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bstract

Time-temperature-transformation (TTT) diagrams for the δ → α′ transformation in a number of Pu–Ga alloys were first reported in 1975 by
rme et al. Unlike typical single-C curve kinetics observed in most isothermal martensitic transformations, the Pu–1.9 at.% Ga alloy exhibits

wo noses, and thus double-C curve kinetics. The authors attributed the occurrence of the double-C to a difference in mechanism: a massive
ransformation for the upper C and a martensitic transformation for the lower C. Since that time, the nature, and the existence of the double

have received only limited attention. The results of Deloffre et al. suggest a confirmation of this behavior, but the fundamental origin of the
ouble C remains unknown. Here, we apply differential scanning calorimetry (DSC) as an alternative approach to acquiring the TTT data and our
xperimental evidence suggests a confirmation of the double-C behavior after 18 h of isothermal hold time. In addition, we report three exothermic
eaks corresponding to transformations during cooling at 20 ◦C/min prior to the isothermal holds. These three peaks are reproducible and suggest

number of possibilities for the origin of the unique kinetics: α′ forms with different morphologies, or from different embryos in the upper and

ower C curves; α′ forms directly in one C curve and forms via an intermediate phase in the other C curve; the two C curves result from α′ forming
y two or more distinct mechanisms (e.g., massive and martensitic transformations).

2006 Elsevier B.V. All rights reserved.
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. Introduction

In many Pu–Ga alloys, the phase observed at 25 ◦C is the
ace-centered cubic δ-phase. However, on-going research con-
erning the equilibrium phase diagrams of the Pu–Ga and
u–Al systems has revealed that the δ-phase is not in ther-
odynamic equilibrium below 97 ◦C as many have thought

ince the Pu–Ga phase diagram was first reported by Ellinger
t al. [1]. Rather, Chebotarev et al. [2] then Timofeeva [3] and
hen Hecker and Timofeeva [4] showed that the metastable δ-
hase decomposes to the monoclinic α-phase and the tetragonal
u3Ga intermetallic compound via a eutectoid transformation
elow 97 ◦C. The kinetics of this decomposition are exceed-

ngly slow, estimated to be in excess of 10,000 years [3]. Thus,
t is not surprising that we typically observe just the metastable
-phase at ambient conditions; no experimental observations of
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he eutectoid decomposition have been reported in naturally aged
aterials.
At sub-ambient temperatures, the metastable δ-phase in a

u–1.9 at.% Ga alloy undergoes a partial, or incomplete, phase
ransformation to the metastable α′ phase [5]. This monoclinic
′-phase is structurally similar to the α-phase in pure Pu, but α′
as Ga supersaturated in the lattice, whereas α does not contain
a [6]. The presence of Ga in α′ gives rise to an expanded

ell in which the lattice parameters increase with increasing
a contents [6]. The kinetics of this isothermal transformation
ere measured using dilatometry and electrical resistivity by
rme, Faires, and Ward in 1975 [5] and were described in a

eries of time-temperature-transformation (TTT) diagrams for
u–1.4 at.% Ga and Pu–1.9 at.% Ga alloys in the temperature
ange +60 ◦C to −155 ◦C. The TTT diagram for the Pu–1.9 at.%
lloy is reproduced in Fig. 1. Unlike typical single-C curve

inetics observed in most isothermal martensitic transforma-
ions [7] and in Pu–0.6 at.% and Pu–0.7 at.% Ga alloys [5],
he Pu–1.9 at.% Ga alloy exhibits two noses (i.e., two tem-
eratures where the transformation rate is highest), and thus

mailto:blobaum1@llnl.gov
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Fig. 1. Time–temperature-transformation diagram for a Pu–1.9 at% Ga alloy [5]. This TTT diagram shows the unusual double-C curve kinetics for the δ → α′
transformation. The dark line with arrows shows the thermal profile of an experiment with an 18 h isothermal hold at −160 ◦C.

Table 1
A summary of the differences in α′ formed in the upper- and lower-C curves observed by Deloffre

Pu–1.2 at% Ga alloy Pu–1.9 at% Ga alloy

Upper C Lower C Upper C Lower C

Lathe morphology Lenticular morphology Wider particles Thinner particles
Heterogeneous nucleation on grain boundaries Heterogeneous nucleation Heterogeneous nucleation

preferentially on grain
boundaries

No preferential nucleation sites

Inhomogeneous distribution of α′ particles within δ

grains (preferential formation at grain boundaries)
Homogeneous distribution of
α′ particles within δ grains

α′ unit cell volume = 323.3(5) Å α′ unit cell
volume = 324.7(5) Å

α′ ′ ′ ′ ′
R (α′ →
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and the α′-phase with a random distribution of Ga is produced,
resulting in the lower-C. This hypothesis has not been experi-
contains some γ -phase No γ -phase
everts to δ either indirectly (α′ → β′ → γ ′ → δ) or
directly (α′ → δ)

Reverts to δ directly

ouble-C curve kinetics. Orme et al. attributed the occurrence
f the double-C to a difference in isothermal mechanism: a mas-
ive transformation forming α′ in the upper C and a martensitic
ransformation forming α′ in the lower C.

Deloffre et al. also investigated the nature of the δ → α′
sothermal martensitic transformation with X-ray diffraction,
ptical microscopy, and dilatometry [8,9]. Although these exper-
ments were not designed to collect data for a TTT diagram,
he observations strongly suggest a confirmation of the double-

behavior. Table 1 summarizes the differences that Deloffre
bserved in the α′ formed in the temperature regimes of the
pper- and lower-C curves in two Pu–Ga alloys. In each alloy,
he α′ products formed in these two temperature regimes had
istinctly different characteristics. This evidence strongly sug-
ests double-C curve behavior. Deloffre concluded that the lower
he isothermal hold temperature, the more the displacive trans-

ormation dominates over the diffusional transformation. At an
ntermediate temperature, the martensite growth occurs by dis-
lacive transformation.1 Thus, Deloffre’s conclusions suggest

1 Although Deloffre’s [8,9] description of the martensitic eight δ → α′ trans-
ormation implies that this transformation has both displacive and diffusional
omponents, we believe that his intention was to describe reconstructive compo-
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No γ -phase No γ -phase
δ) Reverts to δ directly (α′ → δ) Reverts to δ directly (α′ → δ)

hat the origin of the double-C behavior is different mechanisms
massive in the upper-C and martensitic and the lower-C) that
orm the α′ product.

Recently, Sadigh and Wolfer [10] performed density func-
ional theory calculations on the Pu–Ga �-phase and observed
n their calculations a significant lowering of the unit cell vol-
me and total energy of the unit cell when the Ga atom occupied
ite 8 in the monoclinic α′ structure relative to Ga located in the
ther sites. This led them to propose that the double-C curve
inetics resulted from preferential short-range Ga diffusion to
he energetically favorable site 8 lattice site during the δ → α′
ransformation. Thus, for the upper-C, larger concentrations of
his eighth variant can be obtained due to limited Ga diffusion.
elow a certain temperature, this diffusion process to site 8 stops
entally verified and it is questionable whether or not diffusion

ents of the transformation. A martensitic transformation is displacive and does
ot involve diffusion. However, reconstructive transformations, which include
assive transformations, could involve small atomic rearrangements (on the

rder of one lattice spacing or larger). It follows that a reconstructive trans-
ormation would become more difficult at lower temperatures because thermal
ctivation for atomic motion is small.
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lays a role in the low temperature range of the transformation
<−100 ◦C). Thus, many questions regarding the origin of the
ouble-C curve kinetics remain open.

Here, we investigate the δ → α′ isothermal martensitic trans-
ormation behavior as a function of time and temperature using
he technique of differential scanning calorimetry (DSC) for gen-
rating alternative TTT data. The goal of this paper is to provide
xperimental evidence suggesting the existence of the double-C
urve kinetics for this transformation. Rather than reproducing
he technique employed by Orme et al., we utilize a novel method
or collecting and presenting TTT data. This simple technique
ses a differential scanning calorimeter (DSC) and is described
n detail. We also investigate the isothermal kinetics over a time
pan that is significantly longer than what Orme et al. considered
<200 min). Our work suggests that even after 18 h, the double-C
ehavior persists.

. Experimental details

A single Pu–2.0 at% Ga alloy was used for all the DSC experiments described
ere. The impurity content, excluding gallium, was 1600 weight ppm, which
ncludes 1000 ppm of δ-stabilizing elements (Al, Am, Ce, etc.) and 400 ppm of
-stabilizing elements (Np, U, etc.). The mass of the DSC sample was 250 mg
nd it was in thermal contact with the sample pan. For all of these experiments,
he heating and cooling rates were 20 ◦C/min. This is the fastest rate that the
SC can maintain when cooling and heating through the entire temperature

ange (−160 to 350 ◦C).
Prior to any of the DSC experiments, the Pu–Ga sample was annealed at

30 ◦C for 12 h to produce a partially-uniform gallium distribution across the
rains and to assure that the sample was entirely in the δ-phase. Before each
xperimental run, the sample was annealed at 375 ◦C for 8 h and then conditioned
t 25 ◦C for 12 h. Previous work [11] demonstrates that conditioning treatments
f at least 6 h at 25 ◦C provide the needed time and temperature conditions for
eproducible α′ formation upon cooling.

Because the Pu–Ga sample was repeatedly scanned and was not removed
rom the DSC after each cycle, a baseline scan with empty pans could not be
erformed after each scan, as is conventionally done in DSC experiments. As an
lternative, a curve obtained by a third-order polynomial fit of the cooling curve
n the temperature range of approximately 150 to −40 ◦C was subtracted from
he raw heating data (α′ → δ reversion) as the baseline. Conversely, a polynomial
t of the heating data in the range 0 to −90 ◦C was subtracted as the baseline
rom the cooling data (δ → α′ transformation). In both cases, a straight line was
ubtracted to correct the slope. Although this method does not achieve absolute
ccuracy in the calculation of the heats of transformation or heat capacities,
t provides a consistent method for comparing all of the transformation (and
eversion) peaks. This comparison is sufficient for the analysis described here.

. Acquisition of TTT data using a differential scanning
alorimeter

To generate TTT diagrams, Orme et al. used resistometry to
onitor the isothermal δ → α′ transformation in real time [5].
he resistivities of the δ and α′-phases differ by approximately
0% (approximately 40% at room temperature [12,13]), and
herefore, after the sample was quenched to the isothermal hold
emperature, the resistance of the sample was monitored and the
ime was recorded when the resistance was consistent with 5%,
0%, and 15% transformation to the α′-phase.
Orme et al. presented their data in a traditional TTT diagram
ith log time plotted on the x-axis, temperature on the y-axis,

nd contour lines of constant amount of transformation plot-
ed on the graph. One of these TTT diagrams for the δ → α′

t
t

a
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ransformation in a Pu–1.9 at.% Ga alloy is shown in Fig. 1.
o verify the existence of the double-C behavior observed by
rme et al., we devised an alternative method for acquiring time-

emperature-transformation data. Thus, the method described
elow and utilized to collect the data presented here provides
upporting evidence of the double-C behavior, rather than a
imple reproduction of Orme et al.’s data [5].

The heat release from the exothermic δ → α′ transforma-
ion during continuous cooling is small (the enthalpy (�Ht) of
he transformation is approximately 0.85 kJ/mol and the heat is
eleased over the course of about 3 min) [14], and it is not dis-
inguishable from the baseline during isothermal holds. Thus,
he progress of the isothermal δ → α′ transformation (i.e., the
mount of α′ formed as a function of time) cannot be moni-
ored in real time in a DSC. Instead, samples were quenched
o the isothermal hold temperature at 20 ◦C/min (for the tem-
erature range of interest, this is the fastest reliable quench rate
n the DSC), held for 18 h, and then heated at 20 ◦C/min to
50 ◦C to revert the α′ that formed during the isothermal hold to
he δ-phase. Note, however, that the cooling rate is insufficient
o entirely miss the nose of the upper-C (this is illustrated in
ig. 1). The amount of α′ formed during the hold was inferred
rom the area of the α′ → δ reversion peak on heating. Because
he enthalpy of transformation for the α′ → δ reversion (�H) is
ot well known, the specific amount of α′ formed is not quanti-
ed in these experiments. Instead, the amount of transformation

s given as the area of the α′ → δ peak, which is assumed to
e directly proportional to the amount of α′ that reverted to the
-phase.

There are three assumptions made in this technique for
cquiring TTT data. First, we assume that all the products formed
uring the isothermal hold revert on heating. This allows us to
se the α′ → δ peak area as a measure of the amount of the
ransformation product formed during the isothermal hold. This
ssumption appears to be valid because we can cycle the sample
epeatedly, and after a sufficient conditioning at room tempera-
ure [11], a reproducible amount of transformation is observed.
econd, we assume that the amount of α′ formed during the
0 ◦C/min quench and any additional α′ formed during the heat-
ng portion of the cycle are small compared to the amount of
′ formed during the isothermal hold. Fig. 2 shows DSC scans
f the α′ → δ reversion with no holding time in the worst case
−160 ◦C) and with holding times of 6 min and 18 h. The peak
rea ratio for a holding time at −160 ◦C for 18 h and a hold-
ng time of 0 min is greater than 3, whereas this ratio is greater
han 8 for a holding temperature of −120 ◦C. Thus, this second
ypothesis seems mostly valid. Third, we assume that the for-
ation of α′ during the quench does not in any way influence the

ormation of α′ during the isothermal hold. Specifically, as the
pecimen passes through the temperature range of the upper-C,
e assume that any small amount of α′ that forms in the upper-C
oes not change the nucleation process or transformation mech-
nism of α′ that forms during the isothermal hold in the lower-C

emperature range. At this point, we have no evidence that this
hird assumption is valid.

The DSC technique for acquiring TTT data does not generate
data set that is conducive to the structure of a traditional-TTT
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Fig. 2. DSC scans of the α′ → δ reversion at −160 ◦C with no holding time
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Fig. 3. DSC thermograms corresponding to the δ → α′ transformation during
c ◦
e
t
b

i
t
t
t
e
w
m
D
u
q
d
s
c
t
i

t
m
a
h
m
O
m
o
s
a
O
t
b
t
i
l
r
T
n

nd with holding times of 6 min and 18 h. The amount of α′ formed during the
0 ◦C/min quench and any additional α′ formed during heating are lower than
he amount of α′ formed during the 18 h isothermal hold.

iagram with time on the x-axis, temperature on the y-axis, and
ontour lines of constant amount of transformation plotted on the
raph (Fig. 1). Rather, this data is more comprehensible when
lotted on an alternative-TTT diagram with temperature on the
-axis, amount of transformation on the y-axis, and contour lines
f constant time plotted on the graph. It should be noted that the
lternative-TTT diagrams are not simply rotated versions of the
raditional TTT diagrams. The data plotted on the two types of
TT diagrams are substantially different, but like the traditional-
TT plots, the alternative-TTT plots can show a temperature, or

emperatures, where the transformation rate is fastest. There-
ore, the unconventional DSC approach can provide supporting
vidence of the double-C curve kinetics published by Orme et
l. [5].

The paper by Orme et al. [5] does not specify the conditions at
ime zero. We do not know if these experimenters began timing
he experiment when the sample was dropped into the quench
ath, when it reached the isothermal hold temperature, or at some
ther time. We also do not know if the sample was in thermal
quilibrium with the quench bath when the experimenters began
iming the transformation. Depending on the criteria used for
ime zero, the C curves could be shifted along the x-axis. Thus,
he length of the incubation period prior to transformation as
eported on a TTT diagram depends strongly on the conditions
t time zero. Also, it should be noted that the 5% contour of
ransformation is the lowest value reported by Orme et al. [5].
he first transformation to occur will be observed at shorter times
nd higher temperatures. Thus, if for example, a 1% contour of
ransformation was plotted, it would be shifted to the left of the
% contour. In the present work, we define time zero as the
ime when the sample temperature, as measured by the DSC,
eaches −100 ◦C. For isothermal holds at temperatures higher
han −100 ◦C, time zero is defined as the time when the sample
emperature reaches the hold temperature.
. Results and discussion

A Pu–2.0 at% Ga sample was quenched to a series of tem-
eratures between −90 and −160 ◦C at 20 ◦C/min and held

t
a
a
T

ontinuous cooling at 20 C/min before each 18 h anneal. This transformation is
xothermic and begins at approximately −100 ◦C. The DSC data indicates that
he transformation results in three overlapping exothermic peaks. The data have
een offset along the y-axis for clarity.

sothermally for 18 h. Exothermic peaks in the DSC scans of
he quench indicate that some transformation occurred during
he quench period, and these scans are shown in Fig. 3. For
his reason, a long holding time is important to minimize the
ffect of partial transformation during cooling. Based on the
ork by Orme et al. [5], it is not surprising that some transfor-
ation occurred during cooling. The thermal profile of a typical
SC experiment is shown in Fig. 1, and it intersects both the
pper- and lower-C curves. According to this TTT diagram, only
uenches to −130 ◦C and lower should show transformation
uring cooling. However, as discussed earlier, time zero is not
pecified for Orme et al.’s TTT diagram [5], and the C curves
ould be shifted in time relative to our experiments. Thus, the
ransformation observed during quenches to −110 and −120 ◦C
s not necessarily inconsistent with Orme et al.’s work [5].

In Fig. 3, it is interesting to note that the cooling data shows
hree overlapping exothermic peaks: the first begins at approxi-

ately −103 ◦C, the second begins at approximately −117 ◦C,
nd the third begins at approximately −131 ◦C. The upturn in the
eat flow at −140 ◦C corresponds to a slowing of the transfor-
ation rate. Based on the double-C TTT diagram published by
rme et al. [5], we might expect to see two overlapping exother-
ic peaks in the DSC data, with each peak corresponding to one

f the C curves. The presence of three overlapping DSC peaks
uggests that the TTT diagram may contain a third C curve, or
n interesting precursor phenomenon, that was not identified by
rme et al. [5]. More work is required to determine the causes of

he three distinct thermal processes, and several possibilities can
e considered. First, each exothermic peak could correspond to
he formation of a distinct α′ product. The products may differ
n morphology (i.e., shape, size, or crystallographic orientation),
attice parameter, or composition. Second, each peak could cor-
espond to α′ formation from a different type of nucleation site.
he α′ particles may ultimately be the same, but each of these
ucleation and growth process may be activated at a different

emperature. There is experimental evidence that α′ may nucle-
te on α embryos, or on intrinsic sites such as grain boundaries
nd impurities, depending on the prior thermal history [11].
hird, each peak may correspond to the formation of a distinct
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Fig. 4. DSC thermograms corresponding to the α′ → δ reversion upon continu-
ous heating at 20 ◦C/min following each 18 h isothermal hold. The temperatures
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t
δ → α′ transformation during continuous cooling prior to the
n the plot correspond to the isothermal holding temperatures. This transforma-
ion is endothermic and begins at approximately 25 ◦C.

hase, including one or more intermediate products. Deloffre
t al. [8,9] suggested that γ ′ may form as an intermediate, and
aure et al. demonstrated this with pressure-induced transfor-
ations in a diamond anvil cell [15]. It is possible that one peak

orresponds to the δ → γ ′ transformation, another corresponds
o the γ ′ → α′ transformation, and the remaining peak corre-
ponds to a direct transformation from δ to α′. Finally, the three
xothermic peaks may correspond to different transformation
echanisms. Orme et al. suggested that a massive transforma-

ion may occur at higher temperatures (in the upper-C) and a
artensitic transformation may occur at lower temperatures (in

he lower-C). Under some circumstances, the mechanism could
ven contain a diffusional component, as suggested by Sadigh
nd Wolfer [10]. In this case, the heterogeneity of the sample
ould play a non-negligible role the transformation.

After the sample is quenched, it is held isothermally for 18 h
nd then heated to 350 ◦C to revert the α′ formed during the
uench and isothermal hold to the δ-phase. DSC scans of the
′ → δ reversion are shown in Fig. 4. A single endothermic
eak is observed for the isothermal holds between −110 and
160 ◦C. The isothermal hold at −90 ◦C showed no reversion

eak, indicating that α′ did not form within 18 h at this tempera-
ure. Although the peak temperatures (the temperature at which
he transformation rate is fastest) of the reversion peaks shift
lightly depending on the isothermal hold temperature, there
ppears to be only a single endotherm resulting from the rever-
ion. It is notable that the formation of α′ during cooling results
rom three distinct thermal processes, but the reversion occurs
n a single thermal process. If the α′ formed in each thermal
rocess was in some way different from the α′ formed in each of
he other two processes, it is reasonable to expect the reversion
o occur in three thermal processes as well. However, it is also
ossible that there could be there overlapping reversion peaks
hat appear as a single peak in the DSC data. It is also possible
hat α′ forms via an intermediate phase or via two or more mech-

nisms. More work is necessary to determine what causes the
hree exothermic δ → α′ peaks and the single α′ → δ reversion
eak.

i
m
d

ig. 5. Integrated peak areas of the α′ → δ reversion peaks following 18 h
sothermal holds vs. holding temperature. The amount of α′ formed is directly
elated to the integrated area of the α′ → δ reversion peak.

We assume the integrated area of the α′ → δ peak is directly
elated to the amount of α′ transformation during the quench
nd isothermal hold, and this area is used to generate the 18 h
lternative-TTT diagram shown in Fig. 5. In this figure, the
sothermal hold temperature is plotted on the x-axis, the amount
f α′ formed during the isothermal hold is plotted on the y-axis,
nd the data points correspond to 18 h of isothermal holding.
hese data suggest a confirmation of the double-C behavior

eported by Orme et al. [5] because they shows two tempera-
ures, −130 and −155 ◦C where the amount of transformation
o α′ that occurs during an 18 h hold is higher than the amount
ormed during holds for the same length of time at temperatures
etween these local maxima. This alternative-TTT diagram also
ndicates that the double-C behavior persists for isothermal holds
t least as long as 1080 min (the TTT curves published by Orme
t al. [5] only extend to 200 min).

. Conclusions

The isothermal martensitic δ → α′ transformation in a
u–2.0 at% Ga alloy was investigated. Previously, this transfor-
ation was reported to have double-C curve kinetics in a TTT

iagram that extended to approximately 200 min. Here, differ-
ntial scanning calorimetry was used as an alternative approach
o investigate this behavior. A Pu–2.0 at% Ga alloy was held
sothermally for 1080 min (18 h) at various sub-ambient temper-
tures between −90 and −160 ◦C in the DSC, and the amount of
′ formed during the quench and isothermal hold was determined
y integrating the area of the α′ → δ reversion peak on heat-
ng. The data indicate two temperatures where local maxima in
he amount of transformation occur during isothermal holding,

130 and −155 ◦C. At −145 ◦C, less transformation occurs.
hus, a slice through the TTT diagram at a constant time (18 h)
rovides supporting evidence of the double-C curve kinetics for
he Pu–2.0 at% Ga alloy. The thermograms corresponding to the
sothermal holds show three reproducible overlapping exother-
ic peaks that may result from the formation of α′ with three

istinct morphologies, structures, or compositions, formation
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eaks.
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