the system was cooled down naturiaidy, 1. roughness and chemistry of the substrate and glass surfaces
At a system-dependent temperature called the “detachmenin contact. A Talysurf surface profilometer was used to
temperature”Tg), found to be lower than the vitreous transi- measure roughness over areas of severat ammd an atomic

tion temperatureTy ~ 560°C) by several hundred degrees, force microscope for characterizing surface evenness defects
the “solidified” glass drops were observed to detach sud- with areas of severglm?. In parallel, a scanning electron
denly from the substrate. As detailed below, the temperaturemicroscope with an energy-dispersive X-ray spectrometer
difference Ty—Tq) is used as an approximate measure to was operated to obtain data on local chemistry.

quantify the sticking of glass on the substrate. The cooling

rate aroundiy was kept constant in all experiments equal to

—10K min~1. The total glass loss throughout each experi- 3. Results

ment (glass refinement and spreading process) was less than

0.1mg. After preliminary experiments performedy > 960°C,

Most experiments were performed under conditions al- the steel surface appears to be unoxidized. This is in contrast
lowing complete deoxidization of steels; however, in glass with experimental observations obtained gy < 860°C,
container production the gas environment is air and steelwhere oxidation of the free metallic surface is evidenced
molds are therefore oxidized. For this reason, it appearedby strong coloration. It is worth pointing out that this ox-

interesting to study the influence of substrate oxidation
on Ty. A first attempt was made by oxidizing a RNOS
substrate for 3.5h at 45C in air, which led to the for-
mation of an oxide film about 100 nm thick. Unfortunately
this oxide film evaporated completely after heating in pu-
rified helium at 1034C for 30min. A second attempt

idation requires direct contact between the glass and the
metal. Indeed, an experiment carried oufTgt = 860°C,

by placing the glass drop at about 1 mm from the steel

substrate without direct contact, did not lead to any oxi-

dation of the metallic surface. To avoid the complications

due to such steel oxidation by glassTat < 860°C, most

was then made by oxidizing the same substrate for 8 h atwetting and sticking experiments were performedgt>

860°C to generate an oxide film abouj.n thick. As will

960°C.
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Fig. 2. Contact anglet() and contact area radiu&j as a function of
time for wetting of RNOS steel by glass & = 1034°C.

3.1. Wktting

The main feature of the wetting curveshig. 2, obtained
for Ty, = 1034°C, is the rapid decrease in contact angle
during the first 100, followed by much slower spreading,
leading in about 1000 s to the final contact angjlex 70°.

The effect of temperature on wetting curves is illustrated
in Fig. 3for three different values df. It may be noted that
when Ty, increases from 960 to 120C, the final angle is
nearly the same)s = 70+ 3°. If 6; varies with temperature
in this range, it does so within experimental accuracypon
i.e. by less than 3 In contrast, wherT,, is increased by
240°C, the spreading timet;) decreases by one order of
magnitude.

The effect of roughness on wetting is shownFiy. 4,
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Fig. 4. Contact angled() as a function of time for grooved and blasted
X25V steel surfaces af,y = 1034°C.

consequences that are relatively small but reproducible and
therefore significant. Firstly, roughness reduces the spread-
ing rate at short timed  50s). Secondly, roughness leads
to a decrease in the final contact anglg) by 5-10. This
second effect can be explained by Wenzel's equajigin
which, for systems witl#; < 90° predicts a decrease in the
final contact angle with increasing roughness, that is to say
with increasing real contact area.

Table 2summarizes the results concerning the final con-
tact angle of glass on different substratedgt= 1034°C
in a purified helium atmosphere. Contact angles on the three
metallic substrates are lower tharf@d differ only slightly
from one another. The wetting observed on the metallic

where wetting curves for polished and blasted surfaces cansubstrates contrasts with the non-wetting found on vitreous
be compared. It appears that the high roughness of thecarbon, the final contact angle being 1355°. It should

blasted surface (average roughness about qihghas two

be noted that the average roughness of Cv substrates af-
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Fig. 3. Contact anglef() as a function of time for wetting of RNOS steel by glass at different temperatures.
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Table 2

Final contact anglesf() and detachment temperaturéelg)( of different 1 pm
glass/substrate systems in purified helium atmospher@foe 1034°C Steel <>
Material 0r (°) Ta (°C) .

RNOS steel 70 3 170+ 20

X25V steel 65+ 3 100+ 20 .

Pt 75+ 3 <20 Oxide layer {

Cv 135+ 5 300

Glass drop

ter the experiments remains at its initial value of a few
nanometers.

3.2. Sicking Fig. 5. SEM picture in back-scattered electron mode of glass/oxidized
RNOS steel system.

As mentioned above, cooling the glass/substrate system
below the vitreous transition temperaturg (~ 560°C) are higher than th&y value of 100+ 20°C obtained with
leads in most cases to spontaneous glass separation from th@ glass drop on X25V having the final equilibrium contact
substrate at a well-defined and measurable detachment temangleds of 65 &+ 2°. The Ty value is thus indeed sensitive
perature Tq). This separation is driven by relief of stresses to the drop geometry.
generated by the difference in thermal expansion coefficients An oxide film, 1-2nm thick, naturally covers stainless
between the glass and the substrate. steel surfaces in air at room temperature. During heating
Five experiments were carried out under similar con- to the wetting temperature in the neutral atmosphere used
ditions with the RNOS steel substrate, using the same here, this film was wholly removed by deoxidization, so
glass mass (10& 3mg), the same glass refinement tem- that glass wetting was measured on non-oxidized steel sur-
perature (1200C) and the same wetting temperatufig, ( faces. To study the effect of surface oxidation on sticking,
= 1034°C). These experiments all led toTg value of 170 a RNOS steel surface covered by an oxide laygmilthick
+ 20°C. With T, = 1200 and 960C, T4 was 171 and (seeSection 2 was used in a separate experiment. To mini-
148°C, respectively; this is within the experimental disper- mize oxide volatilization and dissolution into the glass dur-
sion of values withT,, = 1034°C. Therefore, a change in  ing the experiment, the wetting temperature was lowered to
the wetting temperature in the range 960-120@oes not 860°C. In view of the low rate of drop spreading at this
significantly affect the detachment temperatiige temperature, the experiment was stopped before capillary
The Ty values for different glass/substrate systems keep- equilibrium could be reached, at an instantanebualue of
ing Ty, constant at 103%C are given inTable 2 The use of 105°. As with a platinum substrate, this glass drop adhered
X25V steel instead of RNOS causes a decreask ifiom to the substrate throughout the cooling cycle, down to room
170 to 100°C. With platinum, the glass drop remained stuck temperatureq < 20°C). During subsequent storage, this
at room temperature; thuky is less than 20C for Pt. Fi- sample showed spontaneous internal cracking of the glass
nally the glass/Cv system results in the highest detachmentdrop along a cone aligned with the drop axis. A continuous
temperature, nameljjy = 300°C. layer of oxide was still present along the glass/steel interface
Experiments carried out using polished (average rough- of this sample after the experimeiig. 5.
ness of 0.1&m) and blasted (average roughness ofulng
surfaces of X25V steel yielded glass detachment from the 3.3. Interface characterization
substrate at the same temperature of DO
Intuitively, the energetics of interfacial delamination and ~ The glass/steel specimens exhibited two different behav-
hence the detachment temperatliggmust depend on the iors during cooling, as mentioned above. With the oxidized
geometry of the drop/substrate system. For sufficiently wide steel, sticking down to room temperature was observed. With
flat substrates and small (spherical cap shaped) drops, thaon-oxidized steel, detachment was observed before reach-

main pertinent shape parameter is the contact ahglhich ing room temperaturerig. 6 presents the free surface of
governs in particular the geometric singularity at the triple the RNOS steel around the zone of contact with the glass.
line. To confirm that this parameter affedig, two experi- The grain boundaries are more accentuated inside the zone

ments were carried out with the glass/X25V steel system in of contact. A comparison of the roughness profiles of each
which glass spreading was interrupted by cooling the samplezone, presented iRig. 7, shows that this accentuation is due
before capillary equilibrium was attained. These two “in- to the formation of grain boundary grooves. These are deeper
terrupted spreading” drops respectively featuted 90°, R inside the zone of contact, indicating that contact with glass
= 2.6mm and) = 110°, R= 1.7 mm. For these specimens, promotes steel grain boundary grooving. This observation
Tq was found to be respectively 156 and 188 values that  is confirmed by AFM measurements of groove geometry:



Fig. 6. Optical micrograph of grooved RNOS steel surface after glass
drop detachment fof,, = 1034°C: (a) surface formerly in contact with
glass; (b) free surface.
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along the free surface the grooves are Gt18.05um deep
and 1.6+ 0.4pm wide, whereas in the zone of contact the
grooves are 0.& 0.1um deep and 6.3 0.5pum wide, re-
spectively. On the basis of AFM analysis of the glass and
steel contact surfaces, it clearly appears that the molten glass
espouses perfectly the shape of grooves ksge89. More-
over the average roughned®) of the glass and steel ar-
eas between the grooves is very close, at about 10 nm (see
Fig. 8b. For comparisonR, of a glass surface that has not
been in contact with steel is only 1-3 nm. In addition, molten
glass totally penetrates hollows a few micrometers in depth
formed by micro-ball blasting, as seen Big. 9

On a macroscopic scale, glass/steel separation occurs
along the interface. The glass was found not to contain
constituents of the steel along the surface of former con-
tact. When the interior of the metal grains was analyzed by
SEM-EDX spectrometry, no constituents of the glass were
found either; however, some glass constituents (Si, Na and
Ca) were detected in the grain boundary grooves, as seen in
Fig. 10 AFM characterization shows that the presence of

o

Fig. 7. Roughness profiles of grooved RNOS steel surfac8foe 1034°C: (a) free surface; (b) surface formerly in contact with glass.
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Fig. 8. (a) AFM profiles of grain boundary grooves on glass and RNOS steel surfaces and (b) local average rougfigesslfag4°C
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after micro-ball blasting fofl,, = 1034°C.
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glass/stainless steel systems are non-reactive from the point
of view of wetting above 960C in a neutral atmosphere.

If this conclusion is true for metallic substrates containing
alloying elements having a high affinity for oxygen such as
chromium, it is a fortiori true for a noble metal such as Pt.

Molten soda-lime glass does not wet a Cv substrate, the
measured final contact anglé;) being in the 130-140
range. With a surface energy of molten soda-lime glasg,
~0.35Jn72 ([10], p. 27)), the calculated work of adhesion,
Wa = a1y (1 + cogk), is about 0.1J M. Theseds andW,
values are typical of systems in which adhesion is ensured
by van der Waals’ interaction alongl8], p.320.

Molten soda-lime glass wets metallic substrates well.
With 6 = 70°, W, is about 0.5J m?. Both the6s andWs
values are very different from those obtained for molten
soda-lime glass on vitreous carbon. The first hypothesis is
to suppose that, even in non-reactive glass/metal systems,
adhesion may be due to chemical interactions that are en-
tirely localized at the common interface. In the case of steel
substrates, such interactions could take place between the
oxygen of the glass and the chromium of the steel, a metal-

these constituents is due to glass particles that are retainedic element that has a strong affinity with oxygen; however,

in the grooves. Therefore, even if the overall rupture is of

similar9s andW; values were obtained for molten soda-lime

the adhesive type, it seems to be partly cohesive in theglass on Pt, a metal that is not expected to develop chemical

vicinity of the grain boundary grooves.
From the above results it is concluded that no re-
action is detectable by SEM-EDX spectrometry in

interactions with an oxide in a neutral atmosphere.
In sessile drop experiments performed by Pask and
co-workers with a molten 66% S934% NaO sodium sil-

glass/non-oxidized steel systems. This conclusion is only icate glass (which is similar to soda-lime glass) on various

valid for T > 960°C, since oxidation/reduction reactions
occur between the glass and the stedl at860°C, as seen
at the beginning oSection 3 But even afl > 960°C some

metals (Cu, Ag, Au and Pt) under helium, the final contact
angles were found to be in the 60=°7fange[14]. This
agrees with the present results, showing that the wetting of

limited glass/steel interactions must exist, as testified by a metals by molten glass in neutral gas atmospheres appears
change from uncolored soda-lime glass to blue (RNOS) or not to be very sensitive to the nature of the metallic sub-

violet (X25V) glass. It should be noted that similar changes

strate. This strongly suggests that adhesion in non-reactive

in glass color are obtained by adding metallic oxides at glass/metal systems is ensured mainly by physical interac-

ppm levels [10], p. 199 and that the blue coloration can
be attributed to the formation and the dissolution of CrO
into the glasg11].

4. Discussion

4.1. Wetting

Non-reactive wetting of oxides by molten metals is ob-

tions.

Exactly the same conclusion has been drawn from analy-
ses of wetting data for non-reactive systems consisting of a
liquid metal drop, such as Cu, Ag, Au, Ni and Fe, on ionoco-
valent oxides such as 403, SiO; and MgO (13], p. 207.

In these systems, final contact angles are in the 120-130
range. Taking a surface energy of 1.7 Jnfior a Fe-rich al-
loy ([13], p.149 this leads to a work of adhesioiVg) of
0.7J3n72, which is close to the value of 0.5 Jthfound for
molten soda-lime glass on steels. These similar values of

served for couples in which mass transfer through the W, imply that the different wetting results of molten Fe-rich

interface is very limited and has a negligible effect on the
interfacial energies. Criteria for identifying a metal/oxide
system as non-reactive are discussedll?]. A strong in-

dication of non-reactive wetting is given by a very small
variation in final contact angle with temperature, typically

alloys on oxide substrates;(~ 120-130) and of molten
soda-lime glass on steelg (~ 70°) are only due to the dif-
ferentoLy values: about 1.7 and 0.35 Jffor molten steel
and molten glass, respectively.

The above considerations are only valid for glass on

—0.0° K1, The same behavior was found here for the non-oxidized metallic surfaces. An enhancement in wetting
molten soda-lime glass/RNOS steel system: the final contactcan occur if the metal surface has been oxidized, as this
angle ¢r) hardly varies with temperature within the range leads to the development of chemical bonding across the
960-1200C. This result, together with the interface char- interface. Perfect or nearly perfect wetting is then observed
acteristics, leads to the conclusion that molten soda-lime ([13], p.34]).
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For non-reactive liquid metals on ceramic or metallic sociated data for an evaluation of sticking from system to
substrates, the time needed for millimeter-sized drops to system. To this end, we adopt a crude approach, based on
reach the final contact angle is very short, on the order of simplified energetic arguments.
0.01s[15]. As Fig. 3 shows, glass spreading can continue A linear elastic bimaterial edge such as the region sur-
for minutes and even tens of minutes depending on the tem-rounding a sharp triple line is known to be a site of stress
perature. Obviously this is because the viscosity of glassessingularity (e.g{19,20]and references therein). For the ge-
(n) is several orders of magnitude higher than that of met- ometry and materials of present interest, this is confirmed by
als. For instancey of soda-lime glass is about 360 Pas at finite-element simulations conducted by one of the present
1100°C [16], whereas molten Au and Cu have a viscosity authors (M. Braccini, work in progress). Also, by analogy
of a few mPas at the same temperature. Extensive experwith the case of a thin film witl = /2, which has been
imental studies have been performed at room temperatureanalyzed extensively given its practical importance, initial
with low-temperature liquids, such as polymers or silicon propagation of a very small crack nucleated along the triple
oils. These investigations showed that, in the case of liquidsline is expected to be driven by roughly the same rate of
producing perfect wetting, the experimental values of the elastic energy releas&) as a long interfacial cradk1,22]
instantaneous contact angleplotted as a function of the  These facts taken together indicate that crack nucleation is
reduced spreading rate~= (n/opv)(dR/dr), lie on a single not expected to be limiting. We therefore attempt to differ-
curve [17]. The final contact angle for molten soda-lime enciate between samples by focusing on the energetics of
glass/steel systems between 960 and TZD@ not zero, crack propagation during drop interfacial detachment; to this
but it is nearly constant at about Z0n Fig. 11, we can end, we take a very simplified approach.
see that, here too, the experimental points lie on the same Clearly, the driving force for drop detachment is in the
6(2) curve whatever the temperature. Since the coefficient elastic energy that builds up during cooling due to thermal
of variation ofoy with temperature is very weak, typically  contraction mismatch between the substrate and the drop. A
as low as 104Jm2K~1 [17], the curve inFig. 11 sug- simple expression is proposed[283] for the stored elastic
gests that the glass spreading rate is governed by viscousnergyUe o built-up due to differential contraction in an
friction. A more detailed discussion of spreading kinetics elastic cylinder of material (A), radiusand height that is

in glass/metal systems will be presented elsewfisg bonded end-on-end to another elastic cylinder of the same
radius but made of a different material (B), after a change
4.2. Sticking AT in temperature from an initial stress-free state:
EAE% 2072 3ae P
As detailed above, there is a marked difference acrossUeA = ————(aa —ap) AT r erf(-), (1)
(EA + EB) r

material pairs investigated here in the temperaflyeat
which the solidified drop detaches spontaneously from the where subscripts A and B denote properties of materials A
substrate. It is tempting to use this observation and the as-and B respectivelyy the coefficient of thermal expansion,

180
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Fig. 11. Contact angled] as a function of the reduced spreading rate nU/oy for RNOS steel wetting by glass at different temperatures.
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Table 3

Drop sticking and detachment parameters, including detachment tempéFat(wden observed), drop geometrical characteristics, interfacial energy of adhégioand estimated stored elastic energy

U, for the different glass/substrate systems

Ue/Uad

Uad (1J)

Uep (MJ) Ue (MJ)

Ue,S (mJ)

Ta (°C)

EsEp/(Es+ Ep)®®

|Aef® (ummriK-1)

r(mm) 62 () Wa(@nm?)

Material

980
670
590

13.3

13.0

4.4
3.8
11

8.6

170
100
157

0.18
0.19
0.19

11

0.47
0.50
0.50

70
65
100

3.0
3.1

RNOS stedl
X25V steef

15.0
7.6

10.1

6.3
3.4

4.5

X25V steel interrupted wettirfg 2.2

400
(<0.6)
(>1300)

1.3

0.5 _
(<6.7 x 1073)i

(9.0)

03
(<7 x 1074

0.2 _
(<6 x 1073)

(7.3)

300

<2d
<20

0.24
0.16
0.18

0.10

135

2.0
2.9

Cv

11.6
>7.1K

<0.20

0.44
11

>0.7¢

75

Pt

165

1.8

RNOS steel oxidized

@.7)

a8 Measured final contact angle.

b ap ~ 9pmmteci,
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¢ Ep = 60GPa forT < Ty (560°C).

d Average of five samples.

€ Average of two samples.
f Not an equilibrium angle.

9 Lower
h Upper

imit equal to twice the glass surface tension.
imit equal to maximum of uncertainty oRc.

mit since there was no detachment at room temperature.

i Upper |

I Ccalculated for cooldown to 2CC.

k Lower

0.7Jn72.

imit calculated taking/V;

E Young's modulus, and etf] the error function. In the
present experiments, at the moment of drop detachmént,
= Ty —Tq whereTg ~ 560°C. We assimilate the glass drop
to a cylinder having the same circular cross-sectiof as
the drop/substrate interfacial contact area and of hdight
giving the appropriate drop volume, and the substrate to a
cylinder of equal radius and heightequal to the substrate
thickness. The total stored elastic enet$ly= Ue s + Ue D
(where subscripts S and D stand for substrate and drop, re-
spectively) at the moment of drop detachment can then be
estimated using the above expression; values are given in
Table 3 Steel substrate yield stresses (above 400 MPa at
temperatures up to 60QC) are sufficiently high that the es-
timated stored energy is changed by only 50% if substrate
yielding is taken into account using results[28]; for sim-
plicity we ignore this effect.

Table 3shows that the ratio of the estimated stored elastic
energyUe at the moment of drop detachment to the measured
interfacial energy of adhesidd,g:

Uag = JTVZWa = JTVZGLV (14 co%k) (2)

is relatively constant, varying between 400 and 9&ihle 3

(for comparison,Uyq varies by one order of magnitude).
This can be explained if we assume that (i) the driving force
for crack propagation (namely the rate of release of elastic
energyG) upon drop detachment is proportional to the stored
elastic energyUe per unit interface area and (ii) that the
critical value ofG is proportional to the work of adhesion
W,. We also note that, if most of the stored elastic energy is
consumed in crack propagation, observed ratiobgt),q
should be of the same order of magnitude as the @G\,
Observed values dil/Ugq are, indeed, of the same order
of magnitude (between £Gand 18) as measured ratios of
metal/ceramic interfacial fracture energy to interfacial work
of adhesiorj24] or of the fracture energy of cleaving metals
to their surface energj25]. We thus use this simplified
approach to interpret sample-to-sample variations in the drop
detachment temperatufg.

With non-oxidized steelsly values are within the range
100-170°C. Variations are not far from experimental error
(of 40°C); they are also too small to be reasonably accounted
for by as simple a calculation as that presented here. We
note nonetheless that the slight increase in detachment tem-
perature that is found with the interrupted (higher apparent
0) experiments on X25V steel is roughly explained as the
result of a smaller contact area for a constant drop volume.

With a Pt substrate, sticking is preserved at room temper-
ature: this is explained by the very low value &# for the
glass/Pt couplefable 3 With vitreous carbon substrates, de-
tachment is observed after a temperature excursion ofQ60
despite the very low work of adhesion: this is due to the low
elastic modulus of the substrate, causing the rate of increase
of stored elastic energy with increasigr to be far lower
than with steel substrates.

With a RNOS substrate, the detachment temperature is
lowered from 170C for non-oxidized steel to less than
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20°C for oxidized steel. This can be attributed, at least in ratez = (n/oLv)(dR/df) obtained for the same glass/metal

part, to the increase i, that accompanies the change in couple lie on a single curve. This suggests that viscous fric-

glass/metal interface nature from physical to chemical bond- tion alone governs spreading kinetics.

ing. For a work of adhesioW, of 0.7 JnT2, equal to twice Sticking is quantified by the difference in temperature

the glass surface energyy ~ 0.35Jn72 ([10], p. 272, AT between the vitreous transition temperature and the

the detachment temperature can be estimated by the preseriemperature of glass detachment from the substrate. For

calculation assuming a ratio of the stored elastic energy to non-oxidized stainless steel&T is several hundred K. An

the interfacial energy of adhesiodd/U,q) equal to 18 con- enhancement of sticking is observed with Pt and with oxi-

sistent with previous results. The predictigis then about  dized stainless steels, leading in both cases to sticking down

100°C and not 20C or below for oxidized RNOS steel. to room-temperature. A simple energy balance is used to

This explains the room-temperature sub-critical cracking of relate AT to the difference in thermal expansion coefficient

the glass that was observed in these samples, but also indibetween the substrate and the glasg), to the elastic pa-

cates that additional factors must intervene to prevent droprameters and geometry of contacting phases, as well as to

detachment during cool-down, as this could occur by frac- the work of adhesionW,) of the glass/substrate system.

ture through the glass along the interface. Such factors may

include modification of the glass near the interface by chem-

ical interaction with the oxide (see abov&ection 3.3, the Acknowledgements
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