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I. INTRODUCTION

A. Statement of the Problem

If & crystal i2 placed in & liquld which 18 supersatur-
ated with respect to this material, the crystal will increase in
glze. It was the purpose of this investigation to add to the
knowledge concerning the factors whioch influence the rate of
growth of such a crystal.

The study wae limlted to crystal growth measurements in
gome soda~-lime-sillica glasses since these glasses are of 3 rather
simple type, are of great commercial interest, and have rates of
devitrification sufficlently low so that erystal development can
be readily followed. The data may be of value in resching & bet-
ter understanding of the transition from the liquid to the glassy
state.l

B. Avvlications

The development of crystals in glasses has attracted con-
slderable attention since this procese ls usually undesirabls.
The manufacturers of large glass contalners, plate glass, and
hand-worked articles experience particular difflculty since the
glasg 18 held for long periods in the temperature range favorable
for erystal growth. Devitrification 1s also frequently met in
the manufzcture of optical glase, since the physical propertles
are usually of primary importance and the dsvitrifieatlion tenden-

cies secondary in eslecting the compositlion.



In other ceranins fields, tha problem of regulating the
crystal growth is equally us lmportant, sinoa the nature, amount,
and properties of the ¢rystalline phases present quite frequently
eontrol the propgrties of the finishad material. Some cxamples
of orystal growth in ceramice are! the growth of interlocking
efystalé of mull;ta in porcelain %o glve nmaxinum strangﬁhgg hoy- 2
orystallization and grain growth of refractory msterials during
nanufasture and sarvicez; tha formation of crystals of proper

4 and in glassaaﬁ; the proner

growth of colloldal colorants in glasseaﬁ; nroper orystal devel-

?; erystal development in epeciale

glze for maxinun onaclity in enanels

opument in adventurine glazes
purpose glazesg; erystal growth during the setting of »nlaster

and cement.g
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II. REVIEW OF LITERATURE

A. Factors Influencing Crystal Growth
The process of crystal growth involves primarily the fole

lowing stages: (1) the establishment of sueh conditions of tem-
perature and concentration that supersaturation exists in the sys-
tem; (2) the arrangement of the components of the crystallizing
phage to form orystal nuclei; (3) the migration of atoms, mole-
culee, or groups to the nucleus; and (4) the attachment of such
groups to the growlng crystal.

The above process 1s complicated by numerous faciors.
Among thesé are! the dlssolving of the nuclel and crystallites
due to the high vapor pressure of small partiﬁlealo; the local
heating effects due to the release of energy in forming crysta151¥
the complexities arising from & varistion of the affinity for
atoms, molecules, and grouns on different ocrystsllographiec facesy%
presence of forelgn materials adsorbing preferentisally on differ-
ent erystallographic facesl’; movement of molecules over the sure
face of the growing crystallag changes in the eonecentration sas a
resulﬁ of arysta&lizationl5; actlon of local currents in the sys-
tem15; decrease in volume of the system putting the materiél un-
der tensionl?; coslescence of orystalsl8; mogifications of erys-
tals due to external forcesl9; modifications of the crystals dus
to the proximity of other growing cryatalazo; the unknown number
of residual nuclel in the mslt?l
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B. Theories of Crystal Growth

In the explanation of a comnlex phenomenon, it is fre-
quently nscessary to make many assumptions iﬂaalizing the system
neglecting the secondary factors. Such reasoning will give a
fair insight of the complex vhsnomenon only if the complicating
factors are of minor importance. The present theories of crystal
growth are based on the idealized system and must suffer the lim-
itations of the samse.

Kesaelag bases hls theory of crystal growth on the energy
released with the depbaition of an ion upon different surface posi-
tions. H;s 1dealized crystal surface homogenelty has been criti-
clzed by}Bal&rev23 and his assumptions regarding the lack of ad-
sorptlon and other secondary effects have been criticized by
Kleber.24 Balarnv25 peints out that growth occurs, not only by
the attachment of ilons or molecules, but also by the sttachment
of orystals.

Stranskl and Kalehev26 consider the work of separation of
eomponent parts of the growing crystal in aevalopkng their theory
of‘erystal growth., They assume among other thinge that the mole-
cules go to vositions of minimum energy on the erystal; that the
surface has the same structure as the interior of the erystal;
and that secondary effects are absent. These assumptione have
been critieized-gg’gk’?5

Roginskil and Todes2” dlscuse the particle slze dlstri-

bution of the erystal phase with respect to the process of crys-

tallization. Thelr work is based on many assumptions regarding
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the changes in crystal length, nucleation, and concentration with
time and is not concerned primarily with the fundamental processes
involved. No consideration i1s given to the possibllity of differ-
ent growth veloeities in different erystallographic dirsetions.
¥uch of their theory is based on thelr fundamental postulate that
the rate of linear growth is constant. Since many observatlons
have besn made to the contrary,aa their results may be open to
eriticiem.

Tammann29 has given an excellent dlseussion of the effect
of temperature on the rate of growth of crystals. His work is
based on the over-all nrocess of ocrystal growth wilithout a consgide
eration of the basic nrocesses invelved. His assumption that the
melting polnt prevaills at the bouhdary surface between a crystsl
and ite melt during crystallization is only an approximation
according to Masing.11l¢ |

Brandes 0 considers the vapor pressgsure and work of forma-~
tion of a two-dimensional nucleus on different crystallogravhilce
fases in developing his theory of crystal growth. His ideallzed
erystal structure and lack of consideration of adsorptlion effects
limit his theory.

Other theories are based on considerations of growth of

different crystallographic faega'laﬁ, i2r

and on a conslderation
of molecules evaporating from and condensing on different crystal-
lographie facea.laf' 31 guyeh theories suffer the same limitatlons

a8 the above.
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C. Devitrification of Glasses

The work that has been done on the devitrification of
glasses may be divided into two major classifilcations: (a) deter-
mination of phase equlilibrium relationships, and (b) observations
of the rate of crystal growth in glasses.

The work of Morey anﬁ,Bawen33 is cutstanding in regerd to
the determination of the vhase equilibrium relationships which are
of interest to the glass technologiet. Prom the data which they
present, the upper limit of erystal growth can be determined as
well as the solubility of the precipitating phases at lower tem-
peratures.  No direct information conecerning the rate of erystal
growth can be obtained except the temperature at which the rate is
equal to zero.

Zschimmer and Diet23133 measured the rate of growth of
crystals at different temperatures In technleal glasses &nd in
ﬁod&-lima—sllica glasses of varying composition. Mullensliefen and
Zechimmers? neasured the effeet of alumina on the devitrifieation
rate of several soda-lime-gilica glasses, and Preston’? studied
the rate of crystal growth in a soda-lime-magnesia~-silica glsss.

The method employed by the previous investigators consige
ted of heating emall samples of glsass in & platinum econtainer at
different temperatures for verying lengths of time. Zschimmer,

Dletsel, and Mullensiefen® >’ '

measured the thickness of the de-
vitrifled zone, while Praatoﬁg5 measured the radii of the spheru-

lites present.



L4 7”

ITI. A STUDY OF THE RATE OF CRYSTAL GROWTH IN GLASSES

———o. —e—r

A. The Effect of Alumina on the Rate of Crystal Growth and Solu-

tion

1. Introdustion

The effect of alumina in retarding devitrification of sodse
lime glasses has been known since Schott found that the benefieial
results obtained by the use of Thuringlan sand were derived from
the preeence of alumina in the sand.36 Morey37 and Silverman‘ﬁ'Bg
studied the effect of alumina on the ligquidus temperature of some
soda-lime-silica glassee and some Soda~lime-magnesis-siilca glas-
8es. Mullénsiefen and Zschimmer3& studied the effect of replacing
8llica with slumina on the rate of erystal growth in some gsoda-
lime-silica glusses,

It was the purpose of this phase of the investigation to
extend the work of Mullensliefen and Zschimmer to include glasgses
of known viscosity and to trace the curves sbove the liquidus in
measuring the raté off solutior of the orystalline phases of these

glassea.

2. Procsdure
The compositions of the glasses gtudied are shown in Table

I. The vigcosity data of some glasses of gsimllar composition were
kindly furnished by the General Research Laboratory of the Owens-
Illinois Glass Company.

Batehes were prepared uglng C.F. chemlcales, taking into

eensiﬁer&tién the small changes in composition experienced due to
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Table I

Zffect of Replacing Silica by Alumina on Some Physical Propertles

of goaapLime Glasges Used for Rate of Crystal Growth Measurements

¢lase Yo. A-0 A2 Awh A-6 A-8
Theoretical
Compoaltion
910, 71.0 69.0 67.0 65.0 63.0
A1,0, 0 2,0 4,0 6.0 8.0
¢a0 12.0 12.0 12.0 12.0 12.0
Nag0 17.0 17.0 17.0 17.0 17.0
Primary Phese’d D* D# i wWe we

Temperature-Viscosity Relation (log n)40

Temperature {(°C)

750 6.58 6.60 6.T4 6.98 7.08
850 5.13 5.15 5.26 5,41 5.47
900 4.58 4.6 4.70 4,82 4,87
925 4.34 4.37 4.45 4.56 4.61
950 P 4.15 4.22 4,33 4,38
975 3.92 1.95 .02 4.11 4.15
1000 3.72 3.76 3.82  3.91 3.95

D* - Devitrite
W - Wollastonite



the volatllization of the soda. The glasses were melted in plati-
num,; fined, alr-cooled, ground in an agate mortar, and remelted.
The resulting glasses were removed from the platinum eruclbles

and broken into fragmenta. Crystal growih measurements were made
by two methods:

Method A. One-quarter inch sampleées of the glasses were
placed on & flat plece of vlatinum-rhodium foll and heated in a
Glo-Bar furnace at various temveratures for varying lengths of
time. A chromel-alumel thermocounle was placed near the center
of the sample holder.

The devitrified samples were sectioned for crystal length
meagurements. Devitrifiecation practically always began at the
edges with the crystals projecting inward, and the thickness of
this devitrified gzone was used as 8 measurement of the maximum
orystal length.

Method B. For measurement of the rate of erystal growth
near the liquidue and for measurement of the rate of solutlon of
the srystals at temperatures above the liquidus, 1t was necessary
to change the procedure. Samples of glass weighing approximately
0.04 grems were placed in platinumerhodium holders similar to the
one ghown in Fig. 1.

This sample holder conslsted of a small eur with a hole
drilled in the béttem»SQ that the sample could be examlned by
trangmitted 1light. This holder was placed on the end of the
Alundum thermocouple tube and held there by a platinum-rhodium

8leeve which was so bent that a twist of the sleeve seoured the
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Fig. 1. Sample Holger Used for Study of Crystallization Rate

holder firmly in vlsce. The platinun-platinum rhodium thermo-
couple was bent slightly eo that the junction ﬁaa a8 close as
pogsible to the surface of the sample without touchlng it.

The glaes wes heated at approximately flfty degrees above
the ligquldus tempersture in a vlatinum-wound gradlent furnace to
enable the sample to assume the shape of the helder. The gample
was then moved so that its tempersature was anproximately thirty
degrees below the liguidus temperature snd oryetals were allowed
to form. The sample was then removed from the furnace, plsced on
& mlcroscope stage, and the lengthe of the crystals were measured,
using transmitted light. Sketches were made of the cerystals so
that they could be relocated.

The sample was then placed in the escld end of the furnace,
Preheated for approximately one-half hour as the furnace was re-

gaining thermal equilibrium, and elild into the hot zone. A type



X Leeds and Worthrup petentiometeg was used for the temperature
measurements. By varying the nosition of the sample in the fur-
nace and watching the deflections of the galvanometer, the tem-
rerature of the thermocouple wag maintalned within a degree or
-less of the desired tempsarature.

After a predstermined length of time, from two to sixty
minutes, the sample was quickly removed and alrecooled. The
erystal lengths were remsasured and the increase or decrease in

size noted.

%. Results

In.the base glass of this series, devitrite was found to
be the primary vnhase (see Fig. 2). With the addition of 2% alume
ina, this was still the case (see Fig. 3). In the gless contain-
ing 4% alumina, wollastonlte was the primary phase with devitrite
erystals appearing at a lower temperature (see Figs. 4 and 5).
The glass with 6% alumina also had wollastonite as the primary
phase and devitrite as the seeondary phase (see Fig. 6 and 7),
while the glags with 8% alumina had wollastonite as the orimary
phage and cristobalite as the secondary phase (eee Figs. 8, 9,
and 10). The identification of the primary phases agreed with
the work of Silvermen.>C

The effect of varying the time of devitrification on the
lengths of crystals grown in glasses of varying alumina content
1s shown in Fig. 11; the changes in length with time at different

temperatures 1s shown in Fig. 12. The slopes of these curves
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B. Effect of Magnesia on the Rate of Crystal Growth
i. Introduction

The effect of replacing lime with magneaié on the liquidus
temperatu;e of some soda-lime-sllica glasses has been repart&dﬁhﬁe
but with the exception of a brief note by Ilﬁ.et.ze:i..'“3 no definite
data eoncerning the effect on the rate of growth are availlable.
Dietzel indicated that the liquidus temperature and crystalliza-
tion rate are lowered progressively with the replacement of lime
with magnesgia but offered no data.

It was the purpose of this pvhase of the investigation to
aeterﬁine the effect of revlacing lime with magnesia on the rate
of crystal growth of a seriles of soda-lime-gllica glasses of

known wviscosgity.

2. Procedure
The glasses used were furnished by the General Research
Laboratory of the Owens-Illinois Glass Company. The eompositions,
liquidus, and viscoslty-temperature data, shown in Table II, were
published by the same 1abcratory.“2 The empirical eguations for
the viscosities, as indicated in Table II, were determlned to

facilitate interpolation.

3. Results

In the glase with no magnesia, oristoballte orystals oc-
curred as the primary phase with devitrite crystals appesring at
lower temperatures (see Fig. 14). The same phases appeared in the

glasses with two and four percent magnesia replacing the lime (see



Table IX

Effect of Replacing Lime by Magnesia on Some Physical Properties of
Soda-Lime Glassees Used for Rate of Crystal Growth ﬂegsuremen%sag

Glass Yo. M=0 M2 Mady M6 M-8 M-10
Composition

810 T3.5 73.7 73.9 T3.7 73.3 73.5

A % 0.3 002 002 002 0.2 0.2

Cal - 10.0 8.1 6.1 4.1 2.4 0.3

Mg@ 012 2.0 h‘-a 600 8.0 909
Primary Phase T T T e D Bw
Liquidus (°C) 1004 996 968 921 910 1029

Viscosity-Temperature Relation
Log Viscosity

7.65 70790 TO59C  TO48C  TI0OC  T218C  7389C
7.00 T4 TAL 738 Th6 757 TT4
6.00 802 804 804 816 821 843
5,00 882 891 891 907 907 932
&, 00 997 1007 1010 1020 1029 1057
3.00 1182 1177 1182 1207 1213 1235
2.00 1399 1441 1457 1488 1527 1521

Constants in Empirical Equation: logn + _TEEEET"~ e

8 3920 4000 4170 4460 3330 4420
b 280 260 238 224 318 256
] 1.5 1.%3% 1.37 1.54 0.66 1.52

T# ~ Tridymite
D* - Devitrite
B* - NapO-2MgO- 63192
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C. Analysis of Data on Rate of Growth
1. Effeet of viscosity and liguldus temperature

The preceding data indicate that changes in eompoesition
influenced the rate of growth considerably. These dats may be
explained qualitatively by considering the changes in tha vie-
eosity and liquldus temperature of these glasses.

An increase in viscosgity ghould decresse the rats of
erystal growth, &1l other Pfactors remaining eonstant. If the
liquidus temperature 1s decreased in a glven serlies of glassges,
the rate of crystal growth should not only be decreased by the
lower temverature of crystallization with the accompanying in-
erease in viscosity and decrease in reaction mmte but alse by a
daereass in the amount of material available for c¢rystallization,
since the composition of the glass differs more widely from the
composltion of the precipltating phase.

The replacement of sillica with alumina in the soda-lime-
8ilice glass studled graduslly 1ﬁcreaaes the viscosity, as is
ghown in Flg. 21. The temperature at which devitrite 18 in
squilibrium with the melt is very graduslly elevated as slumina
1e added, while the wollastonite liquidus 18 more rapldly ele-
vated with the addltion of alumina, a8 shown in Fig. 22.

The very slight increase of the devitrite liquidus should
tend to inerease the rate of crystal growth slightly, while the
increased viscosity should lower the growth rate of devitrite sub-
stantially. The observed maximum rate of growth, as ghown in Fig.
23, indicates that the viscosity played a dominant rols in de-
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orsaging the mte.

It would be expected that the rate of wollastonlite graith
should be increased a8 alumina is added, sinoe the liguidue tem-
perature is elevated. The data obtained indicate that the in-
creased viscosity was effective in stopving this rise up to a
certain point, after which 1t was less effective (compare maxi-
mum rates of growth of wollastonite with four, six, and eight
percent alumina in Fig. 23),

The replacement of lime with magnesia in the soda-lime-
silica glasses increased the viscosity (see Fig. 24). The eris-
tobalite liquidus snd the temperature at which devitrite was in
equilibrium with the melt were decreased progressively with the
addition of magnesia, while the diopside liquidus was inoreased.

It would be expected that the incresse in viscosity and
dacrease.in liquidus temperature should both act towards decreas-
ing the rate of growth of devitrite and eristobalite in these
glasses. The very rapid decrsase in rate of growth with the ad-
dition of magnesia 18 shown in Fig. 25.

The increased rate of growth of dlopside with the replace-
ment of lime with magnesia 16 explained simllarly to the lnereased
rate of growth of wollastonite with alumina in the preceding ser-
les. Evidently the increased viscoslty is not suffiolently ef-
fective in decreasing the rate as the effects of inereased liquld-
us temperature are in increasing the rate,and the rate 1s there-

fore increased with addlitlions of magnesla.
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2. Effect of viscosity

There have been numerous attempts in the past to correlate
viscosity with the rate of crystal growth.?> Most of these data
apply to the rate of crystal growth below the maximum, although
Preston“é offers an empirical relation that has some theoretical
gignificance and glvee the approximate shape of the rate-tempera~
ture curve. |

It 18 possible to plot rate of growth against the log-
arithm of the viscosity as well as against the temperature, if the
viscoslity-temperature relation 1e known for the partieular glasa.
Such & vlot merely shifits the unite of the ordinate in a regular
manner. Since the logarithm of the viscosity 18 spproximately a
function of the reeciprocal of the abeolute temperature, the shift
of the ordinate is not linear. Such curves reflect the depend-
énce of the viscosity upon temperature.

The effect of viscosity on the rate of crystal growth and
golution in fome sad&-lime-ailiea glasses varying in alumina con-
tent i8 ghown in Mg. 26. The effect of viscoslty on the rate of
growth of eristobalite and devitrite in the soda-lime-silica
glasses varying in mesgnesis content is shown in Figs. 27 and 28.

The fact that the maximum rates af growth, in Fig, 26,
ceccur at approximately consetent viscoslity implies that the log-
arithm of the viscosity 18 inereasing at about the same rate as
the ﬁemperature of maximum crystal growth, in this particular ser-
is8. If the viscosity is increasing more rapidly, the maxima are

Shifted a8 18 shown in Figs. 27 and 28. The dats have little -
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theoretical significance when considered alone, sines other factore

influencing crystal growth are neglected.

D. Analysis of Rate of Solution Data
The data indicate that the rate of growth-temperaturs

curve 18 continuous with the rate of golution-temperature curve,

if solution is considered to be negative growth.

Tammann29 in-

dieated that such a relation would be expsected, as shown in Fig.

29, but there has been no previcus verification of such & relation.
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Pig. 29. Effect of Temperature on Rate of Growth and Rate of
Solution of Crystzle According to Tammann.



=38

The effect of Increasing the temperature above the liquid-
us on the rate of sclution of devitrite and wollastonite in glas-
ses of variable alumina content 18 shown in Fig. 30. The curves
have the same general shape, although the slopes at the origin
are influenced by the variation in alumina enntent.

The observed rates of solutinon were not linear with time
but decreased as solution vrogressed. The renorted rate was gen-
erally the rate of solution ae about 20% of the crystal dissolved.
When the solution was carried further, especlally in the high
alumina glasses, the rate of solution decreased with time.

The analysis of the rate of solutlon data 18 compliecated
by a lack of knowledge concerning the factors which influence the
8olution rate and their relative importance. Undoubtedly the tem-
perature and viscosity of the glass are of primary importance.

The degres of saturation, the specifiec surface present, ths orys-
tal structure, the presence of local currents, and the gradient

in compoeition of the glass from the erystal phase to the original
glass must be cenaidersd.47

The increased rate of deviirite solution with the increase
in alumina content may be due to the greater temperaturs of the
liguidus which increases the resction rate and offsets the greater
viscoeity. The decreased rate of wollastonite solution as alumina
is incressed may be due to the lnoreased viscosity which offsets
the erreéta caused by higher liquidus temperatures.

The data may have some commercial elgnificance. It has

been indicated that in a glase tank the temperature of the bottom
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l1s far below the surface temmersture and, in some casesd, may be
below the liquidus temmerature of the glass. An extrapolation of
the rate of solution dats up to melting temperatures of the glass
indlentes that the rate is sufficiently high so that largs crys-
tals would Alssolve in a very short time (one centimeter long

erystals dissolve in approximately ten minutes at 140000¢).
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IV, A STUDY OF SURFACE DEVITRIFICATION OF GLASSES

A. Introduection

It has been noted that devitrification almost invariably
begins at the surfacs of glass. Eroekbank49 described devitrifi-
cation a8 a surface phenomenon in 1913%; Tabata-C studied surface
devitrification to & certaln extent; Dietzel, Zechimmsr, and Mulle

anaiefensg’ 34

observed surface devitrification invariably; snd
in the vreceding scction, erystallization began on the surface
with all samples.

Tabatad0 clalme that surface devitrification 18 due to
surface contraction caused by the surface tension of the glass;
Sollnerdt clailme that it 18 due to molecular orientation; Jackeoasg
points out the importance of water vapor &s does Germann.>>
Morey54 claime that during the course of many experiments on de-
vitrification, no case of surface crystallization was observed.
Morey further states that surface devitrification, as is usually
experienced, may be due to the inhomogensity of the surface of the
glass, loss of alkali or borie oxide, or to the faet that the sur-
face first reaches the optimum temperature of orystallization.

It was the purpose of this phase of the investigation to

gtudy some of the factors influencing surface orystallization 1in

order that the phenomenon may be more completely understood.

B. Procedure and Results
1. Influence of heating rate of surface
Two pleces of plate glass (aporoximately 2x2x.6 em.) were
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Fig. 2. Aseenbly Ueed in Studying Influence of Heating Rate
of Surface on Surface Devitrification.
placed in enntact, wranned in nlatinum foil, snd imbedded in Alun-
dum cement as ig shown in Pig. 71. The sample# were plsced in an
electric furnsce, and hesated to anproximately 800°C for twelve
houre to enable devitrification to take place. The resulting
gpeclimens were broken and sectioned.

Pevitrifieation proceeded on the top surface, on the sides,
and at the interface between the epecimens. The zcne of devitrie
' fication at the interface was approximately twice that of the top
surface and the sides.

2. Effect of surface itreatments

Bmall pleces of glass similsr to the abéva waere cut from
a sheet of plate glass. Palre of these specimens were glven dif-
ferent surface treatment® on one face of each as follows: ground;
polished with rouge; nolished with tin oxide; polished with pumilce;
polished with chromic oxide; polished with alumina; and polished
with rouge and boiled in water. The modified surfaces of the palrs

of samples were placed in contact; the samples were wrapped with
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platinum foll and imbedded in cement a8 before; and the erucibles
were vlaced 1ln an electric furnace where they were heated at 800°C
for twelve hours.

The Alundum was removed from around the samples, the plat-
inum foll was removed, the samples were broken, and the thickness
of the devitrified zone mesasured.

All samples devitrified at the interface; the boiled sam-
ples had a slightly thicker zone than did similar samples which
had juet been ground; polishing the samples increased the thiok-
ness of the devitrified zone to & certaln extent as compared with
samples that had thelr surfaces ground; the uee of different pol-
lshing agente produced little effsct.

3. Influence of bubbles

Three samples of glaes containing bubbles were obtained.
One was taken from a piece of eommerclal plate glase; the second,
from an experimental glase; the third was a sample of plate glass
which was heated in an oxy-gas flame until it bubbled extensively.
These samples were placed on platinum foll and heated at 750°C
evernight. They were gectioned and the manner of erystal growth
noted.

¥o erystals were found around the bubbles in the above
samples although considerable crystal growth took place along the

surfaces.

4., Influenece of soda w¥apors
Two samples of plate glases, one with a freshly fractured
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surface, were placed in & crucible and devitrified at 800°C over-
night in the presence of soda vapors (sodium carbonate near the
semples). 'The samples were broken and the thickness of the devit-
rification zone measured.

Surface devitrification cocurred in both samples to approm

imately the same degree.

5. Influence of oracks
A sample of plate glass was broken; the pieces were fitted
together, wrapped in platinum foll, and imbedded in Alundum ce-
ment. A similar sample wag orscked by a& thermal shock treatment
but the sample did not fall apart. The samples were wrapped and
imbedded similarly to the above and heated at 800°C overnight.
Devitrification occurred &t the interface between the two
samples which were broken ¢ompletely and reassembled. The sample
which wae not completely broken apart sealed together with little

or no devitrification along the cracks

6. Influence of temperature of devitrifieation
Thers are some indications that the temperature of devit-
rificaticn may influence surfase crystallization. In Part III,
many samples of various glassee were devitrified at various tem-
peratures, and 1t was noted that there wag a greater tendenocy

towards internal erystallization as the temperature wa# lnoreased.

T. BRemoval of “surface layer'

Samples of plate glass were placsd in contact, wrapped in
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platinum foil, and surrounded by Alundum cement as in Fig. 31.
These were heated at 1100°C for 30, 60, and 120 minutes after
which they were placed in a furnace at 800°C for twelve hours.
The samples were then broken apart and the extent of devitrifica-
tlon at the interface determined visually.

The interface between the ssmples heated for 30 minutes
at 1100°C was markedly devitrified; the samples that had besn
heated for 60 minutes had a 8light zone of erystals at the inter-
face; - while the crystalline boundary was practically absent with

samples that had been heated in contact for 120 minutes,

8. BResidusl "surface layer" ;ﬁ manufectured artieles

Three pieces of glass were cut from commercial articles
for studying po#sible inhomogenelties within the glass. The first
was a sectlion of a goblet whieh had obviously been formed by two
steps with the bottom section Joined to the top during the manu-
facturing process; the second was & emall plece of capillary tub-
ing; the third was a section of one inch glass tubing with & one-
quarter inch hole which was probably hand-formed using at least
two gathers of glass. These pleces were imbedded in flint and
devitrified at 750°C for approximatly eix hours. The pleces
were then removed from the flint, sectloned, and polished.

The specimens are shown in FPig. 32. The goblet ghowed a
zone of erystals at the interface where the two sectlions had been
Joined; the capillary tube had & very thiek ring of erystals con-
‘eentric with the cutside devitrification layer (probably formed
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tube, sintered glass crucible, glass funnel, platinum foll, and
sample of plate glass were clesned with water, echromic acld, ethyl
alcohol, and ether and were assembled as shown in Fig. 33.

GLASS
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Fig. 33. Assembly Used in Measuring Effect of Dust

Air was drawn through the apparatus with the aspirator for
three hours; the s-mple of glage was broken, while in the tube,
by thermal shock; the broken surfaces were separated somewhat by
shaking the assembly, and the tube was inserted in an electrio
furnace. The sample was heated at approximately 800°C for ten
heurs.

4 simlilar experiment was conducted with two samples in
the tube. Hydrochlorie acid vapors were allowed to permeate over
one sample after 1t was broken. The hydroechloric acid was then
flushed with alr and the other wae broken. These were glven the
game heat treatment as before.

A third experiment was conducted as a cheok. Conditions
were 1dentics]l with the first test except that the fllter was
omitted.






C. Anslysis of Data Concerning Surface Devitrification
It was shown in the preceding section that pollshing or

boiling a plece of glass increases ths surface devitrification;
that devitrifiecation will oceur around oracks if they are ovened
to the air but not around eracks which have been unexposed to the
air; that there 1s a greater tendenocy for internal devitrification
at higher temperatures; that the "surface skin' oan be removed by
heating two glasges in contact for a prolonged perlod at elevated
temperatures; that two pleces of glase which have been joined
while working exhibit a slight discontinulity at their interface
where devitrifiestion will oceur; and that dust and aecid vapors

in the air promote surface devitrifieation.

The exneriments on the effect of heating rate on surface
devitrifiestion and on the loss of alkali from the surfaés were
negative, but insuffieient data were obtained to allow conclu-
slions,

The theory that dust and other material in the ailr are
largely responelble for the promotion of surface devitrification
will explaln several of the above experiments. The breaking of
& plece of glass with a replacement of the parts exposes the frac-
tured surfaces to dust and the surface davitrifies; while 1f the
gurfaces are not pulled apart and exposed to air, the surface dces
not devitrify. It would be expected that any dust laysr would be
removed by prolenged heating of two pleces of glass in contact at
elevated temperatures and reduce the interfacilal devitrifleation,

as was eonfirmed. It would also be expected that surface devit-
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rifieation, if caused by dust, would be reducsd somewhst as the
temperature of ecrystal growth 12 Increased due to the solutlion of
the dust. The collection of duet during the marvering operation
in the manufacture of glass artlecles or on the surface of two ple-
ces of glass prior to thelr belng Jolned should also produce a
dlscontinuity, if two gathers are taken, whers devitrification
would proceed.

Many of the above expsriments could be explained by con-
pldering the loss of alkali from the surfsce or by the adsorption
of water vapor on the surface. However, in the experiments whare
the amount of dust in the alr was reduced with flltere, loss of
alkali a&nd adsorption of water vapor eould take place with both
the samples which wers exposed to dust and those whiech were not.
However, it was found that the one devitrified extemnsively on the
freeh surface while the other 814 not.

The word "dust" is used in s vague sense intentlonally in
the sbove discussicn. It refers to the material floating in the
alr which 18 extremely difflcult to remove from any surface. The
actlon of dust in promoting curface Jevitrification 1s probably.
due to the establishment of nuclel, either through the formation
of mioroscopie areas of more fluld glasses or as & eornar-stone
at whieh the building of the ¢rystal begins.

It 12 not claimed that dust is the only factor which 1s
eapable of promoting surface devitrifieation, but 1te importance
is emphsasized.



V. OTHER EXPPRIMENTS RELATING T0 CRYSTAL GROWDH

During the course of this investigation, several explora~
tory experiments concerning cryatal growth were made walch were
not complet ed since they were beyond the seope of this investiga-~
tlon. BSome interesting information was obtained and the data are
included.

A. A Note pn Diffusion of Silicates

S—— SR S

l. Purnose
It was the purpose of this phase of the investilgation to

>

explore possible methods of measuring dlffusion rates of glasses
of similer composition. Paskd> measured the dlffusion rate of
metallic iong in glasses, and Bawensé studled the diffusion of
diopeide into & plagloclaee 2t high temperatures, but information
1s lacking eoncerning the inter-dlffusion of similar glaeses.

2. Progedure

Two glasses were selected from the potash-lime-silica sys-
tem whieh would not devitrify at 9%30%C, ﬁn& would ferm, when inter-
diffueed, such a composition that erystals of kxga-ﬁao-IQSiogsimbjac
would be precipitated, the melting point of this compound beins
946°C. The glasses had the following compositione:

Composition? —ﬁ%y *T%T
Potaseiun Oxide . . . 39.7  734.8

gﬂuaim Qxid’ [ 2 ] L d L 8‘@ &.g



Buatehse were prenared from C.P, chemicals and the glasges
were melted at about 1400°C in platinum. Slugs of each glass
were formed in platinum-rhodium ocombustion boats. These slugs
were removed from the boats, cut in halves, and the ends were
ground #o that when the hslf-sluge of A and B were placed in the
same combustlon boat, thelr ends were in eclose contact. The bost
wes placed in an electrie furnace at 930°0 and held there for 32

houre,

3. Results
Mieroscopic examination of the interface between the two
glasses revealed that crystals were formed, whieh were presumed
to be Axgo~cao-1cs192. The orystals varled in length at aifferent
parts of the interface as is indicated in Mg. 35.

Pig. 25. YVariation in Crystal Length at the Interface of the
Diffueed Glasses
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4. Discussion of Resulte
The relatively small thicknese of the erystalline zone

was somewhat survrising. This may have been due to elther the
slqw rate of duffusion at 9%30°C, or due to the action of the oryse
t211ine vhase as 2 hindrance to fﬁrther diffusion. The thicker
rortions of the erystalline layer at the surface and sides of the
sample were probably due to imorover fitting of the two slugs of
glass with 2 certain amount of flow taking place.

The method is capable of further extension. Diffusion
processes may be carried out at higher temperatures with a sube
sequent devitrification below the llguldus of the primary phase
and above the liguidue of the diffusing glassese.

B. Influence of Minor Additions on Rate of Crystal Growth
1. Introduetion

little 18 known of the effect of minor constituents com-
monly present in eommercial glssses on the rate of crystal growth
in these glasses. It waz the purpose of this phase of the investi-
gation to make & nreliminary survey of the effect of adding water,
fluoride, arsenic oxide, sulphate, and &odium chloride to the
batch..

2. Proecedurs

A spdselime-silica glass eomposition was selected which
precinitates devitrite as the nrimary vhase (Glass A-O, Table I).
The reguler carbonate bateh was made as well as batches containlng

5% water, 0.4% sulphate, 0.5% fluoride, 0.1% arsenio oxide, and
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0.05% of the sodas added as sodium ehloride. The six glasses were

melted and broken into fragments for devitrification tests.
Fragments were placed on platinum foll and heated to

880°C for 1.7 hours. The samples were sectioned and the thick-

ness of the devitrified zone measured.

3. Results
The devitrifled zone of the glass containing water in the
bateh was 13% greater than that of the base glass; fluoride, 14%
greater; sulfate, 5% greater; sodium chloride, 10% smaller; and

arsenie trioxide, 8% smaller.

~

4. Discuseion of Results

The c¢hanges in the smount of crystallization may have been
due to changes in the affinlty for the lons, molecules, or groups
in the growing crystals; they may have been due to viscoeltiy
changes, or other factors. If 1t 18 assumed that the changes are
due to viscosity and that the rate of orystal growth is a function
of viscosity, the viscosities of the glasses can bs approximated
&t this temperature.

The results of such assumptlons show that water deoresased
the logarithm of the viscosity by 2%; fluorides decreased it by
2.5%; pulfate decreased it by .4%; while sodlum chlorids and ar-
senic trioxide increased it by 1.T%.

Some of the above dats are sonfirmed by experiments. The
Genersl Research Laboratory of the Owens-Illinols Glass Company
report that fluoride will decrease the viscosity.57 An interpol-
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ation of their data indicate that 0.5% fluoride would decrease the
logarithm of the viscosity about 1.8%4. A. E. J. Viekers' &33&58
on the effect of atmosphere on %he viscosity of a gimple soda-
8llica glass indicate that water vapor over the surface would de-
¢rease the logarithm of the viscosity at 1000°C by 4.1% and sule
phur dioxide over ths glass would decrsaseé the legariggg;gf the™
viscosity at 1000°C by 6.2%. -

The decrease in rete of crystal growth with the addition
ef arsenic may be due to & change in the viscosity of the glass,
if argenla acts slmilarly to alumina; 1t may be due to prefer-
entlal adsorption on the erystel; or other faotors.

The deoresse in the rate of orystal growth with the ad-
dition of chloride may be due to an inorease in viscosity, al-
though no data are available on the subject; the change may have
been brought about by & loss of alkali due to volatilization of
sodium chloride with a subsequent decrease in rate of growth, or

through other factors.

C. Effect of Qsgillatin

It was reasoned thet if the temperature of a glass was

t Temperature on Crystal Deve

oseillated between the temperature of maximum growth veloclty and
the temperature of maximum rate of nucleation, that a maximum num-
ber of large orystals would be formed; and if an osoclllation of
the temperature were made betwsen the maximum rate of growth temp-
erature and some point #lightly above the liquidus, that & few
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large erystals would be formed.

It was the purpose of this phase of the investigation to
find the effect of osslllating the temperature of erystalliizatlion
on the particle size distribution of the crystalline phase.

2. Procedure

A platinum-wound resistance furnace was used in these ex-
periments. A constant voltage transformer in the line kept the
temperaturs fluctuations due to line-voltage variations at & mini- —
mum. The temperature of the furnace was oscillated along an ap-
proximate sine curve by Qeeillatiag the voltage input of & vari-
able transformer in the cirouit.

Various samples of glass, princlpally & commercisl plate
glass, were placed in a combustion boat which was plsced in the
furnace. A probing thermosouple was used to measure the gradient
of the furnace. Temperature oscillations were made varying the
period of oselillatlion, the amplitude of the oseillation, and the
entire temperature ranges. Samples with erystals were given this

thermal treatment as well as clear glasses.

3. Results
The results were inconelusive in regard to any changes in
the parﬁiale glze distribution due to diffioultles in the measure-
ment. It was found that the temperature at which the laet erystals

appeared was aporoximately at the liguldus temperature of the glasa

4. Diseussion of results

Experiments on surface devitrifiecstion made subsequent



to the above indicated that dust in the alr 1s largely responsible
for nucleation of glasses. Since this factor must necessarily en-
ter in affecting the particle size 4lstribution, and since such a
factor muet necesgarily be qulite varisble, measuremente of the
particle size distribution lose some of thelr signiflcance in such
experiments.

Experiments on the rate of solution of erystala, B8 report-
ed in Part III, indicated a very rapid solution réte above the
liguidus. It was hoped in these experiments, which were made pri-
or to the others, that solution would be glow enough so that only
the small particles would disscolve &g the temperature was above

the liquidus, but this was not the case.
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In this investigation, 1t was shown that changes in com-

position of & glase change the rate of erystal growth, the temper-

ature of the maximum rate of orystal growth, and the nature of the

erystalline phases precipitating. These changes were explained

by eonsidering the viscoslty and liquldus temperature changes of

the glasses, & low viscosity and & high liquidusMemperaturs in a

given geries of glasses being associated with a8 high rate of ovrys-

tal growth.

It wae aleo shown that:

19

2.

The linear growth of orystals in glasses procesds at
a practically constant rate until the erystalllzation
zones of the glsss meet.

The rate of growth va. temperature curve is eontinu-
ous through the luquidus temperature with the rate of
solution va. temperature curve, if splution 18 consid-
sred to be negative growth.

The rate of solution of crystals by the glass from.
which they were derived incrsases rapldly with an in-
erease in temperature above the liquidus.

Alumins additions up to approximately seven perocent
decreased the maximum rate of ecrystal growth in a soda-
iime~siliea glass, while larger additions increased
the rate.

The replacement of lime with magnesls up to approxi-
mately seven percent in a soda~lime-silica glass de-
oressed the maximum rate of erystal growth; further
replacemsnt increased the rate of growth.

A sodium magnesium sllicate, ﬁaag-ﬂﬁge-ﬁﬁiag, ean oceur
as a devitrifieation produst in high magnesia glasses.

Mo simple relation is evident for the effect of vie-
cosity on the rate of crystal growth in glasses with
a variable alumina or magnesia content.



10.

11.

e

Dust snd other material in the air play a major role
in the promotion of surface devitrification.

Liquidus temperatures can be determined ranridly by
measuring the rate of erystal growth and rate of orys-
tal solution in s decreasing temperature interval.

Minor constituents in the glass may influence the rate
of erystal growth considerably.

A method is presented by which the intern-diffusion of

- gimilar-tyve glasseg may be followed.
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