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1 Director.
In most of the binary uranium alloy systems, different metastable phases can be retained at room tem-
perature depending on the rate of cooling of the gamma phase. On the other hand, in U-rich U–Zr system,
the gamma phase transforms into either martensitic a or Widmanstatten a depending on the cooling rate.
It has not been ascertained so far if any intermediate phase is involved prior to the martensitic transfor-
mation in U-rich U–Zr system and, therefore, nature of the intermediate phase remains undetermined.
Present investigation shows the existence of an intermediate phase prior to the final martensitic trans-
formation. Although the equilibrium beta phase is known to undergo martensitic transformation,
quenching from the c phase appears to suppress the b phase formation. In fact the present experimental
evidence suggests that the most likely intermediate phase is the monoclinic distortion of alpha phase
(a00), and not the beta, when gamma phase of U–2 wt%Zr alloy is quenched rapidly.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Phase transformations during quenching of U-rich binary alloy
systems follow a general sequence from c! cs ! c0 ! a00 !
a0 ! b! a; where, c, b and a are the equilibrium phases as seen
in the U-rich U–Zr phase diagram (Fig. 1) and the rest are metasta-
ble phases. a0 is a distorted a that forms martensitically and
involves primarily a contraction of the b parameter, a00 is a mono-
clinic distortion of martensitic a0, c0 is a tetragonaly distorted c and
cs is an even less severe deviation from the bcc c phase [1]. The said
sequence of phases is not always observed in every alloy system.
Apparently, formation and room temperature retention of these
intermediate phases largely depend on the alloy content, gamma-
tizing temperature and cooling rate. Crystallography of the
martensite and formation of the intermediate phases during mar-
tensitic transformation of uranium-rich alloy systems containing
Ti, Nb, Mo and Re are reported in the literature [2–5]. However,
the little information available in the open literature, regarding
the phase transformation behaviour of U–Zr system under rapid
cooling condition, indicate that the metastable a0 martensite is ob-
tained with rapid cooling rate whereas slower cooling rate yields
supersaturated a in the alloys with <25 wt%Zr [6,7]. On the other
hand alloys having more than 25 wt%Zr retains the metastable c
phase at room temperature under rapid cooling condition [7].
ll rights reserved.
The present work attempts to investigate the transformation
behaviour of the c and b phases under rapid cooling conditions.
The existence and identification of any intermediate phase, prior
to the martensitic transformation of c phase, is also explored.

2. Materials, processes and equipment

Vacuum induction melted uranium ingots and consumable arc
melted zirconium bar were used for the alloy preparation.
U–2 wt%Zr alloy was prepared by vacuum induction melting in
an alumina wash-coated graphite crucible and subsequently cast-
ing into a transparent quartz mould of 12.5 mm diameter by
vacuum injection technique. Chemical analysis was done using
Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-
AES) for determining the Zr content and the other impurities,
whereas standard CNO analysis was carried out for quantifying
carbon, nitrogen and oxygen impurities. Amount of total impuri-
ties, including C, N and O, was found to be of the order of
1600 ppm.

The slugs were cut into 50 mm length and copper jacketed for
hot rolling at 850 �C in the c phase region where there is complete
solid solubility between uranium and zirconium. Total thickness
reduction of �50% was achieved by three passes with intermediate
soaking at 850 �C for 10 min.

For the quenching dilatometric study a tube of 10 mm length
and 4 mm OD with a wall thickness of 0.4 mm was machined out
from the as-cast slug and subsequently homogenized at 900 �C
for 200 h. The quenching dilatometer (model: DIL 805A/D, make:
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Fig. 1. U-rich portion of the U–Zr phase diagram.

(a)

(b)

Fig. 3. Photomicrograph of directly water quenched (from 900 �C) U–2 wt%Zr alloy
showing prior c grain boundaries and martensitic plates alongwith non-martensitic a
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Bahr Thermoanalyse GmbH, Germany) contains a water-cooled
copper coil connected to a high frequency induction power supply
(Fig. 2(a)). Helium was used as quenching gas because of its high
thermal conductivity. Change in length was measured along the
sample length (�10 mm) with the help of a linear variable differ-
ential transformer (LVDT) having least count of 0.05 lm. Temper-
ature was sensed by an S-type thermocouple spot welded onto
the sample surface as shown in Fig. 2(b). Accuracy of temperature
measurement is 0.5 �C.

Standard metallographic procedure was followed for the pres-
ent study. Electroetching was carried out using 50%H3PO4 aqueous
solution as electrolyte and SS304 as cathode with a constant poten-
tial of 2 V DC.

3. Experiments and results

3.1. Directly quenched samples

Samples of the rolled alloy were soaked for 120 h at 900 �C and
then directly quenched into water. Fig. 3(a) and (b) show typical
microstructures of the water quenched sample (from 900 �C)
exhibiting acicular martensitic morphology alongwith small
amount of non-martensitic phase; prior c grain boundary is also
clearly visible. After metallography, a part of the quenched sample
was analyzed in a differential scanning calorimeter (DSC) with a
heating rate of 1 �C/min and the DSC result is presented in Fig. 4.
Three transition temperatures are observed in the DSC curve; i.e.
589, 674 and 696 �C.
High Frequency 
induction coil 

Push rod LVDT 

(a) (b)Thermocouple wires 

Fig. 2. (a) Components of quenching dilatometer; sample sits inside the induction coil at the end of push rod. (b) Thermocouple wires are spot welded onto the sample
surface.

(indicated by arrows) (a). High magnification photomicrograph showing jagged bound-
aries and heavy internal twinnings of martensite plates, as indicated by the arrows (b).
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Fig. 4. DSC result of directly quenched (water quenched from 900 �C) U–2 wt%Zr
sample with a heating rate of 1 �C/min. The peak observed at 589 �C is due to a0a ? a
transformation; rest two peaks are the same as observed in the dilatometric
experiment.

Fig. 5. Dilatometric results of U–2 wt%Zr with two different thermal loading.
Experiment with slow heating was done separately. The experiment with rapid
cooling and rapid heating are carried out separately. The vertical arrow indicates
the temperature at which difference in the relative change in length was measured
between the a and a0a phases.

Fig. 6. Optical photomicrograph of U–2 wt%Zr alloy step quenched sample (from
900 �C quenched to 710 �C in liquid lead bath and held there for 5 min before water
quenching) showing both martensite and non-martensitic a (arrows), same as
directly water quenched sample, though the proportion of non-martensitic a is
higher than that of directly water quenched sample.
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In order to examine the phase transformation behaviour under
rapid cooling, a quenching dilatometry experiment was carried
out, where the sample was quenched from c phase (900 �C) with
a cooling rate of 175 �C/s. The difficulty encountered during this
experiment is due to the incandescence of the sample especially
at T > 700 �C. Thus at T > 700 �C a second degree polynomial fit
was adopted through the obtained data. The dilatometry result,
presented in Fig. 5, indicates that two consecutive phase transfor-
mations take place at 597 and 553 �C, respectively while quench-
ing from the gamma phase (900 �C). In order to check the
repeatability of these signals the same experiment was carried
out using an arc-melted sample (remelted for 5� in high purity
Ar atmosphere), having a total impurity level of 520 ppm, homog-
enized for 200 h at 900 �C. Similar dilatometric result was obtained
with the arc-melted sample with the same quenching rate (175 �C/
s); however, the temperatures of phase transformation are found
to be �600 and 551 �C, respectively. Deviation in the temperature
values, in comparison to the values obtained with induction
melted sample, could be due to the difference in the level of impu-
rities. All other experiments reported here were carried out with
the samples made by induction melting route.

From the metallography of the quenched sample it can be con-
cluded that at least the final phase transformation (�553 �C) is of
martensitic type. From the Jominy end-quenched test results, Hills
et al. have suggested that in U–5 at.%Zr (�U–2 wt%Zr) the a0 mar-
tensite forms directly from the c phase without a formation of
any intermediate phase [6]; clearly the present findings do not fa-
vour this theory.

3.2. Step quenched samples

In order to predict the transformation behaviour of the b phase,
two pre-homogenized samples were heated to 900 �C (c field), sub-
sequently one was quenched in liquid lead bath kept at 710 �C
(c + b phase field) and held there for 5 min before water quenching
and the second one was furnace cooled to 710 �C and held there for
10 h followed by water quenching. Phase fraction of c and b as well
as the Zr distribution between these phases are supposed to be far
from the equilibrium with a shorter holding time at 710 �C;
whereas, 10 h exposure at 710 �C is expected to yield a equilibrium
phase fraction of c and b with a near equilibrium Zr distribution.

Metallographic examination reveals almost similar microstruc-
ture in both the samples. In general the microstructure contains
the same features as that of directly quenched sample; however,
the abundance of the non-martensitic phase is higher as shown
in Fig. 6. Image analysis of the optical micrographs with careful
grey scale intensity adjustment shows that area fraction of the
non-martensitic features is nearly about 18%. This value is well
within the detectable limit of conventional XRD but there is not
a single peak that can not be indexed with Cmcm space group;
which leads to the conclusion that the non-martensite features
are merely a phase.

EDS analysis was carried out on the step quenched samples to
examine the Zr distribution. The sample having a history of



Fig. 7. (a) Secondary electron image of U–2 wt%Zr alloy step quenched sample (from 900 �C quenched to 710 �C in liquid lead bath and held there for 5 min before water
quenching). EDS spectra of – (b) overall area (1.99 wt%Zr); (c) non-martensitic a as indicated in the image (2.01 wt%Zr), (d) martensitic a as indicated in the image
(1.96 wt%Zr). Such variations in Zr content are within the error limit of the EDS.
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5 min holding at 710 �C does not show any significant variation in
Zr concentration between the non-martensitic a and a0a as ex-
pected (Fig. 7(a–d)). On the other hand most of the non-martensitic
a, in the sample soaked at 710 �C for 10 h, contains more than
2 wt%Zr (i.e. supersaturated a. EDS result, of the same sample, indi-
cates a variation in Zr concentration in different martensite plates,
from 1.24 wt% to upto 3.04 wt% (Fig. 8(a–d)).

4. Discussions

The experimental observations and the data generated provide
a reasonable basis for the following sequence of arguments.
Quenching dilatometry results suggest the formation of a single
intermediate phase (�597 �C) in U–2 wt%Zr alloy when it is
quenched directly from the c phase region (�900 �C) prior to the
final martensitic transformation (Ms �553 �C).

Metallographic examinations of the heat treated samples (di-
rectly quenched sample and samples soaked at 710 �C for 5 min
and 10 h) show the presence of both martensitic a0a (subscript a
indicates acicular morphology) and non-martensitic a phase. SEM
examination with EDS analysis of the sample soaked at 710 �C
for 10 h show that majority of the non-martensitic a phase is
supersaturated with Zr (more than 2 wt%). This suggests that most
of the non-martensitic supersaturated a phase was formed from
the c phase during quenching alongwith the martensite. This con-
clusion, based on the Zr distribution, is well supported by the
phase diagram since at 710 �C, c contains �4 wt%Zr and b contains
�1 wt%Zr. Also, in the directly quenched sample (water quenched
from 900 �C) similar non-martensitic a is observed though in a
very small proportion. Based on the facts stated above it can be
reasonably inferred that decreasing cooling rate (i.e. lowering gam-
matizing temperature) yields more non-martensitic a phase from
the c phase. The b phase also gives rise to non-martensitic a as sug-
gested by the EDS results, however, the fraction is smaller in com-
parison to the amount of non-martensitic a phase generated from
the c phase.

EDS analysis of the sample soaked at 710 �C for 10 h is quite
interesting; a significant variation in Zr concentration is observed
for different martensitic plates. Martensite plates with less than
2 wt%Zr suggest that the b phase was the parent phase. Whereas,
the martensite plate with higher than 2 wt%Zr has to form from
the c phase. Thus it can be concluded that both c and b undergo
martensitic transformation. Martensitic transformation of b phase
is well known and the mechanism is same for all the U-rich alloys
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Fig. 8. Secondary electron images of U–2 wt%Zr alloy step quenched sample (from 900 �C furnace cooled to 710 �C and held there for 10 h before water quenching) with EDS
analysis showing variation in Zr concentration of different martensite plates and non-martensitic a, these EDS results were obtained operating the beam in mini-window
mode rather than point focus mode to get a better statistical average of chemical composition. Zr conc. are: (i) 2.76%, (ii) 2.44%, (iii) 2.22%, (iv) 2.15%, (v) 1.6%, (vi) 1.47% and
(vii) 1.24% as indicated in (a). (i) 3.04%, (ii) 2.64%, (iii) 2.55%, (iv) 2.28%, (v) 2.18%, (vi) 2.14%, (vii) 1.80%, (viii) 1.69% and (ix) 1.28% as indicated in (b). Results suggest that
martensitic plates have wide variation in Zr conc. whereas most of the non-martensitic a phase contains more than 2%Zr. (a) and (b) are from different locations from the
same sample. (c) and (d) are the color rendition of (a) and (b), respectively; where red color indicates Zr conc. more than 2 wt%; where as blue indicates the reverse.

Table 1
Variation in lattice parameters of U–2 wt%Zr alloy alongwith lattice volume for
annealed and water quenched samples as calculated from the XRD analysis [8]. Note
the relative change in lattice volume is around 0.42%.

Heat treatment Phase a (Å) b (Å) c (Å) Volume (Å3)

Annealed a 2.8523 5.8732 4.9616 83.1034
water Quenched a0 2.8656 5.8536 4.9745 83.4598
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with direct b! a0 transformation without the involvement of any
intermediate phase [8].

It is seen from the DSC result (Fig. 4) that total three phase
transformations take place while heating the directly quenched
sample of U–2 wt%Zr alloy. Among these transition temperatures,
transformations at 674 �C and 696 �C are equivalent to the temper-
atures obtained from the dilatometric result (heated at 1 �C/min);
i.e. 668 and 694 �C. The apparent differences in these temperatures
(with respect to the dilatometric results) are due to the oxide scale
formation on the sample surface causing sluggishness in tempera-
ture sensing. Details of these transformations will be discussed la-
ter. The only important feature in the DSC result is about the
transformation occurs at 589 �C. Since the starting sample contains
martensitic a0, hence the peak corresponding to 589 �C can be
attributed to the a0a ! a transformation.

The identification of the intermediate phase prior to the mar-
tensitic transformation from the c phase still remains undeter-
mined. In order to identify the intermediate phase it is
considered that the phase involved here could be one of those
intermediate phases found in the entire range of U-rich binary al-
loy systems; namely cs; c0; a00; b and x, as reported in the litera-
ture [1–9]. Among these phases x could be ruled out for U-rich Zr
alloys, since x! a0 transformation is restricted due to certain
crystallographic constraints especially for low Zr concentration,
as reported in the literature [6].
In order to cross check the correctness of the relative volume
change calculated from the dilatometric result; relative volume
change near 50 �C between a and a0a is calculated to be 0.45% (from
Fig. 5), from the difference between 175 and 90 �C/s curves at 50 �C
temperature, and from the XRD analysis (Table 1) the same is
found to be 0.42%; which are in reasonably good agreement.

From the quenching dilatometry results it can be seen that the
relative change in length from c to the intermediate phase is about
0.34% (relative volume change �1.02%); whereas, from the
intermediate phase to a0a transformation it is only 0.09% (relative
volume change �0.27%). Conventional dilatometry experiment of
U–2 wt%Zr alloy (Fig. 5) during slow heating shows that at 668 �C
(corresponding to the eutectoid decomposition at 662 �C as indi-
cated in the phase diagram) a and c00 combine to form b; where
volume fraction of equilibrium a would be 97% (100% a is expected



Table 2
Comparisons between experimental and literature values of relative change in length and volume for different phase transformations. It is interesting to note that the relative
change in length for X ? a0 is almost equal to the same for c ? c0 and a ? a0 where the latter reactions involve small amount of lattice shear. This indicates X ? a0 transformation
is associated with small amount of lattice shear.

Transformation Temp (�C) DL/L (%) DV/V (%) Comment

c ? X 597 0.34 1.02 Quenching dilatometric analysis
c ? c0 �600 0.1 0.3 Ref. [11]
c ? cs �600 <0.1 <0.3 Ref. [1]
c ? x Not permissible in low Zr alloy Ref. [10]
From the above data it can be concluded that

X cannot be c0, cs or x phase
a ? a’ 50 0.15 0.45 Dilatometric analysis
a ? a’ 50 0.14 0.42 XRD analysis, matches well with above data
a ? b 548 0.51 1.53 Dilatometric analysis
a ? a’ 548 0.1 0.3 Dilatometric analysis
b ? a’ 548 0.41 1.23 Calculated from above two data
X ? a’ 553 0.09 0.27 Quenching dilatometric analysis
From the above data it can be concluded that X cannot be b phase

C. Basak et al. / Journal of Nuclear Materials 393 (2009) 146–152 151
in case of Zr supersaturation). In fact recent study shows that the
room temperature phase is a completely supersaturated with Zr
[10]. Thus for all practical purposes it can be concluded that the
associated volume change is solely due to the a! b formation. Un-
der rapid heating condition the form of dilatometric signals of the
phase transformations remain the same in comparison to the result
of the slow heating dilatometry. Thus, for the present analysis only
rapid heating/cooling curves will be considered. From the rapid
heating dilatometric result it can be seen that relative change in
length for a! b (likely to be supersaturated) is about 0.51% (rela-
tive volume change�1.53%). Since, instead of a phase a0a is of inter-
est; the volume change associated with the hypothetical a0a ! a
transformation can be calculated from the rapid heating and rapid
cooling curve (Fig. 5). At 548 �C (near to 553 �C), indicated by a ver-
tical arrow in Fig. 5, the difference in the relative change in length
from a to a0a is about 0.1% (i.e. relative volume change of �0.3%).
The relative change in volume for the hypothetical b! a0a transfor-
mation at 548 �C, therefore, would be about 1.23% (i.e. 1.53% minus
0.3%) as against the observed volume change of 0.27% associated
with the final martensitic transformation at 553 �C. From the pre-
ceding discussions it seems unlikely that the intermediate phase is
b.

Formation mechanism of cs; c0; a00 and a0 from the c phase is
well documented in literature for different U based alloy systems
that follows a general trend [2–4]. It suffices here to mention that
progressive shear on the {1 1 2} <1 1 1> slip system of c phase pro-
motes c! cs ! c0 ! a00 ! a0 transformation sequence with the
increase in shear stress (depending on the alloy system and con-
centration some phase may be absent). The relative change in vol-
ume of cs or c0 with respect to the c phase is very nominal since
quite small amount of shear is associated with it. Experimental re-
sult, for U–3.8 wt%Mo, shows that associated relative volume
change for c! c0 is only about 0.3% [11]; whereas in the present
case c! intermediate phase associated with a relative volume
change of about 1%. Hence, it seems most unlikely that cs or c0

would be the intermediate phase (cs is associated with even less
distortion of c, as stated earlier). The preceding discussion is sum-
marized in Table 2.

Since, a00 can be transformed to a0 with a relatively small
amount of shear and lattice dialation, the relative change in vol-
ume is expected to be low. In the present case intermediate
phase ? a0 transformation is associated with a relative change in
length of only 0.09% and relative volume change of 0.27%. These
values are almost similar to the corresponding values of c! c0

or a0a ! a (see Table 2) where only small amount of shear is in-
volved. From the preceding discussions it seems likely that a00 is
the only probable intermediate phase. It is to be noted that ther-
modynamic calculation suggests that c can be transformed into a
through the intermediate b phase [10]. However, present study
clearly shows that phase transformation during rapid cooling does
not follow the equilibrium thermodynamics. Moreover, it is to be
noted that in U–2 wt%Zr alloy a00 is an unstable phase which cannot
be retained at room temperature irrespective of the given heat
treatment.

In the directly quenched sample the prior c grain boundary is
well resolved (Fig. 3(a)) which suggests that major phase transfor-
mations are likely to be shear-dominant. Moreover the martensite
plates formed from the c phase exhibit highly jagged boundaries
and heavy twinning across the plates; as seen in the Fig. 3(b), a typ-
ical signature of a second transformation. It is therefore proposed
that double martensitic transformation is most likely to occur
while quenching the U–2 wt%Zr alloy from the c phase field with
a transformation sequence of cðbccÞ ! a00ðmonoclinicÞ ! a0

(orthorhombic); which is also supported by the fact that c! a00

transformation is martensitic in nature [3]. However, a parallel
reaction is also likely to take place, probably by nucleation and
growth mechanism, which causes formation of the non-martens-
itic a phase. On the other hand the martensitic a0a transforms into
equilibrium a phase at 589 �C upon heating without going through
any intermediate phase.

5. Conclusions

From the preceding discussions the following conclusions can
be drawn regarding the martensitic transformation and the associ-
ated intermediate phase in U–2 wt%Zr alloy –

(i) Both b and c phase undergo martensitic transformation
upon quenching and neither of these phases is retained at
room temperature.

(ii) Along with the formation of a0a martensite, non-martensitic
a also is formed.

(iii) Low gammatizing temperature or slower cooling rate yields
more non-martensitic a phase.

(iv) Quenching from c phase results in formation of intermediate
a00 monoclinic phase prior to the final martensitic transfor-
mation. Thus the proposed sequence of transformation is
c! a00 ! a0a where transformation temperatures are 597
and 553 �C respectively.

(v) While quenching from the c phase both the transformations,
i.e. c! a00 and a00 ! a0a, are likely to be shear dominated
martensitic in nature.

(vi) Martensitic a can be transformed to equilibrium a phase by
heating and this a0a ! a transformation occurs at 589 �C.



152 C. Basak et al. / Journal of Nuclear Materials 393 (2009) 146–152
Acknowledgements:

Authors greatly acknowledge the technical assistance of Binay
K. Mondal, MFD, BARC.

References

[1] D. Blake, R. F. Hehemann, Proc. of the Third Army Materials Technology
Conference. Feb. 1974, Held. At Vail, Colorado, USA, p. 189.

[2] M. Anagnostidis, R. Baschwitz, M. Colombie, Mem. Sci. Rev. Metall. 63 (1966)
163.
[3] K. Tangri, D.K. Chaudhuri, J. Nucl. Mat. 15 (1965) 278.
[4] K. Tangri, Mem. Sci. Rev. Metall. 58 (1961) 469.
[5] B.A. Hatt, G.B. Brook, Fulmer Research Institute Report, R. 53, March 1957.
[6] R.F. Hills, B.R. Butcher, B.W. Howlett, J. Nucl. Mat. 16 (1965) 25.
[7] H.H. Chiswik, A.E. Dwight, L.T. Lloyd, M.V. Nevitt, S.T. Zegler, in: Proceedings of

Second United Nations International Conference on the Peaceful Uses of
Atomic Energy, June 1965, p. 1.

[8] A.N. Holden, Acta. Mater. 1 (1953) 617.
[9] J. Lehmann, R.F. Hills, J. Nucl. Mat. 2 (3) (1960) 261.

[10] C.B. Basak, R. Keswani, G.J. Prasad, H.S. Kamath, N. Prabhu, J. Alloys Compd. 471
(1&2) (2009) 544.

[11] R.J. Van Thyne, D.J. McPherson, Trans. ASM 49 (1957) 598.


	Investigation on the martensitic transformation and the associated intermediate phase in U–2wt%Zr alloy
	Introduction
	Materials, processes and equipment
	Experiments and results
	Directly quenched samples
	Step quenched samples

	Discussions
	Conclusions
	Acknowledgements:
	References


