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Time-index of refractivn isotherms for a boroailicale glass in the transformation region have been
established. By comparing twoe quenched glasses of the same index, one quenched after avaining

equilibrium at a given w=mperature and the other quenched lrom 2 wemperature a1 which

the apecimen

waw approaching a higher value of index, curves similar to the one oblained by Ritland in comparing

rate cooled and quenched specimens are developed.
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1. Intraduction

Ritland [1]' has demonstrated that glasses of the
same composition and refractive index can neverthe-
less be quite different in other respects, such as
expansivity, electrical resistivity, etc, depending upon
whether the index was achieved by cooling the ﬁass al
some (relatively slow) constam rate through the trans-
farmation range [“rate cooled™), or by cooling the
glass rapidly from some holding temperature within
the transformation range, this temperature being
maintained for a time sufficient for the glass to stabilize
at that temperature {“soaked'). Thia demonsirated
the inadequacy of cerlain aspects of the fictive tem-
perature concept which assumes that the structural
state of a glass can be completely described by a single
ordering parameter. Ritland also pointed out that
Tool [14], who originated the fictive temperature con-
cepl, was not guilty of this over-simplification, recog-
nizing lhat although every temperature in the
transformation range corresponds to a certain equoi-
librium ? atate, it does not necessarily follow that every
nonequilibrium state is identical with one of these.”

One of the several ways by which Ritland demon-
sirated the difference between rate cooled and soaked
specimens {and the one which forms the starting point
of the present investigation] is shown in figure 1, which
is taken from his paper {fig. 3, of ref. 1).  When a rate
cooled specimen is placed in a furnace held at ihe tem-

'Figures by hrackets indicais Yvaratore refacmoces ot end af thio paper.

1The wurd “squillbeum™ ae uned iw 1his paper is, of coure, i bo be iniempreted in the
fudlent thermodynamic sehas, but rather, in the mwbe Thmited senae of Lhe condlcdon of &
glurs at which the acrwebure in the iransiorpaclon rasge bas stebilioed. 12 ibal i propertica
o lonyey change within reasusable clme[ 2]

perature required to maintain the same index a= for a
soaked specimen, the index of the rate cooled specimen
iz seen te dip rather quickly before returning more
slowly to its initial value. Clearly, had the rate cooled
specimen been initially in the same structural state as
the soaked specimen of the same index, then this dip
in index before returning to its initial value wonld not
have taken place: inslead, the rate cooled specimen
would follow the same flat ine as the spaked specimen.
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In an attempt o shed further light on this problem of
the relation between the condition of a glass and its
thermal history, the present investigation takes the fol-
lowing line of approach. It is known that the lower
the temperature at which a glass ia held in the anneal-
ing region, the higher the room-temperature equilib-
rium value of refractive index that will be reached.
Then, the same room temperacore value of index for
two glasses can be obtained not only by soaking and
appropriate rate cooling, but alse using only suddenly
cooled {(quenched) glasses; one glass being quenched
from an equilibrium index at some given temperature
icorresponding to Ritland's soak specimen) and the
other glass being guenched from some lower tempera-
ture, but at that instant in its approach to its equilib-
rium, when its index equaled Il‘:at of the specimen
already at equilibrium.  We, then, propoze to compare
two such quenched specimens in a2 manner similar to
that uzed by Ritland, as deseribed above in comparing
soaked and rate cooled specimens. Such an experi-
menial approach should be revealing since, figuratively
gpeaking, one freezes the strocture of the glass in its
approach 1o equilibrium; and the nature of this ap-
proach o equilibrium is recognized to be of fundamen-
tal importance in understanding the processes taking
place in the glass transformation range.

Kovacs [3] has already performed an experimem
which, though quite different in detail, i similar in
principle to the one propozed here.  His test material
wis an aorganic polymer having a transformation range
from about 10 o 40 °C and the property measured was
the change in volume. It will be shown that the results
obtained in this invesbgstion, using an oxide glass,
having a transformation range from about 4K) to &15 °C,
with refractive index as the indicating property, are in
qualitative agreement with those of Kovaes.

. 2. Experimental Procedure
1.1, Specimens

The glass used in this study was a borosilicate crown,
B3C 517. This is the same type of glass used in a
previous study on annealing and is also very similar in
compasition to the one used by Ritland, Al the speci-
mens were cut from the same large block, to about
lemx1lemXik] em.

Thare are several advantages in the use of such small
specimens. First, no appreciable strain js introduced
into the specimens when they are subjected to the
sudden temperature changes which the experimental
procedure requires, so that this possibly distarbing
factor does not affect the measurement of index nor the
pattern of the data 10 be shown, Second, and related
to this, the danger of breakage of specimens in the
course of the experiment i3 lessened. Actnally, some
of the specimens did break after repeated heating and
conling, but, if necessary, these were replaced by other
specimens without loss in the continuity of the data.
Also, as long as one square corner remained, it was still
possible to measure the index of a broken specimen on

the refractometer (described in the next section)
Third, the times required for a specimen to come to
thermal equilibrizm, when soddenly introduced into,
of removed from the furnace are quite short. Using
relationa developed by Brandt [4], the time taken for
the central layver of a specimen of the size used here to
come to within one degree of the surface temperature
when subjected 1o such sodden temperature changes
{of about 500 °C) iz computed to be less than 5 sec.
These relations assume that the ambient temperature
does not change in the vicinity of the specimen.
Since this condition was not fuily reabized for the
quenched specimens, the time for the specimens to
reach toom temperature is somewhat longer than this.
However, this is nnimportant since the time for cooling
of the specimens through the transformation region is
well within this figure.

1.2. Apparatus
o. Rufecactommter

All measurements of index, using the sodivm D
line, were made on the Graver refractometer previously
deseribed [5] It will only be recalled here that if
reasanable care i= taken in cutting the corners of the
specimens square (ne grinding or polishing of the speci-
mens is necessary), then absolute wvalues of index
can be measured to =2 in the Gfth decimal place; and
differencies in values of index, which this stody mainly
utilized, can be determined to better than *1 in the
fitth decimal place.

b. Fumoce

A sketch of the furnace used is shown in figure 2,
Itz main feature iz a cylindrical metal slab, shown in
the upper right-hand corner of the figure, containing
ten radially placed slote which serve as receptacles
for the specimens. Phosphor bronze metal is used to
prevent acaling and serves to reduce thermal gradients
between specimens in the slgts. The slab can he
rotated in the furnace hy means of a ceramic rod
attached to its center and extending vertically outside
the furnace. When a specimen in a slot in the rotary
slab lines up with the exit zlot, appropriately cut in a
stationary metal] plate on which the rotary slab rests,
the specimen drops from the furnace. [The expres-
sion *drops from the furnace’ thus refers to the sudden
drop in temperature which the specimen wndergoes
when it is air-quenched as well as the physical dropping
from the furmace.] A detent mechanism permils any
of the ten zlots in the rotary slab to line up exactly
with the exit slot. The specimens can be introdoced
inte any of the slots in the rotary slab in a similar
mannet by being dropped from above the furnace,
through a long entry slot cut in a ceramic cylinder
which rests on the rotary slab.  This cylinder can also
ke rotated se rthat the entry slot lines up with any of
the slots in the rotary slab. The advantage in time
saving and flexibility of being able 10 heat nine speci-
mens simultaneously, if desived, is obvious.
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FicuRe 2. Cross-sectional sketeh of rotary furnace.

The furnace as well as the refractometer were de-
signed by 0. W. Grauer [5], to be used in conjenction
with each other in annealing stodies with specimens
of the dimensions used here.

1.3. Pracadure

The first step in the experimental procedure con-
sisted in holding all the specimens at 5385 *C for 1 h
before quenching from the furmace to room tem-
perature, This determined the stacting value of index
at 1.51250 {for all the specimens, shown in the lower
lefi hand corer of figuore 3.  The furnace is then set at
some lower temperature in the transformation range,
the specimens are inserted into the furnace, held for a
given time, ane specimen is dropped out, and its index
measured. Then, the specimen is reinserted into the
furrace, another spaeimen is removed at a later time,
and the process is repeated until 3 complete time-index
corve for each temperature has been established.
Since all index measurements are made at room tem-
perature, they are lower [6] than the corresponding
values at the elevated temperatures.

The time far & specimen to come to thermal equi-
librinm is s0 small in comparison with even the shortest
times a specimen is in the fornace (about & min) thar
it may be safely neglected in establishing the time bace.
The experimenial justification for neglecting the time
for a specimen te come to thermal equilibriom may
be seen from figure 3. The points forming these
curves are based hoth on repeated short time-in-
furnace measurements on some specimens, inter-
spersed with others based on muoch longer time
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intervals in the furnace hetween index measurements;
yet the curves are gquite smooth. Had the time for
estabhlishing thermal equiliboum been significant,
then the scatter between points based on these
different time intervals in the furnace hetween index
tneasurements would have been greater than actually
was the case.

3. Resvlts

The time-index isotherms for various temperatures
in the transformation range of the glass used here are
shown in hgure 3.  Similar curves have been obtained
by other investigators [7, 8, 9, 10 Roughly similar
cutves can alzo be established in which the equilib-
rinm valoes are reached {rom above rather than below.
Daragon, [10] for instance, has obtained curves in
which equilibrium is approached from higher as well
as lower vaives, using density as the indicating
parameter. It i=s experimentally more convenient,
mainly because of the shorter rimes involved, 1 go
Emm lower to higher values of index, as was done

2Ie.

Figure 4 shows the equilibrium index as a funclion
of the equilibrium temperature in the transformation
range, based on the data in figure 3. The linear
relationship is the usual one for muliicomponent oxide
glasses, and enables one to readily select the annealing
temperature required to oblain a given index.

The general characteristic of the curves in figure 3
iz seen to be that the higher the temperatures uwsed
the mare rapid the rize to a lower equilibrium index.
At the lowesl temperatures (helow 500 °C) equilibrium
was not achieved, the index continuing to rise slightly
but significantly after seven weeks. We now desig
nate the flat portion of each curve as the *equilibrium
line” and the preceding portion of each line as the
“approach curve.” Tt is seen from the fgure that
the pattern of these curves leads to a series of cross-
over pointa at which an approach curve to a higher
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equilibrium index (at a lower temperature} intersects
either an equilibrium line at a lower index (higher
termperatire) or another [aster approach curve, also
at a higher temperature. Following now, the ap-
proach elready indicated, we select certain of these
crossover points, and interrupt the approach curve
at the moment when the index of the specimen reaches
the value of the equilibriutn line. The temperature

of the furnace is then reset as closely as practicable
1o the original value for Lhe equilibtum line and the
specimen i reinserted at this new temperatyre.
Successive index readings are then taken after short
intervals in the furnace so that slight effects will not
be overlosked. The crossovers selected for this are
shown as A, B, and C in fgure 3. Figore 5 shows
the index-time changes following this procedure for
crosaover points A and B, in which twe different
approach curves (470 and 300 °C) cross the same
equilibrium line (545 *C) and fhgure 6 shows the
reaulis of the 477 °C approach curve meeting the 527
*C equilibrium line.

In figure 5. in order to check the reproducibility
of the data, three specimens from the approach curve
were selected, one at an index sljght[;r below, one
abuvve, and one as close as possible to the index at
equilibtiom. The three resulting curves are seen to
be similar to each other. The curves are seen to
approach the equilibrivm Lne at a slightly bigher value
than the original one, due to the face thar the rezet-
ting of the temperanze controller resulted in a slightly
lower temperature and, hence, a slightly higher value
of index. This is demonstrated by the contrel speci-
men shown at the lefi retained at the original equilib-
rinm index, also coming 10 the new value of index.
The lines are deawn {mainly) through the experimental
points primarily to distinguizh these three sers of
pointa.

Once the similarity of the three sets of points was
demonstrated in Agure 5, only one set was used 1o
show the data in Agure 6. In this figure also, the tem-
peratures (approach temperature, 477 °C: equilibrium
temperature, 527 °C) are seen to be somewhat different
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from the corresponding ones in figure 3, as the original
temperatures were not duplicated exactly 1o establish
the data for this crossover. The similarty of the data
in figures 5 and 6 for the specimens from the approach
curve to Ritland's results for the rate cooled speci-
mens i8 quite clear.

An additional experiment was designed to compare
a specimen held for a relatively long lime at equilib-
rinm, with one held for a considerably shorter time at
equilibrium. The test for this comparison was the
characteristic of the curve of the descent 10 a lower
equilibrivum index. A third specimen at the same
index, but on an approach curve to a higher index
{an approach specimen) wag included in the compari-
gson. The two curves from the equilibrium line agreed
within experimental error, indicating no difference
in specimens held for longer or shorter times at eqoilib-
rium; however, the approach specimen descended
more rapidiy than the other two to the new value of
index. The similarity in the characteristics of the
two equilibrinm specimens indicates that in comparing
an approach specimen with an equilibrium specimen
of the same index, it is not necessary 1o choose an
equilibrium specimen at that instant when it js inter-
sected by the approach specimen. An equilibrium
apecimen may be zelected from any point along its
time base. Furthermore, in those cases where no
intersection is observed at all {this vccurs more often
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when equilibrium iz approached by going from higher
1o lower indicez or densities), the method of this in-
vestigation is still applicable. Although in this study
the crossover experiment actually invoived an inter-
section between the approach curve and the equilib-
tium line, all that i aciually required is for an approach
specimen to be compared with an equilibriom speci-
men of the same index whether an intersection be-
tween the appreach curve and equilibrium line takes
place or not.

It is interesting to compare the results obtained
here with those of Kovacs (3], previouzly mentioned.
The results from his paper are reproduced in hgure 7.
Firsl, lis data involve no crossaver.  The three curves
following the iransfer of the specimens from the three
different approach temperateres he used, to the
equilibrium temperature selected (30 °C) have been
superpased by him at “zere” time for comparison.
The rise before returning te equilibrium, insiead of a
dip, as obtained here, comes from the fact that Kovacs
w3as measuring a reciprocal property from the one used
here. {Index and density vary concomitantly with
annealing [11, 12, 13).) The sudden rise at the start
correspending to the sudden dip obtained here is not
observed because Kovacs plota the logarithm of the
time as his zbscissa. Kovacs’ times before the ap-
proach specimen retorns to equilibvium are much
longer than the ones obtained here. This is to he
expected for an organie polymer.  Also, the maximom
in his rise is a greater proportion of the entire approach
curve than the corresponding dip obtained here.

Kovacs concluded from his resulis that a disiribe-
tion of relaxation time= must be present in the ap-
proach curves to equilibriom. If this holds for the
material used by him it must also hold for the glass
used here; althoogh the shorter times involved before
equilibrium iz altained by the approach specimens
At the erossover indicales that this distribution is
Eﬂnsiderah]y narrower for the inorganic glass used

ere,
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