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We present a revised estimate of the relaxation time at room temperature for a window glass based
on extrapolated isostructural viscosity data. This estimate, while several orders of magnitude less
than the previous estimate of Zanotto@Am. J. Phys.66 ~5!, 392–395 ~1998!#, supports his
conclusion that window glass cannot flow at room temperature in human time scales. ©1999

American Association of Physics Teachers.
e
al
t t

th

s
y
e,

-
o

bo
r
n

va
or
ity
n
re

ur
th

of
st
n-

r
lu
o
lid

th
m
lo
tim
lib
e

ture
n a

is
-

rm-
n
-

ui-

in-
ic
the

onti-
the
ion
a-

i-

e
the
-
rin’s
fol-
con-
x-
am–
le
qui-

y,
I. INTRODUCTION

One of us, Zanotto,1 recently examined the validity of th
widely held ~but not by all2! belief that because mediev
cathedral glass windows are thicker at the bottom than a
top, window glass flows slowly~over hundreds of years! at
room temperature under the influence of gravity. Using
Maxwell relaxation time:

t~T!5h~T!/G~T!, ~1!

whereh is the viscosity at temperatureT andG the infinite
frequency shear modulus, to estimate the time for glas
flow noticeably, and a value of the ‘‘equilibrium’’ viscosit
~of the supercooled melt! extrapolated to room temperatur
Tr . Zanotto argued thatt(Tr) is at least 1032 years. He con
cluded that flow of glass could not be the cause of the
served thickness variation in cathedral windows.

There was an immediate response to the article from
the scientific community and science magazines, see fo
stance Refs. 3–6. Scientists throughout the world made
merous questions and remarks. However, the most rele
of these was a comment by P. Gupta, the second auth
the present article, that the use of ‘‘equilibrium’’ viscos
only gives an upper bound fort(Tr). Therefore the questio
whether the window glass flows at room temperature
mains unresolved.

Gupta also pointed out that the use of the isostruct
viscosity ~i.e., the viscosity of the glassy state where
structure is frozen!—instead of the equilibrium viscosity—
extrapolated toTr should give a more realistic estimate
t(Tr). In this communication, we report such a revised e
mate oft(Tr) using isostructural viscosity data for the wi
dow glass composition. We show that, even though the
visedt(Tr) is several orders of magnitude less than the va
estimated by Zanotto, his conclusion that cathedral wind
glass does not flow at room temperature still remains va

II. DISCUSSION

A. Isostructural viscosity

Following a jump in temperature at constant pressure,
properties of a viscous liquid continue to change with ti
even after thermal equilibrium has been reached. This s
change is known as structural relaxation and reflects the
required for the structure to rearrange into its new ‘‘equi
rium’’ configuration. The average structural relaxation tim
260 Am. J. Phys.67 ~3!, March 1999
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ts , increases very rapidly with decrease in the tempera
in the supercooled liquid state. As a consequence, whe
liquid is cooled at some constant rate,q, its structure remains
in equilibrium within the time scale of observation~charac-
terized by;1/q! for T.Tf(q), the fictive temperature~see
Appendix A!. The structure falls out of equilibrium and
frozen for T,Tf(q) wherets becomes larger than the ob
servation time. For typical cooling rates used in glass fo
ing, Tf(q) is approximately given by the glass transitio
temperature,Tg ~temperature for which the equilibrium vis
cosity is 1012Pa s!.

The properties of a supercooled liquid assume their ‘‘eq
librium’’ values aboveTf(q) and ‘‘isostructural’’ values be-
low Tf(q) and show transition between the two in the vic
ity of Tf(q). For example, the first-order thermodynam
properties, such as density, show a change in slope while
second-order properties such as heat capacity show disc
nuities. The equilibrium and isostructural behaviors of
viscosity are shown in Fig. 1 for a window glass composit
~see Table I!. The isostructural data were measured by M
zurin et al.7 near the glass transition temperatureTg . Figure
1 shows that the equilibrium viscosity of window glass d
verges at a temperature aboveTr while the isostructural vis-
cosity remains finite at room temperature.

B. Extrapolation of the isostructural viscosity to the
room temperature

In order to calculatet(Tr), it is necessary to extrapolat
the isostructural viscosity from the temperatures in
neighborhood ofTg ~about 820 K! where experimental mea
surements were made, down to room temperature. Mazu
measurements indicated that the isostructural viscosity
lows an Arrhenius temperature dependence. This was
firmed by Scherer,8 who also examined the structural rela
ation data in glasses. Scherer also concluded that the Ad
Gibbs theory9 ~Appendix B! provides the most reasonab
description for the temperature dependence of both the e
librium and the isostructural viscosities.

According to the Adam–Gibbs model the viscosity is

h5h0 exp@A/TSc#, ~2!

whereA andh0 are constants. The configurational entrop
Sc , is given by
260© 1999 American Association of Physics Teachers
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Sc~Tf !5E
T0

Tf
~Dcp /T!dT. ~3!

HereDcp is the difference in heat capacity between the eq
librium liquid and the frozen glass,T0 is the Kauzmann tem
perature defined such thatSc(T0)50. Equation~3! shows
that the fictive temperature,Tf , governs the configurationa
entropy of the frozen state.

As shown recently by Richert and Angell,10 Dcp , in the
vicinity of Tg , is well approximated byB/T, whereB is a
constant. Equations~2! and ~3!, then, lead to

h5h0 exp@Q/~T~12T0 /Tf !#, ~4!

where Q5AT0 /B. For equilibrium supercooled liquid,Tf

5T and Eq. ~4! reduces to the Vogel–Fulcher–Tamm
equation~described in Ref. 1!. For the isostructural state, th
fictive temperature,Tf , is constant and Eq.~4! reduces to the
Arrhenius equation. The validity of the Adam–Gibbs mod
has been well-established.11

To use Eq.~4!, one needs to establish the values of
parametersQ, T0 , andh0 for the window glass. Fortunately
Scherer12 has determined the values of these parameter
carefully analyzing the volume~density! relaxation data of
Hara and Suetoshi13 in a soda-lime-silica plate glass~com-
position given in Table I! as well as Mazurin’s isostructura
viscosity data in terms of Eq.~4!. The values of the param
eters as reported by Scherer for the glass used in Ref. 13
h05931026 Pa s,Q514 900 K andT05436 K.

As is clear from Fig. 1, the value of the isostructural v
cosity at room temperature depends on the fictive temp
ture. The higher theTf , the lower is the value of isostruc
tural h at Tr . Therefore, we need to establish the ficti
temperature of the cathedral glass. Since the cathedral
dows were annealed after forming, the fictive temperatur
the cathedral windows must be less than the annealing
perature~generally taken as the temperature for which
equilibrium viscosity is 1012.4Pa s14!. To be on the conserva
tive side, we assumeTf equal toTg , where the equilibrium
viscosity is 1012Pa s. For the Hara and Suetoshi compo
tion, this corresponds to a temperature of 816 K.

Taking Tr5300 K, Tf5816 K, andG(Tr)530 GPa15 in
Eqs. ~1! and ~4!, one obtains:t(Tf);231023years. This

Fig. 1. Temperature variations of the equilibrium and isostructural visc
ties of the window glass based on Eq.~4!. The parameters are those report
by Scherer~Ref. 12! andTf5816 K.
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value, although several orders of magnitude less than
original estimate of Zanotto, still implies that the dime
sional variations of the cathedral glass windows are
caused by cold flow of glass.

There remains the question as to what is the cause of
~suggested! dimensional nonuniformities in cathedral gla
windows. We now know that it is not because of the flow
glass. We speculated in Ref. 1 that ancient window glas
were blown into cylinders that were split and flattened ma
ally. Hence, the pieces were not uniform in thickness a
some lower parts could be thicker than the upper parts.
other possibility, mentioned by Hares,16 is that window
glasses made by the crown process had ‘‘a thickness
decreased with increasing distance from the center.’’ It
quite possible that the cathedral window makers installed
cut up windowpanes instinctively with thicker side at th
bottom.17

III. CONCLUSION

The revised estimate shows that window glass will on
flow appreciably at room temperature if one waits until t
‘‘Second Coming’’!
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APPENDIX A: FICTIVE TEMPERATURE „Tf…

OF A GLASS

Tool18 introduced the concept of fictive temperature
characterize the nonequilibrium structure of a glass. It is
fined as the temperature where the structure of the co
sponding equilibrium liquid~normal or supercooled! is the
same as that of the given glass. Sometimes,Tf is referred to
as the structural or the configurational temperature. Glas
of the same composition showing different values of a pr
erty have different fictive temperatures. The fictive tempe
ture of a glass is determined by its history of formation fro
the liquid state.

The notion that the structure of a glass can be charac
ized by a single parameter such asTf is an approximate one
Only for an idealized history when a liquid is cooled ve

Table I. Chemical composition~wt %! of medieval glasses and of window
glasses used by Hara and Suetoshi, HS~Ref. 13! and by Mazurinet al.
~Ref. 7!. (na5not available.!

HS Mazurin Medieval

SiO2 71.6 72.7 45.0–75.0
Al2O3 1.6 1.3 0.8–2.0
CaO 7.9 8.6 1.0–25.0
MgO 3.8 3.4 0.8–8.0
Na2O 13.7 13.6 0.1–18.0
K2O 0.5 0.4 2.0–25.0
TiO2 0.3 na na
Fe2O3 0.1 na 0.3–2.1
SO3 0.3 na na

i-
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slowly down to a temperatureTf and is then rapidly
quenched to the room temperature, can the structure of
glass be described byTf .

In general, one parameter is not sufficient to describe
structure of a glass. This is evidenced by the fact that, for
same glass, different properties show different fictive te
peratures. For this reason, Narayanaswamy19 redefined fic-
tive temperature of a propertyp, as follows:

pg~T!5pe~Tf !1E
Tf ~p!

T

~]p/]T!gdT. ~A1!

Here the subscriptg refers to the isostructural~i.e., glassy!
state, and the subscripte refers to the~equilibrium! super-
cooled liquid. For typical laboratory cooling rates, the valu
of Tf(p) for different properties are somewhat different b
all are close to the glass transition temperature,Tg , where
the viscosity is 1012Pa s.

APPENDIX B: THE ADAM –GIBBS MODEL

The Adam–Gibbs model is based on the idea that re
ation occurs by the internal cooperative rearrangemen
independent regions ofn molecules. As the temperatur
drops, movement of one molecule disturbs an increasin
larger number of its neighbors. Adam and Gibbs9 assumed
that the barrier to rearrangement is proportional ton, and
determined the temperature dependence ofn in terms of the
configurational entropy,Sc . Their result for the viscosity is

h5h0 exp@Dm ln~w* !/TSc#, ~B1!

whereh0 is a constant,Dm is the potential barrier per mol
ecule hindering rearrangement,w* is the number of configu-
rations available to the smallest group of atoms that can
dergo a cooperative rearrangement (w* ;2).
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he

e
e
-

s
t

x-
of

ly

n-

a!Home-page: http://www.nit.ufscar.br/lamav
1Edgar D. Zanotto, ‘‘Do cathedral glasses flow?,’’ Am. J. Phys.66, 392–
395 ~1998!. Erratum: The stretched exponential equation on page 392
this paper should read:p(t)5p0 exp@2(t/t)b#.

2Roy G. Newton, ‘‘Fact or fiction? Can cold glass flow under its ow
weight and what happens to stained glass windows?,’’ Glass Technol37,
143 ~1996!.

3The American Institute of Physics, ‘‘Do cathedral glasses flow?,’’ Ph
News Update370 ~May 1998!.

4Erik Stosktad, ‘‘Cathedral glass myth shattered,’’ Sci. Now12 May
~1998!.

5Jeffrey Hetch, ‘‘That’s another myth shattered,’’ New Sci.16 May, 25
~1998!.

6Corina Wu, ‘‘Analysis shatters glass myth,’’ Sci. News153, May 30, 341
~1998!.

7Oleg V. Mazurin, Y. K. Startsev, and S. V. Stoljar, ‘‘Temperature depe
dence of viscosity of glass-forming substances at constant fictive temp
tures,’’ J. Non-Cryst. Solids53, 105–114~1982!.

8George W. Scherer, ‘‘Use of the Adam–Gibbs equation in the analysi
structural relaxation,’’ J. Am. Ceram. Soc.67 ~7!, 504 ~1984!.

9Gerold Adam and Julian H. Gibbs, ‘‘On the temperature dependenc
cooperative relaxation properties in glass-forming liquids,’’ J. Che
Phys.43, 139–143~1965!.

10R. Richert and C. A. Angell, ‘‘Dynamics of glass forming liquids. V. O
the link between molecular dynamics and configurational entropy,’’
Chem. Phys.108 ~21!, 9016~1998!.

11Yan Bottinga and Pascal Richet, ‘‘Silicate melt structural relaxation: R
ology, kinetics, and Adam–Gibbs theory,’’ Chem. Geol.128, 129 ~1996!.

12George W. Scherer, ‘‘Volume relaxation far from equilibrium,’’ J. Am
Ceram. Soc.69, 374–381~1986!.

13Morihisa Hara and S. Suetoshi, ‘‘Density change of glass in the trans
mation Range,’’ Rep. Res. Lab., Asahi Glass Co. Ltd.5, 126–135~1955!.

14Jerzy Zarzycki,Glasses and the Vitreous State~Cambridge U.P., Cam-
bridge, 1991!, p. 267.

15Narottan P. Bansal and Robert H. Doremus,Handbook of Glass Properties
~Academic, New York, 1986!, p. 322.

16George B. Hares, ‘‘3500 years of glassmaking’’ inCommercial Glasses,
edited by D. C. Boyd and J. F. MacDowell~ACerS, 1986!.

17Arun K. Varshneya~personal communication!.
18Arthur Q. Tool, ‘‘Variations caused in the heating curves of glass by h

treatment,’’ J. Am. Ceram. Soc.14, 276 ~1931!.
19See, for example, George W. Scherer,Relaxation in Glasses and Compos

ites ~Wiley, New York, 1986!, p. 116.
WHAT DO WE WANT FROM PHYSICS?

Physicists have always claimed that their science is ethically neutral. But in recent years,
philosophers of science—particularly feminist philosophers—have challenged this claim. Knowl-
edge, they say, is not neutral, but always the fruit of some intention, whether consciously recog-
nized or not. ...Rather than leaving physicists to tell us what they want to do and just handing over
the money to do it, as a society we must be involved in deciding what we want from physics and
what purposes we want it to serve. We mustconsciouslymove it back to a more socially respon-
sible grounding.

Margaret Wertheim,Pythagoras’ Trousers—God, Physics, and the Gender Wars~Random House, New York, 1995!, pp.
251–252.
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