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The Study of the Stru ctural and T ransformati<.., .. 

Characteristics 'of the Pressure-Induced Polymorphs 

In Bismuth 

T. E. Davidson and A. P. lee 

It is lmown f1'0 111 /l,e e(wly Ulorll of B1'idgman that 
tlie hoo /owest-/Jressure i1'ansilions (J-ll and ll-IIl) 
are accomjJanied by sul}sftmlial (llId abrupt changes 
in1'esislivily, and vo lume, However. unlike the tem­
/Jeratltre-indllced rrfloiro/)ic Iralls/ormations oh­
sen'ed in such elemel1ts as lithi1lm, cohall. tin, and 
so forth, there is little achlfllly 1m own about many 
of tlie clwracter'istics of lIle pressure-induced 
i?'ansi lions. Tliis current worl? involves an examina­
tion of tlie structural alld l1'ans/ormation character­
istics of tile bismuth I-ll and ll-Ill Iral1s i lions under 
hyd1'ostafic pressures The relationship 0/ it7itial 
st~'7lcl7lre to llie lmllsjormatiol1/Jressure, rate, ' ,'e­
sisfivily cfwn!{e, and ?'eslIllanl slntct//'re is dis ­
cussed. It is shown lhat lhe lransition presslwe alld 
lralls/or1llation rale are independenl of the jJ1'eSellce 
of gmin boundaries and associated anisotropy-in­
duced deforlllfllion, An observed hysteresis in both 
tJ/e I-ll and ll-IlI lransUions is shown. 

BISMUTH is one of the most interesting of the 
elements exhibiting pressure-induced polymorphs 
since it undergoes several allotropic transforma­
tions at pressures below 90,000 atm. It is known 
from the early work of Bridgman1

,2 that the two 
lowest-pressure transitions (I-il and II-ill) are 
accompanied by substantial and abrupt changes in 
resistance and volume, However, unlike the tem­
perature-induced allotropic transformations ob­
served in such elements as lithium, cobalt, tin, and 
so forth, there is little actually known about many , 
of the characteristics of these pressure-induced 
transitions . It is the purpose of lliis work to ex­
amine some of the structural and transformation 
characteristics of the bismuth I-II and II-III transi­
tions under hydrostatic pressures. 

Another interesting characteristic of bismuth is 
that, in its polycrystalline form, hydrostatic pres­
sures of suffiCient magnitude will indl1ce severe 
progressive plastic deformation in the region of 
the grain boundaries. 3 This: deformation, which has 
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also been observed in several other metals, is at ­
tributed to the high degree of anisotropy in the 
linear compressibility of bismuth, resulting in 
shear stresses in the grain boundaries when it is 
exposed ' to hydrostatic pressure. 

Most thermally induced allotropic transforma­
tions in metals, whether of the diffusionless ather­
mal (martensitic) or isothermal nucleation and 
growth types, are dependent upon structure and 
prior history, 4 viz., grain boundaries, deformation, 
and so forth. One logically wonders then whether 
the transformation characteristics of the pressure­
induc ed polymorphs in bismuth might also depend 
upon initial structure, particularly with respect to 
the presence of grain boundaries and aSSOCiated 
plastiC deformation . 

In this investigation, the role of grain bound-
aries and plastic deformation on the characteris­
tics of the bismuth I-II and II-III transitions will be 
established. The rather unique residual microstruc­
tural changes associated with these transitions will 
be presented and discussed. The occurrence of a 
measurable hysteresis in both the I-II and II-III 
transitions will be demonstrated. The type of trans- , 
formation mechanism based on the observed trans­
formation rate will be discussed. 

EXPERIMENTAL PROCEDURE 

A) Apparatus. The hydrostatic pressure system 
utilized in this investigation is similar to that pre­
viously reported by Bridgman1 and Birch and Robert­
son,5 and has been previously described. 3 

For the purpose of this work, the pressure medium 
utilized was a 1: 1 mixture of pentane and isopentane. 
Pressure measurement was by means of a manganin 
coil in conjunction with a Foxboro Recorder. The 
manganin coil was mounted in the bollom closure 
and inserted inside the pressure cavity . I3ased on 
calibration against a controlled clearance piston 
gage at ,approximately 10,000 atm, Uw estimated 
error in Ule pressure measurement was ± 2 pet. 
Assuming the nonlinearity in the pressure coeffi­
cient of resistivity between 10,000 and 28,000 atm 
to be not greater than 1 pct, Ulen the estimated er ­
ror in the range of the I-II and II-III transitions 
was ±3 pct. 

B) SpeCimen Material and Preparation. The bis­
muth utilized throughout this investigation was of 
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Fig. I-Specimen holder and bollom closure for hydro­
static pl'essure system. 

high-purity single-crystalline stock having the 
following detectable impurity levels: 

Pb - 0.6 ppm 
Fe - 0.9 ppm 
ClI - 0.1 ppm 
Cd - 0.3 ppm 

In order to minimize varialions in impurity con­
tent between lhe sin~le and polycryslalline speci­
mens, the polycryslalline samples were produced 
from the original single crystals by remelting into 
a 3/4 -in. billet and extrusion at 220°C to a 0.17 -in. 
diam. The smaller grain size samples were pre­
pared directly from the. as-extruded material. For 
the larger grain size, the as-extruded material was 
subjected to an annealing treatment of 220°C for 
5 hr. It was attempted to obtain polycrystalline 
samples by progressive compressive deformation 
of the single crystals with intermediate annealing. 
Although moderate grain sizes could be obtained in 
this manner, this technique was abandoned in favor 
of the former. 

The specimens were 0.16 in. in diam and 0.22 in. 
long. Prior to pressurization, a plane parallel t6 
the longitudinal axis of the speCimen was metallo­
graphically prepared by electropolishing using a 
saturated KI solution with 2 pct by volume of con­
centrated HCI. 

C) Resistance Measurement. Electrical resis­
tance as a function of pressure was measured by 
means of a conventional potential-drop method using 
a K- 3 type potentiometer and recording osc illo­
graph. Two specimens ·were connected in series to 
a current source, and the potential drop across 
each was measured separately. The arrangement 
of the two specimens in the sample holder is shown 
in Fig. 1 along with the bottom pressure closure. 
For the pressure run, the sample holder was simply 
connected to the seven-anode insulating block of the 
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Fig. 2-Relative resistance vs pressure. 

closure. There is a total of seven electrical leads 
emerging through the bottom closure with two being 
used for the current through the speCimens, four 
for voltage measurements, and the remaining one 
for the manganin coil inserted inside of the in­
sulating block. 

D) Procedure. In all experiments, pressure was 
increased by 3000-atm increments up to 21,000 atm 
and a 2000-atm increment to 23,000 atm with a 5-
to 10-min hold period between each pressure change 
to permit stabilization of the pressure and voltage 
readin[?,"s due to thermal effects . Beyond 23,000 atm, 
four different procedures, consisting of a) 100-, 
il) 250-, and c) 500-atm increments WiU1 5-min 
stabilization periods, and rI) conlinuous pressuriza­
tion al the rate of 50 atm per min, were utilized. 
The depressurization rate closely approximated the 
procedure used for increasing pressure. 

RESULTS AND DISCUSSION 

A) Transition Pressure. In order to establish the 
effect of initial structure on the transition vari­
ables, a single crystal and a polycrystalline sam­
ple, connected in series in the manner previously 
described, were Simultaneously exposed to the 
pressure. Typical relative resistance vs pressure 
curves utilizing this procedure are shown in Fig . 2. 

As is demonstrated in Fig. 2, the I-II and II-III 
transitions, upon increasing pressure, occur iso­
barically with the transformation pressure being 
independent of initial structure. Similarly, the III-II 
tranSition, upon decreaSing pressure, is also iso­
bariC and structure-insensitive. However, the II-I 
transition is not completely isobaric, but exhibits 
some sluggishness near the completion of tra11S­
formation. This devialion from isobaric conditions 
is small, usually not exceeding 300 atm. 

Under the condition of this experiment, there is 
a substantial hystereSiS in boU1 the I-II and II-III 
transitions. The magnitude of this hysteresis is in­
dependent of structure, but somewhat dependent 
upon pressurization rate as is shown in the follow­
ing tables. 
The single value of the pressures and pressure 
difference shown is the average for all tests (only 
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Pressurization 
Procedure 

SOO-atm i~crements 

2S0-otm incremen ts 

100-atm increments 

Uninterrupted at 
50 etm per min. 

Pressurization 
Procedure 

500-a lm incremen ts 

2S0-atm ' increments 

100-atm increments 

Uninterrupted 01 

50 atm per min 

I-II Tronsition 

1', -11. 1'11-" 
K-ntm K-atm 

24.23 23.29 
(24.10-24 .50) (22.90-23.50) 

24.25 23.20 
(24.20- 24 .30) (23.00-23.50) 

24.20 23 .49 
(24 .05-24.30) (23 .40 23.70) 

24.31 23.20 
(24.25-24.35) (23.15-23.40) 

II-III Transition 

1'''.111. 1'1II-1I. 
K-atm K·a tm 

25.55 24.84 
(25.50-25.60) (24.70-25 .10) 

25.65 24 .98 
(25.60-25.70) (24.95-25 .00) 

25.70 25.15 
25.70 (24.95-25 .30) 

25.75 25.13 
25.75 (25.10-25.15) 

1\1'1-11. 
K-atm 

0.94 
(O·W1.20) 

1.05 
(0.75-1.30) 

0.71 
(0.55-0.90) 

1.11 
(0.95-1.20) 

I\1'1I_1II. 
K-atm 

0.71 
(0 .50-0.80) 

0.67 
(0.65-0.70) 

0.55 
(0.40-0.75 

0.62 
(0.60-0.65) 

the first cycle 'in case of recycling) in the specific 
category and the double values, in parentheses, the 
data spread. Although the differences are relatively 
small, it can be seen that the magnitude of the 
hystereSiS in the I-II transitions tends to increase 
with increasing pressurization rates, which most 
probably is due to nonequilibrium conditions re­
sulting in "over-driving" of tile transitions. 

Recycling several times through either of the 
transitions seems to have little, if any, effect on the 
magnitude of the hysteresiS. For example, passing 
through the I-II transitions three times does not re­
sult in any consistent change in the hysteresiS. Re­
cycling four times through the II-III transition re­
sulted in a reduction from 750 to 500 atm. 

It is of concern whether the observed hystereSiS 
is, in fact, a real phenomenon associated with these 
transitions or simply a function of the experiment. 
From the standpoint of the experiment, the two 
possible causes of observed hystereSiS are sub­
stantial nonequilibrium associated with too rapid 
a pressurization rate and/or natural hysteresis in 
the manganin-coil pressure transducer . 

Considering tile first possibility, using 100-atm 
increments with a 5-min stabilization period there 
was usually a substantial period of elapsed time at 
the transition pressure before the transformation 
initiated, This is clearly shown in Fig. 3 which is 
a typical plot of relative resistance vs time as ob­
tained from the continuous oscillographic record­
ing of volta.ge change for Simultaneously pres ­
surized single and polycrystalline samples. Time 
= 0 on lhe abSCissa corresponds to the time at 
which the transition pressure was reached. In any 
given experimenl, the tranSitions normally did not 
initiate Simultaneously in both samples. However, 
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Fig. 3-TypicaJ rclative resistance vs time curves for 
I-II and IT-III transitions. 
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Fig. 4-Rcsistance vs pressure for sin~le cl'.\·stals. 

conSidering the curve for the single cryslal shown 
in Fig. 3 as an example, approximate ly 3 min 
elapsed before the I-II transition initiated and 7 min 
before the initiation of the II-III. For decreasing 
pressure, the elapsed time was approximately 1 and 
2 min, respectively, for the III-II and II-I. Ap­
parently, then, using 100-atm increments with a 
stabilization period is close enough to equilibrium 
conditions so that the hystereSiS is not attributable 
to "overdriving" of the transitions. U sing the 
larger pressure increments, the transitions often 
occurred during the increase or decrease of pres ­
sure, resulting in little or no elapsed time at the 
transition pressure and short durations of trans­
formations. In these instances, there is a greater 
tendency to "overdrive" the transitions, re sulting 
in an increase in the magnitude of the hystereSiS . 

That the observed hystereSiS is not due to the 
manganin-coil transducer is based on the following 
two ~onsiderations. First, any hystereSiS occurring 
in the pressure measurement would vani sh at the 
peak pressure and be a maximum at the midpressure 
range. However, the hysteresis in the transition 
was observed even when the applied pressure _ 
just exceeded the transition pressure by a few 
hundred atmospheres, and also in the case of the 
partial I-II transformation. Second, as a further 
check, two bismuth single crystals were pres -
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surizcd to just below thc I-II transition. The rela­
tive rcsistance vs prcssure data for this experiment 
is shown in Fig. 4. Since Ulere was no observed 
structure change in the sainples, one would not ex­
pect to see any natural hysteresis in the bismuth. 
It is evident from the figure, therefore, that up to 
23,500 atm the hysteresis due to the manganin coil 
is negligible. 

Based on the above considerations, it must be 
concluded that there is a real hysteresis in the 
bismuth I-II and II-III transitions that, under equi­
librium or near equilibrium conditions, has an 
average magnitude of 730 and 550 atm, respec­
tively. The fact that this hysteresis was not de­
tected by Bridgman1 is most probably due to his 
utilizing 1000-atm increments in the region of the 
transition. Since the pressure increments used 
in his research were approximately the same size 
as the hysteresis observed in this work, it could 
have readily gone without detection. 

B) Relative ReSistance. Some mention should be 
made of the resistance changes associated with 
the bismuth transitions, particularly with respect 
to their structural implications. 

Relative resistance (R p/R 0) data at the transi­
tion pressure from all experiments are sum­
marized as follows according to initial structure, 
where the single value represents the average from 
all experiments (for first cycle only in case of mul­
tiple cycles) and the double value, in parentheses, . 
the data spread. 

As can be noted, the average values of the rela­
tive resistance for the three phases at the pOint of 
transition upon increasing pressure are similar to 
those reported by Bridgman for single crystals. 
Since the single crystals in th·is program were of 
random orientation, the values vary considerably, 
which simply reflects anisotropy in the resistivity 
and pressure coefficient of resistivity. As would 
be expected due to its randomizing effect on aniso­
tropy, the data spread for the polycrys talline 
specimens is somcwhat smaller than that observed 
for the single crystals. 

There is a differcnce, again bcing larger in the 
case of the sin~le crystals, betwecn the relative re­
sistance of Phase I and II observed under increasing 
and decreasing pressure . Brid[:pnan1 also observed 
a Similar effect and mentioned that it might be as­
sociated with a Change from a single to polycrystal­
line structure as a result of passing through the I-II 
transition, thus redUCing, or eliminating, the aniso­
tropy inherent in the original single crystals . As 
will subsequently be shown, the original single-

crystalline structure is lost as a result of passing 
through the I-II tranSition, which could account for 
such an observed difference. However, even in the 
case of the original polycrystalline samples where 
one naturally assumes complete, or near complete, 
isotropy, there is a marked difference between the 
relative resistance at the pOint of transition, par­
ticularly of phase I, for increasing and decreasing 
pressure. This, along with the fact that the final 
resistance differs from the original, indicates that 
the polycrystalline structure formed as a result of 
passing through the II-I transition may exhibit sub­
stantial orientational regularity ("texturing"), thus 
differing from the initial isotropic polycrystalline 
structure. This residual polycrystalline structure 
common to all initial structural conditions will be 
subsequently discussed. 

C) Transformation Rate. The transformation rate 
aSSOCiated with subject transition varies widely from 
test to test and within any given pressure run. For 
example, whereas in Fig. 3 the Single-crystal sam­
ple transforms more rapidly in the case of the I-II 
transition, in other experiments the polycrystal 
transforms at a higher rate. There appears, how­
ever, to be no reproducible effect of initial struc­
ture upon the transformation rate or any indication 
that one of the tranSitions was more sluggish than 
the other: 

As would be expected, the rate of transformation 
is highly dependent upon the pressurization rate. At 
the higher rates, the transitions often initiate while 
pressure is being changed, in which case it pro­
ceeds rapidly, reaching completion in as Ii. ttle as 
10 sec. At the slower pressurization rates (Fig . 3 
being a typical example of the 100-atm increment 
procedure), the transition may require several 
minutes to go to completion. 

If one assumes that relative resistance change is 
proportional to the volume percentage of the two 
phases present at any given time, thcn U1e curves, 
shown in Fig. 3, arc similar in shape to that pre­
dicted based on nucleation and growth theory for an 
isothermal transformation. G It is indicated, there­
fore, that the pressure-induced I-II and II-Ill transi­
tions in bismuth are thermally activated nucleation 
and growth-type processes in conlrast to tile very 
rapid nonthermally activated diffusionless type 
(often called martensitic) as observed in such pure 
meta.1s as lithium, cobalt, and zirconium. 

D) Microstructural Analysis. Typical residual 
structures for single and polycrystalline bismuth 
after cycling through the I-II transition are shown 
in Figs. 5 and 6 and for I-II and II-Ill transitions in 

Increasing Pressure Decreasing Pressure 

HI {(IJ 

Sin gle crystal 1.470 0.191 
(1. 280-1.890) (0.160-0.254) 

Polycrystal 1.455 0.204 
(1.340-1.570) (0.180-0.230) 

Bridgnrnn' ' 1.5.4- 0.239 
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0.559 
(0.430-0.650) 

0.548 
(0.507-0.570) 

0.616 

1.560 
(1.31-1.940) 

1.520 
(1.390-1.720) 

0.1 99 
(0.134-0.254) 

0.2().J 
(0.1 80-0.210) 
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Fig. 5-Struclul'al changes in bismuth 
single crystal arlcl' I-II transition. / 
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Figs. 7 and 8. In these figures, tilE! original struc­
ture (a) r eprescnts tile metallographically prepared 
surface prior to prcssurization, The structure af­
ter transition (b) shows the same region as the 
original area immediately after removing the sam­
ple from the pressure cell but without further 
metallographic preparation, One can readily see 
the "ghost" image of the original structure, i,e., 
original Phase I grain boundaries and twin bands, 
along with an image of the structure in the Phase 
II or Phase II and III regions. Considering Figs. 5 
and 6, one can readily see pronounced grain bound-

fig. 6-Stl'uctUl':11 ch:1ngcs ill polycrys­
t:1lIinc bismuth :1[tcr I-II tr:1llsition. 
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(a) Original structurc; (b) after transi­
tion; (e) intermediate repolish; (d) final 
structure. XIOO. Reduced approximately 
42 pet for reproduction . .!, of 
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aries depicting the polycrystalline nature of Phase 
II, along with substantial surface distortion du e to 
volume change. When the sample passes through 
both the I-II and II-III transitions, as shown in Figs . 
7 and 8, the structure is much more diffuse since 
two volume changes occurred. It is still pOSSible, 
however, to see an image of the original structure 
as well as some grain boundaries probably associ­
ated with Phase II bismuth. 

That the structure observed directly after transi­
tion is actually a "ghost" image depicting the his­
tory of the sample is demonstrated by its removal 

(a) 

, 

~~ 
(e) 

.. 
~ 
-~ 

'\ 
\ 

(ti ) 
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by slight repolishing as shown in (c) of the subject 
figures where the gradual disappearance of the 
original Phase I and superimposed Phase II bound­
aries is evident. 

. . 

(d) 

As can be noted, the final or residual structure, 
after complete repolishing, is polycrystalline in na­

re and is the same whether the sample was 
riginally single or polycrystalline or passed through 

the I-II or I-II and II-III transitions. It is charac­
terizecj by some twinned regions, as is commonly 
encountered in this material, and many apparently 
isolated grains completely surrounded by a larger 
grain or matrix region. 
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Fig. 7-Structural changes in singlc ­
crystal bismuth after I-II-III transi­
tions. (a) Original structure; (b) aftcr 
transition; (c) intermediate repolish; 
(d) final structure. XIOO. Reduced 
approximately 42 pct [or reproduction . 

An interesting characteristic of the polycrystal­
line structure resulting from cycling through the 
transitions is its drastically enhanced grain bound­
ary migrations. It was observed that, regardless 
of the initial structure or whether it passed through 
the I-II or II-III tranSition, this residual polycrys ­
talline structure bec()mes single crys talline, based 
on an optical observation of the polished surface, 
after annealing at 160°C for 3 hr. Furthermore, at 
120°C for 3 hr, the residual structure conSisted of 
only two to three grains intersecting the polished 
surface. As a matter of comparison, the as-ex­
truded material, which had a grain size comparable 

Fig. 8-Structural chang-cs in poly ­
crystallinc bismuth artCl' I-II-ITI tran­
sitions. (a) Original structure ; (Ii ) after 
transition;-(c) intermcdi ate r cpo lish ; 
(d) final structure. XIOO. Reduc ed 
approximately 42 pct for reproduction. 
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Fig-. !)-SLnlcLu ral chang-es in single­
crystal bisl1luth aflee GO pct comple­
tion of I-II Lransitions. (a) After 50 pet 
complction; (bl final structure in trans­
formed I'e~ion aftee repolishing. XIOO. 
Reduced approximately 42 pet for re­
peoduction. 
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Fig'. lO-Structural changes in poly­
crystalline bismulh after various stag-es 
of completion of I-II transition . (a) After 
38 pet complction; (b) after 41 pet com­
pletion. XlOO. Hcduced approximately 
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42 pct for reproduction. 

to that of the residual structure after transition, 
required an annealing treatment of 220°C for 5 hr 
which resulted in ten to twenty grains intersecting 
an equivalent polished area as demonstrated in the 
original structure photomicrographs of Figs . 6 
and 8. 

Two factors that could contribute to the enhanced 
boundary migration are stored strain energy and 
preferential orientation of the struc ture as indicated 
by the difference in resistivi ty aiter pressurization. 
The stored strain energy arises from the fact that, 
just as increasing pressure progressively induces 
shear stresses in the grain boundaries of Phase I 
bismuth, so also will decreasing pressure once the 
material has transformed back from Phase II to 1. 
Undoubtedly, substantial boundary migration and de­
formation occur progressively in Phase I reaching 
a maximum at atmospheriC pressure . The available 
stored strain energy at atmospheric pressure due to 
this deformation could materially affect the rate of 
boundary migration , 

A better understanding of how the transformations 
occur and the rather unusual residual structure 
can be gained from the examination of partially 
transformed specimens, For the purpose of obtain­
ing partially transformed samples for examination, 
the I-II transition was interrupted aiter a certain 
percentage of voltage change, as indicated by the 
oscilloscopiC recorder, by simply reducing the 
pressure by lOO-atm increments. Partial transfor­
mation in a Single-crystal sample is shown in Fig . 9. 

Referring to (0) of Fig. 9, the boundary between 
the transformed and untransformed region is quite 
evident. The transformed region is typical of that 
observed in all cases for the I-II transition contain­
ing an image of the polycrystalline nature of Phase 
II. There is a small amount of slip in the untrans-
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formed area, undoubtedly due to deforma tion in­
duced by the volume change of the trans formed 
portion of the sample. Photomicro~raph (1)), which 
is of the transformed area in the region of the ini­
tial transformed-untransformed boundary after re­
polishing, shows an interesting characteris tic. The 
initial boundary is gone, and the only visible vari­
ation from the original single-crystal structure 
consists of a very few small isolated grains, one of 
which is shown in the center of the photomicro­
graphs . 

There appear to be at least two plaus ibl e ex­
planations for this reversion back to ncar single­
crystalline form and the presence of th e isolated 
regions. First, substantial boundary migr a tion oc­
curs to reduce the progressively increa sing shear 
stresses in the polycrysta,lline form of Phas e I 
transformed from the Phase II reg ion , as was pre­
viously described, The second possibili ty i s th at 
the untransformed Phase I r egion controls the di­
rection of growth and possibly the ori ent:ltion of the 
nuclei of Phase I transform ed from Phase II, simi­
lar in effect to the g rowth of single cryst:u::5 fr om a 
"seed" crystal. This is probably due, at least in 
part, to the large anisotropy of the linear com -

. pressibility of bismuth which, under pr essure , 
could tend to enhance g rowth of nuclei si milarly 
oriented to the untransformed volume and, due to 
the greater energy involved, retard the g r owth r a te 
of those with a differ ent orientation. This effect 
would be more prevalent in the r egion of the inter­
face between the transformed and untransformed 
region. At a distance removed from the interface, 
nucleation and growth of unfavorably ori ente Cl ma­
terial occur to a limited extent, as shown by the 
small isolated regions. How eve r , the enhanc ed 
growth rate of the favorably oriented nuclei effec -
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lively overruns these unfavorable regions, r esulting 
in isola ted reg-ions sur rounded by material of the 
same orientation as the untransformed region. 

he specimen would undoubtedly revert com-
letely back to a single crystal if given enough time 

during the transition period or at elevated temper­
atur es wh ere diffusion would be enhanced. ' 

Which of the above phenomena is the more im­
portant calU10t be ascertained from available evi­
dence. It is likely that the final structure is a mani:­
festation of the combined effects of both mech­
anisms. 

When the specimen completely transforms, as 
shown in Figs. 5 through 8, Phase I nucleates 
and grows from Phase II in many initially inde­
pendent regions. However, as was previously dis­
cussed, it is felt that the high anisotropy of Ule 
linear compressibility again enhances Ule growth 
of some grains during the decrease of pressure, 
while retarding the growth of other s to such an ex-' 
tent that some unfavorably oriented areas are ef­
fectively overrun and surrounded. 

Partial I-II transformation in annealed and as­
extruded polycrystalline structures is shown in 
Figs. 10(a) and lO(b), r espectively. As can be noted, 
the original Phase I grain boundaries, including 
those along which severe anisotropy-induced defor­
mation has occurred, do not appear to be preferen­
tial sites for Phase II nucleation. Although in photo­
micrograph (a) of this fi g-ure transformation appears 
to be associated wilh a Phase I boundary in one 
• rea, in another r egion it is independent. This lack 
of any Significant dependency of the I-II transfor­
mation on Phase I boundaries is more clearly shown 
in (b) which bears out the insensitivity of the transi­
tion pressures and rate to initial structure. The 
formation of Phase III from II is even further re­
moved from the original Phase I structure; thus one 
would not expect to encounter any structural sensi­
tivity. 

CONCLUSIONS 

1) The bismuth I-II and II-III transition pressure 
and transformation rate are structure-insensitive 
with respect to the presence of grain boundaries and 
associated localized plastic deformation. 

2) The I-II and II-III transitions are completely 
isobaric for increasing hydrostatic pressures. The 
III-II also occurs isobarically but, at very slow 
pressurization rates, there is a tendency for the 
final stages of the II-I transition to extend over a 
narrow range of 200 to 300 atm. 

3) Even under very slow pressurization rates con­
sisting of lOO-atm increments with 5-min stabili­
zation periods, Ulere is a measurable hysteresis in 
both the I-II and II-Ill transitions amounting to an 
'--" 
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average of 0.71 and 0.55 k-atm, respectively . The 
magnitude of Ule hysteresis in the tranSitions in­
creases with increasing pressurization rates. 

4) The final structure is the s ame r egardless of 
initial structure or whether Ule specimen had 
passed through the I-II or the I-II and II-III transi­
tions. This residual structure is polycrystalline and 
contains many small isolated grains. This struc ­
ture will become single crystalline as a r esult of a 
low-temperature short-time anneal that has little 
effect on unpressurized polycrystalline material. 
Thi s enhancement of boundary migration is at­
tributed, in part, to the release of stored elastic 
strain energy resulting from Ule anisotropy of the 
linear compressibility. 

5) The formation of Phase II, which is polycrys ­
talline, from Phase I occurs independently of any 
original grain \;)oundaries. In the case of partial 
transtormation , the orientation of Phase I formed 
from Phase II upon decreasing pressure is effec ­
tively the same as the original Phase I in the un ­
transform ed regions. 

6) Under equilibrium, or near equilibrium, pres ­
surization, there is a substantial waiting period at 
pressure before initiation of transformation. Under 
these conditions, the actual transitions will require 
up to several minutes for completion in a m:lnner 
indicating a nucleation and growth-type transforma­
tion mechanism. Under faster pressurization rates, 
the transformation may be completed in as little as 
a few seconds . 
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