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I. Introduction

The purpose of this review is to sumsarize and comment on the

solid-state transformations that occur in metals that belong to the
actinide series ~ in particular, plutonium and uranium, and to a
lesser extent thorium, neptunium, and americium. Technologically,
the two most important of these are, of course, plutonium and urs-
nium, and much of what follows will be related to the information
about these two metals. Both undergo a number of allotropic changes;
plutonium is unique among wmetals in having six allotropic forms.
The properties of metals whose crystal structure can be altered with
relative ease urder tha influence of either temperature or pressure
clearly depsnd on the detailed nature of the allotropic changes and
their relation to the previous thermal and mechanical history.

It is known that some solid-state transformations are sluggish,
some require large activation energies and thereby exhibit a strong
temperature depandence, while still others may take place rapidly
and at temperatures at which the availability or lack of long-range
diffusion does not affect the reaction rate. Some transformations
may require that a strict crystallographic orientation relationship
exist between the new and the old phase, while others are not con-
trolled by any such condition. Thermal activation, as a rule, in-
troduces the time factor as an important parameter, but transforma-
tions that occur mainly by the displacement of lattice dislocations
and without diffusion may, at least theoreticaliy, occur at the
speed of sound. Clearly, in all the stages of processing, using,
and maintaining useful materials based on plutonium or uranium, a
knowledge of many of the above featuras is very desirable.

In characterizing solid-state phase transformations in metals
&nd alloys it is useful first to define several possible types of
transformations, The terms commonly used to characterize structural
changes lack universsl acceptance. In part, this has arisen be-
causs of the different emphasis that may be placed on some specific
features or parsmeters studied in a given transformation, such as
diffusion, crystallography, morphology, kinetics, or thermodynamics.
A martensitic transformation, for example, always involves a cer-
tain crystallographic relationship, but it is well known that in
sany non-martensitic transformations a crystallographic orientation
relationship is equally important. Further confusion arises from
the excessively used expression "nucleation and growth.™ It is not
uncommon to find that this characteristic has besn incorrectly in-
terpreted as a criterion for the existence of a diffusional process
and the absence of "shear"; but, fundamentally, all solid-state
transformations must nucleate and grow, even though the particular
details of the two processes may be quite different from one trans-
formation to another.

Bearing in mind the above difficulties it will nevertheless be
adequate for the purpose of the present article to define three
gensral types of solid stace transformations:
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1) Diffusional nucleation and growth
2) Massive
3) Martensitic,

As a general rule, the first two can, if required, occur as iso~
thermal transformations that proceed to completion at a constant
temperature and depend to a varying degree upon thermal activation
and diffusion. Martensitic transformations, on the other hamd,
usuglly occur only while the tempsrature is changing and as such
depend only slightly, if at all, on thermal activation, They have
been accordingly described as athersal transformations; but this
particular classification becomes 5!.51.1 questionuble, especially
in the area of the actinide metals where some transformations, which
possess general martemsitic features, do occur isothermally, while
others, which may involve considerable diffusion, reveal an athermal
component. Furthermore, it is well known that it is possible for a
polymorphic change to occur by a diffusional nucleation-and-growth
(d-n-a-g) process under one set of conditions and by a martensitic
process under a different set. The purity, the grain size, external
stresses, and the rate of cooling or heating all play an importaat

part.

Several types of low temperature transformations in plutonium,
uranium, aid their alloys can be usefully defined as martensitic
even though they may occur isothermally. For this reason it will be
helpful to amplify some of the features that will be emphasized in
the subsequent discussion.

A martensitic transformation is one thet occurs by a rative
movement of many atoms. This means that the rearrangement of t
atoms from the parent crvstal structure to that of the product occurs
by the passage of & mobile coherent or semicoherent growth interface
and must therefore be assisted by the movement of specific disloca-
tions and sccompanied by transformation-induced lattice straims.. It
follows from the geomstric features characteristic of a martemsitic
transformation that a ific orientation relationship between the
product and parent cryatag Tattices must exist and a specific habit
plane within the parent lattice is favored. Another feature is a
ﬂ% [ e that must occur betwesn ihe two lattices, with a
specifically oriented shear componant. While this is a consequence
of all martensitic transformations, in many cases it does not follow
that the necessary shape change should be easily detectable, nor
that it can be expected as an sasily identifiable disturbance of
the free polished surface. On the contrary, when a large volume
change occurs, the resulting surface disturbance may be completely
uarelated to the shape change, a factor that may be of comsiderable
importance with the large volume changes obtained with some of the
phase changes in the actinides.

Diffusional-nuclsation-and-growth transformaticns pertinent to
this review may De considered to involve a thermally activated
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process related to the transfer of individual atoms across the
transformation interface. Commonly, the transport of atoms occurs
over many interatomic spacings and hence is related to the bulk dif-
fusion. Such transformations should proceed isotharmally unless a
specific factor, such as a buildup of lattice strain, hinders them.
Theare may or way not exist a specific orientation relationship de-
pending on specific conditions, and the transformation interfaces
may be incohersnt, semicoherent, or fully coherent.

Transforsations that are basically controlied only by the proc-
esses that occur at the transformation interfaces and therefore
require only a limited amount of diffusion are termed massive
transformations.(1) In alloys, these types of transformstions are
also composition invariant, and in most cases the transformation
interfaces appear to be incoherent. There is evidencs that in mas-
sive transformations a crystallographic orientation interdependence
between the two lattices is lacking. Massive transformations there-
fore nucleate with some difficulty but, once nucleated, may proceed
with great rapidity, thereby inducing some possible plastic flow
and acoustic effects. Massive transformations have been mentioned
only briefly in the field of actinides, but it is clear that such
transformations are quite likely to occur during allotropic changes
that are, by defirition, composition invariant. Recent studies of
massive transformations have shown that because of their rapidity
and lack of composition depsndence, erroneous conclusions may be
reached regarding their classification.

Despite the above enumerated difficulties, studies of many solid-
state transformations have permitted each particular group of trans-
formations to be associated with soms features that are fairly
characteristic of the group as a whole. This situation makes it
desirabls to bs able in each new observed phase transition to decide
what type of process is occurring. The identification of a trans-
formation as a particular type should allow the general characteri-
zation of ac least some of the parameters involved and hence allow
greater control over some mstallurgical feztures. Therefore, one
of the main objectives of the presant review will be an attempt to
indicate the current status of the known transformations in the
actinide series metals, using the three groups discussed above as
a basis. It is well recognized that in addition to these three
groups, a vast subdivision into various forms of transformations,
known to exist in metals and alloys, is available in the literature.
Vhila the importance of these subdivisions increases as one moves
from essentially allotropic changes to those occurring in various
complex alloys, we do not propose to consider here any such addi-
tional subdivision. However, occasional refersnce will be made,
whers applicable, to particular cases such as bainitic transforma-
tions or those involving different degrees of order.

Given the numercus allotropic forms in the actinide metals, the
total number of possible phase transitions, including some skip
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transformations, is quite large. A number of these are of particular
technological or scientific importance, for example, the o ~ f
transformations in Pu or U; consequently, the literature on thess
transformations is quite extensive. Since this article is limited

in scope we also do not claim that the quoted literature or the
particular transformations that are discussed are in any way complete,

1I. Some Specific Experimental Features

Studies of solid-state transformations in actinides constitute a
special field bscause of the unusual experimental diffi:ulties that
are unavcidable when dealing with highly eactive metals, especially
plutonium. Rapid surface oxidation, large volume changes during
allotropic transitions, radicactivity, self heatinz, and high toxicity
are but a few of the characteristic features that make many common
metallurgical procedures difficult. For example, the helpful infor-
mation that may be obtained from metallographic studies may be of
little value beczuse of the high degree of surface oxidation and
surface ~umpling. Likewise, the determination of crystallographic
details, such as orientation relationships and habits, is made diffi-
cult not only because of the necessity of handling most samples under
inert conditions, but also iecause the numercus allotropic traasfor-
mations may preclude the possibility of preparing suitable single

crystals.

Many important conclusions regarding the nature of each particular
transformation, especially for Pu and Np have been drawn, therefors,
from indirect studies such as transformation kinetics, differential
thermal anaiysis (DTA), temperature of occurrence and thermal hys-
teresis, influence of stress and specimen size, thermal-athermal
behavior, the temperature-time-transformation (TTT) behavior,
presence or absence of surface shear, ultrasonic response or internal
friction before and &fter transformation, and the like. We only
refer below to a discussion on kinetics and to a few less conven-
tional approaches.

A. Measurement of Kinetics

One of the objectives in the study of phase transformations is
the ability to predict the overall reaction rates. However, our
present knowledge concerning the phenomena of nucleation and growth
is still too limited to allow the possibility of predicting the
morphology, the rate of nucleation, and the rate of growth with the
degree of certainty necessary for calculation of reaction rates from
first principles. Therefore, as pointed out in a recent nv:lcw,( 2)
the usual interest in widerstanding the general kinetics of a reac-
tion steme instead from the possibility of extracting some valuable
information concerning nucleation and growth from the measured
overall reaction rates. This phenomenological approach to investi-
gating the nucleation and growth involves two operations: (1) the
experimental observation of the progress of a given reaction and
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(2) the analysis of the kinetic data in terms of various nucleation
and growth models. The measurements of the progress of a reaction
are usually carried out by following the change of some macroscopic
physical quantity — for example, length, electrical resistivity,
internal energy, internal friction, volume, or somstimes density.

It is then usually assumed that the observed property change is
proportional to the volume transformed, which is of course an assump-
tion that frequently requires specific justification. Even if the
experimental data can be fitted into a homogeneous rate equation by
properly choosing a certain set of constants, this practice mersly
facilitates the interpretation or extrapolation of the data, while
the constants themsslves way have doubtful physiczl significance.
Apart from the misthematical difficulties, the real limitation of the
indirect method for studying the details of a transformation through
its kinetics is that the evaluated quantities are significant only
if all the assusptions about the model are correct.

Isothermal kinetics data frequently have been analyzed using the
Avrami equation:(3)

1 - x = exp(-kt®) (1)

dx/de = nkt™ (1 - x), (2)

where x = fraction transformed, t = time, and k ¢ temperature-
dependent comstant. Values for the exponent n, wi.ich may bs claimed
to give information about the 7” of nucleation-and-growth process,

are obtained by ilotting 1n In 'I_l—x- vs 1In t.

Special forms of the above equations, ‘applicable to nucleation
and growth groeonu under certain conditions, are due to Johnaon
and Mehl:(%

1 -~ x = axp{-(x/3)463t*] (3)

dx/dt = (8/3)xRG3t3(1 -~ x) = (8/3)w63t3(aN/ar), (%)

where N is the rete of nucleation given by (dN/dt) 1 0 wvhere N
is the number of nuclei and G is the linear growth ;afc. dr/dt,
assuming spherical particles of radius r. Equations (3) and (&)
appear to be vzlid if the rates of nucleation and growth are con-
stamt and if the nucleation takes place at randox in the form of
spherical particles (of radius r) throughout the matrix. Thus, a
valus of & for the exponent n indicates that an isothermal trans-
formation proceeding at constant rates of nucleation and growth is
taking place, but of courss the transformation could be diffus:onal
or martensitic,



Avrami considered the decreare of the exponent n to be related to
a morphological change from three-dimensional to one-dimensional
particle growth. The nature of the nucleaticn rate vas not con-
sidered in detail, but it seems that n can alsc be reduced under
conditions where the initial nuclei are quickiy exhausted and subse~
quent nucleation rate is negligible, as might be the case in a mas-
sive transformation. Under ‘hese conditions a value of n less than
4 may mean a different transformation mechanism rather than a dif-
ferent particle morphology. In the interpretation of n, the possible
importance of nucleation behavior is frequently neglected.

B. Internal Friction and Relative Shear Modulus

The use of the internal friction measurement3 and the relative
shear modulus as a method for distinguishing between uartcn,i ic and
diffusional transformations has been proposed only rtcentlyﬂs and
is far from having been sufficiently tested. It appears that with
certain transformations the internal friction above and below the
transformation temperature changes very little and the shear modulus
changes over a broad range, while with other transformations inter-
nal friction suffers a marked change and the relative shear modulus
changes over a narrow range of temperature. The former zre claimed
to be the features characteristic of shear transformations and the
latter of diffusional transformations. Apart from cobalt, the
meti.od has been tested only using transformations in Pu and U, whose
nature is still open to question and, as discussed below, can often
be variable, depending on conditions. For example, it was assumed
for the purpose of calibration that the 8 » o and 6§ -~ ¥ transfor-
mat.ons in Pu are martensitic, whereas the detailed discussion given
below shows that the nature of these transformations, while being
martensitic under certain conditions, clearly depends upon a large
numbsr of factors — for example, cooling rate, purity, thermal
cycling, etc. In slowly cooled specimens (as done during internal
friction studies) diffusional transformations would quite likely
occur. Perhaps a more fundamental question regarding the use of in-
ternal friction measurements for distinguishing between transforma-
tion proces.w«s iies in the fact that there is no obvious reason why
the behavior in the martensitic case should be more or less contin-
uous (below and above each transformation temperature) and in the
diffusional case discontinuous. Coherent or semicoherent matching
across martensitic interfaces could perhaps produce a degree of
coupling that might allow only a gradnal change of internal friction,
but since a change of structure is also involved during a martensitic
change it is not at all obvious why internal friction should be al-
most independent of structure change. We feel that the method is as
yet rather speculative but the observed behavior is certainly of
interest. The vse of internal friction in the case of Np(®6) is dds-
cussed in the section dealing with this metal.
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C. Acoustic Measuremants :

Measurement of acoustic emissions generated during phase transfor-
mations'7) provides another tool for testing the nature of transfo--
mations, because faint ccoustic waves (of the order of 5 X 10-5 1b/
in?) can be detected that are likely to bs associated with marter-
sitic burst phenomena related to individual events. Such acoustic
emissions have indeed been recorded during the @« * 8 transformation
in Pu, possibly confirming the martensitic nature of the individual
events, but it must be kept in mind that the method is sensitive
enough to confuse "burst” phencmena with microcracking, grain
boundary sliding, or discontinuous boundary motion such as may occur
in some massive transformations. Nevertheless, the acoustic method,
vwhen well calibrated, seems to hold much promise for the future.

D. 1Isothermal vs Athermal Behavior

As mentioned in the Introduction, the terms isothermal and
athermal are often used in the literature in connection with solid-
state transformations. It may be worthwhile emphasizing that an
isothermal transformation is one that can proceed at a constant tem-
perature. In most d-n-a-g transformations, if a sufficient free
energy difference exists to initiate a transformation, the process
can proceed isothermally to completion., If the reaction becomes
arrested it is because some: Opposing factor, such as lattice strain
due to volume difference, reduces the driving force to zero. Under
such conditions, further cooling wmay again restart the transforma-
tion, perhaps with an incubation period, because at the lower tem-
perature the free energy difference is increased. Thus, a d-n-a-g
tranzformation may becowe in a sense athermal, resembling the mar-
tensitic cases,

In the case of a martensitic reaction, the free energy difference
is usually only sufficient to produce a very small amount of trans-
formation at any given temperature and continuous cooling is re-
quired to bring the transformation nearer to completion under
athermal conditions, It is clear that this need not always be the
case, and if a martensitic transformation can occur under conditions
when the lattice strain is continuously relieved, or is not sub-
stantial, there seems 10 be no reason why the process should not
occur isothermally, assisted by thermal activation. Herce one can
speak of shear transformations that possess isothermal features and
of diffusional transformations that have at least partially athermal
features. Under those conditions the terms isothermal and athermal
lose their usval meaning and are.of little help in distinguishing
between differsnt transformation processes.

It appears that some investigators may have excessively emphasized
the athermal characteristics in the actinides with the implication
that occurrence of an “athermal component" means martensitic be-
havior. On the contrary, most martensitic reactions in the actinides
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appear to be isothermal, with the uncommon (for martensite) features
of incubation times, "C" curve characteristics, and related time

components.

I1I. Transformations in Plutonium

In spite of the careful and time-consuming precautions that must
be taken to avoid radioactive contamination when working with pluto~
nium, significant strides have been made toward understanding the
transformation characteristics observed in this metal and some of
its alloys. The diwmensional changes accompanying the various allo-
tropic transitions and the approximate temperature ranges of stae
bility for each of the six allotropes may be illustrated by the
dilatometric heating and cooling curves shown in Fig. 1. The two
curves were obtained with a vertical quartz-tube-and-push-rod
dilatometer having a 5-g counterbalanced load. The Pu contained
<200 ppm of impurities excluding Am, which was estimated not to ex-
ceed 190 ppm. Heating and cooling rates of 4.5°C/min were used.
Although these rates are relatively slow, significant thermal hys-
teresis and differences in the general form of the curves may be
noted for some of the transitions. The equilibrium transition tem-~
peratures are: 115 (@ = B), 185 (B - ), 310 (Y = &),

452 (& = 8'), and 480°C (&' > €). Since in the pure metal a
composition change is not involved during phase changes, it may be
argued that any hysteresis effects may arise due to the particular
type of transformation involved. For example, the majority of shear
transformations generally require a large driving force, leading to
a substantial temperature hysteresis.

Because of the large volume changes associated with many of the
transitions (approximately 9, 3, 7, -0.4, and -2%, for thea = f3,
B +v, Y~>6&8, § ~ &', and 6' = € transformations, respec-
tively), large surface disturbances may be expscted. Consequently,
direct surface observation of some specific transformation features
during or after each transformation becomes difficult. This is
particularly true when several transitions have interceded between
the preparation of a fresh surface and the examination of a given
transformation. The crystal forms of the different allotropes are:
monoclinic (a), bec monoclinic (B), fc orthorhowbic (¥), fcc (8),
bc tetragonal (5'), and bce (€).

There appears to be general agreement that the 8 -~ a transition
occurs by shear under a number of conditions; »n the other hand,
thers is much controversy regarding the nature of the a = 3 transi-
tion. Transformations at higher temperatures are mostly attributed
to diffusion-controlled mechanisms, with the notable exception of
the § — v transition, which is believed to occur, at least in part,
by a shear transformation. The “skip"* transformation 6 -~ o is

¥In the accepted terminology a "skip" transformation is one during
which the phase changes occur not in the proper sequence, but with
one or two intermediate transitions being suppressed.

-11-



algo generally believed to occur by shear. In what follows we cone
sider sach of the transitions in more detail.

A, 7The § - o Transformation

By comparing the results obteined for Pu with certain featurss
obtained for well-established matensitic transformations, a number
_ of investigators have proposerl that the 8 — o transition occurs by
a cshear transformation. Many of the studies deal with the iso-
thermal kinetics and cover a temperature range from about -95 to
about 100°c,(8-18)

The data are usually presentsd in the form of isothermal trans-
formation curves (% tragsfomtion vs 1n time), TTT curves, or
Avrami plots (1ln 1n =) v8 1n time, where x is the fraction
transformed). Exanplzn for each of these plots are shown in Figs. 2,
3, and 4, respectively. The mechanisms proposed for the 8 - o
transformation in part resulted from interpretations of such plots.

One of the features of the 8 — ¢ transition that suggests a shear
transformation (on c?olingl *s the presence of a significant tem-
perature hysteresis. 9,11,1%)  The suggestion that an orjientation
relationship exists between o and 3 is made by Sprietu” on the
basis of some hot-stage matallographic observations of a specimen
that was thermally cycled so as to cause only a partial o = 3 trans-
formation to occur on heating prior to the reversal of this trans-
formation on cooling. Spriet refers to the similarities of the sur-
face features befors and after each cycle as evidence of a memory
effect at the transformation interface.

1. TTT Studies. Even though the 3 — a transformation may in-
volve QsEEar. it appears to be of the isothermal type, and numercus
TTT studies have been reported. The minimum times (incubation times)
prior to the start (or near start) of the 8 — o transformation are
temperature dependent and lead to a characteristic "C" curve., It
may be noted that several of the studies indicate either two(9,17)
or three(1%,18) sets of the conveéntional "C" curves. Spriet(1%)
and Galerne and Spriet(la conclude that the center region between
about -80 and +50°C with a low activation energy of 2,6 kcal/mole
must be associated with a shear transformation. The regions above
and below the center region, which have an activation energy of
soms 11 kcal/wole, compared with an estimated value for self-
diffusion in Pu of 16.5 kcal/mole, are attributed to diffusional
mechanisms. This value, however, is obtained from the correlation
proposed by Nachtrieb et ,1_’(19’ in which the activation energy is
related to the heat of fusion and the melting temperature. Such a
value should then refer to €-~Pu and not necessarily to o~ or B-Pu.
The interpretation that these authors make on the basis of activation
energies is therefore questionable. The characterization of the
transformation according to the magnitude of the activation energy
as sither a diffusicn or shear mechanism has been made by several
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investigators and may have some general merit. Nelson and Shync(zo)
point out, however, the difficulty of using activation energies de-
rived from Arrhenius-type relationships by noting that these may be
apparent rather than real. In general, the relationship between the
derived values of the activation energy and the “C" curve behavior
is not obvious because the activation energy, as derived from the
time-temperature relationships, merely reflects the temperature
dependence of a given process. The portion of the "C" curve above
the knee describes a speedup of the process as the temperature is
lovwered and hence indicates a negative value of the activation
energy — an untenable feature. Thus, the derived values may actually
be related in some complex manner to the true activation energy as
represented by a physical process that involves an activation energy
barrier.

Rosen et ‘1..(9) using ultrasonic pulse techniques, obtained two
distinct sets of "C" curves and argue that the two regions both in-
volve displacive-type (martensitic) mechanisms. Their observations
are interpreted according to the Knapp and Dehlinger model{2l) for
nucleation and growth of a martensitic product by the growth and
expansion of dislocation loops. The region above about 35°C has a
strong athermal component; the transformation does not go to com-
pletion., The lower temperature region exhibits isothermal behavior
leading to completion. The athermal component is attributed to the
development of high back stresses that build up during the progress
of the transformstion as a result of the volume change in the B+ o
trancition. At low temperatures the back stress is partly overcome
by the increased driving force. The importance of the large free-
energy difference necessary for overcoming the transformation
stresses is also suggested by reheating experiments. A cessation
of the transformation occurs on heating the specimens that were
undergoing transformation from B to o at low temperatures. As the
free energy difference diminishes nearer the equilibrium temperature,
strains introduced by the prior transformation are then more effec-
tive i sgppressing the continuation of the transformation,
Spriet{22) guggests the presence of competitive diffusional and
martensitic processes, which he discusses in relation to the sche-
matic TTT curves reproduced in Fig. 5. Also included are the start
curves for the « -* B trausition, which is illustrated as being
diffusional. Consistent with the overlapping of the lower curves,
he concludes that the B ~ o transformation occurs by diffusion at
low cooling rates but is martensitic on quenching.

Davy and Hh‘te,(17) by analogy with a double "C" curve obtained
for steels,(23) yhich was interpreted in terms of massive and shear
transformations for the upper and lower region, respectively, sug-
gest corresponding processes for the double “C" curves obtained with
Pu + 1.05 at.% Ti. The low activation energy of 2.4 kcal/mole at
the lower temperaturss suggests a diffusionless reaction.

Nclson's‘lz) work indicates that the discontinuities in the TIT
diagrams, which imply the presence of "upper" and "lower"” "C" curves,
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might be the result solely of the quenching techgique. Several
fiuids with different quenching characteristics are usually used to
reach the different isothermal temparatures. These fluids are also
claimed to ba unsatisfactory as quenching media. In some instances
the discontinuities in the form of the TTT curve appear to occur at
temperatures at which the quenching medium was changed. By contrast,
using a single fluid (3M Company's FC-75, which has excellent
quenching characteristics for the whole isothermal temperature range
studied, ~75 to +100°C) Nelson observed only continuous "C" curves
for Pu with some 300 ppm impurities. Neverthelesg, the discontinui-
ties on individual isothermal curves obtained by Galerne and
Spriet,(1%,18) yhich are attributed to a change in the mechanism,
cannot bas discounted, at least on the basis of quenching media.

Davy and Hhitc,(17) following experiments with Pu-Ti alloys, con-~
cluded that there was a progressive tendency for the single "C"
curve to split into two "C" curves with increasing Ti conteat. This
effect is illustrated in Fig. 6. It thus appears possible that the
nature of the impurities present may account for the splitting of
the single "C" curve.

2. Effect of Minor Impurities. A number of investigators(n"ll"z"zi
have concluded that an Increase In impurity content results in an in-
crease in the incubation period and a decrsase in the transformation
rate. Results obtained by Spriet(l“) for 50% of the transformation
of 8 -+ a, using Pu containing 200, 400, and 1000 ppm of i-?uvities,
are shown in Fig. 7. Explaining these results, he suggests'l¥,2l4)
that since an increase in purity results in greater plasticity this
should lead to a reduction in transformation stresses and also a
related relaxation of these stresses with time and thereby facilitate
the progress of the transformation., (It would be of value to be
able to separate the effects of interstitials and metallic impuri-
ties. Unfortunately, only the total impurity contents are generally
given.)

Davy et al. observed that Ti additions(8,17) retard, while those
of lp( Y accelerate, the B -~ a trznsformation relative to pure Pu.
This difference was rationalized on the basis that Np is an o -
stabiliser while Ti is not, Hafnium very substantially retards the
B ~ a transformation.(l } in general, it appears that alloying
elements may have a pronounced retarding effect on the 8 —~ «
transformation; however, much additional work on controlled alloy
additions must be done to clarify this question, especially the
naturs of the incubation period.

The "athermal feature" associated with the 8 — o transformation
(i.e., the lack of completentss) at temperatures generally above
about 20°C has baen noted by a number of invcstigators.(9‘11-13-25)
¥elson(13) observed quantitatively the extent to which the trans-
formation remains incomplete in the athermal range by cooling
specimens to -23°C that had apparently ceased to transform at
higher temperatures. The results are ra2produced in Fig. 8. The
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extent of incompleteness is given by the ratio (Wy - Wg)/(W, - W;),
where W; and Wg rafer to the sample weights in a fluid at the initial
temperature prior to any transformation and at the apparent com-
pletion, and W, represents weight following quenching to -23°C, For
the particular Pu studied (500 ppm impurities) the highest temperz-
ture at which isothermal transition was still complete, without re-
tained B8, was about 25°C. Above approximately 25°C the amount of
retained 8 increased progressively with increasing temperature. In
a later report Nelson(25) observed that for a grade of Pu less im-
pure than that used in the previous work the transformation was
apparently completed in 10 days even at 75.5°C. Omn the other hand,
for a poorer grade of Pu his results showed that about #40% of B
phase was still vetained after 125 days at 73.5°C and indicated that
the transformation at this temperature would take years to complete.
Thus, the apparent athermal behavior and, more to the point, the
relaxation process permitting further transformation are strongly
dependent on impurity content. Spriet,(2¥) in a similar vein, noted
for Pu with 200 ppm impurities that the transformation goes to com-
pletion for temperaturzs up to 80°C; in contrast, for a metal of
lower purity the upper temperature is reduced to 60°C. As noted
earlier, he concludes that an increase in purity results in a re-
duction of transformation stresses and related relaxation of the
stresses with time.

3. Transformation Stresses. The athermal component of the
B = a Ttransformation 1s unquestionably associated with the stresses
that develop as a result of the large volume contraction that ac-
companies this allotropic transition,.(21.24,26-28) gppiet(26,29)
discusses this question in some detail. First, he points out the
necessity for distinguishing between mechanical stresses arising
from the volume change accompanying the 8 — o transition and the
"crystallographic stresses” that cause strain hardening of the «
phase. He suggests that the former are responsible for the tem-
perature hysteresis and the athermal character of the kinetics; the
latter affect the incubation period. He then proceeds to derive
expressions for the magnitude of the stresses that develop, as a
result of the volume change, for a spherical nucleus under both
hydrostatic and nonhydrostatic conditions. In particular, he points
out that the deformation and progressive strain hardening of the
matrix, involved in the B — o volume change and in the introduction
of the relatively hard a grains, cause the elastic limit of 8 to
increase from 15 to about 60 kg/mm? during the transformation inter-
val, Spriet suygests further that the transformation occurs simul-
taneously by diffusion and shear and that the shear component is
induced by the stresses developed during the reaction. He concludes
that this is consistent with the observation of Nelson et al.(30
that either externally applied uniaxial tension or compression
raises the temperature for the martensitic 8 — a transformation.

Liptai and Friddle(28) conjecture that, on the basis of the
Clausius-Clapeyron equation, the trans{ormation stresses, being
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tensile in nature, would lower the transformation temperature of the
surrounding untransformed material and thereby inhibit further
growth of the @ phase. As transformation proceeds the stresses
build up until plastic deformation of the remaining S phase occurs.
We would expect that therecfter the rate of buildup of transforma-
tion stresses would be limited by the strain hardening of the B
phase. Under conditions of hydrostatic compression the volume
change due to the B - a transition decreases from approximately 9%
at atmospheric pressure to zero at about 5% kb. 28) Thus, an in-
creass in external pressure (at least for hydrostatic compression)
reduces the influence of the transformation stresses. As an example,
this is reflected in the large decrsase in the hysteresis tempera-
ture with an increase in pressure. ’

The acceleration of the 8 — a transformation, or the increase in
the initial temperature at which it can occur following externally
applied nonhydrostatic stresses, is well documented.(11,32-37) gych
sxternally applied stresses also cause the formation of a highly
textured structure(1¥#,33,34,36-39) that can readily be observed
metallographically. Under an applied uniaxial compressive stress
the 8 - a transformation proceeds by the formation of thin disk-
shaped volumes consisting of many individual columnar grains of a in
which the (010) planes are perpendicular to the direction of the
applied stress.(3%) The disks are perpendicular to the compressive
stress, with the long axis of the grains perpendicular to the plane
of each disk., Under a tensile lcad the disks form parallel to the
direction of tha applied stress. In the absence of an external
stress the disks form randomly. The three possibilities are shown
schematically in Fig. 3. A possible explanation for the formation
of these disks is given by Ekbom and Bogegard(27) in terms of the
stresses developed around an a grain due to the transformation
volume change. The degree of texturing was found to be directly
dependent on the applied pressurse.(3

4. The n Coefficient in the Transformation Kinetics. Nelson and
Shyne(33) point out that martensitic transformations may dispiay a
variety of reaction kinetics and thus kinetic data alone are insuf-
ficient to establish whether or not the transformation is marten-
sitic. For example, using Avrami-type plots Loasby and Lowe{1l)
obtained for the 8 - o reaction values of n = 2 (60°C) and n = 3
(51 and 23°C), and hence interpreted the B — o transformation as
consisting of an initial formation of a fixed number of nuclei per
unit volume followed by three-dimensional growth.

Judging by the fact that a massive transformation may be expected
to involve an initial incoherent nucleation at suitable sites that
are quickly exhausted, followed mainly by constant-rate growth, it
is not unlikely that the transformation studied by Loasby and Lowe
was, at least in part, massive. Values of the exponent n equal to
2 or less hava been recently reported for some massive transfor-
mations.(40
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Neison and Shyne{32) report a value of n = 4 for both the a ~ 8
and B = o transformations, which is consistent with a transforma-
tion proceeding with time-independent rates of nucleation and growth.
This is to be expected for a transformation that requires thermally
activated nucleation and growth but does not require alloy parti-
tioning., This value of n is consistent with either a d-n-a-g
transformation or isothermal martsnsite. But, as these authors
point out, 20) kinetics alone are insufficient to describe the
mechanisms involved, and hence there is an inherent weakness in the
kinetic-measurements approach to transformation studies.

5. Effects of Applied Stress and Strain. Nelson and Shyne(33)
probably present the strongest evidence, although still of an in-
direct nature, for concluding that the B — o transition in Pu occurs
by a shear transformation. They studied both the effect of prior
deformation of the S phase and the effect of concurrent stressing
during transformation on the kinetics of the transformation. Prior
plastic deformation of the 8 phase, either by compression or tension,
delayed the start of the 8 —+ o transformation and decreased its
transformation rate. This stabilization effect of the parent phase
by plastic deformation is analogous to the so-called mechanical
stabilization (delay in the martensitic transformation) that is
readily effected in same Fe~Ni base alloys that have been deformed
above M3j.” Figure 10 shows a comparison of the isothermal kinetics
of the 8 - a transformation for a deformed and undeformed specimen.
If the reaction were diffusion controlled, the prior deformation
should have accelerated the transformation.(41

The results obtained on the effects of uniaxial stress on the
start temperature of the 8 — o transformation, for both compression
and tension, are reproduced in Fig. 1ll1. Nelson and Shyne suigut
that, consistent with the interpretation given for steels,(4Z,43)
the resolved applied shear stress aids the B — a shear transforma-
tion to a greater extent than the normal tensile component, which
is in opposition to the volume change, prevents it. With a com~
pressive stress however, the normal component adds to the shear
component. The two different effects are illustrated by the addi-
tional dashad lines we have included with the results of Nelson and
Shyne in Fig. 11. Nelson and Shyne(33) also noted that highly
anisotropic disensional changes occurred on cycling a textured spec-
imen without any applied stress. Assuming no temperature effects,
the authors conclude that this anisotropic transformation strain
can only be explained if tha transformation occurs by shear and
associated with it are crystallographic relationships.

6. Relationship Between Prior Thermal History and the B — o
Tranaformation. Tﬁc starting S phase, prior to the § —+ a trans-~
formation, may be obtained by either heating from the & region or

%M, refers to the maximum temperature at which martensite forms
during plastic deformation of the parent phase,
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cooling from tha 7 region; the 8 thus formed may be referred to as
Bgand 8., respectively. The B — o transformation from Ba is evi-
dently considerably more sluggish than from By.¢12,3%) For example,
Nelson ¢t al.(3%) report incubation periods of 1000 and 5 min for
8‘, ard ﬂ.y, respeciively, at 85°C; the corresponding maximum trans-
formation rates observed at this temperature were 1.8 X 10-24/min
and 1.5%/min, nspectively.(s") These differences are attributed
by the authors to the relative degree to which 8, and By have been
plastically deformed, In a transformation involving a volume change
the weaker phasz will deform to accommodate the harder phase, Since
B is weaker than o but stronger than v, the S, will have undergone
more plastic deformation than B, when it is initially produced. The
results cbtained are consistent with the observation that prior
plastic deformation of B retards the B — o transformation.(33) aAs
the authors point out, this effect is characteristic of other iso-
thermal martensite transformations.(¥3-45) Under external stress,
either tensile or compressive, the transformation-start temperature
is increased more for than it is for ﬁa' This may be expected
because S, should already be heavily deformed. An alternative ex-
Planation for the different behavior of ﬂa,and B., can be related to
grain size. The grain size of B, is finer than that of g..(46)

For diiute alloys of uranium, in which martensite is also observed
to form isothermally, it was shown(¥7) that a decrease in grain size
of the parent phase retards the transformation. In additiom, it is
well known that, in general, martensite transformations are sup-
pressed by a decrease in grain size, Thus, it may also be expected
that the finer Ba grain size should yield a more sluggish transfor-
mation than that obtained with the coarser B,. An opposite be-
havior mey be expected, however, on the basis of relative strengths.
Since 8, is stronger than Ba the relief of transformation stresses
should be more difficult in 57 than in B, and thereby oppose the
grain size effect.

Several miscellaneous items may be mentioned with respect to the
thermal history of the transformation. Lowering the transformation
temperature results in a finer grain structure,{10,15) The final o
grain size, however, appears to be independent of the way in which
the prior B phase was obtained,(15) although the shape of the a
grains apparently differ depending on whether formed from f§, or

.(3%) "In contrast to the apparent lack of a {3 grain size effect
on the a grain size, Liptai and Friddle(35) were able to obtain
abnormally large o grains by transforming f3 to ¢ under a hydrostatic
pressure of 55 kb. At this pressure, the volume change beiween the
B and o phases is near zero; the transformation takes place above
400°C, where grain growth may be quite rapid. It is quite possible,
of course, that under those conditions the transformation is mas-
sive, which tends to generate large grains if incoherent nucleation
is difficult.

Rosen et al.(3) noted, after cooling a Pu sample to room tempsra-

ture following an isothermal hold at 88°C, that the structure con-
sisted of a mixture of columnar grains with clusters of fine grains,
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the former forming at the hold temperature. They also noted that
cycling through the o 3> B transformation resulted in an extremely
fine microstructure and a retardation of the transformation. Loasby
and Lowe(11) also noted that cycling causes a retardation in the

B - a kinetics; the effect, however, does not appear to be much
greater than that due to random variations between different runs.
The fine microstructure was attributed to large plastic strains re-
sulting from the repeated transformations. Spriet{29) concludes
that the increased sluggishness of the transformation with thermal
cycling results from strain hardening of the a phase. He states
that the 8 -+ o transformation temperatur2 becomes lower with each
cycle, tending towards a iimit.(14) In contrast to thess observa-
tions, Anderson et al.(32) obgerved that the transformation rate
increased with thermal cycling. Considering that the transformation
may occur either by a diffusive process or by shear, Spriet(1Y4
concludes that the former process is cperative on slow cooling,
while the latter one is operative when the specimen is quenched.

It is evident from the above that much work remains to be done.
In view of both the large volume change involved in the B - «
transformation and the pronounced influence of impurities, some of
the common criteria applied as a test for distinguishing among dif-
ferent possible transformation processss are clearly inconclusive.
The thermal vs athermal behavior is obviously inadequate, and so are
probably activation energy values derived from Arrhenius-type re-
lationships. Direct crystallographic data are meager, and metal-
lographic features on polished surfaces are inadequate. The most
convincing evidence for a cooperative shear process comes from the
influsnce of externally applied stresses and plastic deformation.
For reactions that involve substantial incubation periods the situa-
tion seems unclear. It is evident also that the mschanisa of the
transformation will depend on such additional parameters as sample
size, rate of heating and cooling, and prior history.

B. The o~ B Transformation

Compared with that for the B -~ a reaction, somewhat less defini-
tive evidence exists that would permit the conclusive classification
of the a = B transformation. Largely on the basis of x-rax dif-
fraction using fiber-textured @ samples, Nelson and Bowman(%8) pro-
posed a correspondence relationship between the o and f lattices for
the @ - B transition: (010), Il (I11)g and [10Z], 11 [341]g,
amounting to a combination of ahear, tgtatiml translations, and a
shuffling of atoms. The relationship was in part substantiated by
the observation that the 8.5% @ = B dilatometric expansion along
the fiber axis for a textured @ specimen was consistent with the
8.44% difference in the interplanar spacing expected between (010),
and (I11)g planes. Thus, according to the proposed model the (010)
planes of a become members of the {I11} form of 8. The fact that
the o —~ [} transformation strains ob?aimd on heating a highly tex-
tured ¢ rod are greatly anisotropic,(33) algo suggests the existence
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of some crystallographic corraspondence between the two phases. In
a remot= way this favors the possibility that the a = B transfor-
mation may be martensitic.

Selle and Focke,{*9) by noticing that there was very little dif-
fersnce in internal friction just below and just above the transfor-
mation temperature for a number of shear transformations, concluded
that both the o = B and the B - @ transformations take place py
shear. Spriet(1%) notes that the transformation is dependent on
prior thermal history; namely, the incubation period is significantly
decreased if the @ had been obtained by quenching instead cf by a
normal cooling from the 8 field. The subsequent time for completion
of the reaciion apparently is not affected. This might suggest the
presence of some stress~induced nucleation caused by stresses re-
sulting from the prior quench. Alternatively, if the presence of
the additional quenching stress is not sufficiently important, then
the difference in behavior might be related to the difference in the
transtormation mechaniswm corresponding to slow cooling er quenching.
Furthermore, the opportunity to relieve any such strasses is greater
under slow cooling conditions. Spriet(25) also makes reference to
the presence of a surface memory effect obtained during a partial
a— B -+ a transformation; this would imply a reversible shear
transformation. He also notes(1%) that the growth of B is often
blocked by @ grain boundaries, which would suggest the existence of
crystallographic correspondence in going from a to B as well as from
B to a. In spite of these indications for the existence of a shear
transformation, Spriet{1%,26) concludes that the a - B transforma-
tion occurs by diffusion particularly when it proceeds slowly — in
times of the order of seconds. However, under very fast heating
rates and only with the starting material being @ of martensitic
origin, the transformation itself may be martensitic,

1. Influence of Stress and Strain. Plastic deformation of the
stable parent « phase by a 30 to 50% compression between 70 and
90°C, was observed to increase markedly the rate of the a—~ 8
transformation.{33) This acceleration in the kinetics is consistent
with the effect of deformation on diffusional transformations.{%1
Even though small amounts of grior plastic deformation may favor a
martensitic transformation,{%3,50) large amounts of prior deforma-
tion are known to stabilize the parent phase in a martensitic
process.(43-45) Thug, the effect of prior deformation observed(33)
would suggest a transformation that does not involve shear. The
application of stress while heating the sample during the a -~ f8
transformation showed that tensilc stresses lowered the transformation-
start temperature to a much greater extent than the rise in tempera-
ture obtained from application of compressive stresses. This behavior
is shown in Fig. 12. Since a transformation that involves a large
volume increase is favored by application of a tensile stress, such
results could be explained by considering that th: transformation is
of a shear type and that the shear stresses ccrtribute to the prog-
ress of the transformation. In the @ > B cas=e, however, the
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contribution of the applied compressive stress opposes the trans-
formati- wmore by contribuiting to the volume strain effect than it
apparently aids it bg contributing to the transformation shears.
Liptai and Priddle(2 ) state that, as 8 nuclei are formed on heating,
compressive stresses are generated in the untransformed @, raisiiy

its transformation temperature. However, because of the relatively
low strength of B, the temperature hystersis for the @ —~ B transition
is much less than for the reverse action. The increase in the

@ —+ f transition temperature by pressure has been observed during
the rolling of B in the stable B range.

The apparent contradictory evidence given by the effect of prior
deformation, nawely that deformation promotes subsequent transfor-
mation, may be the consequence of a significant amount of recovery
or recrystallization having taken place on heating @ into the B re-
gion such that we are actually concerned with & being in a mild state
of deformation. Nelson(37) observed that on annealing & specimens
that had been compressed 40% in thickness, the material regained the
transformation kinetics of the undeformed state by annealing for 2
weeks at 105°C, He therefore concluded that in deformed @ only
residual stresses remain, which then accelerate the @ - 8 transfor-
mation.

Bodine et al.,(51) although only in a single test, showed that an
applied tensile stress of 11,900 psi at 123.5°C did not affect the
start of thea —~ 8 transformation. This is surprising in view of
the results reported by Nelson and Shyne,'33) who showed that the
tensile stresses applied while heating a sample at a rate of 2°C/hr
lowered the transformation-start temperature 0.6°C per 1000 psi.

For a stress of 11,900 psi this corresponds to about 7°C, Such a
large effect should be reflected in an increase in isothermal trans-
formation rate. The authors also conclude from analysis of their
tensile data obtained by testing @ in the 8 vegion (118 to 12u°C)
that there was no evidence for strain-induced transformation of

@ toB. The results of Bodine et al. do not” necessarily support or
deny any specific mechanism, but they are clearly in contradiction
to the strong effects of stress and strain reported by others.

2. Studies of Kinetics. In agreement with Nelson and Shyne,(2°)
Spriet(l‘?’considers the @ —~ B kinetics to be typical of a d-n-a-g
transformation, In the vicinity of the equilibrium temperature the
transformation exhibits an athermal behavior,(1%,22) which, as
for the case of the B — a transformation, arises from the
transformation stresses. The influence of internal stresses on the
@ ~ 6 transformation has been considered in some detail.(26) The
approach used is similar to tha? bsiefly described earlier for the
reverse tfransformation. Spriet 1%} considers that the increase in
the transition temperature, i.e., the departure from equilibrium, is
determined by the hydrostatic pressure created by the formation of
the nucleus. Thus, since an increase in purity allows for greater
plasticity of the @ and therefore a relief of this pressure, a
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considerable decrease in the incubation time and a lowering of the
transition temperature are obtained, In addition, the activation
energies decrease; they are 33, 28, and 2) kcal/mole for 1000, 400,
and 200 ppm of impurities, respectively. 14) fThese high values do
suggest a diffusion-controlled mechanism and in the purer material
are not unlike the values for a massive transformation. The large
change in activation enerpgy with impurity content does imply that the
relative solubilities of the impurities in the two phases may be im-
portant in affecting the kinetics. However, as was pointed out
earlier for the 8 — a iransformation, Nelson and Shyne 20) question
the use of activation energy values for the 8 + @ transitions as
possible indicators of the mechanisms involved in these transitions.

Faiers et al.(sz) studied the kinetics of the o~ B transformation
by resistance heating of wire specimens — noting the start and finish
times during the continugus heating — covering heating rates between
about 1°C/min and 7 X 10°°C/sec. They obtained non-isothermal trans-
formation curves in the 120-230°C temperature range. They point out
that their data are in d’sagreement with those generally report?iugy
others. For example, at )40°C their results and those of Spriet
for both the start and finish times differ by a factor of nearly 10°;
however, the comparison is made between non-isothermal and isothermal
measurements, respectively. One would expect that the former would
yield ?gl’what shorter times, but not to such an extent. Faiers
ot al.{92) attribute the differences observed to the large decales-
cence effect. The heat ?f transformation for the reaction is approx-
imataly 900 cal/mole.!53 The heat transfer in an oil medium, which
is usually empioyed, would be too slow to maintain the proper speci-
men temperature, especially fcr short times; and, since the reaction
is strongly temperature dependent, a drop in temperature would yield
apparently long times, With resistance heating this problem would
most likely be absent, These authors do not speculate on the trans-
formation mechanisms. Loasby(su) also notes considerable decales-
cence in studying thz @ —~ 8 transformation of foils., The tempera-
ture at the end of the transformation is 10°C below that at the start,
and he proposes that in going from slow to fast heating rates (the
use of oil baths to resistance heating) the transformation mode
changes. He suggests tha+. with resistance heatirg localized hot
spots are formed from which shear-type growth is initiated.

Nelson, in some early‘studies(ls) reported on the isothermal
behavior obtained at several temperatures between 123 and 150°C and
noted that the isothermal curves for the @ — B reaction were similar
to those obtaincd for the B -@ transformation. Hill,(55) in
deteraining the equilibrium ¢ 28 andB I 7 transition temperatures,
noted that for both transitions the formation of B takes place more
resadily than do either of the reverse transformations. The implication
here is thata >3 and Y ~ 8 are more temperature sensitive than are
the B ~a and B — ¥ transitions.
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The effect of alloying on thea —+f3 transformation has been
examined{8) for a Pu-0,90 at.% Ti alloy and a Pu-l.3 at.% Np alloy.
Ti accelerater. while Np retarded the reaction relative to that for the
unalloyed Pu, Exceptionally high activation energies were reported:
182.4, 226.0, and 166,8 kcal/mole for the unalloyed, Np-alloyed, and
Ti-alloyed materials, respectively. The authors do not suggest any
mechanism or offer any reason for the large discrepancy between their
values for the activation energy and those reported by Spriet.(l“

In attemptin% to interpret the kinetics in terms of the Avrami
equation, Spriet{22) observed for the @ = B transformation a value
for n = 1.7; and, since a mechanism could not be related to such a
value, he concluded that the Avrami equation had to be modified to
take into account the transformation stresses. He adopted the calcu-
lation used by Burgers and Groen{56) for the transformation in tin,
which, with the assumption that the rate of nucleation is a linear
function of x, is of the form

1 dx n-1
T-x @& =nk@Q+px)t 7, (5)

vwhere k (1 + px) has replaced the k in Eq. (1). The parameter p is
assumed to be a temperature-dependent constant that reYreients the
effect of internal stresses on the rate of nucleation.'?“) The re-
sults obtained with this approach suggested that the stresses
accelerate the kinetics as the temperature increases. This argument
is difficult to follow, for one may expect instead that the increase
in temperature would result in the stress factor being less important,
since with an increase in temperature recovery can occur more readily
and the free energy driving force becomes greater. Nelson and
Shyne,(zo) by monitoring the changes of specific volume in 0.4Y-mm
thin wafers of Pu and using the Avrami equation, obtained a value of
n = 4 for the @ = B transformation, in contrast to the 1.7 obtained
by Spriet. They point out that erroneous values for n can readily
be obtained when the transformation stresses are treated by means of
an additional parameter p, since p i? a? adjustable parameter that
depends on the choice on n. Spriet, 24) in a later paper, concludes
that bis earlier work does not contradict the results of Nelson and
Shyne because he was also able to obtain a value of n = 4 for high
purity Pu (200 ppm), for which the kinetics are practically independ-
ent of stresses. However, for a metal of intermediate purity (400
ppm), n was found to change from 1,7 at 125°C to % at 160°C. In the
latter work, however, Spriet did not involve the parameter p in his
plots.

For the 8 — a transformation Spriet's analysis(22) yields
negative values of p, which vary from -1 at 19°C to -1.7 at 73.5°C.
This implies that the transformation is always hindered by internal
stresses and that this factor becomes more important as the tempera-
ture increases. Such behavior is to be expected, for the free-energy
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driving force decreases on approaching thermodynamic equilibrium,
and then the contribution of stress can becowme more significant.

3., The DTA Anomaly Preceding the @ -~ B Transformation. A
curious anomaly that may appear during the heating of a, which has
not as yet been satisfactorily explained, has been noted by several
investigators. 29,57-61) Depending priwmarily on the prior thermal
history of the test sample, a small heat effect may be detected prior
to the large heat absorption obtained for the normal &« — 8 trans-
ition. The phenomenon has been called a "pre @ —8 transformation";
but this terminology assumes that a phase change does indeed take
place here, a fact not yet conclusively established. Both the inter-
pretation of the experimental DTA data and the explanations given for
the observed behaviors are controversial. A tygical DTA anomaly is
shown in Fig. 13 for a high purity Pu sample,(bl)

The DTA curves obtained by Pascard (62) Spriet,(zg) Ludenann,(el)
and especially that by Selle and Etter{58) (see Fig. 14), show the
anomaly as a heat absorption. In contrast, the data of Harbur
et al.,(60) instead of indicating a heat absorption, clearly reveal
that a heat evoiution occurs below the normal @ —j3 transition tem-
perature; on the basis of DTA, resistivity, and density measurements
they ascribed the anomalous behaviors observed to the transformation
of retaired Y. They propose that the transformation stresses,
introduced on cooling from the ¥ field, prevent the completion of the
decomposition of Y. On reheating, these stresses are relieved and
thereby permit further transformation of ¥ to occur, first to @ and
then to B, with each reaction accumpanied by a heat evolution below
the normal @ = 8 transition temperature. The authors(60) noted that
on the initial heating of an a-stabilized specimen such heat affects
were not detected. after the specimen is cycled imto the 8 field,
these effects were still absent. However, if the specimen were cycled
into the ¥ field, then the heat effects were obtained on reheating.
The authors finally conclude that the apparent exothermic behaviors
observed by others are in reality the cessation of the Y~ 8 exo-
thermic reaction.

Although the results obtained by Harbur et al.(eo) are self-
consistent and indeed convincingly support their conclusions, their
interpretations are inconsistent with some of the observations made
by others., Selle and Etter 58 reported that they could eliminate
the phenowenon by the use of two different prior thermal treatments,
one involving an anneal and the other a quench; neither one of these
should (necessarily) lead to the formation of an all-a specimen. On
reheating such a specimen, following the reverse 8 - a transition
the pre @« ~ 3 effect reappeared; furthermore, additional cycling
{between @ and B) did not eliminate it. It is difficult to conceive
how the ¥ - a or ¥ — 8 transformations could be present here. In
contrast io the results of Selle and Etter, Spriet 29) shows that the
effect is eliminated after cycling, One may suppose that ¥ was
originally present in the specimens on first heating; and, in fact,
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the pre-endothermic-like step shown by Spriet, Ludemann, and Pascard
could possibly be interpreted as proposed by Harbur et al. However,
it is difficult to ascribe the shape of the endothermic-like peak
obtained by Selle and Etter to a cessation of a prior exothermic
reaction, especially the appesarance of a definite sharp minimum be-~
tween the anomalous and expected heat effects, as shown in the trace
in Fig. 14,

Interestingly enough, proponents of both the exothermic and
endothermic interpretations attempt to ascribe the origin of the
anomalous behaviors observed, at least in some measure, to a stress
effect, The retention of the Y phase has been noted in the above.
spriet{29,57) and Liptai{5?) attribute the anomaly to a stress-
induced @ -~ B transformation, whereby the transition temperature is
altered in accordance with the Clausius-Clapeyron equation., On first
forming the less-dense 3, the transformation tensile stresses from
the prior cooling transformation are sufficiently stress relieved
and new compressive stresses develop so as to bring about a cessation
of the transformation until a higher temperature is reached. This is
consistent with the known effects of hydrostatic pressure of phase
transitions in Pu.(28) One may also suggest that the anomaly (if
exothermic) could also be attributed to the transformation of re-
tained 8 to @. Selle and Stter(58) argue against a stress-related
transformation on the basis of prior annealing treatments not
affecting the temperature of the pre-effect. On examining several
alternative possibilities, they conclude that the anomaly is mainly
due to the relief of stresses caused by the formation of microcracks.
It is difficult to see why these cracks should form at the elevated
temperatures (in preference to some low temperature). Furthermore,
the energies involved would be difficult to detect relative to that
for the normala —~ B transition and, in any event, would be exo-
thermic for a stress relief.

It has been noted(57) that increased purity lowers the pre
a -+  transformation temperature region. If this behavior is indeed
related to residual 7Y, an increase in purity should also exhibit a
parallel trend for ?he effect attributed to the y phase. It is also
interesting to note 58) that additions of only 0.1 at.% of either Al,
S§i, or Ga (elements that exhibit solid solubility in the high tem-
perature phases) eliminated the above-mentioned anomalous behaviors.
Other elements (Fe, Ni, Co, Mg, Cu) apparently did not have any effect.
Again it would be of interest to see whether a parallel behavior is
to be obtained for experiments involving retained y. For example,
do small Al, Si, and Ga additions disfavor the retention of the vy
phase? It appears to us that this rather controversial curiosity is
far from being unequivocally explained, as is implied by Harbur
et a1.{%0) The use of concurrent x-ray diffraction may provide an
explanation.
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C. The 6 = Y Transformations

The Y transformation behavior has been studied extensively by
dilatometry; a typical behavior is shcwn in Fig. 15. On continuous
coolinf two distinct regions are observed on a dilatometer
trace.(1%,63-68) The detectable start of the & — ¥ tramsition is
indicated by a sharp discontinuity (at point B), whereby the expan-
sion due to the cooling of & suddenly changes to a contraction; over
a further temperature drop of some 50°C the contraction continues
wihtout any discontinuities (between B and C). The next region (at
still lower temperatures) is characterized by a series of successive
steps, i.e., abrupt discontinuous contractions {(between C and D).
This burst-like behavior, which is also indicated by the presence of
a corresponding sequence of sharp peaks in DTA curves,(14,62,63) phas
led to the general belief that the ¢ — Y transition, at least in this
region, occurs by a shear transformation. The hysteresis temperature
range — between the equilibrium transiti?n se-perature and the first
discontinuity — is considered by Pascard ©3) as an additional trans-
formation region, which he refers to as an "inactive region" between
A and B, This term is inappropriate, since extensive transformation
can occur in this region either under isothermal conditions or at very
slow cooling rates. Pascard refers to the three temperature ranges
as regions I, 1I, and III, corresponding to successively lower tem~
peratures, respectivaly (see Fig. 15), This system has been gen-
erally adopted.

The presence or absence of any of the above described regions
and thz temperatures ranges over which they ?Egear are sensitive to
both prior thermal history and cooling rate,(935+67-69) although
Pascard (63) suggested that the start of region II (286°C) was insen-
sitive to cooling rate, Taylor{®5) on the basis of his results sug-
gests that at sufficiently slow rates the start of region II would
occur some 25°C above this temperature. The transformation has been
observed to go to completion at temperatures within about 35°C of
the equilibrium temperature 310°C, i.e., in Pascard's region I,
without any indication of martensitic bursts, although in this range
it may require of the order of 200 to 300 hr for completion.

Hocheid et al.,(67) on comparing results obtained with two cooling
rates, 6 and 80°C/sec, concluded that a decrease in cooling rate
results in a widening of the temperature range and an increase in
the amount of transformation in this region. The finish temperature
of region IIl (i.e. point D) apparently is not affected by the rate
of cooling. Taylor(ﬁJ) notes that the start of the 6 = Y transfor-
mation could be suppressed to z50°C for a maximum cooling rate of
53°C/min. Using wmuch faster cogling rates, ranging from 20 to
5000°C/sec, Faiers and white{71) noted a continuous decrease in the
transformation temperature from 225 to 150°C. These studies were
made by quenching wire specimens with helium gas and noting the
arrests on thermal cooling curves. Only single arrests were
observed.
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Hocheid et al.{67) noted that, if a sample had previously par-
tially transformed in region II and was then reheated into the §
range, on subsequent cooling it would exhibit a considerably larger
amount of transformation in region II than in a specimen that had
previously been continuously cooled so that it had transformed in
both regions II and III. Continued cycling at a rate of 140°C/hr
through the Y = 6 transition did not effect any changes from one
cycle to another. Hill(69,70) observed that if a sample was thor-
oughly annealed in the & range (9 hr at 380°C or 21 nr at s20°C)
the onset of region II could not be defined. He suggested that
embryos requirecd for the abrupt initiation of this region were
eliminated, althoufh martensitic jumps still appeared. In view of
these observations{67-70) it would seem that a memory effect — a
remnant of the structure of the ¥ phase and in particular how it was
formed — is carried into the & region, which, if not eliminated,
influences the reverse § — ¥ transition. However, the character-
istics of the v — 6 transformation obtained on heating, which has
received very little attention and was considered to be diffu-
sional ,(¥9) are apparently not affected by the prior history.(67,68)

Hocheid et al.(67,68) suggest that an explanation for the ef-
fect of thermal history lies in the distribution of the impurities,
During the isothermal transformation in region 1I, partitioning of
the impurity elements takes place. Except for long times or high-
temperature anneals, this partitioning is not completely eliminated
on heating into the § range. Thus, on subsequent cooling, the
diffusion-controlled component of region II can wore readily take
place prior to the start of region III. The latter largely in-
volves a martensitic reaction not concerned with any solute par-
titioning.  This ar nt is consistent with the observation
reported by Spriet( 4} that on repeated cycling using slow rates
the transformation proceeded more and more in region II, whereas
with fast rates the extent of the transformation regions was unaf-
fected by cycling. He observed precipitates in 6 as a result of
cycling and suggested that the slow cycling caused repeated puri-
fication of the solid solution — i.e., by solute rejection. This
implies that the purer the metal the more likely will the transi-
tion take place by isothermal mechanisms rather than by athermal
{martensitic) ones — on continuous (moderately slow) cooling.
Pascard(63) also claims that the amount of Y formed in region II is
affected by impurity content. His conclusion, however, is based
on only a few tests, about which little information is presented.

The characteristics and magnitude of the isothermal kinetics

reported b{ Pascard(63) differ significantly from those obtained

by Taylor.(65) For example, interpolation of the curves given by
both investigators shows that, on holding for 24 hr at a constant
temperature of about 240°C, Pascard and Taylor obtained approxi-
mately 7 and 80% transformation to Y, respectively. Whereas the
curves given by Pascard show a constant rate of transformation fol-
lowing a rapid initial decrease, a nearly linear behavior is ob-
tained by Taylor with a semilop plot. If Pascard’s data are plotted
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on a semilog basis, the initial portion of a sigmoidal curve is ob-
tained, typicel of a three-dimensional nucieation and growth mech-
anism. In contrast, the three relatively flat semilog curves ob-
tained by Taylor are more typical of either a one- or two-dimensional
type of growth, indicative of an acicular formation{3) such us may
be obtained for a martensitic transformation.

An examination of the steps in region III reveals that the be-
havior along the "arrest" portions shows a contraction that is
greater than that accounted £z by the presence of a fixed amount
of b and ¥ phases.(6%) Thus, transformation must be taking place
between the bursts as well as during the burst, indicating that even
during continuous cooling through region III two mechanisas (both
perhaps martensitic) may be operative.

Spriet(14) obgerved the surface of a sample of Pu as it cooled
from the liquid state. The 6§ = ¥ transition was characterized
first by surface undulations, then by surface striations (shear
markings), and Finally by abrupt spurts. On the basis of these ob-
servations he concludes that both diffusion and shear mechanisms
are operative. Using dilatowmetry with cooling rates between 5 and
2500°C/hr, he constructs an anisothermal TTT that suggests under
what cooling conditions one or both of the two mechanisms would be
opsrative. With very rapid cooling rates (>2500°C/hr) a completely
martensitic (shear) transformation is indicated.

The resuits of Faiers and White,(71) referred to earlier, are
in agreement with this conclusion in that they observed only single
arrests; the slowest cooling rate they used was 20°C/sec {(72,000°C/
hr). However, whereas Spriet's(14) TTT diagram indicates athermal
behavior for the shear transformation, Faiers and White show in con-
trast a strong temperature dependence on cooling rate. Whether
this should be regarded as d-n-a-g, isothermal martensite, or mas-
sive is, of course, open to question. Spriet(1%) also shows, on
repeating his work with a high purity metal, that an increase in
purity results in shifting the transformation lines in the
"diffusion-controlled" range to shorter times and shifting the M,
to a higher temperature. Although the former shift is consistent
with the arguments presented that increased purity facilitates the
diffusion-controlled transformation of region 1I, the upward shift
of the Mg is contrary to what has been described in the above if the
M, is taken as the start of ragion III (point C). As a point of
interest, it may be noted that the skip transformation & —~ B is
shown as interrupting the end of the martensitic & ~ v reaction for
intermediate cooling rates.(1%

Thus, although there appears to be reasonable evidence that the
6 =+ v transition can occur by sither a shear or a diffusional
mechanism, Pascard,(63) in the early investigations, and Selle and
Pockc,("g’ more recently, consider that the transition is entirely
martensitic. Selle and Focke base their conclusion on internal
friction and modulus changes observed across the transition
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temperature, but we feel that these particular criteria have ot yet
been sufficiently tested. Pascard's conclusion was based at least
in part on the fact that the temperature ranges of the different
transformation regions were apparently insensitive to the cooling
rates they employed (although the rates used varied only by a factor
of &) and that during isothermal transformation, after an initial
rapid decrease, the subsequent transformation rate was constant.

He therefore suggested that the transformation occurs by the forma-
tion of martensitic platelets of Y accompanied by the buildup of
constraints, leading to a retardation of the martensitic process.
Subsequent transformsation then depends upon (thermally activated)
stress relaxation, which becomes the rate controlling factor. He
attributes the different regions (I, II, and 1II) to the relative
sizes of these platelets — the increased supercooling providing a
larger driving force and thereby leading to increasingly larger size
platelets. Thus, he considers the steps in region III to be due to
the crossing of grain boundaries of platelets as a series of ava-
lanches resulting in "macroscopic jumps."

Considering the transformation as a martensitic one, Pascard(63)
proposes a possible lattice correspondence between the twe phazses,
namely, (111); Il (100), and [110]5 I! [100]y. He concludes that
although the § = 7y transformaticns are martensitic at all temper-
atures they do differ in some aspects. In sharp contrast to this,
Hi11(70) concludes that the transformation has a martensitic char-
acter below 200°C, a non-martensitic character above 285°C, and an
overlapping property between these two temperatures. The observa-
tions reported here would appear to be sore in agreement with the
conclusions of Hill than with those of Pascard, although the tem-
perature ranges proposed must depend on cooling rates and purity.

D. The § = a Transformation

As is well known, the & phase of Pu can be stabilized to room
temperature by the addition of several atomic percent of one of a
number of alloying elements, for example, Al, Am, Ce, In, or Ga.
Kevertheless, depending on the extent of alloying, the transforma-
tion of § to a can be made to occur on cooling to subzero (°C)
temperatures,(1%,52,54,72) or by subjecting a sample to plastic
deformation(14,52,73) op hydrostatic compression.(74%) It is gen-
erally proposed that the § = « transition in these alloys occurs
by a shear process,(14,52,72,75) but there is also evidence that a
massive transformation is possible.(52,54)

A correspondence matrix between the two crystal lattices, @ and
&, has been suggested by Lomer(75) for a Pu-5% Ce alloy. Lomer's
description permits the construction of a unit cell of the @ struc-
turs, containing 16 atoms per cell, from # unit cells of the &
structure, edch having 4 atoms per cell. The suggested strain
matrix achieves this structural change with only very small addi-
tional atomic displacements. Following Lomer's work, Spriet(1%)
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has described a homogenecus shear in the & structure that, with
limited atomic readjustments, would achieve the a structure.

spriet{14) reports the appearance of a "feathery" structure,
characteristic of martensite, on deforming a 6-phase Pu-2 at.% Al
alloy. When another specimen was cooled in liquid nitrogen, the
formation of platelets of a could be seen, again suggesting a mar-
tensitic transformation.

Elliott et al.,(72) in studying the resistivity of a series of
S-stabilized alloys at subzero temperatures, noted the identical
temperature dependence of resistivity for both § and a. This sug-
gested to the authors that in some way the two phases are quite
similar to each other, including perhaps their electronic structures.
For compositions of intermediate stability the transitions at sub-
Zero temperatures were found to be reversible with a hysteresis of
about 100°C. Elliott et al. feel that, in spite of the different
crystal structures, from the point of view of symmetry there may
exist a simple transformation mechanism, possibly by shear, to ac~
count for such reversibility.

1. Strain-Induced Transformations. Elliott and Gschneidner(7%)
studied the progress of the decomposition of 6 as a function of
hydrostatic compression. For the Pu series alloyed with Al, Zn, or
In, compression-induced transformation occurred only at low alloy
contents when the 6 fcc structure transformed (irreversibly) to a
or to a mixture of @+ . Maximum pressures close to 10,000 atm
were used. For the Pu series alloyed with Ce a double transforma-
tion was obtained, which for low Ce contents was irreversible; the
& phase transforms first to B (+ some ¥) at the lower pressures,
while at higher pressures the 8 (+ some ¥) in turn transforms to a.
For Ce contents in excess of 7.1 at.% the & — B transition occurred
and was found to be reversible; for Ce contents in excess of
16.3 at.% both transitions were believed to be reversible. In
general, the extent of reversibility increzaes with increasing Ce
content. The authors noted that for a #-at.$-Ce alloy the S-phase
microstructure resembled a martensitic product.

Hambling et al.(73) studied the influence of uniaxial compres-
sive deformation on strain-induced decomposition of § at a series
of temperatures between 23 and 180°C. The extent of traausformation
was determined by room-temperature density measurements; the
authors claimed that the effect of cycling from the test tempera-
ture to the measurement temperature was minor. The compositions
chosen (0.85 at.% Al, 0.85 at.% Ga and 2.2 at.% Ce) were such that
§ could only be retained down to room temperature by a rapid quench.
In contrast to the results cited above by Elliott and Gschneidner
(for Ce and Al additions), these authors observed that the trans-
formation of & to a generally procesded through the formation of 7.
They suggest that the difference in the transformation sequences is
due to the presence of shear stresses under their test conditions,
which are absent during hydrostatic compression, thereby implying
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that the § ~ ¥ —~ o sequence occurs by shear and 6 -~ B -+~ a per-
haps does not. On the basis of density and x-ray measursments,
Hambling et a1.(73) propose that in the Pu-Al alloy concurrent
transformations of 6 = Y — « occur, while in the Pu-Ce alloy these
transformations occur consecutively: & -~ Y and Y - @. The curves
showing the change of density as a2 function of deformation exhibit
different characteristics for the three alloys; and, furthermore,
for any given alloy distinct regions can be seen. As an example,
the results for the Pu-Ce alloy are shown in Fig. 16. It would
appsar that new insight might be gained by devising experiments that
would explain the observed differences. The authors point out that
the x-ray results were representative only of the surface, which,
they suggest, may be quite different from the interior. In addition,
although some 8 was indicated in twe of the Pu-Ga specimens, they
discount its presence and conclude that for this system the trans-
formation proceeds directly from & to a.

Faiers et al.(52) showed the presence of strain-induced trans-
formation of § to & on cold rolling a Pu-1.5 at.% Ga alloy; the
amount of transformation increased successively on going from 0 to
50 toc 75% reduction. Deformation also caused increased amounts of
transformation (from 6 to @) to occur during thermal cycling be-
tween subzero and elevated temperatures.

2. Transformation Kinetics. The athermal and isothermal char-
acteristics of the o ~ a transition, as determined by density
weasurements, are seen in the results reported by Faiers et al.(52)
For a Pu-0.85 at.% Ga alloy the transformation curves are sigmoidal
between -60 and 0°C, Both the rate of transformation and the ex-
tent of transformation (leveling off) increases markedly with the
lowering of the isothermal temperature. The resulting TTT-"C"
curves obtained are shown in Fig. i7. On cooling to -80°C (quenched
into a silicon fluid bath cooled by solid CO7) the transformation
began before reaching the bath temperature and quickly reached a
value of about 50% transformation; thereafter it proceeded slowly
to a maximum value of about 55%. However, still larger amounts of
@ could be induced by cycling between -80 and 25 or 100°C. 1The
amount formed increased with each cycle, larger amounts being
formed with the higher maximum-temperature cycle. The results are
shown in Fig. 14. The data for curve C shows that the amount of
transformation obtained by cycling between 25 and 100°C jis negli-
pible. In addition, no evidence of a time dependence at the higher
temperature was found. Simllar results were reported for higher
Ga contents (up to 2.3 at.%) except that the transformation
kinetics were markedly retarded with increasing Ga contents. The
authors admit that their studies do not permit the mechanism in-
volved to be clearly defined; but, they suggest that because of
the low temperatures the transition t.ould be expected to occur by
either a shear or a massive transformation. They propose that the
isothermal behavior is associated with a thermally activated nucle-
ation and/or discontinuous growth and that the arrest of the
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transformation is due to the buildup of accommodation stresses at the
interphase boundaries. On thermal cycling the stresses are relaxed
during the high temperature leg, allowing further transformation to
take place at the low:r temparature.

3. Evidence fcr a Mascive Transformation. An interpretation
suggesting a possible massive transformation stems from the work
of Ward.(76) "For a 1 5 at.$ Ga alloy examined at -75°C, he noted
the formation of nodu_ar areas of irregular-shaped boundaries
growing continuocusly and across the § boundaries. He also noted a
second interface movirg ecross a region already transformed, sug-
gesting & possible two-stage process. Faiers et al.,( 2) describing
what they call “prelizinary wetallographic evidence" on examining
a transformation for a 1.5 at.% Ga alloy over a 23-kr period at
~70°C, noted the form:tion of large nodular regions with irregular
boundaries that underw: i very slow time-dependent growth. On this
basis they proposed a massive transforsation but did not exclude
the prssence of a martensitic mechanism at other temperatures (or
cooling ratez). The evidence of crossing the parent (&) boundaries
wentioned above iz highly suggestive that a massive transformation
does occur. It is not surprising that it should be rather slow at
temperatures as low as -70°C. As has been shown(1) in alloy sys-
tems based on the noble metals, the massive transformation can be
very rapid in one syst2m (Cu-2Zr:) and rather slow in another system
(Ag-Cd or Ag-Zn). If a massive transformation does occur, the
crystallographi- orientation relationship is most likely to be
lacking.

E. Transiormations Involving the v, B, and « Phases

Depending upon the ccaoling rate, the decomposition of ¥ results
in the formation of either B or @. Both transformations, Y to f and
Y to @, exhibit isothermal sigmoidal curves{15) that might be con-
sidered typical of d-n-a-g reactions. For samples cooled from
260°C, after prior anncaling at this temperature for 30 min,
Nelson{15) observed that at temperatures above 90°C the ¥ = f
transition proceeded isothermally to completion; in the 90-82°C
range the transition is interrupted by the onset of the skip tran~
sition Y = «a; below 82°C Y decomposes directly to a. In the
82-90°C temperature range an arrest appears between the termination
of the ¥ = B and start of the ¥ — & transitions.(15) Evidently,
the incubaticn of a arrests the further formation of 8. The TTIT
curves for the decomposition of ¥ tof8, ¥ toa, and ¥ to B to a re-
ported by Nelson{15) are shown in Fig. 19. The curves exhibit a
double "C" feature. Maximum rates of transformaticn for the
v == B transition occur at about 100°C, and for tke ¥ — & skip
transition the maximum rate occurs below -78°C. it seems that at
80 low a temperature the exact nature of the trausformation is
open to guestion. It could be martensitic or perhaps massive,
Faiers and Hhite,(71) on gas quenching samples of Pu at a rate of
208 and 280°C/sec from the Y field (270°C), observed that the de-
composition of ¥ occurred in the 67-72°C range and concluded on the
basis of Nelson's results{1%) that the product formed was a.
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spriet,(1%) studying a B-stabilized Pu-3 at.% 2r alloy, states
that on the basis of metailography, dilatometry, and thermal analy-
sis the v = B and 8 -+ 7 transitions are diffusion controlled.
However, except for some metallography on the 8 - ¥ transition,
which is shown to start with the appearance of ¥ at grain boundaries,
the author does not poesent any results obtained for this alloy.
Selle and Focke,(%#9) using their criteria related to the behavior
of the internal friction and the shear modulus, also conclude that
the two transformations are diffusional. Pascard,(62) while sug-
gesting that the transformation was diffusional, noted that the
Y - B transition exhibited an extremely diffuse heat evolution and
that there was a temperaiure hysteresis of about 70°C.

The kinetics of the ¥ - B transformation show an appreciable
decrease, with an increase in the prior ¥ holding temperature.(15,70)
Hil1170) attributes this behavior to a reduction in the size and
distribution of possible B embryos. In determining equilibrium
temperatures, Hill{55) suggests that the B is more easily formed
from ¥ than ¥ is from B. This conclusion is based on the relative
slopes of the plots of temperature vs the logarithm of the ia-
verse of the respective transformation rate. Such plots show that
the cooling transition has a greater temperature dependence than
the heating transition. For the @ I B transitions the reverse be-
havior is observed. In contrast to the observations for the de-
composition of v to B, the decomposition of ¥ to @ is essentiall
unaffected by the prior 7 heat treatment (holding) temperature.(1%)
Nelson(15) noted, however, that the rate of formation of @ from ¥
was considerably higher than when it formed from 8. Interestingly
enough, however, the grain size in samples quenched to -21°C from
the B and 7 fields, respectively, was quite similar.

Nelson{15) also studied the transitions cbtained on heating @
or § samples into the Y range, resulting in the reactions 8 -~ Y or
a- 8 - <. Plutonium samples that had been first "cold treated"
(15 min at -23°C) were heated into either the B region (20 min at
180°C) or « region (3 min at 100-110°C) prior to transferring into
the Y region for the isothermal studies. Sigmoidal-type curves,
typical of three-dimensional growth, were shown for the 8 — ¥
transformation. The resulting "C" curves obtained for a TTT plot
are shown in Fig. 20. Nelson 15) gbserves that the characteristics
of the kinetics are similar to those obtained for the @ - B tran-
sition. Upquenching of the & phase into the ¥ region resulted in
a rapid transition o ## in the order of seconds, followed by the
B -~ ¥ transformation at a rate slightly smaller than that ob-
served by upquenching the f8 phase. The author, however, states
that the difference may be due to a B grain-size effect or to
variations in heating time. Specimens were upquenched into oil
baths, and the transformation was followed by measuring relative
weight changes in situ.
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F. Transformations Involving the 5, &', and € Phases

Because of the high temperatures it would be expected that the
transformations involving the transitions between the 6, 6', and
€ phases should be diffusion controlled. The very small tempera-
ture hysteresis associated with these transitions also suggests the
absence of non-diffusional mechanisms, On the basis of differences
in internal friction and thear modulus values across the transition,
Selle and Focke(49) claim that the ' - & transformation is dif-
fusional but that the reverse 8 — §6' may be occurring by shear.
This situation seems highly unlikely to us. Karlsson and Paviick(77)
report the results obtained under partially isothermal conditions
for a Pu-0.96 wt% Ga alloy heated from the & to the € range. They
conclude that the reaction occurs by d-n-a-g. Spriet(l“) studied
the 8§ ° € transitions in a d-stabilized Pu-2 at.% Al alloy using
hot-stage microscopy. He describes the microstructural changes ob-
served during the 6 = € transition. Nucleation occurs principally
at the grain boundaries, and as the transformation progresses a
pronounced surface deformation is obtained. Cooling through the
reverse € - 0 transition results in a polygonized structure of 6.
The author concludes that both transitions are diffusion-controlled.
Faiers and Hhite,(71) with cooling rates varying from 35 to
7000°C/sec, noted for the ¢ = & transition a large temperature de-
pendence with cooling rate. A continuous depression in the tran-
sition temperature from 460 to 210°C was obtained with an increase
in the cooling rate, On the basis of this large dependence on
cooling rate the authors preclude the possibility of the presence
of athermal martensite. Presumably they imply that at these high
rates the € = 6 transition occurs by isothermal martensite. The
transition was detected by arrests on thermal cooling curves; the
samples were quenched by helium gas. The cooling rates were ob-
tained by the tangent at 270°C., Judging by the similarity in the
behavior of the € = 6 transition to that in pure iron,(l where
the Y = @ transition temperature is also substantially lowered by
the increase in tiie cooling rate between 1 and 5000 deg/sec, the
€ = 6 plutonium transformation is probably of the massive type.
If this is true a "plateau" temperature might be expected such that
further increases in the cooling rate above a certain value would
leave the transformation temperature more or less unalterad.

IV. Transformations in Uranium and Some of Its Alloys

Much of the work on phase transformations in U and its alloys
was performed in the late fifties and in the mid sixties. Several
excellent reviews dealing with various aspects of these studies
may be found,(78-82) Uranium, with a melting point of approximately
1132°C.(“3) has three allotropes:* ¥ (775-1132°C)(83) g bec, (84

%#As 1s the case with the whole field of metals and alloys there
is no agreed way of designating allotropic forms with symbols that
would indicate a possible crystal structure. Thus, the same bcc
structure in Pu is designated as €, in Th as B, and in U and Np as V.
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B (668 to 775°C),(83) is complex tetragonal with 30 atoms per unit
cel1,(85) and @ (below 668°C) is orthorhombic.(86) As determined
by x-ray measurements(87) the Y = B and 8 — o transitions are
accompanied by volume decreases of 0,70 and 1.12%, respectively.
The ‘early studies with the pure metal have shown that neither of
the high temperature phases, ¥ or S, could be retained by quenching.
The presence of both diffusional and shear reactions during the

B - a transition has been indicated, but the rapidity in the de-
composition of 3 made it difficult to isolate the various reactions
and to identify the temperature regions where the different mech~
anisms wmay be operative,

The difficulty of suppressing the 8 — @ transition so as to
retain the B phase of the pure metal at room temperature is illus-
trated by the results reported by Duwez(88) (Fig. 21). Two thermal
arrests were obtained for samples quenched from the Y phase at rates
ranging from 5 to 8000°C/sec; the maximum rate lowered the tem-
perature for the B — & transition to about 360°C., As mcy be seen
from the figure, the transition temperature for both the ¥ = B
and - a reactions varied in a continuous fashion, suggesting
that only one mechanism was operative in each case throughout the
whole range. In contrast to the results reported by Duwez,
Townsend and Burke{89) show a discontinuity in arrest temperature
as a function of cooling rate for the 8 — a transition (Fig. 22).
The authors concluded that for pure U this transition occurs by
diffusional growth at slow cooling rates, while above a critical
cooling rate of some 65°C/sec the phase change occurs marten-
sitically. This was based on both the microstructures of gquenched
samples and on the behavior of the Mg temperature on alloying.
Extrapolation of My values obtained for U-Cr alloys to 0% solute
gives a value of about 600°C (Fig. 23), which is close to the value
obtained for the unalloyed U by extrapolation of the data in Fig., 22,
It may be noted that the data reported by Duwez are reasonably
consistent with those shown by these authors.

In the early work(99-92) concerned with unalloyed U, it was
generally believed that the 8 —~ o« transiticn for this metal oc-
curred by a martensitic-like mechanism. At that time it was
thought that the kinetics for the dilute U alloys could be de-
scribed in terms of two distinct "C" curves, the lower representing
an isothermal shear transformation, the upper a diffusional trans-
formation, Hhite,(gs) studying the effect of Cr additions, noted
that the "C" curve for the shear transformation shifted to higher
temperatures with a decrease in solute concentration, accompanied
by a simultaneous narrowing of the gap between the upper and lower
transformation curves. Observing that the Mg temperatures could
be extrapolated to give values near the equilibrium transition tem-
perature between o and S for zero solute concentration, he con-
cluded that the two "C" curves merged, with the transformation
being all martensitic in pure U. These conclusions were drawn in
spite of the fact that equiaxed @ grains were observed following
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either slow cooling from B or following an isothermal high tempera-
ture transformation., On the other hand, after water quenching a
mixed morphology was seen that contained, in addition to the equi-
axed grains, some irregular-shaped grain boundaries and acicular
constituents.

More recently it has been shown that the upper "C" curve for
the B — o transition in dilute uranium alioys may actually be com-
posed of two "C" curves.(79,9%-97) The possibility of temporarily
suppressing the B -» a transition on quenching to room temperature
by alloging with less than 1 or 2 at.% of a number of elements —
cr,(79,94,98-101) "y, (97,102,103) Fe,(104) Re (105-107) Ry(108) _
has facilitated the study of the decomposition of 8. In general it
is observed that in the alioys the 8 — a transition can be de-
scribed in terms of three distinct transformations occurring in
each of three temperature ranges degicted by three sets of "C"
curves on a TTT diagram. Figure 24(9%) is an example of this be-
havior obtained for a U-0.85 at.% Cr alloy. The regions designated
as C), Cy, and C3 are ascribed to diffusional, diffusion-and-shear
(bainitic, with solute partitioning), and shear transformations,
respectively.

A number of such TTT curves have been reported by Colombié and
Foure(95) for very dilute additions (400-1500 ppm each) of Cr, Si,
Ge, and Zr, on which are superimposed microstructures related to
various isothermal temperatures. Modifications in the decomposition
kinetics of 8 by only minor variations in solute additions are
readily seen. Butcher(80) has reviewed some of the published work
that attempts to explain the effect of alloying on the suppression
of the B decomposition in terms of the atomic diameter of the solutes
and their effect on the relative strengths of the a and B phases.
Zaimovsky et al,(104) have shown that variations in small amounts
of Al, Si, and Fe added to U may cause significant differences in
the 8 = a transition temperatures for cooling rates between 100
and 400°C/sec. For example, for a cooling rate of 400°C/sec, the
addition of less than 0.08 wt% Al + Si + Fe to U caused the critical
temperature to drop from 600 to 532°C.

Due to the rapid kinetics obtained for the pure metal, iso-
thermal studies on unalloyed U have been restricted to relatively
high transformation temperatures. Contrary to the usual single "C"
curve over the high temperature range -~ 595-655°C - Pickwi-} and
Kitchingman(109) peport double "C" curves for a high purity ' wire
(Fig. 25). The authors claim that the kinetics for the regi.n
above 620°C can be described by an Avrami-type expression. With
the formation also of relatively smooth grain boundaries the
transformation mechanism is undoubtedly d-n-a-g. Although no dis-
tinct metallographic transition zone was detected, irregularity of
the grain boundaries at lower temperatures, which increased with a
drop in temperature, was reported. The transition between the two
"C* curves is seen to occur at about 620°C, This temperature falls
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between the two sets of thernal arrssts shown for ihe pure metal in
Fig. 22. It is about 20°9C above the value obtained when the Mg
values for the U-Cr series (shown in Fig. 23) are extrapolated to

0% Cr. It corresponds clozol; to the upper temperature limit pre-
dicted by Duwez's results,(88) guggesting that the latter results
may reflect primurily +ths lower temperature wmechanism. The lower
"C" curve observed for the unalloyed metal then would correspond to
C3 of the alloyed uranium. The absence of C; for the unalloyed
metal is not surprising, for a bainitic reaction should not occur
in a pure metal. Thus, it appears quite likely that for the pure
metal the 8 —+ o transition can occur by either a diffusional or a
mar:ensitic (isothermal) mechanism. With small alloy additions, the
reactions become more slugpgish, the martensitic transformation is
markedly displaced to lower temperature, and an intermediate bainitic
reaction is introduced. All three transformations for the 8 —* «
transition are apparently devoid of any athermal component, which
means that the martensitic transformations are isothermal and are
thermally activated.

For unalloyed U and its dilute alloys, the decomposition of Y
proceeds directly to B by a d-n-a-g process. With sufficient
alloying — in excess of about 2-5 at.% depending on the solute
element — and by moderate quenching, the dacomposition of ¥ readily
bypasses the 8 phase; the Y phase transforms instead to @ or to one
or more metastable phases that can be described as modifications of
@ or Y. The formation of the modifications based on a has been
attributed to shear mechanisms, while modifications based on Y are
supposed to reflect an ordering process. It is not clear, however,
to what extent these processes occur by either athermal or iso-
thermal modes, although the ordering reaction must necessarily be
a thermally activated one. At elevated temperatures the decomposi-
tion of Y clearly occurs by diffusional processes. A large variety
of morphologies are developed, depending to some extent on com-
position but to a major extent on the cooling conditions. Interest
has been directed largely to the manner and chronology of the for-
mation of the different phases that are responsible for the ob-
served morphologies rather than to the modes of transformation in
each case,

It is known(110) that a low-temperature phase transition occurs
in a-uranium in the range of about 42 + 1°K. This transformation
is noncrystallographic in the sense that no change of crystal struc-
ture occurs while change takes place in the nature of certain inter-
atomic bonds due to the loss of some electrons from the conduction
band as a-U is cooled through the transition temperature. A nuwber
of changes and anomalies in various physical properties accompany
the transition, and it is believed that the transition involves a
second-order transformation and that the low temperature structure
is antiferromagnetic,(110,111
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A. The B = a High-Temperature Transformation — Region C;

In the absence of definitive evidence for the presence of a
martensitic-type reaction it is generally accepted that at hi%h
temperatures the 8 — o transformation is diffusional, Donze(112)
considered possible evidence in support of either mechanism, dif-
fusional or shear, and concluded that the transformation near the
equilibrium temperature cannot be martensitic. The formation of
equiaxed o grains, which decrease in size with a decrease in the
transformation temperature,{79,94,96,97,108,113-117) can only be
explained by a d-n-a-g process. Isothermal kinetics are sig-
moidal(%47,79,93,109) without any indication of the premature ar-
rest occasionally observed with low-temperature isothermal-shear
processes. The fact that single crystals of o can be obtained by
cooling a golycrystal from the 8 phase in a temperature gradi-
ent(115,118) precludes the presence of any orientation relationship
between the two phases and in our view may suggest a massive trans-
formation, at least under these conditions.

Bar-Or and coworkers(119,120) have described the kinetics for
the B —+ o transition of dilute U-Cr alloys, finding them to be
consistent with classical theory for diffusional processes. The
effects of Cr additions and of temperature on both nucleation and
growth were considered. Degois and Faivre,{121) using Avrami plots,
obtained a value of the activation energy on the order of 35 kcal/
mole in thé 460-650°C temperature range for several U-Cr alloys.

A value of 32,6 kcal/mole was reported for a U-1.16 at.% Pt al-
loy.(95) Since the activation energy is a measure of the tempera-
ture dependence in a region where the kinetics decrease with a
drop in temperature, those results must necessarily reflect the
region below the knee of the upper "C" curve and therefore could,
at least in part, refer to the behavior of C2. These values are
consistent with activation energies that may be expected for dif-
fusional processes. In spite of this strong evidence for a diffu-
sional high-temperature 8 -» ¢ transition, a number of investigators
contend nevertheless that both the 8 -+ o and o -+ B transitions,
even near the equilibrium temperature, must occur by processes
analogous to martensite formation.

1. Remnant Textures. Much of the controversy pertaining to
both the high-temperatvse 8 -+ o and the reverse o - f transfor-
mations evolves around the attempts to explain the return of the
same or similar texture originally present in an initially textured
o specimen, following an @ =~ B = & sequence of transitions. In
other words, the initial texture appears to be somehow "retained"”
during the o - 3 - o cycle. This ghenomenon has been discussed
in some detail in several papers(%47,78,122,123) and is frequently
referred to as a "memory effect." It is primarily attributed to
the retention in the 8 phase of small o domains or nuclei from the
original parent o A number of studies(47,97,101,112,122,124-127)
have been reported that show the influence of time or maximum tem-
perature attained in the 8 phase during the heating cycle on either
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the subsequent 8 - o transition kinetics or the microstructure of
the o phase. Although arguments have been presented that attempt
to ascribe this behavior to a reversible martensitic-type transfor-
mation,(91+92,122) by and large the evidence suggests that the
"memory effect" is due to the retention of some a on heating into
the 8 field. More coairoversial iIs the question of the nature of
these @ sources. Are the a regions that are present after solution
treatment in the -phase merely regions of untransformed a, ¢r do
some special « nuclei or domains form?

Klepfer and Chiotti{92) noted some degree of reversibility
(texture retention) following an initial cycling of U through the
a-f transition, but they found that on repeated cycling *he struc-
ture became randomized. These authors attributed the initial re-
tention to the presence of a coherent nucleation and growth process
in each of the transitions. However, because of the polygonization
and twinning occurring in the o ~hase, causing fragmentation of
the texture, and because of the grain growth occurring in the B
phase, causing absorption and destruction of the strained nuclei,
the original o texture was soon lost. A similar behavior was noted
by Butcher{91) following several quenching cycles from the § field
starting with a single crystal. Thermal cycling(gz) also caused a
decrease in the ¥ = 8 and 8 -+ o transition-start temperatures
and increased the temperature at which twinning occurred in the «
phase. This so~called "hardening of the lattice" was also attributed
to a martensitic transformation. The authors state that the four
reactions, a~ 8, 8 ~a, B =+ v, and ¥ =+ B, in the vicinity of
the respective equilibrium temperatures all involve initial bursts,
then proceed isothermally with a slow approach to an apparent end,
which they compare to the slow growth of coherent nuclei.

The presence of @ domains after transformation to 8, the domains
acting as nuclei for the reverse f — a reaction, has been frequently
suggested.(101,112,122-125,127) Donze and Faivre(112,124,127) poted
that they were able to regenerate an original single crystal of a
after cycling into the B region at low temperatures; but, if cycled
to a high temperature within the 8 phase, subsequent transformation
produces a polycrystal. Using a cooling rate of 4°C/hr, they also
noted that the 8 - o transition temperature decreased with an in-
crease in the prior temperature within the f phase. In agreement
with these results Beaudier et al.(125) noted that an increase in
the B temperature or in the time at this temperature caused an in-
crease in the incubation period of the following f8 = « reaction
and a decrease in the transformation rate. A cooling rate of 5°C/hr
was used for U and U alloyed with small additions of Cr, Mn, and
Mo. Although the retention of textures was not examined, the
authors(112,125) pelieved that the memory effect was not associated
with any martensitic reaction but was simply the result of retained
@ nuclei, As the 3 temperature is raised the & nuclei are
progressively eliminated.
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Beaudier et al.,(101) on studying the influence of B tempera-
ture over a 160°C range within the B phace, also noted the effect
of the B temperature on the subsequent temperature at which the
B = a transition is initiated, Using dilatometry as a criterion
for anisotropy, the authore concluded that as the prior 8 temperz-
ture is increased the original orientation in the subsequent «
phase was progressively eliminated. However, repeated cycling in
the low-temperature B region did not affect the original texture.

Eisenblitter et al.,(123) using a high temperature x-ray dif-
fractometer, measured the intensity from a number of specific dif-
fracting planes for a large number of @ = Bcycles and concluded
that a memory effect does exist not only for @ nuclei in 8 but also
for B nuclei in a. They state that the memory effect is reduced
by cycling to lower temperatures within the o phase. Erratic varia-
tions in their results are obtained, however, which are attributed
to lattice misorientations caused by stresses arising from trans-
formation volume changes.

In sul:?ort of the concept of o domains, Butcher and
Baverstock{122) noted, following their a—~ B - o studies on
initially textured a-U, that although the retention of texture
decreased with an increase in the extent of the o -+ B transforma-
tion about one-quarter of the texture was still retained with
alwmost complete transformation to 8. This conclusion was based
on dilatometric studies, which may be somewhat insensitive to the
disappearance of the last traces of the transforming constituent,
Assuming that both the B = a and « - B transformations are mar-
tensitic, the authors propose that the elimination of many of the
oriented nuclei formed from the original @ could occur by grain
growth of the B phase rather than by the @ - B8 transformation.
Their model is illustrated in Fig. 26. It is unfortunate that hot-
stage microscopy was not used to confirm this rather interesting
possibility. One would expect that the orientation of the a
formed in the reverse transformation should be affected more by
the distribution of a than by the amount of a.

The (geometric) stability of the o domains or nuclei above the
transition temperature is attributed to an array of dislocations
at the interface.(78,125) It is difficult to see how such domains
are formed in the @ and retained in the 8 and, furthermore, why
such a small concentration of domains should exist (one per grain),
as implied by Butcher and Baverstock.(122) Beaudier et al.(125)
also proposed that @ nuclei are retained and used the model pro-
posed by Dehlinger{128) 1o support their argument. They further
proposed that the differences in results obtained between the pure
metal and some dilute alloys could be explained on the basis of
an interaction between solute elements and the dislocation networks
present at the interfaces of the nuclei. Interaction may tend to
stabilize the nuclei and therefore delay the 8§ — a transformation.
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In apparent support of the stabilization effect are the results
reported by Beaudier et al.(101) (Fig. 27) for the influence of
the initial holding temperature within the 8 phase on the start of
the 8 -+ o transition for unalloyed U and a U-0.6 at.% Cr alloy.

As may be seen, a gradual decrease in the start temperature is ob-
tained for the alloy over the entire 100°C range within the B phase
that was studied. In contrast, for the pure metal the decrease oc-
curs over a narrow temperature range, about 10-20°C above the

@~ B equilibrium temperature. In the latter case it would appear
as if a sudden catastrophic dissolution of the & nuclei had oc~
curred. If alloying indeed does stabilize the nuclei, these nuclei
should be more readily retained in the alloys during the § treat-
ment. This effect should be reflected in the transformation
kinetics and retained textures. Unfortunately, such studies com-
paring alloyed with unalloyed U were not made, The effect of im-
purities suggests that stabilized domains may indeed form. We
could consider, for example, that as transformation progresses
minor impurities are rejected into the moving interface so that
isolated "domains" of o then become more and more resistant to
further transformation.

McDonell,(126) in opposition to the domain theory, concluded
that the retention of preferred orientation was merely the result
of some residual untransformed o grains being retained in the S
phase and acting as nuclei on cooling, He noted that the retention
was smaller in quenched samples than in slowly cooled samples and
proposed that this was due to the fact that quenching introduced
new random grains of the a phase that compete with the growth of
the retained (original) o regions. Barwood and Butcher,(129) in
studying by dilatometry the o+ B transformation of textured U,
observed that the last stages of the transition were very sluggish
but that the reaction is completed only several degrees above the
equilibrium temperature. Noting that residual texture after cooling
was absent when the prior heating transformation was 100% com-
pleted, the authors ccnclude that the remnant textures after cycling
through the ¢ - 8 region are not due to the “preservation of &
nuclei” but rather to a prior incomplete o = f3 transformation.

Lehr and Langeron,(115) poting the extent of the irreversibility
observed in the dilatometric curves on cycling through the o > B
transition, concluded that a crystallographic relationship between
these two phases does not exist. On the basis of this and other
evidence they concluded that the @ 8 transitions in U take place
by (diffusional) nucleation and growth. They also show that defi-
nite textures, however, may be developed on cooling through a tem-
perature gradient. It may be that the observation of remnant
structures might, at least in some case¢s, result from such gradients.

Townsend and Burke(%47) performed a comprehensive series of ex-
periments in an attempt to explain the effect of the 8 temperature
prior to quenching on the 8 - o transformation kinetics. They
were able to show that the effects observed were largely due to
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the 8 grain size and only to a minor extent on the t.-pcraturi it-
self. On the basic of their results the authors discount the argu-
ments based on the presence of retained o domains.

A variation in B8 grain size was cbtained by changing the cooling
rate from the y region; samples were then quenched from different f
tewperatures into one of four different temperature regions where
isothermal transformation to & took place. The specific effect of
grain size on the kinetics was found to be different within each
transformation temperature region; this could be explained in terms
of the different mechanisms irvolved for each region. At high tem-
peratures (615-630°C), where the process was diffusion controlled,
a decrease in B grain size resulted in an acceleration of the ki-
netics and was attributed to grain boundary nucleation. Between
S00 and 610°C the kinetics were unaffected by grain size, since, as
shown by metallographic studies, the nucleation of a was completely
random. Beiween 370 and 500°C a decrease in B grain size caused a
swall but definite retardation in the kinetics. This was explained
on the basis of nucleation within grains and arrest of @ platelets
at grain boundaries. Below 300°C a forms martensitically, and the
latter effect is more pronounced, since the kinetics are primarily
reflected by the slow growth rate. The influence of 8 grain size
for the martensitic transformation region is seen in Fig., 28,

Mihajlovi€ et al.(97) examined the microstructures of a
U-0.45 1._} Mo alloy following quenching (2 to 80°C/sec) from
various B temperatures (670-720°C)., In contrast to the results
reported by other investigators cited above, these authors con-
clude that the suppression of the 8 - & transition is greatest
when quenched from the lowest f temperatures. On retaining the 8
phase to room temperature, its subsequent decomposition was slowest
following cooling from the higher B temperatures. This agezin is
in contradiction with the observations reported above for the ef-
fect of B grain size on the martensitic transformation. The
authors propose that the higher B temperature leads to a more dis-
ordered state, making it more difficult to suppress the transfor-
mation; but, once suppressed, a shear type transformation would be
most difficult for the most disordered state. The presence of a
possible second-order transition within the B-phase region is sug-
gfested by the anomalous heat effect observed on the cooling curves
reported by Duwez(88) for unalloyed uranium. Townsend and Burke(%7)
discuss the possibility for the existence of two modifications of
the 8 phase. Blumenthal,{83) who diligently searched for such an
anomaly in his UTA studies on pure U, was unable t. detect any.

It was earlier pointed cut that the presence of a "memory
effect” had suggested that the o~ B transition occurs marten-
siticaliy, Burke and Dixon{78) discuss the - B transition in
some detail and conclude that the transformation is diffusional,
except perhaps in the case of very rapid heating of martensiticaily
formed @. They also point out that, although a crystallographic
relationship may well exist between o and B, this need not imply
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the presence of a shear transformation., Widmanstatten structures
formed by diffusicnal processes are well known and result from the
minimization of energy by the matching of specific planes between
two phases. Bar-Or and Wynblatt,(116) in noting columnar growth
of @ for the B - & transformation in a U-0.45 at.% Cr alloy, sug-
gested that remnant siructures may be due at least in part to this
columnar growth. The growth was attributed to differences in
nucleation rate between the surface and interior of a sample.

The kinetics and microstructural observations of specimens iso-~
thermally transformed and the possibility of obtaining single
crystals of & can only be interpreted for the high-temperature
B - o transformation (region C)) in terms of a diffusional mech-
anism. Although we are uncertain as to the significance of the
techniques of relativz moduli and internal friction measurements
for interpretation of transformations, Selle and Focke(9) conclude
that both @ X Band 8 & ¥ wust be diffusional (at least under
slow heating and cooling conditions). The enigma of the "memory
effect" therafore is not explicable in terms of a martensitic trans-
formation. The origin of the so-calied o nuclei or domains has not
been satisfactorily explained. The so-called dissolution of o
ruclei may in fact actually be the redistribution of impurities,
and thereby affect the reverse f — o kinetics. The observed grain
size effects and the results obtained following completion of the
sluggish o — 8 transition zre strong arguments disqualifying the
suggestion of retained nuclei. It would seem that careful studies
throughout the entire a— B and B — « transformation in the
vicinity of the a = B region are needed, perhaps with hot-stage
microscopy or electron microscopy.

B. The B - & Intermediate-Temperature Transformation — Region C,

Reference to the transformation in region C, generally has been
made as an adjunct to the "high temperature” and "low temperature”
studies, The failure in the early work to recognize the presence
of a distinct transformation at the intermediate temperature can
undoubtedly be attributed to the inability to separate the upper
"C* curve into its two components. For example, White,(93) who
obtained TTT curves for a series of U-Cr alloys, noted a feathery
appearance in the microstructures for specimens transformed by the
"upper C process" yet failed to recognize that this may not be
associated solely with a diffusional mechanism. His TTT curves
consisted of only upper and lower "C" curves. Jepson et a1.(90)
obtained B — o TTT curves for a number of alloys with small
amounts of different solute additions. Breaks were obtained in the
high temperature region for several of the corresponding “C" curves,
but here also the authors failed to recognize the presence of an
intermediate transformation. 1In part, this was due to the fact
that the isothermal studies were not always carried out at low
enough temperatures to obtain the martensite "C" curves. It was
therefore assumed that the martensitic transformation was initiated
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at these breaks. The authors also observed irregular grain bound-
aries following transformation of a U-0.5 at.% Cr at 550°C. This
corresponds to the region below the knee for the upper "C" curve,
which for this alloy did not exhibit a break. The possibility of
a bainitic reaciion wa. n-% considered. Beaudier et al.{101) ex.
amined the microstructures for a U-0.6 at.% Cr alloy following
partial isothermal exposure at several different temperatures.
Using the TIT curves published by white{93) for a similar alloy,
the authors concluded that for the upper "C" curve the microstruc-
ture developed above the knee is equiaxed, whereas below the knee
it is irregular, becoming more and more jagged with a further drop
in temperature. Again the possibility of different mechanisms
above and below the knee was not examined.

The above metallographic observations suggested to Burke and
coworkers(79,9%) the possible existence of different mechanisms in
different regions of the upper single "C¥ curves reported(90,93)
for U-Cr alloys. In studies of the isothermal 8 — a kinetics for
U alloys containing 0.5(79) and 0.85(3%) at.$ Cr by resistivity
meas. ments, disccentinuities were obtained at about S500°C in the
upper “C" curves that permit its separation into two "C" curves,
C] and Cp (see Fig. 24). The likely separation of the upper "C"
curves into two curves is now firmly established on the basis of
results gublished for a number of dilute alloys.(94-96} Mihajlovi€
et al1.{97) show a TTT diagram for a U-0.45 wt% Mo alloy that is
Based on continuous cooling from different  temperatures at dif-
ferent cooling rates. Distinct ranges are indicated over which
equiaxed or bainitic o phases form.

Kinetics of the transformation of U and its alloys had pre-
viously been based largely on dilatometry and metallography.
Kitchingwan et al.,(96) using both resistivity and dilatometric
techniques, showed that. whereas a clear separation into two "C"
curves was obtained by resistivity, the same region was repre-
sented by an uninterrupted "C" curve when based on dilatometry.
This was due to the relative time elapsed in transferring the
sample from the B-quench temperature to the isothermal tempera-
tures. Although open-walled silica tubes permitted direct con-
tact of the dilatometer specimen with the isothermal bath, the
more massive dilatometer specimens took significantly longer to
cool tharn the resistivity wire:; the latter wers partially cooled
by gas quenching. Thus, the presence of either a single “C"
curve or its separation into two upper "C" curves might well be
attributed directly to the experimental technique used.

The feathery or acicular-irregular rrain boundary microstruc-
tures that are typical of the morphology developed as a result of
the B —~ o transformation in region C2 have frequently been
noted(79,81,90,93,95-47,101,120) (see, for examplec, Fig. 29).
Although Hhitezgas did not recognize the presence of region Cp, he
indicated that the isothermal kinetics at intermediate temperatures
could be described in the same way as the decomposition
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of austenite to bainite in steels, For the region below 530°C he
obtained an activation energy of about 34 kcal/mole, consistent
with a diffusion-controlled reaction. Burke(8l) reports an activa-
tion energy of 40 kcal/mole for a 0.85 at.% Cr alloy, increasing to
60 kcal/mole at 1% Cr. A value of 32.6 kcal/mele has been reported
for the transformation of a U-1.16 at.$% Pt alloy in region Cz.(gbl
Soeno(130) reports values for the activation energy obtained below
the knee of the upper "C" curve for dilute additions of Cr, Mn, 3i,
and V; the values range between 25 and 55 kcal/mole. In contrast
to the results above reported by Burke, Soeno reported an increase
from 32 to 38 kcal/mole in going from 0.5 to 1.0 at.% Cr.

Kitchingman et al.,(96) plotting hardness vs transformation
temperature for a U-1.16 at.% Pt alloy, noted a discontinuity in
the hardness values that occurred at a temperature corresponding
closely to that where C3 and C; curves intersect. They also noted
a discontinuity at about the same temperature for the temperature
dependence of change in resisti .ty accompanying the 8 - o transi-
tion; the latter effect, however, was minor. Dixon and Burke{79
noted a very similar discontinuity in hardness (Fig. 30) that could
also be related to the temperature of intersection or discontinuity
on the upper "C" curves for a U-0,5 at.% Cr alloy. The authors
suggest that, since the discontinuities on the "C" curves become
more apparent with increased amounts of transformation, the dif-
ference between C) and C, mechanisms is more in the growth behavior
than in the nucleation behavior. The authors(79,81) also tentatively
suggest that the reaction in the region C, corresponds to cne in
which supersaturated o (a') is formed by shear within 8 with a si-
multaneous diffusion-controlled precipitation of Cr. Burke(8l) also
proposes that the precipitation of Cr would then allow plates of a
to form martensitically in essentially pure 8, with the. growth
governed by the rate of diffusion of Cr. This behavior would be
consistent with the differences in magniiude for the 8-grain size
sensitivity of the transformations at temperatures corresponding to
regions C; and C3.(4%7) The effect of grain size was attributed to
grain boundaries arresting plate growth. Since the growth of plates
in region Cy is influenced primarily by the diffusion and precipi-
tation of Cr out of @, the effect of grain boundaries, and therefore
of B-grain size, is relatively less important here than in region
C3. This is supported by the observed influence of the grain size
in th~se two regions. Townsend and Burke,(gu) noting that additions
of Cr depress C3 more than C,, suggest that C; is more akin to the
known diffusion reaction in C; than to the shear reaction in Cj3.

Burke,{81l) ip examining samples partially transformed in region
Cp, observed a large number of a-plates or needles randomly nucle-
ated and growing in at least five different directions. On the
basis of the traces of these directions he suggested growth on {xoohg
and {110}p. He noted many similar characteristics between the
reactions taking place in regions C, and C,, especially with
reference to tha microstructure and shape change. The different
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microstructures obtained in regions C;, C,, and C3(95) are shown in
Fig. 31. Kinetically, however, C, and C, are similar; the two
curves overlap. Both produce smooth sigmoidal transformation
curves with no evidence of the bursts seen on occasion for region
C3- Burke(8l) concludes, at least for dilute U-Cr alloys, that the
reaction in region C, is of a bainitic type.

The foregoing microstructural and kinetic evidence strongly sup-
ports the contention that the reaction in the C2 range is bainitic —
i.,e., that it involves both shear and bulk diffusion of the solute.
The presence of three types of reactions (a high temperature dif-
fusional, an intermediate temperature bainitic, and a low tempera-
ture martensitic reaction) in the dilute uranium alloys is quite
analogous to the reactions in steels. However, one might anticipate
from the differences observed in the martensitic behavior for the
two types of materdials that the corresponding bainitic reactions
may differ substantially. There is no definitive evidence that the
martensitic reaction in uranium alloys is other than isothermal. As
will be pointed out in the following section, the kinetic relation-
ship between nucleation and growth during the isothermal martensitic
formation in U is quite different from that for the few cases of iso-
thermal martensitic transformation observed in steels. The present
status of our knowledge of the bainitic reaction in uranium alloys is
probably comparable to the status for this reaction in steels some 30
or mcre years ago. Whether one or more distinct bainitic reactions
occur is not known, although variations in the microstructure would
suggest this possibility, Little is known about the crystallography —
the transformation shears and lattice correspondences. Very little
data on kinetics — especially at different temperatures — are avail-
able. And the possibility of a massive transformation without solute
partitioning must not be excluded. ‘Much can be done in studying mor-
phological development and the relationship between kinetics and mor-
phology. Various cycling or short-range up-and-down quenching exper-
iments within the C, range could be done to isolate or distinguish
among the various pcssible modes of transformation that may be present
throughout this range. In short, exploration in the C, temperature
range offers many exciting possibilities for obtaining a better
understanding’'of the transformation behavior in uranium alloys — an
understanding similar to that obtained for other alloy systems.

C. The P - a Low-Temperature Transformation — Region C,

Evidence for a shear transformation occurring at the lower
temperatures is obtained primarily from metallographic obser-
vations(79,81,90,95,97,99~102,104,105,117,130=133) and to a
lesser extent inferred from the nature of the isothermal ki-
netics.(79,93,96,105,131) - No definitive evidence exists for any
athermal component. The occurrence of a stress- or strain-induced
B - o reaction, even resulting simply from scratching or
polishln? specimens containing residual B, has been noted fre-
quently,{90,93,100,131) The transformation is also quench-rate
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sensitive as a result of quenching stresses.(79) Several observa-
tions have been attributed to burst or catalytic behavior during
transformation, e.g., steps on isothermal plots,(81,93) grouping
together of martensitic-like plates,(81,131) jsolated heavily trans-
formed regions(105) and jerky growth.(133) Mott and Haines,(100
observing the isothermal behavior microscopically, noted that the
transformation was intermittent; each time it was initiated by a
sudden burst followed by a decay in growth rate. This behavior was
attributed to the buildup of transformation-induced stresses, On
relief cf these stresses, either by twinning of @ or deformation
of B, the transformation is again initiated. .Such burst behavior
has been considered as evidence for possible athermal behavior in
a U-Cr alloy.(131)

Figure 32 shows an example of plates (or needles) frequently
observed in martensitically formed a. The clusters of small plates
are attributed to burst behavior. Slow growth of individual plates
has been noted(81,102,131,133) (see Fig. 33). This isothermal growth
is considered to be much tvo slow to be accounted for by normal
(bulk) diffusional processes.(105) A shear reaction is also indi-
cated by the homogeneous shearing of scratches by transformation of
a pre-scratched surface.(131) In general, one observes that in-
creased solute additions result in a retardation of the transforma-
tion kinetics and a shift of the Mg to lower temperatures.{(93,94,130)
The effect of Cr additions(93) on Mg has previously been noted.*

The effect of a number of solute elements on the Mg, according to .
Soeno,(13°) is shown in Fig. 3%, Thn~ suppression of the a > B tran-
sition to room temperature for small solute additions (less than about
1} at.%) has been noted on many occasions.(79,94,97,98,100-107,134)
However, as White pointed out for chromium additions{(93) a peversal

in the kinetics may occur if the solubility limit of the B phase were
exceeded, since the second phase may provide additional nucleation
sites.

1. Kinetics and Stress Effects. Over a limited temperature
range within region C; the isothermal kinetics, as described by a
plot of dilatoweter reading vs log time, were shown to flatten out
or decrease linearly relatively early during the phase change 923
(Fig. 35). This behavior is to be expected where the stresses that
build up due to accommodation strains are of sufficient magnitude
to arrest the transformation. Fu:ither transformation then can only
proceed on relaxation of the stresses. Thus, the kinetics reflect
a balance between the introduction and removal of transformation-
induced stresses, The difficulty in determining the end of the
martensitic transformation was pointed out by White,(93) who noted
that the 8 — areaction in several U-Cr alloys, which had apparently

*The ﬁ' 1s taken either as the transition temperature between Ca -
ard C3 or as the extrapolation of the upper branch of Cy curve to a
temperature at which this branch becomes asymptotic.
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stopped at 300°C, again took place on lowering the temperature to
100°C, This points out the importance of the free-energy driving
force in overcoming the transformation-induced stresses. In fact,

at the lower temperatures the isothermal kinetics are typically
3igmoidal.(93) At temperatures above about 325-350°C the transfor.-
mation strasses are easily relieved and the curves are also sigmoidal.

Dixon and Burke,(79) also working with U-Cr alloys, observed
kinetics similar to those reported above by White.(33) Their in-
terpretation, which was based on metallography, x-ray, and resistivity
znalyses, was quite different from that made by White. The authors
concluded that the initial portion of the curve, which started with
a gigmoidal behavior, represents a shear transformation of 8 to
supersaturated a (referred to as o'),* while the leveling off cor-
responds to the decomposition of o' to « and precipitation of a Cr
precipitate. The end of the sigmoidal region corresponded to about
60% of the total change in resistivity, yet no residual 8 could be
observed at the end of this stage by x-ray techniques. Evidence
for precipitation occurring is also seen in the hardness data. The
hardness of the transformed product increased with an increase in
transformation temperature; this is attributed to more extensive
precipitation at higher temperatures. A sudden drop occurring at
about 400°C (see Fig. 36) corresponds to the transition from Cj to
Cz. In view of the stron% similarity between curves obtained by
two different techniques,(79,93) the different conclusions drawn
from such similar curves are difficult to reconcile. In part, the
similarity implies that the ratio of the changes of length obtained
by dilatonetry(93) and resistivity(79) should be for some reason
nearly the same, irrespective of whether the cause was transforma-
tion or precipitation, a highly unlikely situation.

Holden,(131) in attempting to explain the difference in origin
between athermal and isothermal martemsitic kinetics, proposed that
this difference is due to the relative ease with which the parent
phase can plastically deform so as to relieve the transformation-
induced stresses. In steels, with the ductile fcc lattice of the
parent phase this can easily take.place, and a temperature change
would be the main criterion for the transformation to proceed. How-
ever, for the less ductile 8-U, in which slip is limited to the
{110} {oC1)y system,(98) stresses are not readily relieved by the
parent B phase. Unfavorably oriented single crystals of 8 have been
shown to be brittle.(98) Thus, in the early stages of transforma-
tion, stresses are more readily relieved by twinning in the o plates.
Because of plates seen in a quenched U-1 at.% Cr microstructure
(5 min after quenching), lolden(131) proposed that some martensite
was able to form athermally ~ at temperatures above 350°C, where @
is known to undergo easy slip and where S probzbly deforms on more
slip systems than at low temperatures.

¥Netastable structures are discussed in following sections.
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The ductility argument by itself cannot explain the kinetics in
terms of a "C" curve, for it is hardly to be expected that as the
temperature is lowered below the knee the transformation-induced
strain energy would increase at a rate faster than that for the
change in free e-ergy. The fact that an appreciable incubation
period may be necessary for the isothermal transformation suggests
that the nucleation features of this martensitic transformation
when compared with an alternative athermal martensitic transforma-
tion might differ considerably. It is interesting to note that,
where isothermal martensite has been observed for steels, the rate-
controlling mechanism is nucleation; the growth of the glatas,
however, is still sudden as with athermal martensite.( Thus,
not only must the nucleation features differ between athermal and
isothermal martenzite but also the controlling mechanisms for the
isothermal growth for steels and uranium alloys must. differ, for in
the latter the growth is slow. The question is still unanswered
whether the growth in the uranium transformation is thermally acti-
vated because of the necessary adjustments at the interface, be-
cause of thermally activated plastic flow (which is needed to
relieve stresses in the matrix) or because of the diffusion of im-
purities ahead of the advancing interface. Lomer{ 136 proposed
that the slow growth is due to the complexity of atomic movements
necessary to produce orthorhombic o from complex tetragonal 8. This
may be a contributing factor, but it certalnlx cannot account for
the intermittent growth of the martensite.(100) Burke(81) attributes
the slow growth to the difficulties of accommodating the shape and
volume changes by the brittle S phase. Butcher and Rowe(133) con-
sidered the transformation as occurring by an initial shearing of
the lattice followed by time-dependent heterogeneous atomic read- -’
justments of the sheared, distorted B luttice to form the o lattice.
The authors also suggest that the slow growth may be partly due to
the relief of stresses.in the deformed S, with such relief occurring
by polygonization of the:S phase, The polygonization would explain
the observed sgraad in orientation of the @ phase noted in Laue
photographs. {1

Certainly, thermal activation is implicit where an incubation
period is required and growth proceeds isothermally. Kitchingman
et al,(96) reported a value for the activation energy of 17.0 kcal/
mole for the Cz transformation in a U-1.16 at.$ Pt allog Values
rangxng from 11 to 15 kcal/mole were reported by Burke( for a
geries of U-Cr alloys. Activation energies ranging from 14 to
23 kcal/mole were obtained by Soeno for a series of dilute uranium
alloys (U-Cr, U-Fe, U-Mn, U-Si, and U-V), (130) Although the actual
shearing mechanism per se may be related to an athermal reactiomn,
its initiation and continuation must depend on activation processes,
probably other than those related to normal diffusion processes,

Mihajlovid and Mance,(102) studying the microstructure of U-

0.45 wt% Mo samples, transformed various amounts at 80°C, room tem-
perature, and ~200°C and noted that an acicular or platelet structure
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was developed initiaily at all three temperatures, but at the two
higher tempsratures this gave way to a feathery structure. If a
sample with a mixed structure formed at one of the higher tempera-
tures was then cooled to the lower temparature, transformation
would then continue by the formation of plates. The authors there-
fore propose that the mecianisms differ for the two temperature
regions (within C3) in that at the low temperature nucleation and
growth is controlled by shear resulting in the formation of only
plates, while at the higher temperatures the feathers result from
a diffusion-controlled nucleation process, the subsequent growth
being shear controlled.

The isothermal growth of individual martensite plates in a U-Cr
alloy has been discussed by Burke<8l) in considerable detail, As
would be expascted for a semi-coherent o/f interface, the growth is
arrested at a grain boundary, However, typical of other martensitic
alloys new plates may be nucleated in a contiguous f irain, prob-
ably due to induced stresses at such points. Burke(8l) syggested
on the basis of the irregular grain structure for the transformed
product that the martensite is similar to that observed for Fe-Ni
alloys, a structure referred to on occasion as "massive martensite”
{(a term we suggest should be discarded in view of its possible con-
fusion with massive transformation and instead be replaced by either
lath, plate, or bulky martensite).

2, Lattice Correspondence. Possible crystallographic relation-
ships between the o and S cr{stal structures have been considered
by several authors.(92,99,131,133,136.137) The difficulty in pre-
dicting a correspondence matrix for the 8 — « transition in terme
of minimum atomic movement is pointed out by Lomer.(136) This is
because of the complex crystal structure of B, which has 30 atoms/
cell in contrast to the somewhat simpler structure of o, with
4 atoms/cell. Lomer attacked the problem by ignoring the atomic
positions and instead considering the transformation of a set of
lattice vectors from one structure to that of the other such that
each of the vectors in one set is an integral number of the cor-
responding vectors of the second set. In addition, the volumes
defined by the two sets of corresponding vecters contain equal num-
ber of atoms and that the transformation strain is not too large.

Of the many different corraspondences possible, four were con-
sidered acceptable on the basis of sufficiently small transformation
strains. Although the proposed correspondences are in reasonable
agreement with observations, the author considers that it is unljkely
that the transformation occurs martensitically (in the classical
sense), for the honogeneous shear places only 1 atom in 30 (or 60
for 2 cells) into its ccrrect position. Instead, he proposes that
the adjustments from 8 to « positions spread progressively through
the crystal as a coherent %routh of a at expense of . More
recently, Crocker and Ross{137) again examined the problem and
pointed out that many other correspondences with comparatively small
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strains exist. For the various correspondences considered, again
only 1 atom in 30 moves directly to its correct final site, The
authors then suggest that the subsequent shuffling required of the
remaining atoms may be the controlling factor in deciding which
correspondences are likely to arise in practice.

Holden(131) and Butcher and Rowe(ggvlaa) have reported for U-Cr
alloys that the habit plane is approximately of the f321} type.
The latter authors have also found evidence for the {u4uljg as being
another habit plane for the 8 — & transformation. The correspond-
ence lattices are reported by Butcher and Rowe(133)as (001)q 0 (817)g,
(010), I (T!ﬁu),g, fo21}, !l {ulo}ﬁ, and approximately {001}, || {luo}B.
Holden reported the orientation relationship as (001), II‘lel) .« In
general, the crystallegraphic relationship (by x-ray methods) was
difficult to establish conclusively because of various experimental
problems — lack of intensity, highly strained &, too fine a grain
size in @, and especially the duplicity in the superposition of the
low-index planes, making their separation difficult.

D, The Decomposition and Transformations of the High-Temperature
¥ Phase

Although numerous studies have been reported on the decomposi-
tion and transfcrmation of ¥ in uranium alloys, relatively little
work deals directly with the v = S transition. Compared with the
large influence caused by alloying on the 8 — o transition, swall
quantities of alloying elements, up to abeut 1 or 2 at.%, apparently
have relatively little effect on the 8 2% high-temperature al-
lotropic change. The work reported by Duwez{88) on the influence
of the cooling rate in depressing the ¥ =+ S transition temperature
for pure U has already been cited (Fig. 21). Collot and Faivre(138)
showed a similar moderate effect for two U-Nb alloys (2.5 and 5.0
at.% Nb), the effect being greatest with the higher Nb alloy. An
increase in the cooling rate from 1 to about 2000°C/min caused the
transition temperature to decrease by about 80 and 115°C for the
lower and higher Nb contents, respectively. Several studies have
_shown, however, that the ¥ * B transitions in pure U may be sup-
pressed altogether, with the transition occurring directly hetween
v and @ and between & and Y. Such suppression follows, for ex-’
ample, with a dispersion of BeO or U0, powders in pure U,(139,140)
By decreasing the amount of oxide the ¥ * B transitions were
reintroduced. The authors attributed the suppression or elimina-
tion of the ¥ = f3 transition to the difficulty of nucleating the
B structure. Scmewhat similar results were obtained with a mixture
of U and graphite powders,(1%1) in which case both the ¢ 3 B and
B 2 o transitions were affected. Ustberg et al.(1%2)gtudied the de-
composition kinetics of ¥ in the B field for several U materials
containing about 2000 ppm of impurities, mainly Fe and Al. They were
concerned, however, with the precipitation of second-phase particles
such as UAl,, rather than with the ¥ - £ transition.
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It is apparent, on reviewing the literature, that very little
effort has been directed toward studying the nature of the v - 8
transition in U wmetal. This is undoubtedly due to the absence of
any major technological problems incidental to the ¥ > S change.
One would suppose that the transition occurs by a d-n-a-g process.
However, with the addition of a number of alloying elements in ex-
cess of about 2-5 at.% and with only moderate cooling rates, the
decomposition of ¥ becomes quite involved, offering many possible
alternatives; the 8 phase frequently does not appear at all. Al-
though the extension of the B-phase field in the phase diagrams is
limited to additions of about 2-3 at.% of solute for the alloys
investigated, the 8 constituent is present in equilibrium with an
additional intermediate phase over a relatively wide range of solute
concentrations for most of these alloys — about 33 at.% each for
Ru, Re, and Ti, and about 63 at,% for Zr. The elements Mo and Nb
introduce a B = (@ + 7) eutectoid reaction, with the two-phase
(B + ) region extending to about 12 at.% of solute. Thus, the B
phase appears in many of the alloys investigated, following slow
cooling or high-temperature isothermal holding. The absence of 8
following faster cooling conditions or following isothermal trans-
formations at the lower temperatures must be the result of the
more favorable kinetics for the decomposition of Y into alternative
metastable structures,

1. Structures Obtained on Continuous Cooling. We shall first
consider the observations made under nonisothermal conditions. The
transformation studies on the U-base alloys have been concerned
largely with the nature of the decomposition products of ¥ obtained
by continuous cooling, their worphology, and the sequence of for-
mation of the different crystal structures. The formation of
several different crystal structures and the variety of mor-
pholsiies obtained can be the consequence of both the coolin,
rate{103,106-108,134,143-150) apd composition.(103,106-108,134,143,
145-154) The initial v frain size and the initial quench tempera-
ture are also important,{103,106,107,155) Numerous x-ray studies

have been made on the various metastable phases obtained with addi-
tions of Mo,(103,13u4,143,147,148,150-152) yp (143,149,153) .

Ru,(108,154} 25 (144,145,156) 14 ,(157-159) and Re.(106,107,160)

In addition to identifying the structures, much of the work was
concerned with attempts to understand the effect of alloying on
changes in lattice dimensions and the influence of such changes on
the composition limits over which these structures are stable.
Studies have also been made on the orientation relationship

that may exist between Y and the different metastable
phases.(143,147,151,156,161) The mecastable structures formed

«re modifications of the orthorhombic a ~nd bcc ¥ structures.
Lehmann and Hills(146) have proposed a scheme for labeling meta-
stable phases that, in part, takes into account specific mor-
phologies by the use of subscripts, e.g., "a" for acicular, "b"
for banded, and "n" for nucleation and growth, the latter probably
implying diffusional processes. Evidently, the scheme has not been
followed vigorously, as the subscripts are frequently omitted.
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Many similarities exist between the different alloy systems
that have been investigated. We feel that the subject may best be
introduced with reference first to only one of the many compre- _
hensive studies that have been reported. Jackson and Larsen(107)ex-
amined the nature of the products of decomposition of ¥ obtained
on quenching a series of U-Re alloys from the ¥ region. Figure 37
lists the different structures obtained as influenced by Re con~
tent, severity of quench, and the Y quench temperature. The o'
and a" designations refer to a wmodification of the @ phase. On
moderate alloying the b lattice parameter of the orthorhombic
structure decreases, with corresponding slight expansions of the
a and ¢ axes — this modification is denoted as @'. With higher
alloying the angle Y between the g and b axes departs from 90°C,
resulting in a monoclinic structure, a", The Y° structure is be-
lieved to be a tetragonal-ordered phase derived from the bcc 7
structure,

Considering a 7-at.%-Re alloy ccoled from 975°C, it may be
noted from Fig. 37 that the slower quench yields a@" while the more
rapid quench develops &'; for a 9-at.% alloy the phases observed
are retained Y and a" for the two quenching rates, respectively.
This suggested that whereas an increase in Re content results in a
correspondingly greater distortion in the {martensitic) product
from the @ structure, an increase in cooling rate reverses this
trend. The degree of the departure from the @ structure is con-
sidered to be a function of the stiffening of the lattice against
shear by alloying, while the approach to the @ structure is’
attributed to enhancement of the shear by quenching
stresses,(107,147,150,153) Thus, for low solute contents and
moderate quenching rates, shear can occur readily to produce the
a' structure, As the alloy content is increased shear is in-
creasingly restricted and the critical amount of shear required to
produce the @' structure is not realized., Instead, the a" struc-
ture is developed with the orthorhombic angle departing more and
more from 90° with increased alloying., At sufficiently high solute
contents the modified ¥ (7°) or retained ¥ structures are obtained.
With increased severity in quenching, the critical shear can be
realized more readily and the transitions in crystal structures
are shifted to higher solute concentrations. Tanzri(150) proposed
that some optimum value of “he ratio of the quenching stress to
lattice stiffening is required to generate any cne of these mar-
tensitic phases., This value is referred to as a stress/stiffening
ratio.

Observations that more or less fit this scheme of phase changes
are seen in U-Re,(106,107) y.Mo, (134,143,147,157)
U-Nb,(1%3,147,149,153) y-Zr,(1%5) and U-Ru(108,154) gystems. How-
ever, the " structure is absent in the U-Ru and U-2Zr alloys. It
has been proposed that the presence of the a" structure is related
to the influence of the solute atom size(143,153) and to a critical
decrease in the b parsmeter value.(143) The absence of o" in the
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U-Ru and U-Zr systems is suggested as being due to very
limited,(108,153,15%) on completely lacking(153) compressibility
in the direction of the b parameter in these two systems, respec-
tively. The non-uniform change in the 8, b, and ¢ parameters of
the orthorhonbic a-i! structure with alloying is considerad to be
due to the substitution of Melliptical-shaped"” U atoms by "spheri-
cal® solute atoms,(143)

An example of the influence of quenching rate on morphology is
seen in Fig. 38 for the 9-at.%-Re alloy, which shows (a} untrans-
formed ¥ and (b) a" structures, referred to, respectively, in (a)
and (b) of Fig. 37, Figure 39 shows ana' banded structure, while
a Widmanst3tten morphology showing"crosshatch®™ " is seen in Fig. 40,
So-called flag and granular structures of « are seen in Figs. 41 and
42, A banded acicular structure containing Y° is seen in Fig. 43.
It would be incorrect to say that these are typical wmorphologies,
for many variations in microstructure are known, some of which may
be the result of a martensitic transformation and some which may
not. By far the most common morphologies are those associated with
some form of banding, as seen for alloys of U-Zr,{144,145,156)
U-Mo, (82,103,134 ,146°148,152,162,163) y-Ti,(82,158) y-Ry,{108,154)
U-Re,(106,107) and U-Nb.(B2,143,164) [n general, a transition from
acicular and granular structures to banded and Widmanstitten struc-
tures occurs with increase in solute concentration. Different
families of bands are commonly observed together, which are prob-
ably in many cases related to sequences of transitions or to dif-
ferent periods of a given transition. Coarse bands have been
attributed to mechanical twinning of the Y phase, while the fine
bands and the Widmanstitten structure are most likely due to len-
ticular plates arising from the shear transformation of ¥ to either
a' or a".(197) Butcher{162) has considered in some detail the
deformation of the bce Y by twinning, proposing the usual {112}
twin mode and suggesting that one of the metastable Y phases twins

on the {122} planes.

The o' structure is present in various morphologies at the lower
solute concentrations — in granular, acicular, flag type, irregular-
shaped boundaries, as well as in bands — and it may have formed
either by a d-n-a-g or a shear process or both. In addition, as
pointed out by Hills et al.(103) for U-Mo alloys, the a' formed
from B has a different appearance than that formed from 7, the
latter having, in general, a more "regular" shape. The long in-
dividual needles or plates that frequently are seen following a
B — a shear transformation are not observed in & fu sed directly
from Y. These long nesdles have grown uninturrupted during the
isothermal 8 ~ o phase change. The absence of such long needles
in o formed from Y could be due either to the interference with
the twin boundaries or to a much higher nucleation-to-growth rate
in the 7Y phase.

Crystallugraphic relationships between Y and its groducts have
been proposed by several investigators,(1%#3,147,151,156) Jackson
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and Larson{107) pote that the tendency towards metastable transition
phases is usually most pronounced for the bcc - hep transitions.
The @-U structure bears a striking likeness to the hcp structure
except that successive layers of atoms in the basal plane may be
considered to Le skewed back and forth in the (010) directions, The
addition uf allsying elements (such as Re) that decrease the _}/l
ratio, makes the @ lattice more like the hcp lattice. Hatt,( 56)
by considering a-U as a distorted hcp structure and using as an
analogy the bcc —+ hcp transformation in Zr, proposed that the

Y -+~ a' transformation for U-Zr alloys occurs by shear on {112}
planesin {111), directions accompanied by glide on alternate planes
of {110}7 in (110)7 directions. He further proposes that the bands
observed are twin related, resulting from transformation of ¥ along
crystallographically equivalent paths. To generate a' or a" only
one set of {112}, planes is required. On the basis of this pro-
posal, Tangri and Williams{1%7) present a model showing that below
a critical amount of shear the @' structure cannot be generated
and instead the a" structure results. Below still a lower critical
value the @" cannot form and instead Y° forms with very limited
shear on two {1i2),, planes. The {112}7(111)7 transformation shear
mode is also proposed for the formation of metastable phases in
U-Nb alloys(143) and U-Mo alloys.(151)

The decomposition of Y through several progressive stages on
quenchin? from the Y z-e%ion has been suggested by several
authors,.{107,147,151,156,165) Stewart and Williams(151) deter-
mined the atomic positions of the ¢" structure for U-10 at.% Mo
samples water quenched from the Y field. On the basis of a re-
verse @" — 7¥° transition that resulted from reheating a quenched
sample, they conclude that for this alloy the decomposition of ¥
proceeds by ¥ =~ ¥° -+ o", Hatt,(156) peferring to unpublished
work, states that for Mo additions the @" structure forms by two
successive martensitic transformations. Support for the transition
occurring by progressive stages is also seen in the results re-
ported by Yakel(l65) for a U-16.60 at.% Nb-5.64 at.% “r alloy in
which a transition structure YS was obtained on water quenching
from the Y region. On reheating to within the range of 150 to
350°C the YS gradually changed to ¥°. Both transitions are de-
scribed in terms of atomic shifts, and thus the ¥° may be different
from the ordered Y° described for the binary alloys. The author
sugpests that "the two transitions represent successive steps by
which the alloy lowers its free energy and approaches a structural
arrangement more like that of the equilibrium @ phase."” The de-
composition of B to @ through an intermediate phas: referred as Ba
was reported for a U-1.2 wtt Re alloy,(106)

The decomposition of ¥ through successive stages is not an
unreasonable nccurrence considering the similarity between Y and
7° and between @, a', and @". For the U-Z4r and U-Ru alloys the o™
stage would be bypassed (or exist temporarily in a highly meta-
stable condition). The presence of transiticn stages is consistent
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with the observed dependence of the resulting structures on the
cooling rate. We had previously noted that for certain given com-
positions an increase in quenching rate results in the presence of
7°, a", and a', respectively. Since the quenching stresses would
be expected to Increc>c ac the temperature is lowered during a
quench, a sequence such as ¥° - a" -+ o' may be expected to occur
during a suitable quench in a sample of a composition that possesses
an appropriate stress/stiffening ratio. Such behavior should be
detectable by some simple experimental techniques involving resis-
tivity, dilatomatry, thermal cooling curves, and some means of
measuring elastic and anelastic behavior.

In contrast to the above arguments,Tangri et al.(154) propose
that the formation of o' and its coexistence with Y° for a U-10
at.% Re alloy results from the depletion of Ru in the residual 7Y
as the Y° phase grows. The Ru-depleted regions thus become more
susceptible to shear and transform directly to @'. The formation
of phases as a result of enrichment or depletion is commonly pro-
posed to explain the structures obtained following isothermal de-
composition at elevated temperatures.

Reference to the decomposition of ¥ occurring by a shear (mar-
tensitic) mechanism on rapid cooling from the Y field has frequently
T.sen made.(106-108,134 ,143-1u5 ,1“8-%52 »154,156,158,161,162 ,164 ,166)
However, it is not clear whether the martensite products form
athermally or isothermally; and, in fact, we are not aware of any
efforts made to clarify this question. Much of the effort in the
nonisothermal studies has been directed toward "speculating" on
the chronology of transitions that might lead to the observed
morphologies obtained on continucus cooling.(107,108,134,145,147,161)
In many of the studies hardness measurements were made that aided
in the interpretation of the metallographic and structural results.

Hills et al.(1¥5) discuss in considerable detail the possible
modes of transformation (and precipitation) that could produce
the various morphologies, structures, and the resulting hardness
of quenched U-Zr rods. composition varied from 2.5 to 50 at.% Zr.
Rods were end-quenched into mercury, giving a wide range of cooling
rates. Both diffusional and shear mechanisms were considered to
be operative and competitive, their presence depending on quench
rates and composition. Somewhat similar end-quench studies were
made on other systems.(91,108,134) A)though these studies provide
considerable insight with respect to the relationship of structure
and morphology to composition and thermal parameters, considerably
less effort was apparently directed toward understanding the trans-
formation mechanisms per se than for the 8 - @ transition of U
and its dilute alloys. In addition to morphology and structure
studies, much of the work was concerned with understanding of the
influence of sclute concentration on the :zait-cell angle of the Y
phase or the three lattice parameters a, b, and ¢ of the a' and o™
structures (143,147 ,151-154,158) and on the ¢/a Tatio of
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¥0,(143,147,151,153) The possibility of a ¥ — B massive transfor-
mation on the basis of the presence of smooth boundaries of con-
tiguous B grains was also suggested.(los)

2. Isothermal Changes. A number of s=+2dies have been repor*e:

on the isothermal decomposxtion of ‘Y for ous uranium binary and
ternary allo ;s ”ontam.mg .4y Ti, and
Pt. (82,97,142,144 143,14 ,155,165,16'?-177) A peview of some of

the early work is given by Rough and Bauer.{175) Interest was di-
rected primarily toward the identification of phases, the kinetics
of their formation and the chronology and morphology of their de-
velopment, and to a lesscr extent to an understanding of the trans-
formation mechanisms per se. As may be seen the direction taken in
these studies are not too dissimilar from that reported for the
nonisothermal work; and, although much information was presented
on morphologies and their development, little additional knowledge
was gained regarding transformation mechanisms. We feel that it

is not the mission of this paper to pursue the subject of mor-
phologies in any detail if such information does not lead to addi~
tional insight into the mechanisms involved. We shall, therefore,
only point out some of the general trends observed and mention
briefly any information that will be of more pertinent interest to
the objective of this paper.

Interpretation of the isothermal behavior was often based on
metallography of samples quenched to room temperature, following
various isothermal treatments. This was frequently supplemented
by resistivity and dilatometric studies, as well as room tempera-
ture hardness, density, and x-ray measurements. Typically, fol-
lowing treatment at the higher temperature ranges (above about
600-650°C), first B (its presence depending on the alloy and solute
concentration) and then a precipitate from the ¥ in a lamellar-like
morphology somewhat resembling coarse pearlite in steels. It is
comm 'nly suggested that the precipitation cccurs coherently along
specific crystallographic planes of the ¥ matrix. Oriertation
relationships have been observed between the parent and product
phases in these d-n-a-g reactions. The nucleation is almost in-
variably suggested as occurring at the ¥ grain boundaries. For
the hlgher solute concentratlons, the precxpxtataon of a (and B8)
results in an enrichment in solute concentration in the residual
¥, which, at least for the Mo-U base alloys, then converts tu the
ordered 7' state, the latter forming within the a. Widmanstitten
7= well as cellular morpho. ogies are also observed.

#ith holding at intermadiate temperatures (about 500-600°C),
the lamellae of a are finer and may tend towards an acicular ap-
pearance. A cellular morphology has also besen observed. In some
cases fine o grains are nucleated. For the low scolute concentra-
tions irregular-staped a grains form with a dispersion of
spheroidal particles of Y, supgestive of a ba1n1t1c reaction. In
other cazes the a + 7 lanellar formation changes to a different
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morpholiogy with time. The intermediate-temperature range for some
alloys may best be described in terms of two or three regions,
different morphologies developing not only as a function of tem-
perature but also as a function of{ the holding time.

for temperatures below about 400-500°C the morphologies are
quite similar to those seen fcr the quenched alloys. Ghear trans-
formations are frequently proposed for the low-temperature trans-
formations, in which the formation of &', @", and/or Y° are
observed.

A number of 71T curves have been reported.(1““!1“8'163-167‘170'
172-175,178) These are frequently divided into different regions
according to the various phases present and based primarily on
changes in properties. Figure 44 shows an example of such a TTT
curve obtained for a U-6 at.% Mo alloy.(183) rigure 45 illustrates
the varied behavior that can be obtained for the initiation of a
transformation, depending on the technique used, Very few of the
curves show Mg Lines,(144,i48,163,170) These are shown as being
horizontal (althouph indicated as being uncertain) and imply that
the martensitic transformations occur athermally.

We recognizc the complexity involved with the presence of the
many changes that occur on the decomposition of ¥ in U alloys.
Thus, it may be difficult to isolate individuwal phase changes for
the purpose of better understanding the kinetics and the atomistic
mechanisms involved, Yet, this must be done, possibly with careful
appropriate choices of comgosition. Even with the present alloys
it would se2em that information could be obtained as to the kinetic
nature of each martensitic transformation., Subzero-temperature
studies, as well as upquenching to temperatures not too far above
room temperature (avoiding precipitation), should provide useful
kinetic data. A knowledge of the effects of concurreant stress and
strain during the decomposition process should also be of value,
especially when related to the concept of the stress/concentration
ratio and the composition limits of the a', a", and ¥Y° structures,
Studies at subzero temperatures should provide additional informa-
tion on the poasibility of propressive changes involving v¥°, o",
and @', Tt is clear that much remains to be done on clarifying
the status of transformation mechanism in uranium-base alloys in-
volving the decomposition of the Y phase.

V. illotrogic Trangformations in Thorium, Hegtunium, and Americium

The allotropic transition in thorium, between the « (fcc) and
8 (bee) structures, occurs at high temperatures (1360-1400°  25°C)
and is therefore most likely of the d-n-a-g type. Studies involving
additions of alloying elements show that of the elements that have
been investigated(179-181) _ 1iIn, Si, Al, Ce, Hf, U, Zr, Nb, Ta, V,
C and Y — only C and Y increase the transformation temperature.
Since the stability of the high temperature B phase is undoubtedly
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in a good measure due to the contribution derived from the vibra-
tional entropy associated with elastic anisotropy of the becc struc-
ture, it might be expected that elements that would stiffen the
lattice due to the size effect might push the transition tempera-
ture up on alloving, therebhy recucing the temperature range of
stability of the bec phase. Additions of most of the rare-earti
metals raise the transformation temgeratare initially, again ap-
parently due to the size effect.(182) (ther explanations in terms
of electronic factors have been proposed, but there is no good way
of deciding which particular factor is predomirant. We are not
aware that the nature of the allotropic transformation process in
thorium has beer studied in anv detail.

Neptunium can exist in three allotropic forms,{®) which have
the orthorhombic (@, below 280 #* 5°C), tetragonal (B, 280-577 t 5°C),
and most likely becc (¥, 577-637 % 2°C) structures. Neptunium is the
first in the series of transuranic elementis and only recently has
become available in sufficient quantity and purity to allow investi-
gation of its physical properties, including allotropic transforma-
tions. The most striking feature of the a phase microstructure
obtained by quenching from the B phase to -80°C is the presence of
fine twinning;{183) it has been suggested that this twinning is the
result of a martensitic transformation taking place during the
B -+ o change. It is not known whether the quench to -80°C sig-
nificantly depresses the transformation temp:rature below the
equilibrium value. The nature of the 8 - « transition cceurring
at near-equilibrium temperature (~280°C) is less certain,(183) put
it may be expected that the volume change of approximately 2,.85%
should oppose the transformation kinetics more effectively when the
driving force is reduced. The calculated volumz change during the
B = Y transition is 3,25%, but the transformation temperature is
near 600°C, where strain effects should be lass important.

Observations made by Nelson and Bowman(183) suggest that the
progress of the o = B transition is independent of time, and this
is also true of the 8 — a transition, which shows very little
hysteresis. This suggests a diffusionless, martensitic type of
transformation that, unlike the a - B transition in Pu, is not
thermally activated.

Selle and Rechtien(6) have measured the internal friction of
Np from room temperature to 595°C using a low~frequency inverted-
torsion pendulum. On the basis of the criteria that have been
mentioned earlier they concluded that the 8 -+ aand - B trans-
formations involve both shear and diffusicmal components but that
basically the most likely nature of these reactions is of the

isothermal shear type, a conclusion that is in disagreement with the
time-independent feature noted by Nelson and Bowman,

The changes in the dynamic internal fri.tion associated with
the B =7 and ¥ —~ B transitions(6) are shows in Fig. 46. As may
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be seen, the general shape and the respective values of internal
friction before and after the transformation are different on
heating and on cooling, and the authors conclude that the trans-
formation on heating is diffusional and that on ccoling martensitic,
In view of the tentative nature of the internal frictiom approach

it is perhaps too early to consider these conclusions as final.

Americium is still very scarce; orly a few studies have been
made on this meta; and purities ranged from 99.5 to 99.9%. Ac-
cording to McWhan et al.,(184) stable Am at rcom temperature is
dhcp, which is the same structure as that of the rare-earth ele-
mer*s La, Pr, and Nd. This appears to confirm the fact that Am is
the first actinide to be properly considered as a rare-earth ele-
ment. The above authors reported evidence that Am transforms from
dhcp te foc structure between 600 and 700°C and then melts at 99u°C,
Stephens et al.(185) add more support to the conclusiom that Am is
like a rare-earth metal and point out that cne of the properties
that all rare earths seem to exhibit is that they are close-packed
at room temperature but transform to the bcc structure bhefore
meltirg. Accordingly, they propose tnat the sequence of structures
in Am on heating is most likely dhcp - fec —~ bcc, and they sug-
gest that the fcc -~ bee transition takes place at about 1072°C
and melting occurs at 1173°C. The values are based on data ob-
tained from pressure studies and extrapolated te 1 atm. Thermal
studies by Wade and Wolf(186} jndicate a solid-state transition at
1079°C with melting occurring at 1176°C, the two values being
reasonably close to those reported by Stephens et al. No studies
of solid-state transformaticns appear to have been reported for
this metal as yet,

VI. BSome Concluding Remarks

it is perhaps well to conclude that it is probably incorrect
and unwise to approach the field of solid-state transformations,
particularly the transformations of the allotropic kind, with the
expectation that each particuiar transition may be associated with
a definite process, diffusional or martensitic, and thdat one of the
general aims of rcsearch in this area might be to discover the
nature of this process in each case. Evidence has been mounting
for a number of years that most transformations that do not in-
volve a major change of composition may occur in a number of ways
depending on conditicns, the foremost of which is the rate of the
temperature change. The transformations in the actinide metals
illustrate the above point very well, and this is perhaps the
reason for the diversity of opinion and the confusion sometimes
evident in the literature.

For Pu and U, the situation seems lass clear in the former
metal. In Pu, the available evidence strongly suggests that both
the B - aand & - ¥ transitions are mainly martensitic during
rapid cooling. OUn slow coeling the latter transition most likely
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occurs by a d-n-a-g process. The :ransformation mechanisms of the
B - o transition on slow conling remain highly coatroversial,

The & — & skip tranzition probably occurs by a martensitic trans-
formation. The remaining transitions all appear to take place %,
diffusional processes, although the possikle presence of a shear
mechanism in several of these transizions is still in dispute,
especially for the ¢ — 8 tramsition., Furthermcre, it is not to
be unexpected that under very rapid heating or cooling massive
transformations might occur for some of these transitiopns. Refe
erence te this possibility was made for the 8§ - o and € - §
transitions.

Based on the majority of established criteria, the low-
temperature B — o transformation in U and its dilute alloys is
unquestionably martensitic. Ui slow cocling, however, the B ~+ a
transition occurs primerily by d-n-a-g processes. At intermediate
cooling conditions both d-m-a-g and shear processes (bainite for-
mation) occur. The remaining transitions, B =~ @and ¥ = B,
are shown to take place by d-n-a-g processes under all conditions
that have been studied, Considerable controversy, however, exists
regarding the erigin of rumnant structures, which suggests thr
presence of a crystallographic relationship between the o = A
transitions at high temperatures, Such relationships need not
imply the presence of either shear or diffusional mechanisms, For
the higher alloy contents, the decomposition and transformation of
Y may become quite complex, varying considerably with compesition
and cooling rate, Both d-n-a-g and martensitic processes are ob-
served, with the frequent formation of metastable (transitional)
structures.

Of special interest is the apparent similarity in the martensitic
transformation of the 8 — a transitions in U and Pu; changes be-
tween different pairs of crystal forms are involved for 2ach metal.
The transformation in both systams occurs isothermally. In U (and
probably also in Pu) the isothermal growth kinetics, i.e., slow
growth, are different from those observed for many other isothermal
martensites in which, althcugh nucleation is slow, the growth is
rapid. Finally, while it may be desirable tc ascertain which par-
ticular process may be occurring in a particular case, most trans-
formations appear to be able to occur by an alternative process if
the conditions are sufficiently altered. This is an important
conclusion with profound consequences for the present and future
technolegy.
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Dilatometric curves for electrorefired Pu using heating and
cooling rates of 4.5°C/min,

Izothermal reaction curves of the B - & transformation in
Pu showing the fraction transformed as a function of time
(based on weight change in fluid.(13)

Time-temperature transformation curves of the B = & trans-
formations of Pu (based on weight change in fluid),(13)

Avrami plots of the P - o transformation in Pu (based on
fluid displacement),(33)

Schematic TTT curves proposed fcr diffusional and martensitic
reactions of the @ = B transformations in Pu.(22)

TIT curves for the 3 - o transformation of (a) Pu-0.23 at.%
Ti and (b) Pu-1.05 at.% Ti (based on resistivity).{17

TIT curves for the B — a transformation of Pu with different
purities for 50% transformation (based on resistivity), (1%)

Fraction c¢f weight increase, after cold treating at -21°C and
re-weighing at 26°C, of Pu samples that had undergone an
apparent complete 8 — a transformation at indicated iso-
thermal temperatures. Wi, Wg, and W, refer to weights in
fluid in initial condition, after fsdathermal treatment, and
after cold treatment, respectively.(13)

Schematic diagram showing the orientation of the plates of

columar grains following the B — a transformatiom in Pu
under different stress conditions.(33)

Effect of S plastic def?rugtion at 140°C on the Pu B —~ o
transformation at B0°C.\33

Lifect of applied uniaxial stress on the temperature fcr the
atart of the B =~ a transformatior in Pu, while cooling at
2°C/hr. The effects predicted separately by the volume change
and the applied stress are denoted by V and S, respectively,
and are shown to add to give the observed values indicated

by 0. The subscripts T and C refer to tensile and compres-
sive stresses, respectively (based on density).(33

Effect of applied uniaxial stress on the temperature for the
start of the @ ~ B transformation in Pu while heating at
2°C/hr (based on density).(33)

DTA tracing showing the DTA anomaly preceding the & -~ B tran-
sition in Pu on heating at a rate of approximately 19¢/min, (61)
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DTA tracing showing the DTA anomaly preceding the a - B tran-
sition in Pu on heating at a rate of 3°C/ain.{

A dilatomatric heating and cooling cycle of Pu in the ¥ and
8 regions.(6

The effect of compressive strain applied at various tempera-
tures on the room tm?erature density of a metastable S-phase,
Pu-2.2 at.$ Ce alloy.(73)

TTT curves for & = a transfcormation of a Pu-0.85 at.% Gz
alloy (based on dilatometry and density). (52

Density changes as a result of the § = a transformaticn on
thermal cycling of Pu-0.85 at.% Ga alloy between (a) -B0 aad
25°C, (b) -80 and 100°C, and (c) 25 ard 100°C for 250 cycles,
cooled to -80°C, then continued cycling between 25 and 100°C
for 50 additional cycles.(52)

TTT curves of the ¥ = B -+ o transformation in Pu (based on
fluid displacement).(15)

TTT curves of the 8 — 7 transformation in Pu (based oa fluid
displacement).(1%)

Effect of cooling rate on the allotropic transformation tem-
peratures of U (based on thermal arrests).(88)

Effect of cooling rate zan the B = o transformation tempera-
ture of U (based on thermal zrrests).(89

Effect of chrogium content on the My of the B - a transfor-
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TTT diagram for thr 8 - o transf-rmations in U-0.85 at.% Cr
{based on resistivity).(5%

TTT diagram for the B - o transformations in high-purity U
(Lased on resistivity)}.(109)

Schematic represcutation of the loss of preferred orientation
in @ ~5 a result of cycling to different temperatures in the
B region. Hatchinpg indicates B; arrcws represent oréent?tion
of grains; dotted lines represent original o nuciei. 122

The effect of the temperature of heating in the B field on the
B = o trarsformation temperature in U and a U-0.6 at.% Cr
alloy (based on metallography). Specimesns cooled at 5°C/hr
to different temperatures and then water quenched.(101)
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Effect of B quenching temperature on the TTT diagram for
U-0.85 wtd Cr alloy below 300°C (based on resistivity).(47)

Microstructurz of @-U in U-0.5 at.$ Cr formed by imtnem&
transformations at 450°C (region C;). Polarizad light.(al

Effect of B ~ ¢ transformaticn temperature in regions )} and
Co on the variation of microhardness (relative vaiues) for a
U=0.5 at.% Cr alloy. (7%

TTT curves of the B - « transformaticns and microstructures
for a dilute U-Cr-8i-Zr alloy. TIT curves based on dilatometry
and metallography. Specimens quenched frow 9cooc,(95)

Microstructure of a dilute U-Cr sample quenched from the S8
field. Shows ciusters of martensite peedles suggestive of a
burst phenomenon. Polarized 1light.(131)

Microstructures showing stages of growth of martensite plates
in a dilute U-Cr crystal undergoing a B — o transformation
at room temperature. (a) 2:50 p«R., (b) 3:05 p.m.

() 3:20 p.m., and (d) 3:55 p.m. Polarized light.(131)

Effect of alloying elements on the 8 —a Mg tc-pcratun.“ao)

Transformation-time curve representing typical isothermal
B - a transformation kinetics for diluje lg-Cr 2llcys at
intermediate tesperatires of region C3,(93

Effact of 8 = a transforms*ion tcmpersturs in region C3 (and
lower limit of C,) on the variation of aicrohardness (relative
values) for a U-0.5 at.$ Cr alloy.(79)

Effect of cooling rate and quenching temperature ia the v
ragion on the crvstal structure produced I, the U-Re systum
Vacuum quench given as ~10°C/sec; wate? quench ~1000°c;’scc..h°7)

Comparison of microstructures of a U-9 at.\ Re alloy water
quenched and vacuum quenched from 975°C: (a) vacuum quenched
showing clean zquiaxed grains of ¥ structure, (b) water
quenched shouing uingle-phaae. martensite-like o* atructure.
Polarized light.(107

Banded microstructure cbtained by water quanching a U-6 at.%
Re zllioy from 850°C showing o' consisting of ?oaru twins and
fine martensite plates. Polarized light.(107

Widmanstitten-like morphology obtained by vacuum quenching a
U-8 at.\ Re alloy from 975°C. View shows “crosshatch™ o
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Fine "granular" o structure formed on "moderate™ cooling a
U-4.17 at.$ Ko alloy from the ¥ field. Polarizad ligxht.(%7)

"Flag™ o structure formed on "slow™ coolin: _a U-%.17 at.% Mo
alloy from the Y-field. Polarized lighe. ~!

Microstructure of a U-17.3 at.% Nb alloy water quenched from
1000°C, Shows Y° bands. Aacdic oxidation. Polarized
light.{143)

TIT diagram for the decomposition of ¥ in a U-§ at.% Mo alloy
(based on dilztometry and hardness),(153)

TIT curves for a U-5.% wt§ Mo alloy illustrating the dif-
ferences in time obtained for the start of the transformatiom
(decomposition of V) as determined by various techniques.(168)

Dynamic Internal friction vs temperaturs cruves of the Y~ 8
and B -7 t:-ansfm-ll':.it:m:ls Heating and cooling rates of
approximately 0.5°C/min.(6
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