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closely approximated on the basis of that de
scription of its structure which is nearest to 
actuality, and this is the continuous distribution 
function yielded by X-ray scattering and now, 
as well, by theoretical analysis such as that of 

The amazing speed with which strongly super
cooled liquid phosphorus crystallizes was made 
strikingly evident to the senior author by the 
sudden blackening upon crystallization of strongly 
supercooled solutions of mercury in phosphorus, 
described in another communication.2 Since linear 
velocities of crystallization heretofore reported 
are commonly given in millimeters per minute,3 

it seemed worthwhile to obtain figures for this 
case of a velocity of an altogether different order 
of magnitude. 

Our first observations of the crystallization 
velocity were made using a stopwatch and a 60 
cm. length of phosphorus, under water in a some
what longer U-tube of approximately 4 mm. 
internal diameter. The phosphorus was first 
melted by immersing the tube in a jar of water 
above the melting point; the tube was then trans
ferred to a water-bath at some temperature below 
44°, and, after waiting for temperature equilibrium, 
crystallization was started by touching the surface 
of the phosphorus in one limb with a copper wire 
that had been cooled in liquid nitrogen. The 
stopwatch was started at the same instant and was 
stopped when the wave of solidification had reached 
the other end of the phosphorus. The velocities 
corresponding to times as short as 2 seconds are, 
of course, subject to appreciable error, as shown 
by the scatter of the upper points for this run, 
therefore they are omitted from Table I. 

In order to measure much shorter times with the 
desired accuracy, an electronic circuit was devised 
by one of us (Powell). A diagram of it is given in 
Fig. 3. As the wave of opacity travelled down one 
limb of the U-tube containing phosphorus, the 
light of a red lamp passing through the phosphorus 
and then through a small window to a photocell 
was interrupted and this started the charging of a 
condenser. As the wave passed up to near the 
top of the other limb, a second photocell stopped 
the charge, the amount of which gave the elapsed 
time. The total scale deflection could be set to 
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correspond to 10, 1 or 0.1 second. The length 
of the phosphorus column was 88 cm. 

There were two runs with this apparatus, using 
different samples of phosphorus; one which had 
been distilled in vacuum, the other cleaned till 
"water white" by being kept liquid for some hours 
under dilute sulfuric acid-bichromate solution. 
The two sets of points thus obtained are given in 
Table I. v is the velocity of crystallization in 
cm./second. Figure 1 plots the two sets of accurate 
points from Table I together with the earlier, less 
accurate, points for low velocities. It will be seen 
that the different runs agree quite satisfactorily. 
There is no evidence, moreover, that the velocity 
is approaching a maximum, such as demanded by 
well known theories and realized with many other 
substances. 
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Many years ago, Gernez4 measured the velocity 
of crystallization of phosphorus, using columns 
much narrower than ours—1 to 2 mm.—and some 
sort of special "chronometer." His points agree 
well with ours down to 33° but fall far below at the 
lower temperatures. 

Turnbull and Cech,6 in their investigation of the 
supercooling of liquid metals, have stated, however, 
that "With the exception of selenium, all of the 
droplets that had supercooled considerably solidi-

(4) Gernez, Comfit, rend., 95, 1278 (1882). 
(5) D. Turnbull and R. E. Cech, J. Afifil. Phys., Sl, 804 (1950); 

also D. Turnbull, ibid., p. 1022. 
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Crystallization Velocity of Liquid Phosphorus1 

BY R. E. POWELL, T. S. GILMAN AND J. H. HILDEBRAND 

Strongly supercooled liquid phosphorus crystallizes with far higher linear velocities than those that-have been reported for 
other substances, commonly in mm. per minute, therefore it seemed worthwhile to secure some quantitative data. Using an 
electronic circuit with photoelectric cells, and a liquid column 88 cm. long, velocities were measured at initial liquid tempera
tures from near the melting point down to 21.3°, where the velocity, v, was 210 cm./sec. The results are closely reproduced 
by the equation (wj) 1A = 1.01(44.1 — /), where rj is the viscosity in centipoises, and t the temperature. A qualitative justi
fication is given for this relation. 
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Fig. 1.—Velocity of crystallization of supercooled phos
phorus. 

tied in a time too short to estimate, even to an 
order of magnitude, after a nucleus had formed. 
From these observations it can only be maintained 
that the linear growth rates were greater than 1 
mm./sec." 

A plot of velocity against the square of the 
degrees of supercooling showed a small curvature, 
but the product of the velocity by viscosity, JJ 
gives a linear relation, as shown in Fig. 2, where 
(vy)l/' is plotted against temperature. 
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Fig. 2.—Velocity of crystallization of supercooled phos
phorus. Test of relation (tni)1'' = JT(44.1 — /) 
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. . i tlSOk iSOkt 

\>4 p=f 3£' 

+ IW- -7S„ -TJ--ISO* 

frewt 

2ND TRI«ER 1ST TRIWER ~ 7 

Fig. 3.—Circuit for measurement of crystallization velocity. 

by Dobinski6 and by Campbell and Katz.7 We 
have plotted their points as log rj vs. 1/T, and drawn 
the best straight line through them in the tempera
ture range 25-50°. (The scatter of the points 
for higher temperatures is such as to make rather 
doubtful the curvature claimed by Campbell.) 
The values of 77 given in the table were taken from 
this line. 

I t is evident that crystallization occurring at 
such high velocities in a poor thermal conductor 
is far from an isothermal process. The heat of 
fusion is small, 601 cal./mole, but the solid is 
initially at a higher temperature than the liquid 
from which it forms. I t seems probable, however, 
that the sleeve of solid next to the glass is formed 
at nearly the bath temperature and that the wave 
of crystallization in the center of the tube advances 
more slowly. 

In order to construct a quantitative theory of 
this process one would need knowledge concerning 
such factors as heat conductivity and interfacial 
surface tension, which we do not have. We 
content ourselves, accordingly, merely with trying 
to account for the constancy shown by the relation 
in the last column of Table I. The dependence of 
the rate upon the square of the degree of supercool
ing may be explained by saying that the rate de
pends, first, upon the free energy of the process, and, 
second, upon the initial temperature of the wall of 
the tube which absorbs the heat of crystallization. 
The inverse relation between velocity and viscosity 
seems quite reasonable since viscosity is an obstacle 
to the adjustment of structure involved in going 
from liquid to solid. 
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