Do cathedral
windows flow?
Additional Remarks

In the first part of this article,
Brazilian scientist Edgar Dutra
Zanotto, concluded that the flow
of glass could not be the cause
of the observed variation in

thickness in cathedral windows. NTRODUCTION
However, the response to his first Zanotto’s conclusion that the flow of

. . . { glass could not be the cause of the observed
article has led him to revise his variation in thickness in cathedral windows
original estimate of the relaxation caused widespread response from both the sci-
i entific community and science magazihes
time at room temperature In the first part he contradicted the widely held

(but not by allj belief that because medieval
cathedral glass windows are thicker at the bot-
tom than at the top, window glass flows slow-
ly (over hundreds of years) at room temperature
under the influence of gravity. He used the
Maxwell relaxation time

for a window glass.

(Edgar Dutra Zanotto*}

{FEDERAL UNIVERSITY OF SAO CARLOS ) 7(™) = n(M/G(T) (1)
wheren is the viscosity at temperatufeand
(Prabhat K. Gupta**> G the infinite frequency shear modulus, to esti-
mate the time for glass to flow noticeably, and
COHIO STATE UNIVERSITY) a value of the ‘equilibrium’ viscosity (of the

supercooled melt) extrapolated to room tem-
peratureT,, to conclude that(T,) is at least 1%
years, and so the flow of glass cannot be the cause
of the observed thickness variation in cathedral
windows.

Glass-Technology International 3/1999

www.glassonline.com



Do cathedral
Additional Remarks

The most serious of the responses to these CHEMICAL COMPOSITION OF
conclusions was a comment by P. Gupta, the $ec- DIFFERENT GLASSES

ond author of the present article, that the usé of
HES

‘equilibrium’ viscosity only gives an upper
bound for7(T,). Therefore the question of

though the revised(T,) is several orders of 3

magnitude less than the value estimated:by
Zanotto, his conclusion that cathedral window
glass does not flow at room temperature stlll

na = not available
H&S = window glasses used by Hara & Suetoshi®?
Mazurin = window glasses used by Mazurin et. al’

whether window glass flows at room tempera— : SIiO, (wt.%) 71.6 2.7 45.0-750 ¢
ture remains unresolved. ¢ ALO, 1.6 13 0.8-2.0 :
Gupta also pointed out that the use of |sostruc— : ca0 7.9 86 1.0-25.0 :
tural viscosity (i.e., the V|s_c03|ty of th_e glassy : MgO 3.8 34 0.8-8.0 :
state where the structure is frozen) - instead of : :
the equilibrium viscosity - extrapolated T : Na,0 13.7 13.6 01-180
should give a more realistic estimater¢f,). : ¢ K0 0.5 0.4 2.0-25.0 :
Here it is reported that such a revised estimate : TiO, 03 na na :
of 7(T,) using the isostructural viscosity data for P Fe 0 01 na 0321 :
the window glass composition shows that, even S : o :
SO 0.3 na na
remains valid. ; P06 cesececcsscccsstecscssccsssccsssscccsccccsssccssccnet
DISCUSSION Temperature |  The average structural relaxation tinrg,
I sostructural viscosity variations of ;| increases very rapidly with the decrease in the
Following a jump in temperature at constamhe equilibrium : temperature of the supercooled liquid state.
pressure, the properties of a viscous liquid con- and | Asaconsequence, when a liquid is cooled at some

tinue to change with time even after thermal equidisostructural | constant rateq, its structure remains in equi-
librium has been reached. This slow change isiiscosities of ; librium within the time scale of observation char-
known as structural relaxation and reflects the the window : acterized by

time requwed for the structure to rearrangglass based on

into its new “equilibrium” configuration. Eq. [4] ~1/g) forT>T,(q)

eneReneeane e fictive temperature (see Appendix A). The
: e 4 : ¢ structure falls out of equilibrium and is frozen

: nl Equilibrium . M : for T <T;(q) wheretsbecomes larger than the

: : ' : Observation time. For typical cooling rates used
: @ 4 i i . in glass formingT; (q) is given approximate-

: s : ' : ly by the %Iass ;rarr]]sitri]on temlpgratuTg(tem-
B i . perature for which the equilibrium viscosity

: E"___ : [’?munm . is 10 Pa.s). The properties of a supercooled
o W4 I (0 : liquid assume their ‘equilibrium’ values above
] : s + T:(qg) and ‘isostructural’ values below (g) and

. = S . L. . P
;= ' I . show transition between the two in the vicini-

: ]| ; ; : ty of T; (g). For example, the first order ther-

: ' f < modynamic properties, such as density, show a
: 10 : 1 T, = 300K ¢ change in slope while the second order properties,
: : : : such as heat capacity, show discontinuities.
: ] T T T r T . The equilibrium and isostructural behaviours of
: 10 20 30 a0 : the viscosity are shown in Figure 1 for a win-

: 10°T, K . dow glass composition (see also Table 1). The
Seeeeecesacesassaccssssaccssssaccssssscssassecsssssscssssssssssssscssss parameters are those reported by Scherer (Ref.
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12) andT; = 816 K. The isostructural data were
measured by Mazurin et’alear the glass tran:
sition temperaturd,. Figure 1 shows that the
equilibrium viscosity of window glass diverges
at a temperature aboVewhile the isostructural:
viscosity remains finite at room temperature.

Extrapolation of isostructural viscosity to
room temperature ‘

In order to calculate(T,), it is necessary to
extrapolate the isostructural viscosity from the
temperatures in the region &f (about 820 K) :
where experimental measurements were made,
down to the room temperature. Mazurin’s meas-
urements indicated that the isostructural viscosity
follows an Arrhenius temperature dependence.
This was confirmed by Scherfewho also
examined the structural relaxation data i |n
glasses. Scherer also concluded that the Adam-
Gibbs theory (Appendix B) provides the most
reasonable description for the temperature
dependence of both the equilibrium and the
isostructural viscosities.

Accordmg to the Adam-Gibbs model the
viscosity is :

n = n,expANTS] (2)

whereA andn, are constants. The conflgu-
rational entropys,, is given by: :

T
S(T) :J' (Bc,/T) dT (3)

0

HereAc, is the difference in heat capacity
between the equilibrium liquid and the frozen
glass,T, is the Kauzmann temperature definéd
such tha&.(To) = 0. Equation (3) shows that the
configurational entropy of the frozen state is gov-
erned by the fictive temperaturg,.

As shown recently by Richert and Ang}éll
Ac,, in the vicinity ofTy, is well approximated:
by B/T, whereB is a constant. Equations (2) and
(3), then, lead to

n =1, explQ/(T(1-T,/T))] 4)

whereQ = ATy/B. For equilibrium supercooled
liquid, T; = T and Equation (4) reduces to the

® © 6 06 0 0 0 06 0 0 0 0 0 0 O 0 O O O O O O O O O O O O O O O O 0 O O O O 0 O O O O O 0O 0 O O O O 0 O 0 O 0 O 0 0 O 0 0 0 0 0 0o o

i Vogel-Fulcher-Tamman equation (described|i
i Ref. 1). For the isostructural stalgis constant 147
¢ and Equation (4) reduces to the Arrhenius equa-

: tion. The validity of the Adam-Gibbs model has
. been well establishét

To use Equation (4), one needs to establish

i the values of the paramete®s T,, andn, for

i the window glass. Fortunately, Schétbes deter-

i mined the values of these parameters by care-
i fully analysing the volume (density) relaxation

i data of Hara and Sueto&hin a soda-lime-sil-

i ica plate glass (composition given in Table 1)

¢ as well as Mazurin’s isostructural viscosity

i data in terms of Equation (4). The values of the

i parameters as reported by Scherer for the glass
i used in Ref. 13 are:

No=9x10°Pa.sQ=14,900 K,and,= 436 K.

As is clear from Figure 1, the value of the

i isostructural viscosity at room temperature
i depends on the fictive temperature. The high-
i ertheT;, the lower the value of isostructural

i atT,. Therefore, we need to establish the fictive

i temperature of the cathedral glass. Since the cathe-
i dral windows were annealed after forming, the

i fictive temperature of the cathedral windows must
i be less than the temperature where the equilibrium
i viscosity is 1¢7*Pa.* To be on the conservative

i side, we assunig equal toT,, where the equi-

i librium viscosity is 18 Pa.s. For the Hara and

i Suetoshi composition, this corresponds to a
i temperature of 816 K.

TakingT, = 300 K, T; = 816 K, andG(T,) =

i 30 GPa&5in Equations (1) and (4), one obtains:

i 7(Ty) ~ 2 x 1G® years. This value, although 8

i orders of magnitude less than the original esti-
: mate of Zanotto, still implies that the dimensional

¢ variations of the cathedral glass windows are not
i caused by cold flow of glass.

There remains the question as to what is the

i cause of the sigested (but never reported in

i a scientific periodical) dimensional non-uni-

i formities in cathedral glass windows. We now
i know that it is not because of the flow of

i glass. It was speculatkthat ancient window

i glasses were blown into cylinders that were split
i and flattened manually. Hence, the pieces
i were not uniform in thickness and some low-
¢ er parts could be thicker than the upper parts.
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APPENDIX A

Fictive temperature (T;) of a glass

Tool*® introduced the concept of fictive tem-
perature to characterize the non-equilibrium
structure of a glass. It is defined as the temperature
where the structure of the corresponding equi-
librium liquid (normal or supercooled) is the same
as that of the given glass. Sometimeésis
referred to as the structural or the configurational
temperature. Glasses of same composition
showing different values of a property have
different fictive temperatures. Fictive temper-
ature of a glass is determined by its history of
formation from the liquid state.

The notion that the structure of a glass can be
characterized by a single parameter suck as
is an approximate one. Only for an idealized his-
tory, when a liquid is cooled very slowly down
to a temperatur and is then rapidly quenched
to the room temperature, can the structure of the
glass be described Hy.

In general, one parameter is not sufficient to
describe the structure of a glass. This is evidenced
by the fact that for the same glass different
properties show different fictive temperatures.
For this reason, Narayanaswathyedefined
fictive temperature of a properpy as follows

Another possibility mentioned by Hatéis that | Cologne
window glasses made by the crown process h@hthedral,
“a thickness that decreased with increasing di§ermany,
tance from the centre”. It is quite possible that sonB8th century

T
Py (T) =pe (Ty) +I (0pl/dT), dT.
Ti(p)

cathedral window makers installed the cut up vvrn Here the subscrigirefers to the isostructural

dow panes with thicker side at the bottém

CONCLUSION

The revised estimate shows that window
glass will only flow appreciably at room tem-
perature if one waits until the “Second Coming”!
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i (i.e., glassy) state, and the subsceiptfers to

i the (equilibrium) supercooled liquid. For typ-

¢ ical laboratory cooling rates, the valueslTpfp)

¢ for different properties are somewhat different,
i but all are close to the glass transition temper-
. ature, T, where the viscosity is 10Pa.s.

. APPENDIX B

The Adam-Gibbs model
The Adam-Gibbs model is based on the idea

that relaxation requires cooperative rearrange-
i ment of a group oh molecules. As the tem-
i perature drops and the liquid becomes denser,

Glass-Technology International 3/1999

www.glassonline.com



movement of one molecule disturbs an increas-
ingly larger number of its neighbours. Adam and
Gibbg assumed that the barrier to rearrangement
increased in proportion tg and determined the;
temperature dependencenah terms of the con-
figurational entropyS. Their result for the
viscosity is :

n=n,expAulnw)/TS] (1)

wheren, is a constantju is the potential bar-
rier per molecule hindering rearrangement,
w is the number of configurations available to
the smallest group of atoms that can undergo
a cooperative rearrangememt (~ 2). :
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