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The loss in weight due to volatilization of the Eutal alkali-free glass was
determined over the temperature range of 1150—1450 °C in a stream of dry
and moist nitrogen (pmr,0 = 20 kPa). The volatilization rate ia strongly pro-
moted by water vapour pressure. An analysis of the results indicates that the
vapour pressure of HBO: at the meit surface is the decisive factor.

INTRODUCTION

A survey of literary data on the volatilization of borosilicate glasses was present-
ed in ref. [1] dealing with the phenomenon in connection with Simax glass (of the
Pyrex type). As can be expeeted, volatilization of type E glass (so-called alkali-
free glass for fibres) will differ as a result of the absence, or a very low content, of
alkalies (1 wt. 9,) so that vaporization in the form of alkali metaborates (NaBO;,
KBO:,) is suppressed. On the other hand, the volatilization rate can be assumed
to increase in moist atmosphere owing to the formation of HBO;. An analogy
can be expected with the behaviour of sodium tetraborate melts on the one hand
and that of boric oxide on the other, as far as the effect of water vapour above the
melt surface is concerned; in the former case, the water vapour has a very small
effect, in the latter its effect being enormous [2, 3]. As has been demonstrated,
this behaviour is in full agreement with a thermodynamic analysis of the reactions
between the glass melt and water vapour.

The analogy was essentially proved correct by volatilization of the Simax glass.
The results given in [1] were confronted with the data by other authors and found
to be in a satisfactory agreement. In contrast to this, only scarce data on the
volatilization of alkali-free glasses is available in the literature. Oldfield and
Wright [4] also included one alkali-free glass having the composition 51.9 wt. %,
SiOz, 249% R203, 132% C&O, 7.1 % B203 and 03% NazO + KzO among the
glasses they studied. The weight loss was measured by a thermobalance in a static
atmosphere involving minimum convection. The volatilization losses of this glass,
compared with the others (with the ezception of standard soda—lime—silica
glass and a borosilicate glass producing a cristobalite layer) were relatively low;
after 25 h they amounted to approx. 95 mg/cm? at 1500 °C and to approx. 35 mg/cm?
at 1300 °C. At both 1300 °C and 1400 °C, the dependence of weight loss on Vt was

.linear throughout the measurement (approx. 75 hours), at 1500 °C it was linear
for 40 hours only; however, in all the instances the straight lines did not pass
through the origin, intersecting the time ordinate at a comparatively large distance.
On the assumption of a diffusion mechanism being involved, the activation energy
calculated for the glass was 2.4 eV, i.e. 230 kJ/mol, i.e. a comparatively high value
for diffusion in melt (similar values were also obtained for the other borosilicate
glasses). No crystallization took place in the course of volatilization and only B;03
was found in the condensate.
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Further information on volatilization of type E glass melt was obtained from
[5] where the volatilization loss of B,O3 was determined on two types of boro-
silicate glasses in the course of melting, while using various initial raw materials.
In the case of a glass designated ‘“‘alkali-free aluminoborosilicate E-glass’
containing 10 wt. 9%, B,0s;, the losses were found to depend strongly on the
type of raw material employed. When “clay” was used as the source of AlOs,
the losses of B;0s; were considerable, obviously as a result of liberation of H,0
by dehydration and subsequent formation of HBO,.

Thermal exposure at 1400 °C had interesting results. Up to 5 hours the losses
were roughly the same with the alkali-free and the alkali-borate glass of the
3 C—5 Na type (its composition was not specified). Longer exposures did not
bring about additional losses of the 3 C—5 Na glass, which lost 4 wt. 9, , whereas
with the E glass the loss kept increasing up to 9.5 %, after 30 hours and then also
remained unchanged. The alkali glass, originally containing 18.5 wt. %, of B,03,
lost only 2.19, B,05 while altogether 8.79, B,O3; was lost by the alkali-free glass
with a lower boron content. According to analyses of the condensate, this con-
tained 94 9, of B,0; and the rest, 6 9,, of alkaline earth borates. The second glass
liberated primarily NaBO; (the ambient atmosphere was not defined, assumed to
be air).

On first sight, the fact that the alkali-borate glass with a higher B,03 content
than the alkali-free glas (with an almost half B,03 content) showed less volatiliza-
tion is surprising. The authors of the study in question explain this by structural
differences between the two melts.

The data on the volatilization of borosilicate glass melts containing alkali
oxides cannot be applied to.alkali-free glasses owing to the significant role played
by alkali oxides in the volatilization process.

EXPERIMENTAL

An Eutal glass having the composition 52.8 wt. %, SiO,, 8.39, B,0s, 21.99, CaO,
13.7 9, Al,03, 0.3 9%, MgO, 0.3 %, Na.0, 0.5 %, K0, 0.38 %, Fe,03, 0.4 %, TiO, was
used in the experiments.

The glass was fused in a platinum boat so as to keep the level slightly below the
top boat edge on melting. The fusing-in was effected at temperatures up to 1150 °C.
The boat was about 4 X 1 cm in size, so that the surface area open to volatilization
was about 4 cm? (always measured after concluded thermal exposure).

The specimen prepared in this way was weighed and introduced into a horizontal
electric furnace with an inner corundum tube, which was tightly sealed and allowed
the gaseous medium to be passed above the specimen in a controlled manner. The
measurements were carried out in dry nitrogen (desiccated in a column filled with
magnesium perchlorate), and in nitrogen humidified with water at controlled
temperature in a moistening column. Use was made of nitrogen saturated with
water vapour up to pg,0 = 20 kPa. The rate of flow of the gaseous medium
during the experiments was kept at 0.5 litre/min (at 20 °C) which, at the given
tube diameter of 2.5 cm, corresponds to ¥ = 9 cm/s (at 1300 °C).

Following thermal exposure at a temperature controlled with an accuracy of
+5°C, the specimen was removed and its weight loss established. The result
was expressed as the loss in mg/ecm2. Each measurement was carried out at
least twice with a freshly fused-in sample.
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To determine the temperature dependence, the losses due to volatilization were

measured at four temperatures ranging from 1150 °C to 1450 °C. The time of
-exposure was always 4 hours. The results of the measurements for the dry and
humid nitrogen atmospheres are plotted in Fig. 1.
B The character of the time dependence was revealed by performing measurements
at 1450 °C at one-hour intervals. The results are plotted in Fig. 2. Both diagrams
indicate a very profound effect of water vapour on volatilization, in the sense
of promoting it, in contrast to the results obtained with Simax glass [1].

The volatilization products condensed at the furnace outlet end were analyzed
by flame photometry (alkalies), and using an ion-selective electrode (fluorine).
The dry condensate contained 0.28 wt. 9%, Na, the moist condensate (measurement
with water vapour) contained 0.03 wt. %, Na and 0.002 wt. %, K. The fluorine
content in the first specimen (originating from the refining agent CaF,) was
0.038 wt. %, .
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Fig. 1. Temperature dependence of volatilization losses for Butal glass melt in dry and moist nitrogen
(¢ime of exposure 4 hours).
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Fig. 2. Tvme characteristics of volatilization of Eutal glass melt tn dry and motst nitrogen at 1450 °C.
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DISCUSSION

The time dependence of the amount of substance vaporized from a static melt.
is given by a complex formula, including the rate of surface reaction and the
coefficient of diffusion of the volatile component in the melt [6, 7]. If the sur-
face process is very fast, the volatilization is controlled by diffusion in the.
‘melt and can be described by the familiar solution of the 2nd Fick law:

Dt \1/2
me = 2 Ac (——) , (1)
T
where m; is the weight of the volatilized substance,
Ac — the respective concentration difference,
D — the diffusion coefficient, and
t — time. )

If the experimentally established dependence 'm—]/t~ is linear and passes

through the origin, the assumption of a rapid surface reaction has been met

and the slope of the straight line can be considered to be proportional to Vﬁ_
The temperature dependence of the amount vaporized may then be expressed,
using equation (1), by substituting D = D, exp (—E/RT'), obtaining

m 2 Ac

[Dq exp (—E[RT)]'/2 (2)
Vo V=
and
B
log y_“ = const. — 55 303RT. (3)

The slope of the relationship of the left-hand side of the equation on 1/7 then
allows the activation energy E of diffusion to be calculated.
The time dependence of volatilization losses for the Eutal glass is shown in

Fig. 3; the assumption of a linear relationship between m, and Vt_is met only
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Fig. 3. Volatilization losses vs. V; at 1450 °C.
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partially, since distinct deviations appear after short-term thermal exposure.
If the activation energy E is calculated according to equation (3) using the.
values obtained after 4-hour exposures, the resulting value of Ep = 406 kJ/mol
for the medium of humid nitrogen appears to be inadequately high for diffusion
in a melt. The dependence of log (mt/.[/t) on 1/T, used in the calculation for
both media, is shown in Fig. 4. In both cases the relationship can be regar-
ded as being linear, even though both series of points show a mild but opposite
curvature. In the case of dry nitrogen, the slope and thus also the activation energy
are still somewhat higher, Ep = 420 kJ/mol; however, the difference is negligible,
being within the limits of measuring errors.
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" Fig. 4. Logarithm of volatilization loss after 4 hours vs. reciprocal temperature in K.

The very steep temperature dependence of volatilization losses indicates to the-
involvement of an additional temperature-dependent parameter apart from the:
diffusion coefficient, most probably the vapour pressure. The initial volatilization.
rate should be proportional to the vapour pressure difference according to the.
equation [8],

J = Dg(pe — po) M|RTS  [gcm=2571], (4)

where j is the diffusion flux density of vapours from the melt surface (i.e. the-
volatilization rate),
Dg — the diffusion coefficient of vapours in the boundary layer of gases 4
in thickness,
M — the molecular weight of the vapours,
(Pe — Po) — the difference between equilibrium and ambient vapour pressure.
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The relationship between equilibrium vapour pressure and temperature is
-described by the equation

AH

gp T (8)

Inp=—

where AH is the heat of evaporation, and C is a constant.

If, in the first approximation, the initial rate of volatilization is considered to
be equal to the value calculated from the four-hour exposure, and if the value is
directly proportional to the vapour pressure of the volatile component, the tem-
perature dependence of the volatilization rate defined in this way allows the value
of AH to be calculated by means of equation (5); the slope of the linear dependence
will be identical with Fig. 4, but the result will differ by a factor of 2, as follows
from the derivation of equation (3). For the volatilization in question, one thus
obtains AH = 203 — 210 kJ/mol.

According to various literary data, the vaporization heat of B,O3 amounts to
325—365 kJ/mol; the reaction heat of the formation of HBO, from B,0; (1) and
H,0 (g) is 170—188 kJ/mol. The value of 203 kJ/mol approaches the latter data;
in that case it would not be the heat of volatilization, but that of the reaction

1/2 B;0s (1) + 1/2 Hz0 (g) = HBO: (g).

The equilibrium constant /i of this reaction is proportional to the vapour
pressure of HBO,, and the equation for the temperature dependence of In K is
formally identical with equation (5) for In p except that AH represents the re-
action heat.

These comparisons indicate that the volatilization takes place mostly in the
form of HBO,. The equilibrium pressure of the substance at the boundary will
be attained in a moist atmosphere, while in a dry one the pressure of HBO, vapour
at the boundary would be very low, being given only by the content of H,0
dissolved in the glass, and/or by traces of water vapours in the carrier gas. A simple
calculation shows that for the maximum amount vaporized in a dry medium
(26 mg/cm? per 6 h), if only HBO, alone were involved, the water concentration
in glass would correspond to 0.25 wt. 9,. According to L. Némec [9], the solubility
of water in borosilicate glasses exceeds that in soda-lime-silica ones; Eutal was
found to contain about 0.1 wt. 9%,. However, one should take into account that
in addition to HBO; vapours, also B;O3 molecules volatilize in a dry medium, beside
alkali metaborates from the small amounts of alkalies contained in the glass.

These considerations are only qualitative in their significance, having been
arrived at with the use of considerable simplifications. Moreover, mention should
be made of one additional phenomenon which influenced the measuring results
in an uncontrollable way: bubbles were formed at the walls of the platinum boat
during the thermal exposure, and sometimes even caused the melt to flow over
the edges. Such measurements had to be eliminated. However, the bubbles escaping
from the melt during the measurement were responsible for convective agitation,
and thus for a higher volatilization loss.

The more extensive volatilization of Eutal glass compared to Simax is in agree-
ment with the findings by Oldfield and Wright [4b]. On recalculating the data
it was shown that glass A, used by the authors mentioned, containing 16.2 %, B,Os
and 5.9 9% Na,O + K0, exhibited a loss of 2.5 mg/cm? after 4 hours at 1400 °C,
whereas glass E with 7.19, B,03 and 0.3 %, K,;O lost approx. 10 mg/cm? during

240 Silikaty &. 3, 1991



Volatilization of Type E Borosilicate Glass

the same time, i.e. four times as much. This fact is not discussed nor specifically
mentioned in study [4b], except for a mention of extensive formation of a cristo-
balite layer on the surface of glass A. A similar result of study [5] was mentioned
in the introduction; the authors offer an explanation based on a difference in the
structures of alkali-containing and alkali-free borosilicate melts. This conclusion
can be accepted while adding that the different structures of the two melts (a weaker
bond of boron in E glass resulting from coordinated arrangement with three
oxygen atoms) may lead to a more ready liberation of B,0; for its reaction with
water, whereas the more firmly bound B,0; (coordination 4) in Simax slows down
the surface reaction or desorption of B,03 and thus also the entire volatilization
process, additionally suppressing it by forming the cristobalite layer.

CONCLUSION

In spite of a very low content of alkalies and a relatively low content of B,Os,
melts of Eutal glass may exhibit considerable volatilization losses in air atmosphere
in the presence of water vapour which increases the volatilization rate by
a factor of more than three.

The different behaviour of Simax glass melts as compared to Eutal glass melt
is attributed to the difference in the content of alkalies and to the formation of
a cristobalite layer in the case of Simax.
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TEKANI BORITOKREMICITE SKLOVINY TYPU E

Jan Hlavag, Jifi Krejéi

Ustav skla a keramiky, Vysokd §kola chemicko-technologickd,
Technicka 5, 166 28 Praha 6

Byly stanoveny hmotnostni ztraty t&€kanim bezalkalické skloviny Eutal v rozmezi 1150 az
1450 °C, a to v proudu suchého a vihkého dusiku (Pg,0 = 20 kPa). Sklo se nachézelo v Pt lodi¢-
kéch, naplnénych az po okraj, povrch vystaveny t&kani &inil cca 4 ecm?2. Ubytek t&kanim byl
stanoven vazenim.

Ke zjisténi teplotni z4vislosti byly vzorky exponovany pti 4 teplotach, s dobou expozice 4 h.
Vysledky jsou uvedeny v obr. 1. Ke stanoveni charakteru éasové zavislosti bylo provedeno mg-
feni pti 1450 °C(obr. 2). Z obou obrézki je patrny vyrazny vliv vodni pary na t&kani. Kondenzat
obsahoval 0,28 hm. 9%, Na, ve vlhkém N; obsahoval 0,03 9%, Na. Hlavni t&kajici slozkou je tedy
B:03, resp. kys. borité.
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Jestlize je povrehovy d&j rychly, vypafovan{ je fizeno diftizf v tavenin& podle vztahi (1—3).
Zavislost ztrat tékanim na Vt by pak méla byt linearni. Tento pfedpoklad je splnén pouze &&steénd
(obr. 3), pti kratkych &asech jsou patrné odchylky. Jestlize pfesto provedeme vypodet aktivaén{
energie E podle vztahu (3), dostaneme hodnoty 406 a 420 kJ/mol pro prostfedf N; a N2 + H,0
(obr. 4). Strmé teplotni zdvislost evédéi o tom, Ze se pfi t&kani uplatiiuje jako dalsi teplotné
zvisly parametr tlak par. Je ukézédno, ze vysledky jsou zhruba v souladu se z4avislost{ rovno-
vézného tlaku par na teploté (vztah 5), zejména v piipadd prostiedi N; + H,0, kdy se jako
reakéni produkt na rozhrani tvofi HBO;. Vysledky tedy jsou v souladu s b&znou piedstavou
o mechanismu vypafovéni B;0; ve form& HBO,, jestliZe je k dispozici vodn{ para. Tim je proces
vypafovéni podstatné urychlen.

Ztraty t8kanim ze skloviny Eutal mohou pfes velmi nizky obsah alkdlif v tomto skle a po-
mdrnd nizky obsah B,0; dosshovat znaénych hodnot v atmosféfe s vodni parou, jez zvyduje
rychlost t8kéni vice nez trojnasobn&. Rozdflné chovéani skloviny Simax ve srovnéni se sklovinou
Eutal je pri¢itdéno rozdilu v obsahu alkalif a tvorbé& cristobalitové vrstvy v pfipadd Simaxu [1].

Obr. 1. Teplotni zdvislost ztrdt tékdnim skloviny Eutal v suchém a vihkém dusiku (doba expozice 4 k).
Obr. 2. Casovd charakteristika t8kdini skloviny Butal v suchém a vikkém dusiku pfi 1450 °C.

Obr. 3. Zavislost ztrdt tékdanim na Vt—p’r’i 1450°C.

Obr. 4. Zdvislost log ztrdt tdkdnim po 4 h na reciproké teploté v K.

YIETYUYUBAHUE BOPOCUIIUKATHON CTEKJIOMACCH THUITA E

fIs T'nasav, Upku Kpeitun

Kagedpa mexronozuu cusursamos Xumuxo-meznor02udecxozo uncmumyma,
Texnuyxa 5, 166 28 ITpaea 6

BsulM ycTaHOBNEHH IIOTePH B Bece, BHI3BBAHHEE YJleTyInBaHHeM, GecIIeJO9HOH cTexiIe-
Mmaccu Eutal B npenestax teMnepatypn 1150—1450 °C, a HMeHHO B IIOTOKe CYXOro M BJIa’K-
HoOro a3ota (Pm,o = 20 klIla). Crexiro Haxopuilock B Pt Jlomodkax, 3amo/IHEeHHHIX [0 Kpaes,
IOBEpPXHOCTh, IIOfiBepraeMad YJIeTYYHMBAaHHIO, cOCTaBaana nmpubiamauternsHo 4 cM3. Ilotepsa
B Bece GpuIa ycTaHOBJIEHA B3BeMMBAHHEM.

Jlia ycramoBiIeHHH TEMﬂepaT};pHOil 3aBHCHMOCTH OOpa3lbl MOJBEPrajiMch YeTHIPpEM TeM-
mepaTypaM, BpeMs 3kclo3mimuE 4 daca. IlosryyeHHEIe pe3y/ILTaTHl IPHBOAATCA Ha pHC. 1.
1A onpefeileBHA XapaKkTepa BpeMeHHOH 3aBHCHMOCTH IPOBOJMJIA H3MEpPEeHHA NDH TeMIe-
patype 1450 °C (puc. 2). M3 o6oux pHCYHKOB BHJHO pe3KOe BJIMAHHE BOJAHOrO apa Ha
yieryunBagne. KosjeHcat copmepaan 0,28 9% mo Becy Na, Bo BiakHOM N, — 0,03 % mo
Becy Na. CirejoBaTeIbHO, OCHOBHKIM YJIeTy9MBAIONIAM KOMIIOHEHTOM sBaAercA B,;0,, uiam
6opHas KmcJIOTa.

caydae OHCTpOro npoTeKaHAA IOBEPXHOCTHOTO IIpoIiecca HCHapeHHe YIpaBiIAeTCA
audpdysueir B pacmiiape cortacEO oTHomeHHAM (1—3). B TakoM cixydae 3aBHCHMOCTb IIOTEPh

yileryumBaEHeM OT )¢ jjo:vkEa GLiTh JimHedHOM. JlaHHOE IpPeONIOMERME BHIMOMHAETCA
TOJILKO OTYacTH (pHuc. 3), IpH KPATKAX OTPe3KaX BpeMeHH BHAHH OTKJIOHeHHA. OJHaKO
eciI Bce-TaKH WPOBOJMTL pacdyeT SHePruM aKTHBanuu E coriacHo orHOmeHH (3), To momy-
qaum BesnunBa 406 1 420 kk/Moa B caryuae cpeant N2 u Nj + H,0 (puc. 4). Pesakas remmepa-
TYPHAA 3aBHCHMOCTD SIBJIAETCA CBUJIETEALCTBOM TOTO, 9T0 NPH yJIeTy4HBAaHAH HAXOJHT IpH-
MeHeHHe B KauecTBe JaJIbHeillllero TeMOepaTypHO 3:BHCHMOTO IIapaMcTpa jlaBileHWe Ilapa.
Bruro mokasaHO, YTO pe3yJIbTaThl HAXOAATcA B OGINEM COrJIackH C 3aBHCHMOCTBIO paBEOBeC-
HOTO []aBjIeBHA Iapa OT TeMrepaTyphi (OTHONIeHHe 5), HMeHHO B ciryvae cpexnl Nz + H2O.
CrefoBaTelIbHO, pe3yabTaThi HAXOAATCA B cGIvIackH ¢ OOIIMM mpejicTaBIIeHHEM O MeXaHH3Me
ucnaperns B;O; B Buge HBO; B ToMm cayuae, xorga mpucyTcTByeT BofgHOE map. Tanum
o6pa3oM mpomecc Ic¢OapeHHA CYNCCTBEHHO YCKOpseTcs.

ITotrepn, BrI3BBaHEKE yJeTyuHBaHMeM H3 cTeksdoMacch Eutal jadce mpu BechMa HA3KOM
cofiepKaHAM IHejloved B JaHHOM CTeKJe M cPaBHATeJILHO Hm3Koe cofepskaEme B20s moryr
ROCTMI'ATh 3HAUATEILHEIX BeIHUIH B cpejie ¢ BOASHKIM APOM, KOTOPLIA IOBRIIAET CKOPOCTH
yareryunBaEuA GonbIle, 9eM B TpH gaaa. PasiingBoe moBefieHMe cTeKJIOMAcChi Simax B co-
IOCTaBJIeHNH cO cTekyIoMaccoif Eutal o6bsicEAeTcA Pa3HLIM coflepKaHMeM MICIIOUOR B o6pa-
30BaHHEM KPHCTOOAIMTHOrO ¢JIos B Cilydae CTCKJIoMaccH Simax [1].
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Puc. 1. Temnepamypraa aasucumocmsv nomeps yremyuusaruem cmexsomacces Eutal e cyzom
u saaxcHom azome (epema sxcnosuyuu 4 waca).

Puc. 2. Bpemennas zapaxmepucmuxa yaemysugarnus cmexaomaccys Eutal ¢ cyzom u eaaxncrom
agome npu memnepamype 1450 °C.

Puc. 3. 3asucumocmv nomepev yaemyuusaruem om Vt—npu 1450 °C.

Puc. 4. 3asucumocmyv log nomepv yaemysusaruem nocae 4 wacoe om o6pamroii memnepamype
¢ K
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