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Sticking experiments between hot viscous glass and metallic Substrates have been per formed with  a glass press a p p a r a t u s o n a 
labora tory scale, allowing  a precise de te rmina t ion of the sticking temperatures , Tg, versus selected exper imental pa r ame te r s (na tu re
of the Substrate, composi t ion of the glass). Complemen ta ry surface analyses have also been carr ied ou t to identify the surface a n d
interface reaction products following the glass/metal contact . Exper imental results have been c o m p a r e d to te rnary phase d iagrams ,
in order to test the reliability of t he rmodynamic calculations to predict the na tu re of the phases p roduced by the con tac t at h igh
temperature . The sticking p h e n o m e n o n is governed by a coupling between the rheological behaviour of the glass melt a n d the
physicochemical reactivity of the contact ing surfaces. Sticking occurs when the t empera tu re at the interface remains sufficiently
high, so that the glass viscosity remains low enough to enhance the real contac t a rea and thus , to induce physicochemical in te rac t ions
between Substrate and glass. Sticking is a t t r ibuted to the presence of an interfacial oxide layer which strongly adheres o n t o the glass.
Chemical analysis of the sticking surfaces identifies  a physicochemical driving force con t r ibu t ing to the sticking p h e n o m e n o n . T h e
predominan t reaction consists in the reduct ion of the sodium oxide of the glass at the expense of the oxidat ion of the metal l ic
elements of the Substrate dur ing pressing, in agreement with thermochemical calculat ions presented by the te rnary phase d iagrams .
The s trong chemical reactivity of the s o d a - l i m e - s i l i c a glass is thus a t t r ibuted in par t i cu la r to the highly reactive s o d i u m oxide
const i tuent .

Untersuchungen der Klebetemperatur an der Kontaktfläche Glas/Metall  Bestimmung der Einflußparameter

Versuche zum Kleben von heißem viskosem Glas an Metal lsubstraten wurden un te r Verwendung einer Glasp reße in r i ch tung im
L a b o r m a ß s t a b durchgeführt , die eine genaue Bes t immung der Klebetempera turen , T^, in Abhängigke i t von ausgewähl ten exper imen-
tellen Pa ramete rn (Art des Substrates, Glaszusammense tzung) erlaubte. Zusätzl ich w u r d e n Oberf lächenanalysen zur Ident i f iz ierung
der Ober- und Grenzf lächen-Reakt ionsprodukte vorgenommen, die als Folge des G la s /Me ta l l kon t ak t e s ents tehen. Die Versuchs-
irgebnisse wurden mit ternären Phasend iagrammen verglichen, u m die Zuverlässigkeit t he rmodynamische r Berechnungen zu über -
Drüfen u n d die Ar t der Phasen vorherzusagen, die durch den Kon tak t bei h o h e n Tempera tu ren gebildet werden. D a s P h ä n o m e n
ies Klebens wird best immt durch eine Über lagerung des rheologischen Verhal tens der Glasschmelze mit dem phys ikochemischen
i leakt ionsvermögen der einander berührenden Oberf lächen. D a s Kleben tr i t t auf, wenn die Tempera tu r an der Grenzf läche so h o c h
st, d a ß die Glasviskosität niedrig genug ist, u m den tatsächlichen Kontak tbere ich zu vergrößern u n d d a d u r c h die phys ikochemischen
Ä^echselwirkungen zwischen Substrat und Glas hervorzurufen. Kleben wird zurückgeführ t auf das Vorhandense in einer oxidischen
Grenzschicht, die fest am Glas haftet. Eine chemische Analyse der zusammenk lebenden Oberf lächen weist auf phys ikochemische
Cräfte hin, die zum P h ä n o m e n des Klebens beitragen. Die vorherrschende Reak t ion bes teht in der R e d u k t i o n von N a t r i u m o x i d des
j l a ses auf Kosten der Oxidat ion metallischer Elemente des Substrates während des Pressens, wie the rmochemische Berechnungen
in H a n d der ternären Phasend iagramme gezeigt haben. D a s ausgeprägte Reak t ionsve rmögen von K a l k - N a t r o n s i l i c a t g l a s wird
ieshalb vor allem mit dem reaktionsfreudigen Bestandteil Nat r iumoxid in Verb indung gebracht .

}. Introduction
rhe contact behaviour of hot viscous glass towards tool

naterials is a critical factor in the product ion of glass

•ontainers. The industrial processing is demanding in

erms of increase of product ion rates, lifetime of the

noulds and quality of the products. The forming process

las to ensure smooth glass surfaces and prevent micro-

lefects which impair the mechanical properties of the

brmed articles. During the process, Containers are

brmed from hot viscous glass whose temperature
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decreases from abou t 1100 to 600 °C in a few seconds,

depending on the weight of the final article. Gonse-

quently, the m o u l d is subjected to extremely high ther-

mal, corrosive a n d abrasive wear of its surface. Since

worn mould surfaces dramatical ly affect the qual i ty of

the glass p roduc t , the mou ld has to be systematically

repolished dur ing its lifetime and finally to be replaced.

Moreover, a periodic lubricat ion of each m o u l d has to

be performed dur ing the forming process, in o rder to

reduce the dynamic friction dur ing the loading step of

the glass melt in to the mould , to minimize the cor ros ion

of the mou ld surface dur ing its lifetime and to prevent
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Figure 1. Schemat ic view of the glass press apparatus .

sticking and adhesion of the glass during the forming
Step. Indeed,  a sticking p h e n o m e n o n occurs between the
hot viscous glass and the metallic Substrate at a precise
temperature named st icking tempera ture" , T^. 

As  a mat te r of fact, the glass container industry is
looking for mou ld materials exhibiting  a relatively inert
contact behaviour, with low friction and long lifetime.
However, testing new materials in product ion is expen-
sive, t ime-consuming and does no t ensure that the
parameters responsible for an improvement of the
g lass /mould behaviour are clearly identified. Rather
than the multiplication of tested mou ld materials which
do not have the potent ia l to match design requirements,
a powerful experimental app roach consists in the devel-
opment of s tandardized and reproducible laboratory
tests allowing to qualify and quantify the effect of a 
given set of experimental pa ramete rs on the g lass /mould
behaviour. Such  a procedure does not act as a Subst i tute
for industrial tests, but as a s trong guideline for further
industrial developments . Previous studies report labora-
tory tests dealing with the Wet t ing behaviour of molten

glass on mould materials, without any unambiguous cor
relation between surface energy values and adherence [1
and 2]. Other authors have developed experiments to
identify bulk material composit ions and glass surface
treatments leading to a noticeable increase of the stick-
ing temperature, Τ; [3]. Trier has studied the contact be-
tween hot glass and wet porous materials [4]. The effect
of various glass composi t ions and metallic alloy mate-
rials on interfacial reactions and adherence has been
studied on the basis of experiments carried out at low
part ial pressures of oxygen, thus leading to a rather com-
plete description of the glass /metal reactivity [5 and 6].
Nevertheless, the experimental condit ions remain very
different from those characteristic of the industrial pro
duct ion of glass Containers. Many studies have been fo-
cused on the role of the thermal transfer on the sticking
phenomenon , with highlighting the influence of the
glass temperature [7] and viscosity [8] , the nature [9] and
the temperature of the materials [10 and 11], together
with the contact pressure [10] and pressing time [12].
M o r e recently,  a more systematic investigation of the
glass /mould sticking has been performed with various
types of mould materials, coatings, surface roughnesses
and contact temperatures with  a s o d a - l i m e - s i l i c a glass
[13]. These authors clearly show that the sticking of glass
melts on to solid surfaces is primarily governed by the
rheological behaviour of the glass at high temperature,
whereas the nature of the mould does not play  a pre-
dominan t role, except in the case of specific coatings
containing boron nitride, which exhibit  a shift towards
higher sticking temperatures. Fur ther investigations on
mould materials leading to improvements in wear and
oxidation resistance with high thermal stability are sug-
gested.

On the basis of such considerations, the authors have
carried out sticking experiments between hot viscou;
glass and metallic Substrates to identify the effect of ί
given set of parameters (nature of the Substrate, glas;
composi t ion) on the sticking temperature. Experiment
have been performed with  a glass press on a l abora to r
scale, allowing  a precise determinat ion of the stickin]
temperatures, T^. Complementary surface analyses havi
also been carried out to identify the surface and in
terface reaction products following the glass /metal con
tact. Experimental results have been compared to ter
nary phase diagrams, in order to test the reliability ο
thermodynamic calculations to predict the nature of thi
phases produced by the contact at high temperature.

2. Exper imental

2.1 Glass press apparatus
Figure  1 presents  a schematic view of the glass pres
appara tus consti tuted by two main parts. The upper on
is a glass furnace allowing to produce continuously smal
glass drops at 1150°C, with  a typical mass of 5 g, thank
to  a cutt ing mechanism. The lower par t consists in t b
press allowing to squeeze statically the glass drop be
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tween two interchangeable flat Substrates whose tem-
perature can be monitored between 20 and 900 °C. The
temperature of the flat Substrates is measured using a 
t he rmocoup le located inside the Substrate,  1 m m below
the surface in contact with the glass drop. Each flat Sub-
strate is equipped with  a force transducer allowing the
measurement of the strength due to the contact between
the glass drop and the two Substrates. The experimental
procedure consists in recording continuously the values
of the force versus the number of pressing cycles (one
cycle corresponds to the contact between one glass drop
with the Substrates). Thus, the determination of a stick-
ing temperature is achieved on the basis of the following
procedure as depicted in f i gure 2. The temperature of
the Substrates is progressive^ increased during the suc-
cession of pressings. Α positive pressing force is detected
for each cycle during the pressing step, and is cancelled
at the end of the cycle when no sticking is observed. Α
sudden negative force, at the time of the opening step,
associated with  a noticeable increase of the Substrate
temperature, corresponds to the sticking phenomenon.
This procedure allows  a rough determination of the
sticking temperatures. Indeed, sticking is observed after
many pressing cycles during which the Substrate tem-
perature is progressively increased. The exact value of 7;
may be affected by the progressive wear and corrosion
of the Substrates during the pressing cycles preceding the
Dicking phenomenon. Thus,  a more precise determi-
lat ion of is achieved by performing  a second set of
:)ressing cycles, with new virgin Substrates of the same
naterial heated with the same temperature slope, but
-tarting at a temperature just below the rough value de-
ermined by the f i rs t set. The second set of experiments
s systematically reproduced three times to test the repro-
iucibility of the sticking temperature measurement. Re-
ults are depicted with the sticking temperature and
tandard deviation values for each experiment.

2 Nature of the tested mould materials and
ilasses

ince it is often claimed that ideal mould material
lou ld be resistant to oxidation, two different model
abstrates have been tested: pure iron (Armee) and a 
tanium-aluminium alloy, called TA6V. Their compo-
tions are reported in table 1. These materials are
haracterized by a significant difference in the thermo-
ynamical stability of their oxides. In the temperature
mge 20 to 1000°C, titanium(aluminium) oxides are the
lost stable and their formation leads to the passivation
f the surface, preventing the bulk oxidation of the alloy.
on oxides are less stable (as depicted in table  2 giving
le Gibbs energy of formation of the different oxides at
3, 700 and 1000°C) and do not protect the bulk mate-
al from oxidation. In order to compare the sticking
imperatures connected to these model Substrates with
le values related to a mould material commonly used
y glass Container manufacturers,  a ductile cast iron
abstrate with spheroid graphite inclusions has also

temperaturetemperature
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Figure 2. Typical experimental evolut ion of the s t rength of the
flat Substrate versus time. Α positive force du r ing one cycle cor-
responds to a pressing cycle wi thou t st icking. Α negative force
cor responds to the sticking p h e n o m e n o n , associated wi th a 
t empera ture increase of the flat Substrate due to t h e r m a l t r a n s -
fer from the ho t glass to the Substrate.

been tested. Its c o m p o s i t i o n is described in table 1. All
the Substrates have been polished with  a roughness
coefficient Ra. < 0.2 pm. These threee kinds o f Substrates
have undergone pressing experiments with  a conven-
tional mol ten glass (glass no. 1), whose compos i t ion a n d
characterist ic temperatures are given in table 3. T h e two
model Substrates have also undergone pressing experi-
ments with  a soda-enriched glass (glass no. 2), wi th an
increase of 2 w t% of the Na20 const i tuent , as c o m p a r e d
to the glass composi t ion no. 1. The higher soda con ten t
leads to a noticeable change in the characteris t ic tem
peratures, as depicted in table 3.

2.3 Analysis of contacting surfaces and
Interfaces
Parallel to the sticking experiments, the surfaces of the
contact ing materials have been investigated by com-
plementary surface analysis tools: optical microscopy
(OPT), scanning electron microscopy equipped wi th
energy dispersive X-ray spectroscopy ( S E M / E D X ) a n d
X-ray photoelec t ron spectroscopy (XPS, performed wi th
the MgKo^ X-ray) for the de te rmina t ion of the ext reme
surface composi t ion . X P S results depicted in the present
paper have been obta ined after sput ter ing of the extreme
surface con tamina t ion layers. It should be men t ioned
that for Γ > T;, the pressed glass d rop is sticking on the
Substrates. However, after cooling to r o o m tempera tu re
at the end of the experiments, either the glass remains
sticking or it can be easily separated from the Substrate,
probably due to the rmal cont rac t ion differences between
the two contac t ing materials. These two possibilities are
of great interest from an analytical po in t of view: the
glass /meta l Substrate allows  a cross-sectional view of the
interface, whereas the surfaces of the separated ma te r i a l s
can be independent ly analyzed by the ment ioned tech-
niques.
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Table 1. C o m p o s i t i o n (in w t % if
sticking exper iments

n o o the r part icular indication inset) of the mode l metallic and cast iron Substrates used for

C M n Si S Ρ Cr Ni M o V Ti C u Fe AI

Ta6V alloy

iron ( A r m c o )

cast i ron

O.Ol

3.58

0.1

0.019

- - - - - - 4 

80 p p m O.Ol - - - -

2.818 0.004 0.022 0.041 0.051 0.005 0.173

90

0.03

0.014 0.017

6

99.85  -

93.256

Table 2. G ibbs energy of format ion (in k J / 0 . 5 m o l O2) of iron,
t i t an ium a n d a lumin ium oxides at 20, 700 and 1000°C in am
bient a ir

Gibbs energy at

20 C 700 C 1000°C

F e O - 2 4 1 1 9 9 - 1 8 0
Fe304 - 2 7 5 - 1 9 0 - 1 5 3
Fe203 - 2 0 7 - 1 1 2 7 0

TiOs - 4 2 9 - 3 7 0 - 3 4 4

A I 2 O 3 - 5 0 9 - 4 4 8 - 4 2 1

3. Results
3.1 Sticking behaviour of the model Substrates
with the conventional glass no. 1 

Table  4 includes the sticking temperatures, T^, and the
Standard deviation values related to the two model Sub-
strates pressed with the conventional glass no. 1. The
sticking p h e n o m e n o n is observed at 728 °C with the
TA6V alloy and 772 °C with the iron Substrate. Optical

cross-sectional views of the glass /model Substrate Inter-
faces depicted in figures 3a and b show that the interface
is particularly plane and regulär in the case of TA6V
and more irregulär in the case of iron. Indeed, surface
roughness measurement indicates no modification of the
R coefficient in the case of the TA6V Substrate (R < 0.2)
and  a slight increase of the  R coefficient in the case of
the iron Substrate {R  0.3). XPS investigations (figures
4a and b) performed on both Substrate surfaces after
sticking do not exhibit any trace of silicium nor calcium,
but traces of sodium are detected ( N a K L L binding
energy  260 eV). XPS analysis of the corresponding
glass surfaces (spectra not reproduced here) shows in
each case the presence of the constitutive elements of the
Substrate materials (iron, titanium and aluminium) in an
oxidized State. This indicates that the glass surface is
partially covered by a thin oxide layer probably respon-
sible for the sticking phenomenon. The major con
stituents of the glass (silicon, calcium and sodium) are
also detected in an oxidized State. F rom the intensity ol
the Silicon and sodium signals and sensitivity factors
of both elements, the sodium/sihcon atomic ratios
related to the glass surfaces sticking on the T A 6 \
( N a / S i  0.06) and iron ( N a / S i  0.11) Substrates, an
compared in table 5 to the atomic ratio of a stretchec

Table 3. C o m p o s i t i o n (in wt%) and characteris t ic temperatures (in C) of the two kinds of s o d a - l i m e - s i l i c a glasses used for ih 
st icking exper iments

glass composi t ion in w t % refining parison Littleton transformation

Si02 Na20 C a O A I 2 O 3 M g O minor
consti tuents

temperature
in °C
a t ^ - l O ^ P a s

temperature temperature temperature
i n ° C i n ° C i n ° C
at 10^ Pa s a t 10^^ Pa s Siiη= 10^2.4

1 72.1 13.1 10.9 1.5 1.2 1.2
2 71.7 15.0 8.8 1.3 2.8 0.4

1443
1437

1192 735 552
1175 718 536

Table 4. Exper imenta l st icking t empera tu res and Standard deviations related to the different Substrates and two kinds of glasses

glass no. 1 glass no. 2 

sticking tempera ture Standard deviation
in °C in Κ

sticking temperature Standard deviatior
in °C in Κ

T A 6 V alloy 728 3 
i ron 772 2 
cast i ron 801 6 

695 4 
750 3 
not measured

140 Glastech. Ber. Glass Sei. Technol. 7 0 (1997) No. • 
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S U B S T R A T E

b) 1 0 0 μ m

Figures 3a and b. Optical direct-light micrographs of the glass
no.  1 / iron (figure a) and glass no.  1 / T A 6 V (figure b) Interfaces.
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Figures 4a and b. X P S spectra of the metal l ic Substrates after
sticking of glass no . 1 with iron Substrate (figure a) a n d T A 6 V
Substrate (figure b) .

glass sample (Na/Si  0 .31) deduced from X P S analysis,
and to the atomic ratio calculated from the bulk com-
position of the glass (Na/Si  0 .35 ) , the two last ratios
being in the same ränge. X P S experiments performed
both on the glass and metalhc Substrates after pressing
^^ithout any sticking (by stopping the temperature in
crease at Γ < Ts during the experiments) do not detect
iny trace of the glass constituents on the metallic sub-
itrate and vice versa. This indicates that the chemical
>urface modifications observed at Τ = can be at
ributed to the sticking phenomenon. In particular,
.vhatever the nature of the Substrate material, there ob
/iously is a noticeable decrease of the sodium concen-
:ration on the glass surface after sticking, the sodium
Deing transferred onto the Substrate surface, as depicted
η figures 4a and b.

3.2 Effect of the glass composition on the
3 t i c k i ng temperature of the model Substrates

Fable 4 includes the sticking temperatures of the two
nodel S U B S T R A T E S P R E S S E D onto the soda-enriched glass
1 0 . 2. Results are 695 and 7 5 0 °C , respectively, for the
Γ Α 6 ν and iron Substrates. Thus, a systematic decrease
η 7s of 33 ( T A 6 V ) and 22 Κ (iron) is observed as com
pared to the conventional glass no. 1.

Table 5. A t o m i c N a / S i ra t ios deduced from X P S , related to the
virgin glass no . 1, the sticking glass no. 1 on TA6V Substrate
and the sticking glass no. 1 on the iron Substrate. X P S has been
performed in each case after sput ter ing of the superficial
con tamina t ion layers. T h e N a / S i a tomic rat io deduced from the
bulk compos i t ion of the glass is 0.35.

a tomic rat io N a / S i

virgin glass 0.31
glass sticking on TA6V 0.06
glass st icking on iron 0.11
glass st icking on cast iron 0.07

3.3 Sticking behaviour of the cast iron Substrate
with the conventional glass no. 1 

The cast iron material exhibits the highest value of the
sticking tempera ture ( 8 0 1 ° C ) , in comparison to the
model Substrates (see table 4). The glass/cast iron
interface is observed by S E M in cross-sectional view
(figure 5a). Α porous interfacial layer, approximately
1 pm thick, separates the glass and the cast iron, some
graphite spheroids being embedded in it. After Separa-
tion of the glass from the cast iron Substrate, a hetero-
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(c)

t 0.1 mm

Figures 5a to c. S E M / E D X investigations of the glass
no. 1/cast iron system, a) cross-sectional view (SEM micro-
graph) , b) surface view ( S E M micrograph) , c) surface iron
dis t r ibut ion ( E D X analysis).

geneous transfer layer is observed on the glass surface
(figure 5b). A n E D X m a p identifies the iron surface
distr ibution in figure 5c, corresponding to the S E M
image depicted in figure 5b. A n X P S investigation of the
glass surface has been performed after sputtering of the
extreme surface con tamina t ion layers. In agreement with
the E D X analysis, iron in an oxidized State is detected.
As in the case of the two model Substrates, the N a / S i
ratio (0.07) related to the sticking glass surface is lower
than the value related to the bulk composit ion, indicat-
ing  a noticeable sodium loss on the glass surface, fol-
lowing the sticking p h e n o m e n o n (table 5).

4. Discussion
The following will emphasize the condit ions which have
to be checked to observe the sticking phenomenon . Dur -

ing pressing, the kinetics of the heat transfer from the
glass to the Substrate depends in particular on the real
contact area and the thermal conductivity of the Sub-
strate. For a given Substrate with  a known thermal con-
ductivity and surface roughness, the contact area is
maximal if the viscosity of the glass is low enough. In
this case, physicochemical reactions between the glass
and the Substrate may occur, thus being responsible for
the sticking phenomenon observed at T^. 

Dur ing the pressing process, the glass temperature
decreases from 1150 to about 700 C within a few
seconds. Taking into account the characteristic tempera-
tures of the conventional glass no. 1 and the values of
the experimental sticking temperatures, the sticking
phenomenon occurs with  a difference of 40 Κ between
the TA6V and the iron Substrates, thus, corresponding
to  a sticking viscosity ränge Ig^ 6.0 to 6.8 (η in Pa s).
In the case of the soda-enriched glass no. 2, the sticking
temperature difference (55 K) and the corresponding
sticking viscosity ränge (\gη  5.9 to 6.7) are quite
similar. Indeed, the sticking temperatures 772 C (glass
no. 1) and 750 C (glass no. 2) related to the pure iron
Substrate correspond to sticking viscosities of lg//  6.0
(glass no. 1) and \ g η  5.9 (glass no. 2). Since the vis-
cosity of the soda-enriched glass is smaller than the vis-
cosity of the conventional glass at a given tempera-
ture,  a systematic decrease of the sticking temperature
occurs with glass no. 2, thus leading to the sticking
phenomenon in the same viscosity ränge for the two
glasses. Gonsequently, the present sets of experiments
clearly indicate that the sticking temperature ränge of
glass/metal contacts (with comparable surface rough-
nesses) is predominant ly controlled by the viscosity oi
the glass melt at the glass/Substrate interface, as alread>
mentioned by other authors [3 and 12]. The viscosity al
the interface is determined by the temperatures of the
mould and the glass. If the glass viscosity is sufficientl}
low, the real area of contact is maximal, thus allowing
physicochemical interactions to be effective to induce th(
sticking phenomenon .

From these results, it becomes interesting to high-
hght the systematic differences of sticking temperature:
observed between the TA6V and the iron Substrates
whatever the nature of the glass is. Indeed, such dif
ferences are significant, taking into account the standarc
deviation values (less than 5 K) of the measurements. Ai
explained above, as long as the viscosity is low enougl
to ensure  a close contact between the glass and the sub
strate, physicochemical reactions occur at the interfaa
and are responsible for the sticking phenomenon. Th'.
nature of these physicochemical reactions may b(
elucidated by coupling the chemical analyes depicted ii
sections 3.1 to 3.3 with thermodynamic calculations
Whatever the Substrate, the interface is consti tuted by ai
oxidized layer resulting from the oxidation of the metal
lic Substrate due to the combinat ion of high temperatun
and oxidizing conditions. This oxidized layer strongh
adheres to the glass after sticking. The X P S results an
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of interest showing that the sticking glass surfaces have
a low sodium content, compared to the bulk compo-
sition, and the Substrates have some traces of sodium
without any silicon nor calcium. This suggests  a high
reactivity of the sodium oxide which may be the origin
of some interfacial chemical reactions responsible for the
affmity of the contacting surfaces during pressing. The
reactivity of sodium has been already pointed out by
Winther and Schaeffer [14], who observed an increase in
sticking temperature achieved by a gas-induced dealkali-
zation of a soda-l ime-si l ica glass. The glass reactivity
due to sodium oxide can be discussed on the basis of
thermochemical calculations allowing to quantify the
relative stability of oxide Compounds. For Systems con
taining three or more elements, thermochemical cal-
culations based on the simple enthalpy rule are not suf-
ficient to determine the most probable reactions, since a 
great number of reactions are in competi t ion. One way
to completely describe  a system containing more than
two elements is to use isothermal sections of ternary
phase diagrams. This approach has been performed to
predict interfacial reacdons in ion Implantat ion [15] and
ion mixing [16] of metals in ceramics and for tribo-
chemical reactions during friction [17 and 18]. Reactions
with Μ (  titanium or iron) and Na20 are presented in
the two ternary diagrams ( M - N a - 0 ) shown in figures
6a and b. The ternary diagram ( A l - N a - 0 ) is not
presented since aluminium has a similar thermochemical
affmity as titanium, this last dement being the major
constituent of the TA6V alloy. The diagrams were com-
puted using Gibbs free energy data valid at 700 °C. How-
ever, the validity of the diagrams has been checked up to
1100°C, so that they can be used for the thermochemical
iescription in the whole temperature ränge related to the
)resent experiments. In these diagrams, the tie lines were
)btained by writing balanced equat ions for the reactants
md products and determining the side that has the lower
ree energy. Galculations have been performed using the
iata published in [19]. The stable products can be seen
t the vertices of each of the triangles through which the
eaction line passes. The dashed line indicates the nature
Τ the two reactants (metal and Na20). It can be seen,
3r example, that both iron and titanium react with
^a20 to form respectively the iron oxide Fe203 and the
Itanium oxide Ti02, and metallic sodium. In contrast,
uch calculations performed with the same metalhc spe-
ies and S i02 (not reproduced here) indicate  a similar
lermochemical stabihty of the oxides. Thus, from a 
le rmodynamic point of view, sodium oxide is the less
table glass constituent oxide. Moreover, it is less stable
l an the iron, titanium and aluminium oxides at tem-
eratures below 1100°C. The reactivity between the me
illic base and soda of the glass during the sticking
henomenon at high temperature seems to be confirmed
y the X P S results shown in figures 3a and b and table
. F r o m this consideration, the small but reproducible
ifference of sticking temperaures observed between the
A 6 V alloy and the iron Substrate whatever the nature
f the glass, may be explained in terms of thermo-
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Figures 6a and b. Ternary phase d iagrams calculated for the
Systems T i - N a - O (figure a) and F e - N a - Ο (figure b) at
700 C. T h e d iagrams are valid for t empera tures u p to 1100°C.

dynamic driving force as follows. The ternary d iagrams
in figures 6a and b indicate that iron and t i t an ium react
with Na20 according to the react ions:

Ti + 2 N a 2 0 - ^ T i 0 2 + 4Na, AG  - 9 1 kJ /mol Na20;

2Fe + 3 N a 2 0 ^ F e 2 0 3 + 6Na, AG 5 7 kJ /mol Na20.

Taking in to account the value of the Gibbs free energy
of the two reactions, t i t an ium is more reactive wi th
sodium oxide than iron. This seems to be consistent with
the lower values of the sticking temperatures observed
with the TA6V alloy, as compared to the iron Substrate.
Moreover, the N a / S i rat io (table 5) related to the glass
surface sticking on the TA6V is smaller t han the rat io
related to the iron Substrate, indicating that the surface
of the glass has been more impoverished in sod ium in
the case of a contac t with the t i tan ium alloy t h a n with
iron. Even if X P S quant i ta t ive results may be caut iously
used, exper imental results appear to be in good agree-
ment with thermochemica l data , which can be con-
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sidered as a guideline to identify the physicochemical in-
teract ions in g lass /meta l contac ts at high temperature.
In part icular, the use of low oxidizable metallic Sub
strates for mou ld materials does no t always prevent
sticking dur ing the forming process: indeed, such ma-
terials are resistant to oxidat ion t h a n k s to a passivation
layer inhibit ing the diffusion of oxygen into the bulk,
but this so-called protective layer may be continuously
removed in severe wear condi t ions at high temperature.
Thus, it is cont inuously restored, due to a high thermo-
chemical reactivity, as in the case of the alloy con
sti tuents t i t an ium or a luminium, since the correspond-
ing oxides are thermodynamical ly very stable.

As ment ioned in sections 3.1 to 3.3, the cast iron
Substrate exhibits the highest value of sticking tempera-
ture. Such  a result may be explained taking into account
the presence of graphite spheroids being oxidized into
gaseous CO2 dur ing the high- temperature contact with
the glass melt. This interfacial p r o d u c d o n of gaseous
Compounds may be responsible for a reduction of the
close contac t between the glass and the cast iron surface,
thus, leading to a higher sticking temperature. It is inter-
esting to note that cast iron, one of the most extensively
used mou ld Substrate for glass conta iner forming, has
a favourable set of advantages, in terms of low cost,
suitable thermal conductivi ty and , as it was observed in
the present experiments, relative high sticking tempera-
ture.

5. Conclusion
O n the basis of experiments performed by using  a lab-
ora tory glass press appara tus , the effect of the nature of
various Substrate materials and glass composit ions on
the sticking tempera ture of g lass /meta l contacts at high
tempera ture has been elucidated. The sticking phenom-
enon is governed by a coupl ing between the rheological
behaviour of the glass melt, and the physicochemical re-
activity of the contac t ing surfaces. Sticking occurs when
the temperature at the interface remains sufficiently
high, so that the glass viscosity remains low enough to
enhance the real contac t area. This induces physico-
chemical interact ions between the Substrate and the
glass. The sticking p h e n o m e n o n is attr ibuted to the
presence of an interfacial oxide layer which strongly ad-
heres on to the glass. Chemical analysis of the sticking
surfaces identifies  a physicochemical driving force which
may contribute to the sticking phenomenon , as soon as
the close contact is achieved between the Substrate and
the glass. The p redominan t react ion consists in the re
duction of the sod ium oxide of the glass at the expense
of oxidation of the metallic elements of the Substrate
during pressing. Obviously, metall ic sodium is instan-
taneously re-oxidized with oxygen from the ambient en-
vironment , which is consistent with XPS results iden-
tifying sodium oxide on the Substrate surfaces. These ex-
per imental observat ions are in agreement with the rmo-
chemical calculations performed using ternary diagrams.

indicating the relative low thermodynamical stability of
Na20 as compared to most of other oxides at high
temperature . F rom these considerations, the research on
materials with high sticking temperatures may be
oriented to identify mould surface composi t ions
preventing chemical reactions with soda, or to modify
the glass composi t ion in order to lower the chemical
reactivity of the glass due to Na20. Such condi t ions are
achieved with the extensively used cast iron material,
characterized by a relative high sticking temperature. It
is probably due to the formation of a thin gaseous layer
produced from the oxidation of the graphite spheroids,
thus inhibiting the close glass/metal contact . Moreover,
it was shown that the use of ternary phase diagrams
proposes  a powerful method for describing and perhaps
predicting the reactivity and the phase formation related
to glass/Substrate contacts at high temperature.
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