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bstract

The paper offers a variant of the generalized TTT-diagram (temperature–time–transition) for the � → � transformation of unalloyed plutonium
nder isothermal conditions. The authors constructed it using published information on plutonium phase transformation kinetics under isothermal
onditions and � → � transformation parameters under the conditions of pulsed electric heating. The authors also present their results—parameters
f the beginning of the � → � transformation in isothermal conditions and in linear-through-volume heating by neutrons from pulsed nuclear
eactors exploited at RFNC-VNIITF.

Using a number of typical TTT-diagrams as examples, the authors demonstrate characteristic features in the dependence of the phase transfor-
ation incubation time on plutonium temperature in isothermal conditions (for example, in samples hold in oil) and in electric heating conditions.
hey identify segments where, in the authors’ view, phase transformation conditions were not isothermal and justify the use of the most authentic
xperimental data including those obtained by the authors for isothermal conditions for the construction of the generalized TTT-diagram.

To justify the use of their own results obtained for the uniform-through-volume heating of samples by neutrons, the authors used known theoretical
esults for non-isothermal first-kind transition kinetics.

Theoretical results suggest that for certain conditions of the first-kind transition, it is possible to relate the temperature dependences of the

ncubation time for non-isothermal and isothermal transformations.

So, the authors propose a generalized TTT-diagram for a range of plutonium temperatures corresponding to the incubation times of unalloyed
lutonium phase transformation between 10−5 and 105 s.

2007 Elsevier B.V. All rights reserved.
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. Introduction

A relatively large number of TTT-diagrams (thermokinetic
urves plotted in the coordinates of temperature, time and � → �
ransformation degree) for plutonium are presented in the litera-
ure [1]. The diagrams are constructed from experimental kinetic
elationships obtained through the time-resolved measurements
f the degree of phase transformation in samples hold at a con-
tant temperature, i.e., in isothermal conditions. Their validity
nd accuracy depend on many factors.
Phase transition parameters were measured with different
ethods including dilatometry, electric resistance measure-
ents and others.

∗ Corresponding author. Fax: +7 35146 323 51.
E-mail addresses: atroshev@mail.ru, btk@five.ch70.chel.su (A.V. Troshev).
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Plutonium is a fissionable material and has a critical mass
hich limits the number of samples that can be fabricated of
ne casting. Therefore, it seems naturally to assume that different
or, possibly, one and the same) experimentalists tested samples
hose physical properties were initially different.
There are many reasons (for example, poor measurement

ccuracy) why experimentalists sometimes cannot adequately
ssign variations in volume, length or electrical resistance they
bserve to the degree of the phase transformation reached in
he material. This implies knowledge of thermo-physical mate-
ial constants which have been continuously adjusted during the
tudy of plutonium phase transition kinetics.

With all mentioned above plus the fact that the known TTT-

iagrams were obtained by different teams of scientists from dif-
erent countries, it becomes clear why the thermokinetic curves
emonstrate significant differences, especially at temperatures
orresponding to incubation times between 10−2 and 102 s.

mailto:atroshev@mail.ru
mailto:btk@five.ch70.chel.su
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Data presented at Plutonium 1965 conference also included
results for unalloyed plutonium with the total concentration of
ballast dopants reaching ∼0.04 wt.%. The data were collected
08 S.I. Abramenko et al. / Journal of Alloy

There was an attempt (the only one to the authors’ knowl-
dge) to attain a deeper understanding of the behavior of the
hermokinetic curves through the study of � → � kinetics under
ther conditions—pulsed electric heating of wire and foil sam-
les [2]. The authors of Ref. [2] think that they have succeeded to
chieve conditions that are close to isothermal at temperatures
20–140 ◦C corresponding to incubation times between 10−3

nd 1 s.
If compare incubation times of the isothermal transformation

n electrically heated plutonium and in plutonium held in oil, it is
een that for one and the same temperatures, the incubation time
or electric heating is ∼106 times shorter than that for holding-
n-oil. So, instead of getting a better understanding we have
urther questions.

It would seem that the large spread in experimental data and
iscrepancies between the thermokinetic curves for different
onditions have not allowed the construction of the general-
zed TTT-diagram for the � → � transformation of unalloyed
lutonium which is one of the most important plutonium char-
cteristics.

The authors of this paper thoroughly analyzed material
esulted from discussions at plutonium conferences [3,4], the
etailed description of phase transition processes discussed at
he conference [5] and results of Ref. [6], and came to the con-
lusion that the main and, in most cases, the only reason for
ifferences in the data was not reaching the stable isothermal
onditions of the phase transformation in experiment.

In this context, the authors carried out experiments to deter-
ine parameters of the beginning of � → � transformation both

nder isothermal conditions and under the conditions where
amples were uniformly heated by neutrons from pulsed nuclear
eactors. The experiments were designed so as to eliminate tem-
erature gradients through sample sections during the incubation
imes of the phase transformation. The gradients are inherent in
xperiments with electric heating and holding-in-oil. The only
hing in which experiments with neutron heating differed from
hose where samples were held at a constant temperature was
hat the phase transformation conditions were not isothermal.

To justify the use of the experimental data from neutron
eating experiments for the construction of the generalized TTT-
iagram, the authors used results of theoretical analysis of the
hase transformation under non-stationary conditions within the
cope of the first-kind phase transition theory [3]. In doing so,
hey abstracted themselves from phase transition morphology
nd only used the thermodynamic approach.

The authors believe that they have constructed a generalized
TT-diagram for the beginning of the isothermal � → � trans-

ormation of unalloyed plutonium and thus managed to give a
nified description of its parameters at temperatures correspond-
ng to incubation times between 10−5 and 105 s.

. Experimental data on isothermal � → � plutonium
ransition kinetics
Figs. 1 and 2 show, respectively, the typical kinetic depen-
ences of the phase transformation and a TTT-diagram for
lutonium containing less than 0.05 wt.% of ballast dopants [1].

F
f
e

ig. 1. Typical kinetic dependences of isothermal � → � plutonium transfor-
ation.

The TTT-diagram shown in Fig. 2 exhibits a characteris-
ics feature: the thermokinetic curve can be divided into two
egments where incubation time depends on temperature in sig-
ificantly different fashions. The change from one segment to
nother occurs near the temperature which corresponds to an
ncubation time of ∼102 s.

It is seen that in the range of incubation times above 102 s, the
hange of the holding temperature by several degrees changes
he incubation time by a factor of about 104, while for the values
elow 102 s, the incubation time changes by a factor of about
02 as the holding temperature varies from 120 to 185 ◦C.

During a discussion at Plutonium 1965 conference [3], it was
uggested that the weaker dependence of the incubation time on
emperature for incubation times < 102 s was possibly caused by
he non-isothermal conditions of the � → � transformation.

. Results of research into � → � plutonium
ransformation kinetics under fast electric heating
ig. 2. A TTT-diagram of � ⇔ � ⇔ � plutonium transformations constructed
rom isothermal kinetic curves. Dashed lines correspond to phase transition
quilibrium temperatures.



S.I. Abramenko et al. / Journal of Alloys and

F
e

i
a

o
t

F
w
t

f
c
d
r
s
r

a
m
t

m
i
n
t

d

F
F

p
i
b

b
b
t
i
r
o
o
t
u

[
n
t
t
h
a
t
o
m
1
n

4
t
p

d
i
r
l
f
t

a

ig. 3. TTT-diagram for the beginning of the � → � transformation under pulse
lectric heating.

n the electric heating of a plutonium wire 0.6 mm in diameter
nd 100 mm long.

Fig. 3 shows the thermokinetic curve taken from Ref. [3].
The curve is seen to have almost the same form as the curve

btained for holding-in-oil (Fig. 2), but shifted to small incuba-
ion times.

It follows from the comparison of incubation times in
igs. 2 and 3 that for one and the same temperature in samples
hich were held in oil and electrically heated, the incubation

imes in electric heating are ∼106 times smaller.
When the paper was being discussed at Plutonium 1965 con-

erence [3], it was suggested that the results of both papers did not
ontradict each other and were somehow correlated. Since TTT-
iagrams (thermokinetic curves) are constructed from kinetic
elationships measured under isothermal conditions, the con-
truction of the true thermokinetic relationship for fast heating
equires sophisticated corrections to the experimental curves.

What becomes a severe problem in electric heating (and the
uthors Faiers and Loasby acknowledge it) is the skin-effect
anifesting itself in a non-uniform distribution of temperatures

hrough the sample section.
Participants of the discussion expressed the hope that the

ethod of electric eating could be improved so as to provide truly
sothermal conditions regardless of heating rate. Unfortunately,
o information about the continuation of this work appeared in

he ensuing years.

In 1973, the paper [6] was published; it presented a TTT-
iagram reproduced in Fig. 4.

ig. 4. A generalization of isothermal data (holding-in-oil, [1]) and data by
aiers et al. [2].
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It is seen that the generalized thermokinetic curve is a com-
ilation of data from Refs. [1,2]. The curve is extrapolated from
ncubation times between 10−3 and 1 s [2] to incubation times
etween 102 and 103 s [1].

Data from research under isothermal conditions [1] for incu-
ation times < 102 s are excluded as non-isothermal, as thought
y the authors of Ref. [6]. At the same time, data for incubation
imes < 10−3 s are used in both thermokinetic curves presented
n Figs. 3 and 4. Hence the authors of Ref. [6] believe that this
egion of incubation times < 10−3 s was obtained by the authors
f Ref. [2] for isothermal conditions under the electric heating
f plutonium samples. However the authors of Ref. [2] assumed
hat only incubation times between 10−3 and 1 s were obtained
nder isothermal conditions.

This seems quite strange because one of the authors of Ref.
6], R.D. Helson participated in the general discussion at Pluto-
ium 65 conference [8] and apparently knew about the doubts of
he author of Ref. [2], R.G. Loasby concerning the influence of
he skin-effect on phase transition kinetics under pulsed electric
eating. Given the non-uniform distribution of energy deposition
nd temperature in the sample section and in time under elec-
ric heating, it seems unlikely to use corrections to the data in
rder to make them closer to the results obtained under isother-
al conditions. Therefore, the use of incubation times below

0−3 s for the construction of the generalized TTT-diagram is
ot justified.

. Parameters of the beginning of � → �
ransformation in samples heated by neutrons from
ulsed nuclear reactors

Since it is impossible to construct the generalized TTT-
iagram without experimental results for small (<10−3 s)
ncubation times, it would be appropriate to carry out further
esearch with samples heated uniformly through volume with a
inearly varying energy input. In this case, the only difference
rom isothermal conditions is the velocity of energy conveyance
o the region where the new phase generates.

We did not find any results of that kind in the literature
nd decided to solve the problem taking advantage of RFNC-
NIITF pulsed nuclear reactors [9] and measurement methods
hich were developed by the authors to measure energy deliv-

red to samples and their electric resistance.
It was demonstrated in Ref. [10] how the degree of the phase

ransformation can be determined from the measured electric
esistance of samples. Fig. 5 shows a known TTT-diagram for
he beginning of the isothermal � → � plutonium transformation
nd results obtained by the authors for incubation times > 102 s.

Experimental points obtained by the authors are seen to
gree rather well with the known data. Samples used in those
xperiments were fabricated of the same castings as the sam-
les tested on pulsed nuclear reactors. They were rings of sizes
40 × 5 × (3 − 8) mm The total concentration of ballast dopants

aried between 0.05 and 0.15 wt.%. The electric resistance of
he samples, ∼5 × 10−3 �, was measured with the pulse trans-
ormer method. The measurement procedure was similar both
n isothermal and in reactor experiments.
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ig. 5. Thermokinetic curve taken from the literature (©) [1], and the data
btained in this paper (�).

The difference from earlier measurements is significant,
pecifically:

The measuring unit provides no-contact measurements.
The sample shaped as a torus or ring with an inner area <
50 mm2 is a short-circuited loop of the pulse transformer.
Butt jointed ferrite cups are used as a core;
Equivalent transformer resistance (R ≥ 102 �) is measured to
∼0.25% that corresponds to∼1% of the phase transformation.

During exposure to neutrons, the rate of energy input was
lmost constant and energy input was uniform through the sam-
le volume. Fig. 6 shows experimental points corresponding
o the beginning of the � → � plutonium transformation under
lectric heating and exposure to neutrons.

To compare experimental data obtained in experiments with
lectric and neutron heating, the temperature of samples heated
y neutrons was calculated using the dependence of heat capac-
ty on temperature which was known in the early 1960s when
he electric heating experiments were carried out.

It is seen from Fig. 6 that experimental points agree satisfac-
orily in the range of incubation times about 10−3 s where the
nfluence of the skin-effect is weak. For incubation times below
0−3 s, the points obtained in neutron heating experiments are

uch lower than those from electric heating experiments.
These results suggest that the strong skin-effect present in

lectric heating does not allow the uniform heating of samples.

ig. 6. Experimental data (©), obtained by Faiers et al. [2] when electric heating,
nd the data obtained in this paper (�) triangles, obtained when neutron heating.
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s a result, the distribution of temperatures through the sample
ection is not uniform and, accordingly, the phase composition
hrough the sample volume is complex. This is the reason why
xperimental points for incubation times < 10−3 s under electric
eating should not be taken for the construction of the general-
zed TTT-diagram. Data from neutron heating experiments are
ree from the above drawbacks and can be used, if properly
ustified, to the construction of the TTT-diagram.

. Discussion and construction of the isothermal
TT-diagram for � → � plutonium transformation

Results for incubation times below 10−3 s obtained in neu-
ron heating experiments do not satisfy the isothermal holding
onditions. Their use for the construction of the TTT-diagram
equires further justification.

The theory of isothermal first-kind transitions considers cases
f non-isothermal kinetics, whose results, in our view, can be
sed, in certain conditions, for the construction of the TTT-
iagram.

For example, the authors of Ref. [7] use a reaction addivity
rinciple formulated as follows: the total time for reaching a
egree of transformation is summed of times required for reach-
ng the same degree of the isothermal transformation until the
um becomes unity. That is, for an arbitrary mode of temperature
ariation,

t

0

dt

ta(T )
= 1,

here ta(T) is the time for reaching a degree of isothermal trans-
ormation and t is the time for reaching the same degree of
on-isothermal transformation.

The addivity condition is seldom satisfied because it requires
hat the temperature dependent rates of new phase nucleation
nd growth coincide. What is however true for many isother-
al transformations is that nucleation sites are soon exhausted,

nd the degree of transformation is only defined by the temper-
ture dependent growth rate which makes it possible to use the
ddivity principle.

In samples heated by neutrons, a martensitic transformation
mplements, proving assumptions made by participants of the
onferences Plutonium 1965 [3] and Plutonium 1975 [4] that
he mechanism governing the growth of the new phase changes
rom diffusion to shear (or martensitic) as the rate of heating
ncreases. In this case, the rate of growth is high (approaching
ound velocity), and the time of growth is negligible compared to
he time of nucleation. Nucleation rate is a function of tempera-
ure, and transformations at different temperatures only differ in
he time scale. Fig. 7 summarizes all results on the beginning of
→ � plutonium transformation under isothermal conditions,

nder electric heating and under exposure to neutrons.
If compare the time scale in the above formula for the

ctual beginning of the phase transformation in neutron heating

xperiments and the relationship ta(T) in isothermal and elec-
ric heating conditions, it is seen that the terms ti/ta(Ti) can be
eglected at Ti below the temperature at which the transforma-
ion actually begins. It may thus be thought that the nucleation
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ig. 7. The generalized TTT-diagram for the beginning of � → � plutonium
ransformation (the dashed line ) proposed by the authors and
ublished data.

ime is defined by the time during which plutonium stays at the
emperature close to the actual beginning of the transformation,
.e., the process is quasi-isothermal and hence this time can be
sed for the construction of the TTT-diagram.

So, the dashed line in Fig. 7 is the thermokinetic curve
TTT-diagram) proposed by the authors. It generalizes data
rom holding-in-oil, electric-heating and neutron-heating exper-
ments, but does not include experimental points where the
onditions were not isothermal, specifically incubation times
etween 1 and 102 s for holding-in-oil and <10−3 s for electric
eating.

The authors believe that the generalized TTT-diagram they
onstructed is better than those proposed earlier. It covers incu-
ations times varying from 10−5 to 105 that makes it possible
o determine the beginning of � → � plutonium transformation
or any law of temperature variation.

In conclusion, the authors again draw readers’ attention to
ig. 2 with curves for � → � and � ⇔ � ⇔ � transformations. It
ppears that a large variety of TTT-diagrams (not for plutonium
nly) exhibit two regions where incubation time depends on
emperature in very different fashions.

The issues discussed in the paper help explain this feature
hich seems to extend to more materials. Specific remarks and

nferences can be used for further research into phase transitions
n plutonium and in other metals and alloys.

. Conclusion

. Published data on kinetics of the � → � transformation of
unalloyed plutonium under isothermal and electric-heating

conditions were extended with new results obtained by the
authors who investigated phase transformation kinetics under
isothermal conditions and under the conditions of heating by
neutrons from RFNC-VNIITF reactors.

[
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. It has been shown that the known TTT-diagrams contain char-
acteristic temperatures at which the transformation starts and
which divide the thermokinetic curves into two regions where
the temperature dependences of incubation time significantly
differ.

. The authors identified incubation times corresponding to
the characteristic temperature ranges where phase trans-
formation conditions are isothermal and non-isothermal,
specifically:
• The thermokinetic curve from isothermal experiments

is divided into two segments at an incubation time of
∼102 s: for incubation times > 102 s, the phase transforma-
tion conditions are isothermal and for those <102 s, they
are non-isothermal.

• The thermokinetic curve from electric-heating experi-
ments is divided at an incubation time of ∼10−3 s: for
incubation times >103 s, the phase transformation con-
ditions are isothermal and for those <10−3 s, they are
non-isothermal.

. The authors justified their use of data obtained for isother-
mal conditions and for volume heating by neutrons from
RFNC-VNIITF pulsed reactors for the construction of the
generalized TTT-diagram.

. For the � → � transformation of unalloyed plutonium, the
authors proposed a variant of the TTT-diagram covering a
range of temperatures which corresponds to incubation times
between 10−5 and 105 s.
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