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An Improved Apparatus for the Determination of 
Liquidus Temperatures and Rates of Crystal 

Growth in Glasses1 

By Oscar H. Grauer and Edgar H. Hamilton 

The liquidus temperature of a glass is t he highest temperature at which equilibrium 

can coexist between the molten glass and the primary crystall ine phase. An improved 

temperature-grad ient apparatus is d escribed for thc rapid determination of liquidus tem­

peratures and rates of crystal growth in glasses. In this method the use of small glass frag­

mcnts confined in the cells of a platinum a ll oy holder largely eliminates the crror inherent 

in previous gradient methods. The proced ure is s imple and rapid. Liquidus temperatures 

in the range from 950° to 1,225°C were determined to a precision of 4 d egrees C. 

Hates of crystal growth were found to be linear. The usefulness to the glass technol­

ogist of data obtained by this method is indicated. 

1. Introduction 

Crystallization or devitrification is the most 
important limitation to the development of new 
glasses. The significance of this fact has been 
recognized by many investigators including Little­
ton [1]2 in 1931 and Preston [2] in 1940, who 
emphasized the need for further study of devitri­
fication in glass. Any such study must take inLo 
account two factors: (1) the liquidus temperature 
or maximum temperature at which equilibrium 
coexists between the glass and the primary crystal­
line phase; and (2) the rates of crystal growth at 
various temperatures. Such data are an important 
aid not only in the development of new glasses but 
also in the manufacturing processes of melting, 
forming, and annealing. 

Most of the data that could be used in devitri­
fication studies are expressed as phase equilibria 
diagrams, such as those compiled by Hall and 
Insley [3], which indicate the liquidus tempera­
tures for various compositions but which present 
no information as to rates of crystal grovvLh. The 
classical method for obtaining the liquidus tem­
perature is the quenching method, which was used 

at the Geophysical Laboratory of the Carnegie 
Institution of Washington in phase studies of 
silicate systems. In this method a small powdered 
sample of glas or crystals, encased in a sui table 
container, usually a platinum foil envelope, is 
heated at a given temperature until equilibrium 
is attained and Lhen quenched in air or some suit­
able liquid. The sam pIc is examined with the 
petrographic microscope for crystals, and the 
process repeated at other temperature until the 
highest temperaLure j found at which crystals 
persist. 

In 1914 Tammann [4] deLer-mined the maximum 
rate of crystal growth of glass rods that had been 
heated in a known tempemtul"e gradient. Zschim­
mer and Dietzell [5] determined rates of crystal 
growth by placing a piece of glass on a platinum 
plate in a furnace and maintaining a given tem­
peratme for a specific time interval. After the 
sample was removed from the furnace, it was sec­
tioned and the crystal size measured with a mi­
crometer microscope. This procedure was re­
peated for each temperature at which data were 
desired, and from a graph of temperature and 
crystal size the temperature of maximum devitri-

1 Presented at the meeting of the Glass Di vision of the American Ceramic Society, Bedford Springs, Pa., October 9,1948. 
2 Figures in brackets iodicate the literature references at tho end of this paper. 
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fication was determined. Tabata [6] used a similar 
procedure to indicate relative rates of cryst.alliza­
tion. Swift [7] used the same method with a 
modifica tion for determining the rates of growth 
at temperatures immediately below the liquidus 
temperature. For these cases, the sample was 
placed over a small hole in a platinum foil, which 
permitted direct observation with a mICroscope 
after each heat tr ea tm ent. 

Parmelee and Monack [8] set up cri teria for 
evaluating devitrification in glasses based on 
prescribed cooling cycles for small experimental 
melts. 

A gradient method to determine liquidus tem­
perature was developed by Silverman [9] . In 
this method a sample of powdered glass was 
placed in a platinum-alloy boat, which was in­
serted in a furnace in , .,,-hich a known temperature 
gradien twas maintain cd. Preston [2] used the 
same method to determine both liquidus tem­
peratures and rates of crystal growt,h . 

In a previous investigation at this Bureau [10] 
the Silvcrman method was found to give good 
results except for those glasses that were very 
fluid at temperatures in the region of their liquidus 
temperatures. Such glasses had a tendency to 
flow when th e boat was removed from the fur­
nace, frequently r esulting in erroneous values. 

In the presen t investigation an improved ap­
paratus has been developed that permits a rapid 
determination of liquidus temperatures and rates 
of crystal growth. 

II . Apparatus and Procedure 

'The apparatus used for holding the glass sample 
is illustrated in figure l. It consisted of an in­
ser ted channel-shaped piece of pla tinum- lO­
percent-rhodium alloy, 5H in. long by % in. wide. 
Open cells for containing small fragments of 
glass were spaced along the length of the hold cr . 

The cells were tapered from a 2-mm-diameter 
opening at the top to a I-mm-diameter opening 
at the bottom and extended 1 mm below the 
surface. At one end of the channel the cells were 
spaced in two parallel rows H6 in . apart. In 
each of the parallel rows the cells were separated 
by ~~ in . from cen ter to cen ter , bu t since one 
row offset the other by ~{ 6 in. , the distance along 
the channel between centers of succeeding cells 
was ~i6 in . This interval was found to correspond 
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to a temperature difference of about 5 deg C 
III the temperature gradient. At the other end 
of the apparatus the cells were spaced ~~ in. 
apart between centers in a single row along the 
length of the strip , corresponding to a 20 deg C 
temperature difference. In actual operation, the 
holder was so positioned in the temperature 
gradient that liquidus temperatures could be 
determined within the region of the closely spaced 
cells of the parallel rows and measurements of 
crystal sizes within the cells of the single row. 

The horizontal tube furnace consisted of two 
concentric, spirally grooved alundum cores, in­
sulated from each other and encased in a steel­
shell packed wi th diatomaceous earth. 'I he 
inner core was wound with platinum- 20-percent­
rhodium wire along a central zone for a distance of 
6 in. and the outer core with a nickel -chromium 
alloy wire along 20 in. of its length . 

A fairly linear temp erat ure gradient was ob­
tained by adjusting the current in both windings 
with small variable transformers. The maximum 
temperature of the furnace was maintained con­
stant to within ± 2 deg. C by means of a com­
m ercial-type electronic controller operating from 
a plat inum- platinum-l0-percent-rhodium thermo­
couple located in the ho t zone. As a result, a 
stable gradient was maintained in th e r emainder 
of the furnace. 

T emperatures in the gradient were measured 
with a movable platinum- platinum-l0-percent­
rhodium thermocouple in conjunction with a 
potentiometer . The t hermocouple was encased by 
a double-bore clay insulating tube excep t for the 
last half inch at the hot junction. 

In making liquidus temperature determinations 
and measurements of rates of crystal growth in 
glass, the following procedure was used . A small 
piece of glass or of glass-crystal mixture, about 1 
cm in each dimension , was crushed in a hardened­
steel mortar, and t he fragments were transferred 
to a sheet of black paper or black glass to facilitate 
the selection of particles of the desired size. 
Pieces about 2 mm long and 1 mm wide were 
loaded into the cells of the platinum holder , which 
was th en inser ted and positioned accurately in 
the furnace. The sample holder Kas left in the 
gradient furnace for Lhe desired t imo, usually 20 
to 60 min. for experimental glasses. A temperature 
probe at ~f-in. intervals was th en made of the 
gradient with the movable thermo couple, and the 
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FIGURE 1. Platinum alloy specimen holder. 
a, P hotograph of holder; b, line drawing, plan vicw; c, section through A- A of v iew (b) showing position in furnace in r{' iation to inner furnace tube and 

mo\' sble t hermocouple. 

holder was removed immedia tely (air-quenched) 
from the furnace b y means of a long wire hook. 

Since the cells confined the glass, no displace­
ment due to flow occurred when the holder was 
removed rapidly from the furnace . Surface 
tension prevented the glass from flowing out of the 
lower opening. After air quenching, the holder 
was placed on the microscope stage, and the 
contents of the cells were examined with a petro­
graphic microscope. The opening in the bottom 
of each cell permitted direct examination of the 
enelosed sample using transmitted light, thereby 
obviating the necessity of breaking away the glass 
from the holder. The last cell that contained 
crystals was considered to locate the po ition in 
the temperature gradient corresponding to the 

liquidus temperature. The temperature of the 
cell was obtained by linear interpolation between 
the two nearest points of the temperature probe. 

In general, each fragment of glass tended to take 
the shape of the platinum cell when the tempera­
ture was above th e softening point and to assume 
a somewhat lenticular appearance. For photo­
micrography i t wa desirable to avoid the optical 
distor tion and uneven illumination due to the 
curved surfaces. This was effected by placing 
cover glas es at both surfaces of the sample and 
interposing a drop or two of a liquid having the 
arne index of refraction as th e gla s sample. A 

cover glass with an appropriate liquid sufficed for 
the visual measurement of crystal sizes. 

In determining the crystal Size, Preston's 
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method of making measurements of the semimajor 
axis of the crystal or of the radius of spherulitic 
crystals was used. Corrections were made for the 
foreshortening effect of those crystals that did not 
lie in the plane perpendicular to the optical axis of 
the microscope. A microscope, containing a filar 
micrometer eyepiece, was focussed sharply on one 
end of the crystal or of the radius of the spheruli te. 
The crosshair was brought into coincidence with 
the image, and the readings of the micrometer and 
the microscope fine adjustment scale were noted; 
the microscope was refocussed on the other end 
of the crystal or on t.he radiant point of the 
spherulite; the crosshair was repositioned; the new 
readings of both scales were observed. The 
horizontal projection of the crystal or of the radius 
was obtained from the difference of the micrometer 
scale readings, and the vertical projection from 
the product of the difl'erence of the microscope 
scale readings and the index of refraction of the 
glass. From these data the true size of the 
crystal was determined by the geometrical relation­
ship as indicated in figure 2. An average of four 
measurements of different spheruli tes was used 
for the data. The reproducibility of the measure­
ments was about 2 percent. 

FIGURE 2. Geometrical solution of spherulitic radii. 

The radius C is determined by thc equation C=.J A '+(BN)' , where A is 
the horizontal projection, B is the ycrtical projection, and N is the index of 
refraction of the glass. 

Measurements by Preston [2] indicated that the 
rate of crystal growth in glass was linear with 
time only during the first st'lges. A more recent 
investigation by Swift [7] showed that the rate of 
crystal growth in glass was constant until the 
crystallization zones from opposite surfaces met. 
In the present investigation the linearity of crystal 
growth was also observed from measurements 
made on various types of glasses. 
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Thus, both the rates of crystal growth at 
various temperatures and th e liquidus temperature 
could be obtained after only one treatment. 
However, in those cases where the rate of crystal 
growth was very rapid, a short treatment of 5 or 
] 0 min was desirable so that t.he crystals in th e 
region of maximum devitrification would not inter­
fere with each other and depart from linearity in 
their rates of growth. In these few instances a 
separate determination was made of the liquidus 
temperature. 

III. Results and Discussion 

1. Liquidus Temperature Determinations 

Liquidus tempera ture determinations were made 
for five different glasses using the classical quench­
ing method, the Silverman method, and the new 
method. The results are listed in table] and the 
compositions of the glasses in table 2. The 
values of duplicate determinations with the new 
method show less scatter than those with the Sil­
verman method. Considering the values ob­
tained by the quenching method as the standards 
for comparison, the average deviation of the values 
obtained by the new method is 3.6 deg C as com­
pared to 7.2 deg C for the Silverman method. 
The greatest deviation between duplicate deter­
minations for the new method was 6 deg C com­
pared to 23.4 deg C for the Silverman method. 

TABLE 1. Liquidus temperature determinations 

Classical 
Glass quench· Silverman method New method ing 

method 
---

° c ° C ° C °c ° C(Avg) °C °c °C(Avg) 
E 1105 ... 958. 5 91lO 954 _._---- 957 957 953 955 
E 994 .... 1,011. 0 I,OO! 1, 010 ------- 1, 006 1,017 1,017 1, 0li 
E 1067 ... 1,079. 0 1,072 1, 078 ------- 1,075 1, 074 1,079 1, 076 
E95L .. 1, 170.0 1,159 1, 167 1, 167 1, 164 I, J65 1, 172 1,168 
E 105L. J, 223. 4 1,200 1, 209 ---- --- 1.204 1, 218 1, 221 1,220 

TABLE 2. Compositions· 

~ SiO, B,O, BaO BeO CaO La,O, Na,oliAlz03 Ta,o,~ . 
wt % wt % wt % wt% wt % wt % wt % wt% wt% wt% 

E 1105 ... 70.00 .................. 10. 0 ...... 20.0 ................. . 
E 99'1. ... 23.2 17. 0 54.2 2. 2 ......... . .. 3. 4 _ .......... . 
E 1067 ... 14.0 16.2 33.1 1. 2 24. 4 ............ 11.1 ..... . 
E 955 .... 14.6 16. 9 31.9 1. 3 33. 9 . ..... .... . . ...... 1.4 
E 1055 ... 12.7 16. 5 33.8 1.3 33. 1 ...... 2. 6 ........... . 

• All compositions calculated from batch proportions. 
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It is among the glasses that are very fluid at their' 
liquidus temperatures that the results obtained by 
the Silverman method are erratic, due to the flow 
of the molten glass in the boat upon removal from 
the furnace . 

In the new method flow is practically eliminated 
by confining the specimens to the small cells of the 
holder. Due to the small mass of the sample and 
its intimate thermal contact with the platinum 
alloy cell, equilibrium is more quickly attained, 
and cooling of the sample on removal approaches 
the quenching method in its rapidity. 

2 . Rates of Crystal Growth 

Figure 3 gives the values of crystal size and tem­
perature for glass E 1105, for heat treatments of 
13, 26, and 60 min. It indicates that the maxi­
mum size for each holding period occurs at about 
the same temperature, 895 0 O. Up to 1 hI' the 
rates of crystal growth (at a given temperature), 
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FIGURE 3. 

CRYSTAL SIZE, SEMI-MAJOR AXIS IN MICRONS 

Effect of temperature on crystal si ze for treat­
ments of 13, 26, and 60 min. 

which are the slopes of the curves in fig. 4, were 
found to be linear. When rates of crystal growth 

35 0 

300 

(/) 
z 
0 

'" 2 250 
~ 

~ 
(/) 

x 
"" ", 200 

~ 
"" ~ 
~ 
w 150 (/) 

uJ 
N 
Vi 
-' 100 I! 
(/) 
>-
'" <) 

50 

0 
0 

FIGURE 4. 

10 20 30 
TIME , MINUTES 

40 50 60 

E.fJect of dw'ation of treatment at constant tem­
perature on crystal size. 

1000 ,---,----,- -,----r--,-----,-----, 

950 

o 
0. 9 0 0 
w 
Il: 
:::> 
!:i 
Il: 
W 
n. 
::;; 

~ 850 

are plotted against temperature, the curve in fig . 5 800 

is obtained. In this curve the rate of crystal 
growth is zero at the liquidus temperature, and 
the maximum rate occurs at about 895 0 C. 
Figures 6 and 7 are photomicrographs of devi­
trite crystals that were grown in glass E 1105 
(Na20, 20%; CaO, 10%; Si02 , 70%) at 8600 C for 
13 and 26 min , respectively. 

Liquidus Temperatures and Rates of Crystal Growth 

750 
o 2 4 6 8 10 12 14 

RATE OF CRYSTAL GROWTH , ~ IMINUTE 

FIGURE 5. Rate of crystal growth versus temperature. 
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FIGURE 7. Photomicrograph 

of devitrite crystals X 200 

after 26 min treatment at 

860 0 C, focus at center of 

crystals. 

500 

FIGURE 6. Photomicrograph 

of devitrite crystals X 200 

after 13 min treatment at 

860 C. 
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FIGURE 8. Photomicrograph 

of same devitrite crystals 

as figure 7 with microscope 

focus ed at ends of crystals. 

The photomicrograph shown in figure 7 wa 
obtained with the microscope focused on the 
centers of th e spherulites. It can be seen that 
the end of the spherulites ar e out of focus, indicat­
ing varying degrees of inclination . The photo­
micrograph shown in figure 8 was ob tained when 
some of the ends of th e same sph eruli tes had been 
brought into fo cus; this time th e eenters are out of 
focus . Values of maximum rates of crystal 
growth for two glasse are given in table 3. Other 
determination of crystal growth as an indicator 

TABLE 3. Rates of crystal growth for glass forming and 

nonglass-formin g materials 

Maximu m rate 
Material of crystal 

growtb 

p/min 
Glass E 1105. ___ ___ ____ 9.8 
Glass E 1222 • (devitri· 63.3 

fi cs readi ly). 
Picric acid b (nonglass· 860, 000 

forming). 

I 
Phosphorus' (non- 60,000,000 

glass-forming). 

• A low·d ispersion, bigh·index experimental glass. 
b A. Bogoj aw!ensky, Z. ph ysik. Cbem. 27, 585 (1898). 
o M. D . Gernez, Com pt. rend. 95 , 1278 (1 2). 
d Not maximum. 

Tem· 
pera· 
t ure ._-
°c 
895 
890 

85 

d 25 

-

of devitrification have been made with thi ap­
paratus. From these resul ts, sui table time-tem­
perature sch edule have been derived for the 
slumping of large interferometer plate and oth er 
large disks of various types of optical glasses 
without th e usu al devitrifieation. 

IV. Viscosity and Crystal Growth 

Various attempts [7 , 11, 12, 13, 14] h ave been 
made to find a relationship between th e rate of 
cry tal growth and the temperature. B elow the 
liquidus temperature, th e stable state of a system 
consists of crystals or a mixture of glass and 
crystals. The glassy pha e at ordinary tempera­
tures is unstable; even at a temperatm e below 
th e softening poin t of th e glass, th e visco ity may 
be sufficien tly low so tha t crystals may grow at a 
measurable rate. 

In reviewing t he kinetics of crystallization , the 
familiar hump-shaped curve of rate of crystal 
growth and temperature can be considered as the 
r esult of two opposing forces: a driv ing force that 
increases as we depart from t he liquidus tempera­
ture and a r esisting force related to the viscosity, 
'which increases exponentially and plays the domi·· 
nant role as the temperature is diminish ed . Th e 
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rate of crystal growth has been shown to be in­
versely proportional to the viscosity: by Frenkel 
[11] on the basis of the classical activation theory, 
by Richards [12] using the concept of thermal 
relaxation time, and by Leontjewa [13], empiri­
cally in a series of N a20-Si02 glasses. The latter 
used th e equation, 

where v is linear speed of crystalliza tion, TJ is the 
viscosity, and K and Ko are constants, Ko being 
very small. 

Swift [9] used the semiempirical equation of 
Preston, 

R= K (TliQ-T), 
TJ 

where R is the rate of crystal growth, TIIQ is the 
liquidus temperature, T is the temperature during 
holding period, TJ is th e viscosity, and K is a con­
stant. A plot of this equation fitt ed one set of 
his data fairly well but not others. 

From a consideration of the difference in vibra­
tional energy between condensation and melting 
at a plane glass-crystal boundary, Cox and Kirby 
[14] derived an equation for the rate of crystal 
growth of the form, 

where EJ is th e vibrational energy needed to make 
the ions in the glass mobile, E2 the energy that is 
necessary to make the ions in the crystal mobile, 
r the ratio of the surface densities of crystal and 
glass, T the absolute temperature, and A and K 
are constants. While this equation gave a fair fit 
for most of their data, there was poor agreement 
at temperatures immediately below the liquidus 
temperature for the two borosilicate-type glasses 
that they used. 

A comparison of the rates of crystal growth in 
glass-forming and nonglass-forming materials 
(table 3) shows the tremendous differences in their 
rates of growth. As the rate of crystal growth 
increases it becomes increasingly difficult to pro­
duce glass. 

502 

V. Summary 

An improved apparatus for the rapid deter­
mination of liquidus temperatures and rates of 
crystal growth has been developed. 

The simplified technique required with this 
apparatus makes it possible for an inexperienced 
operator to determine quickly data that formerly 
required much time and skill . 

A rapid means is provided the glass technologist 
for assessing the effects of changes in composition 
upon the devitrification characteristics of glasses. 

The authors express thanks to William R . 
Eubank for his aid in determining liquidus tem­
peratures by the quenching method, to Charles P . 
Saylor for aid in preparing the photomicrographs, 
and to Clarence H. Hahner for helpful suggestions. 

VI. References 

[1] J. L. Litt leton, J . Soc. Glass Tech. Trans. 15, 262 
(1931). 

[2] E. Preston , J . Soc. Glass Tech. 24, 139 (1940) . 
[3] F. P. Hall and H. Insley, J . Am. Ceram. Soc. 30, 

No. 11, part 2 (1947). 
[4] G. Tammann, J. Soc. Glass Tech. 9, 166 (1925). 
[5] E. Zschimmer and A. Dietzel, Sprechsaal 60, 110, 

129, 165, 186, 204 (1927). 
[6] K . Tabata, Researches Electrotechnical Laboratory, 

Japan, No. 191 (1927). 
[7] H . R . Swift, J . Am. Ceram. Soc. 30, 165 (1947). 
[8] C. W. Parmelee and A. J. Monack, J . Soc. Glass Tech. 

13, 322 (1929). 
[9] W. B. Silverman, J . Am. Ceram. Soc. 22, 378 (1939). 

[10] E. H . Hamilton, O. H. Grauer, Z. Zabowsky, and 
C. H . Hahner, J. Research NBS 40, 361 (1948) 
RP1881. 

[11] J. Frenkel, Physik . Z. Sowjetunion 1, 498 (1932) . 
[12] W. T. Richards, J . Chem. Phys. 4, 449 (1936). 
[13] A. A. Leontjewa, Acta Physicochim. URSS, 14, 

245 (1941) . 
[14] S. M. Cox and P. L. Kirby, Nature 159 [4031] 162 

(1947) . 

WASHINGTON, February 13, 1950. 

Journal of Research 


	jresv44n5p_495
	jresv44n5p_496
	jresv44n5p_497
	jresv44n5p_498
	jresv44n5p_499
	jresv44n5p_500
	jresv44n5p_501
	jresv44n5p_502

