The effect of pressure on phase selection during nucleation
in undercooled bismuth

W. Yoon
University of Wisconsin-Madison, Department of Metallurgical and Mineral Engineering, Madison,
Wisconsin 53706

J. S. Paik

Korea Standards Research Institute, Taejon, Korea

D. LaCourt
General Electric Co., Lynn, Massachusetts 01901

J. H. Perepezko
University of Wisconsin-Madison, Department of Metallugical and Mineral Engineering, Madison,
Wisconsin 53706

(Received 19 May 1986; accepted for publication 4 August 1986)

At a sufficiently large liquid undercooling, the solidification of fine Bi droplet samples at
ambient pressure yields a metastable phase instead of the stable structure. The metastable Bi
phase is observed to melt at 174 °C at ambient pressure. Thermal analysis measurements on
droplet samples subjected to hydrostatic pressures ranging up to 400 MPa demonstrate that
the melting temperature of the metastable Bi phase increases by 20.8 K/GPa with pressure,
while that of the stable Bi phase decreases by 38.8 K/GPa. The trend of the measured melting
temperature of the metastable Bi phase joins smoothly to the melting curve of the Bi(II) high-
pressure phase. Differential scanning-calorimetry measurements on a liquid Bi droplet sample
at undercoolings up to 220 °C support the identification of the metastable Bi phase as the
Bi(II) high-pressure phase with a heat of fusion 5.98 kJ/g-at. A shift of the nucleation
temperature under pressure, which follows the trend of the melting temperature, characterizes
the nucleation onset of both Bi(1) and Bi(1I) phases and provides information on the kinetic
competition controlling phase selection.

I. INTRODUCTION nucleation to an increased variety of types of structures.” At

Since the early work of Bridgman in 1935,' in which
four high-pressure polymorphs were proposed for Bi over a
pressure range of up to 5 GPa, the elevated pressure-induced
phase transitions of Bi have been studied extensively and
used widely for pressure calibration points above room tem-
perature by many investigators. With a pressure range ex-
tending to 14 GPa and for a temperature range from meiting
down to 30 K, nine high-pressure polymorphs of Bi have
been reported to date.” Figure 1 shows the equilibrium pres-
sure-temperature phase diagram of Bi up to 5 GPa with the
various polymorphs labelled mainly in accord with Bridg-
man’s nomenclature.

Despite considerable interest in bismuth at high pres-
sures, the crystal structure is known for three of the poly-
morphs: Bi(I), Bi(I1), and Bi(VI). The Bi(I) phase is sta-
ble at ambient conditions with a rhombohedral (2 atoms per
unit cell) structure,® Bi(11) is base centered monoclinic with
four atoms per unit cell with cell parameters of ¢ = 0.6674
nam, 5 =0.6117 nm, ¢ = 0.3304 nm, and f = 110.33°at 2.6
GPa and 30 °C,* and Bi( V1) is base-centered cubic with two
atoms per unit cell and a cell parameter of a = 0.3800 nm at
9 GPa and room temperature.

Since the driving free energy for the solidification of a
phase is related directly to the amount of undercooling be-
low the melting temperature of the phase, a high level of
undercooling can expand the product selection involved in
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increasing levels of undercooling, additional features may
appear during thermal cycling through crystallization and
melting. In fact, in a recent undercooling study of pure Bi,® a
metastable Bi phase has been shown to compete successfully
with the equilibrium Bi(I) phase. As a result, it has been
possible to examine Bi in order to study in more detail the
effect of pressure on the liquid undercooling behavior and
the phase selection kinetics during nucleation.
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FIG. 1. The pressure-temperature phase diagram for Bi (from Ref. 2).
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11, EXPERIMENTAL PROCEDURE

An effective experimental approach that may be applied
to yield a large undercooling before the initiation of solidifi-
cation involves the slow cooling of a dispersion of stabilized
fine, liquid metal droplets.”® By dispersing a high-purity lig-
uid sample into a large number of small drops with diameters
below 20 um within a suitable medium, only a small fraction
of the drops may contain potent nucleants. If droplet inde-
pendence and separation can be maintained by surface coat-
ing treatments without introducing potent catalytic sites,
then the effects of any internal nucleants can be restricted to
a minor fraction of the droplet population so that the major-
ity of the droplets will display a large undercooling. From
the observed undercooling behavior of droplet samples,” it is
apparent that the largest undercooling range requires a sam-
ple with a fine, narrow size distribution and a uniform, non-
catalytic surface coating.

The Bi metal used in this investigation was of 99.999 %
purity. A mixture of molten Bi, an organic carrier fluid, and
surfactant additions was sheared at 30,000 rpm to produce
an emulsion. The final droplet size was in the range of 1-20
xm.'® The melting and crystallization behaviors of droplet
samples at ambient pressure were studied with differential
thermal analysis (DTA) and differential scanning calori-
metry (DSC).

The pressure-generating system with an attached high-
pressure DTA block for pressure work is shown in Fig 2.
Pressures up to about 0.4 GPa were produced through an
intensifier driven by an air pump, which was initiated by a
hand pump. The high-pressure DTA block is illustrated
schematically in Fig. 3. The details of experimental appara-
tus and procedures have been presented elsewhere. "'

il. RESULTS
A. Droplet undercooling behavior

The droplet dispersal operation isolates the sample from
interaction with the container walls, but substitutes the
emulsion stabilizing surface coating, which is required to
maintain droplet independence. When internal nucleants
are effectively isolated into a small fraction of a droplet
emulsion, the droplet surface coating is believed to be a limit-
ing factor for the undercooling. In fact, by varying the drop-
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FIG. 2. Schematic representation of the pressure-generating system.
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FIG. 3. Schematic representation of DTA block of the pressure equipment.

let surface treatments, different levels of undercooling have
been attained as illustrated in Fig. 4.° In each case the drop-
let emulsion is characterized by a narrow size distribution
with an average size of less than 10 zm. At the deepest un-
dercooling, the sample behavior shown in Fig. 4(c) exhibits
an extra endotherm at 174 °C in addition to the equilibrium
melting peak at 271 °C upon heating. The corresponding
cooling trace in Fig. 4(c) also shows an extra thermal signal.
It should be noted that a typical DTA sample contains on the
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FIG. 4. DTA thermograms for Bi droplets. Different surfactant treatments
have yielded changes in the maximum undercooling to nucleation.
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order of about 10® separate droplets. Due to the surface coat-
ing of the droplets, each droplet is independent in its behav-
ior. The thermal signals recorded during DTA therefore rep-
resent the summation of events in a statistically significant
number of droplets. At the same time due to variations in
droplet coating, different droplets may display different ki-
netic behavior. Asaresult, although the main crystallization
exotherm in Fig. 4(c) at 41 °C may involve metastable phase
formation, one droplet fraction can undergo a solid state
change subsequently to the equilibrium phase and melt at
271 °C, while another fraction can retain the metastable
structure and melt at 174 °C.

The various thermal signals which may be associated
with nucleation, decomposition, or melting of the metastable
phase have been examined in more detail by performing con-
trolled thermal cycling treatments as illustrated in Fig. 5. In
the first heating from the room temperature, the emulsified
sample exhibits two endotherms as described before. How-
ever, the second heating trace, which was taken after cooling
to — 10 °C does not show the 174 °C endotherm. Cooling to
below room temperature appears to result in a decomposi-
tion of the metastable phase which melts at 174 °C. In fact,
the reappearance of the metastable phase endotherm when
cooling is stopped just after the first exotherm confirms that
the second exotherm at the lower temperature actually rep-
resents the decomposition of the metastable phase. More-
over, cooling a sample just after the metastable endotherm is
reached on heating reproduces the nucleation and the de-
composition behavior of the Bi emulsion sample. The ther-
modynamics of the decomposition of the metastable phase at
low temperature will be discussed later. Regardless of the
cooling treatment, the metastable phase could not be pre-
served at room temperature for an extended period of time
for x-ray diffraction structural analysis.

B. Pressure-modified undercooling behavior

The pressure dependence of the undercooling, nuclea-
tion, and melting temperatures of Bi emulsion samples has

been monitored by a high-pressure DTA system. Several
pressure thermograms for Bi emulsion samples are shown in
Fig. 6. At ambient pressure, the liquid sample nucleates at
56 °C during cooling and displays the metastable phase melt-
ing peak at 174 °C during heating. As pressure increases, the
onset temperature of the metastable endotherm as well as the
amount of metastable phase, which can be evaluated by the
area within the peak, increase steadily. On the other hand,
the melting temperature of Bi(I) decreases with increasing
pressure. However, the pressure dependence of the nuclea-
tion temperature is not monotonic. In the low-pressure
range below about 100 MPa, the nucleation temperature de-
creases as pressure increases during cooling (Fig. 6, curves
1-2), but in the high-pressure range, the nucleation tem-
perature stops decreasing (Fig. 6, curves 2-3) and then be-
ginsincreasing (Fig. 6, curves 3—4). The shape of the nuclea-
tion peak also changes to become sharper with increasing
pressure.

As expected, the equilibrium melting temperature de-
creases as pressure increases by — 38.8 K/GPa, while the
metastable phase melting temperature increases with pres-
sure by 20.8 K/GPa. The dT /dP value of the Bi(I) melting
agrees well not only with the value of — 36 K/GPa calculat-
ed from the Clausius—Clapeyron relation, but also with
Bridgman’s experimental value of — 38 K/GPa.’

A Bi emulsion sample which was treated to nucleate at
79 °C at ambient pressure was also pressurized. The sample
did not show any indication for nucleation of the metastable
phase for pressures up to 400 MPa, but it did show a shift of
the Bi(1) nucleation by — 29 K/GPa and melting tempera-
ture change by the samed7 /dP value obtained on the sample
shown in Fig. 6 with changing pressure.

The experimental pressure dependence of thermal
events for both of the Bi emulsion samples is superimposed
on a portion of the P-T diagram for pure Bi in Fig. 7. The
melting behavior of the equilibrium Bi(I) phase shows good
consistency with the previous data."'? The melting points of
the metastable phase observed in this work can be joined

ENDOTHERM [N\

EXOTHERM

(A v

1300

250

200

FIG. 5. DTA thermograms for Bi droplets at
maximum undercooling. Thermal cycles re-

150 i
veal melting of a metastable phase at 174 °C.

TEMPERATURE (°C)

1060

30

3491 J. Appl. Phys., Vol. 60, No. 10, 15 November 1986

Yoon et al. 3491

Downloaded 05 Apr 2007 to 128.104.198.190. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



COOLING HEATING

AT(uV)

Jjjé AN —
2y

1 1 |
200 240 280

TEMPERATURE (°C)

TEMPERATURE (°C)

FIG. 6. Pressure thermograms for a Bi droplet sample. (1) 41 MPa, (2) 114
MPa, (3) 276 MPa, (4) 403 MPa.

smoothly by extrapolation with the high-pressure equilibri-
um melting curve of Bi(II) obtained by Klement ez a/.'?> The
Bi(I1) melting curve based on DTA measurements was re-
ported to be essentially flat at about 191 °C over the limited
pressure range of 1.7-2.4 GPa where Bi(II) is stable. Since
the compressibility of liquids is generally larger than that for
solids, a convex curve was used for extrapolation of the
Bi(II) melting curve to the high-pressure range. This extra-
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FIG. 7. The pressure-temperature phase diagram for Bi with the experi-
mental data of droplet nucleation and melting behavior. T,, is the trend of
nucleation temperature of the droplet sample which solidified at 79 °C at
ambient pressure. T, is the trend of nucleation temperature of the droplet
sample which solidified at 56 °C at ambient pressure.
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polation is most consistent with the measured stable Bi(II)
melting due to Klement ez al.'? shown in Fig. 7 and indicates
that the observed metastable phase is Bi(II).

C. Thermodynamic evaluation

The heat of fusion AH,, of the Bi(II) phase may be
determined from experimental data of the pressure depen-
dence of the melting temperature d7 /dP on the basis of the
Clausius-Clapeyron equation

dr T, AV

4P AH

m

, (D

where AV is the volume change upon melting of Bi(I¥) and
T,, is the melting temperature. However, an accurate AV
value at ambient pressure and at the melting temperature of
Bi(II) is not known. From previous high-pressure experi-
mental results,"'? A¥ values over the pressure range of 1.7~
2.6 GPa can be obtained, but these values are small and too
uncertain for an accurate AH,, determination. Further-
more, the compressibility of the Bi(1I) phase is not known
exactly. The heat of fusion of the Bi(II) phase, therefore,
was measured by performing an independent calorimetric
measurement by a DSC method.

During the heating of an emulsion sample, which exhib-
ited a maximum undercooling AT = 227 °C, two endoth-
erms were recorded as noted in Fig. 5 and the heat associated
with each endotherm was measured separately. The param-
eters Q, and @, indicate the heat involved in the metastable
and the equilibrium melting event, respectively, and W, and
W, are the mass of the droplet sampie in each event in the
metastable and the equilibrium phases, respectively. By
cooling the same sample from the completely liquid state
through freezing to below the decomposition temperature of
Bi(II) phase, the metastable phase formed during crystatli-
zation was completely decomposed to the equilibrium Bi(I)
phase. The sample was then heated to above the equilibrium
melting temperature to measure the total heat Q5 involved
during melting of Bi(I). The mass involved in the melting of
the equilibrium sample is symbolized as W;. The heats in-
volved in the endotherms of the emulsified sample can be
represented as

g,=040H, W,

Q2 = AH e WZ’ (2)
where AH_ is the heat of fusion of the metastable phase and
AH, is fusion of the equilibrium phase. Also, the heat based
on the endotherm of the decomposed sample can be ex-
pressed by

Q,=AH, W,, (3)

with W, = W, + W,. Since the heat of fusion of the Bi(I)
phase is known, the heat of fusion of the metastable phase
can be determined from Egs. (2) and (3) and the measured
values of Q,, @,, and Q, by

AHm = AHe Ql/(Q3 - Qz)‘ (4)

DSC thermograms for the measurement of the heat of fusion
of the metastable phase are shown in Fig. 8. The value ob-
tained was 5.98 kJ/g-at. The uncertainties involved in this
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FIG. 8. DSC thermograms for a Bi droplet sample.

measurement are expected to be less than 10 % based upon
repeated measurements.'?

A perspective on the relative heat of fusion for Bi(II)
compared to that for Bi(I) is provided in Fig. 9. Based on the
measured heat capacity for the undercooled liquid'® the heat
of fusion for Bi(1) at 447 K is almost twice the value for
Bi(I1). Toextend the comparison to lower temperatures, the
heat capacity of Bi(II) solid may be approximated with the
value for Bi(I) solid as shown in Fig. 9.

Although the value for the heat of fusion of Bi(1I) was
not reported by Klement ez al. so that the comparison is not
possible, a value of 4.10 kJ/g-at. has been reported by Bridg-
man' at the Liquid-I-II triple point (1.7 GPa and 456 K).
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FIG. 9. Temperature dependence of the enthalpy for Bi(I), Bi(1l), and
liquid.
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Moreover, if the heat of fusion of the Bi(II) is extrapolated
linearly to 1 atm based on the data of the heat of transition of
Bi(I) to Bi(II) and Bi(I) to liquid, the value is estimated to
be about 6.90 kJ/g-at., which is within 10 % of the value
measured in this work.

From the value of AH,,, determined in this work and the
Clausius—Clapeyron equation (Eq. 1), the AV value was cal-
culated based on a gram volume of Bi(II) phase as
0.0013 cm?/g. Also, the volume per gram for Bi(II) at am-
bient pressure and 447 K is 0.0972 cm®/g. This value com-
pares well with a neutron diffraction measurement* of
0.0912 cm’/g at 2.6 GPa and room temperature.

According to the above thermodynamic or calorimetric
evidence as well as the pressure results and the comparison
with other high-pressure work, the metastable phase shown
in the present Bi droplet sample is undoubtedly Bi(Il),
which solidified at deep undercooling. Similar observations
of polymorphic phase formation during rapid solidification
of undercooled liquids of antimony and gallium have been
reported.'*'” In some cases the metastable structural modi-
fications are known to correspond to those determined to be
equilibrium structures at high pressure.

V. DISCUSSION

The decomposition behavior of the metastable Bi(1I)
phase during cooling may be examined on the basis of the
relevant free-energy relationships. In Fig. 10, the molar free
energy of Bi is derived as a function of temperature from a
combination of calorimetric measurements and published
evaluations.'® It is apparent that a minimum undercooling of
97 °C is necessary before the metastable solid can form even
under the most favorable heterogeneous nucleation kinetics.
However, kinetic success in forming a metastable phase dur-
ing initial nucleation will not necessarily allow for the most
favorable conditions for retention of the structure in the
sample. As noted in Fig. 10, the driving free-energy for de-
composition of the metastable Bi(I1) phase increases with
decreasing temperature and appears to be a controlling fac-
tor for the decomposition during cooling after nucleation at
maximum undercooling.
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FIG. 10. Temperature dependence of molar free energy for different phases
of pure Bi.
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As mentioned above, the nucleation temperature of the
sample that solidified at 56 °C, and atmospheric pressure de-
creases rapidly with pressure up to 100 MPa, but the pres-
sure dependence becomes shallow with further increases of
pressure. On the basis of classical nucleation theory'® and a
structural model for the liquid-solid interface,”” the trend of
nucleation temperature of the sample to follow that of melt-
ing temperature of the sample on the P-T" diagram can be
rationalized.?' Therefore, the discontinuity of the pressure
dependency of nucleation temperature around 100 MPa ap-
pears to be associated with the nucleation of the Bi(Il)
phase. That is, up to about 100 MPa, the majority of the
droplets freeze as Bi(I) so that the trend of nucleation tem-
perature follows that of the Bi(1) melting, which goes down-
ward on P-T diagram. However, as pressure increases
further, the portion of Bi(II) formed in the sample upon
nucleation increases so that the trend of the nucleation tem-
perature of the whole sample is affected by the increased
portion of the Bi(II) in the sample. Since the nucleation
temperature of the Bi(II) increases with pressure as the
trend of the Bi(II) melting on P-7 diagram over the present
experimental pressure range, the nucleation temperature of
the whole sample may be expected to increase with pressure
over the range of 100400 MPa. The nucleation temperature
behavior of the sample solidified at 79 °C, which does not
show a metastable endotherm throughout the experimental
pressure range, and which shows a constant decrease of nu-
cleation temperature as pressure increases supports this ar-
gument. A difference of d7,/dP values between samples
seems to come mainly from different potencies of heteroge-
neities in each sample and not from any capillarity-related
pressure effects, which are more than an order of magnitude
smaller in comparison to the experimental pressure range
values,

A detailed analysis of the pressure dependence of nu-
cleation temperatures for Bi- as well as Sn-emulsified sam-
ples will be presented elsewhere.?' However, it is important
to note that even at the maximum undercooling which is
equivalent to 0.41 T,,, the nucleation behavior observed in
the current work should not be viewed as representing ho-
mogeneous nucleation. The nature of the rate-controlling
kinetics for either a volume-dependent or droplet-surface-
dependent process requires the evaluation of careful nuclea-
tion rate measurements.'® Indeed, experience indicates that
almost all undercooling values observed are limited by the
onset of a heterogeneous nucleation process.

V. CONCLUSION

A metastable phase has been observed to nucleate in
deeply undercooled Bi droplet samples. From the pressure
dependence of the melting and nucleation behavior, and an
assessment of the measured thermodynamic properties, the
metastable phase has been identified as a high-pressure poly-
morph of Bi, i.e., Bi(II). This is an example, in which a high-
pressure phase is solidified as a metastable phase in a rapid
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solidification method. A trend of the pressure dependence of
the nucleation temperature of droplet samples, which fol-
lows the trend of the melting temperature, has been observed
and related to the development of competitive phase selec-
tion kinetics. It is noteworthy, however, that the pressure-
induced transition in phase selection occurs at modest pres-
sure levels so that the origin is certainly not due to a shift in
relative thermodynamic stability of Bi(I) and Bi(II) under
pressure, but rather to a change in the controlling nucleation
kinetics.
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