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Introduction
The major metallic fuels for fast breeder reactor are U-Pu-Zr or 

U-Zr-Nb [1] ternary alloy system, where U-Zr is the major sub-system.
Uranium-zirconium alloys are main constituents for making metallic
fuels. These fuels find their use in monolithic form for fast reactor and
in dispersion form in thermal reactor [2,3]. With suitable enrichment
of uranium, zirconium rich U-Zr alloys could be used as dispersion
fuel in advanced pressurized water reactor. The zirconium rich U-Zr
alloys exhibit excellent thermal conductivity and higher solidus
temperature. Uranium alloys are usually preferred in as-cast condition
for reactor fuel since mechanical working can induce unwanted texture
in it and subsequent irradiation induced growth. Studies on irradiation
properties of uranium-zirconium alloys have been reported [4-6], but
there have been very few studies of physical metallurgy of the uranium
zirconium alloys [7]. Small numbers of open literatures are available
which report a comprehensive study on influence of Zr concentration
on the various physical properties of U-rich U–Zr alloys. Lagerberg
[8] has reported the phase transformation behavior in U-2wt%Zr and
recently the same is re-evaluated by Basak et al. [9]. Transformation
behaviour on quenching of different U–Zr alloys is described by Hills
et al. [10]. Discussion on properties like microhardness, thermal
properties, variation of lattice parameters for alloy up to U-10wt%Zr
are also reported by Basak  [10,11].

Uranium-Zirconium system

Liquid uranium solidifies at 1135°C. Solid elemental uranium 
exhibits three polymorphic forms; namely, bcc γ phase (>776°C), 
tetragonal β phase (between 668°C and 776°C) and orthorhombic α 
phase (<668°C). Whereas Zr has two allotropes high temperature 
bcc β phase (>863°C) and hcp α phase (<863°C) under atmospheric 
pressure. In U–Zr system, γ phase exhibits full mutual solid solubility 
of U with βZr. The U-Zr phase diagram is presented in figure 1. There 
is only one intermetallic δ phase that is formed at temperatures about 
617°C by a peritectoid reaction α+γ″→δ with a nominal composition 
of UZr2. The δ phase has a ω-type structure (space group P6/mmm), 
in which the corner positions (0 0 0) are occupied by Zr atoms and the 
sites (1/3, 2/3, 1/2) and (2/3, 1/3, 1/2) are randomly shared by U and 
Zr atoms. The δ phase is not a line compound but has a composition 
range of 42.5–57.5 wt% Zr at 400°C, as can be seen from the phase 
diagram (Figure 1). The present investigation deals mostly with the 
comparison of the properties related to physical metallurgy in the 
Zr-rich U–Zr alloys with Zr concentration of 50 wt% 60 wt% and 70 
wt%. The paper reports the as-cast and heat treated microstructures 

of Zr-rich U–Zr alloys. Variations in lattice parameters and densities, 
derived from the XRD analysis, are reported here as a function of 
Zr concentration. Dilatometric results are also presented here and 
equations of the thermal expansion are derived for these alloys. Also 
inferences are drawn regarding the phase transformation behavior of 
these alloys from the microstructures, XRD analysis and dilatometric 
results. Referring to the Zr-rich part of U–Zr phase diagram (Figure 
1), it is easy to find that the choice of the present alloy compositions 
encompasses the eutectoid line. From the U-Zr diagram at 606°C, 
it is observed that γ-(U, Zr)-BCC decomposes into αZr - HCP and 
~δ-UZr2-Hexagonal. Heat treatment of the cast sample temperature 
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Figure 1: U-Zr diagram.
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is selected below Peritectoid/Eutectoid line. This is because it is 
expected that due to fast cooling while preparation of casting sample, 
composition of alloy will remain as per above the eutectoid line (Figure 
1). Heating the sample for 24 hours below Peritectoid/Eutectoid line 
and slow (furnace) cooling will bring it to equilibrium condition.

Details of phase diagram: Liquidus-solidus: A continuous 
increase in their temperatures with increase in zirconium fraction. 
The top of the miscibility gap exists at 720°C and 14wt% Zr At 693°C 
the reaction at the miscibility gap could be presented as γ(14wt%Zr)→ 
γ¢(4.8wt%Zr)+γ²(22 wt%Zr). Oxygen and/or nitrogen were noted 
to have a pronounced effect on the temperature and composition 
limits of the miscibility gap; increasing concentrations enlarged the 
region with respect to both temperature and composition [12]. The 
phase diagram exhibits monotectoid, eutectoid, peritectoid and again 
eutectoid isotherms at 693°C, 662°C, 617°C and 606°C respectively. 
Temperatures and Zr concentrations corresponding to the different 
reaction isotherms are summarized in table 1.

Alloy Sample Preparations
Melting of any Zr containing alloy sample in general poses difficulty 

owing to the fact that Zr is a good oxygen getter. So, during the alloy 
melting it must be ensured that no gaseous impurity comes from the 
outside into the melting chamber. It is thus advisable to melt lab scale 
U-Zr alloys in a chamber pressurized with argon or helium rather than 
under high vacuum. In the present study arc melting practices is used 
for preparation of the samples.

Uranium rods were obtained from Atomic Fuels Division, BARC, 
and India in various diameters (2 mm to 12.5 mm) and length. 
Zirconium, on the other hand, was procured from Nuclear Fuel 
Complex (NFC), Hyderabad, India. For alloy preparation amount of 
zirconium was adjusted against the weight of the uranium. Chemical 
composition of the uranium and zirconium used are given in table 1. 
Each U-Zr alloy finger was melted six to eight times turning the button 
upside-down after each melting to ensure chemical homogeneity. In 
order to ensure oxygen free environment during the arcmelting a 
pure Zr button was melt before each melting cycle. The copper mould 
is constantly cooled to avoid overheating of the alloy and ensuring 
cooling of the as cast sample. The alloy finger obtained was sealed in 
quartz capsule that had been evacuated at room temperature to about 
1×10-2 Pa and then filled with high-purity argon just above atmospheric 
pressure. The fingers were first homogenized at 550°C for 24 hours and 
then quenched in water. (From figure 1 it is observed that equilibrium 
state achieved is below temperature line 606°C/617°C keeping ~50°C 
as uncertainty on furnace temperature detection margin, 550°C as the 
homogenized temperature.)

Chemical analysis of these alloys was carried out using ICP-AES 
(Inductively Coupled Plasma-Atomic Emission Spectroscopy) for the 
impurity analysis of the pure uranium, pure zirconium (Table 1) and 
impurities of U-Zr alloys (Table 2). For carbon, oxygen and nitrogen 
analysis standard CNO analyzer was used.

The characterization of the alloy was carried out by XRD and 
metallography. For the metallographic and XRD analyses, the samples 
were cut from the finger into pieces of suitable thickness using slow 
speed SiC abrasive cut-off wheel. Standard metallographic techniques 
of U-Zr alloys are given in detail in ASM metal handbook [13]. Cu-
Ka radiation was used for XRD analysis with fixed slit optics and q-q 
goniometer.

Microstructural and XRD analysis

For the metallographic and XRD analyses, the alloy sample was 
cut into disc of suitable thickness using slow speed SiC abrasive cut-off 
wheel. Standard metallographic techniques were adopted for grinding 
and polishing. Electro-etching was carried out using 5% H3PO4 aqueous 
solution as electrolyte and SS304 as cathode with a constant potential 
of 2V. The microstructural analysis was carried out using a Scanning 
Electron Microscope (SEM) and an Energy Dispersive Spectroscope 
(EDS). Cu-Ka radiation was used for XRD analysis with fixed slit optics 
and q-q goniometer. Diffraction patterns were obtained with a step size 
of 0.0080 and a dwell time of 2 s.

Dilatometry

The expansion behaviour of U-Zr was studied using a high 
temperature vertical dilatometer (make: SETARAM Instrumentation, 
France; model: Setsys Evoluation 24).The heating rate used for the 
present study was 5°C min-1. Here, the sample is loaded inside a 
sample holder which is made of Al2O3. The change of the length of the 
sample was transmitted through the frictionless push rod to an LVDT 
transducer. The samples were machined to 10 mm diameter and then 
cut into parallel-sided cylinder. A nominal load of 5 g was chosen to be 
applied by the push rod over the sample. A calibrated thermocouple was 
placed to record the sample temperature. The dilatometric experiments 
were carried out in high purity argon atmosphere at a dynamic gas flow 
rate of 2 dm 3 h-1.

Chemical analysis

Chemical analysis of these alloys was carried out in ICP-AES 
(Inductively Coupled Plasma-Atomic Emission Spectroscopy) for the 
determination of Zr and other metallic impurities. For non-metallic 
impurities, e.g. carbon, oxygen and nitrogen, standard C/N/O analyzer 
was used.

Results and Discussion
Table 1 shows the typical chemical composition of uranium 

and zirconium, the starting material. Uranium is in ingot form and 
zirconium is in sponge flake form. Table 2 shows the details of samples 
prepared.

Microstructure

Figure 2 shows the typical microstructures of Zr-rich U–Zr alloys 

Material Zr U C N O Y Fe Ni Cr Mg Mn Ce

uranium - Rest 252 32 188 105 64 15 11 16 8 6

zirconium Rest - 27 10 227 12 120 60 44 10 - -

Table 1: Typical chemical composition of uranium and zirconium in wppm.

Nominal composition(wt %) Weighted composition(wt %) Weight, gm

1 U:50Zr U:49.90 Zr 21.14

2 U:60Zr U:60.44Zr 22.46

3 U:70Zr U:69.98Zr 21.04

Table 2: Details of sample composition found through EDS.

Nominal composition(wt %) As cast sample Heat treated sample
1 U:49.90 Zr 145 488

2 U:60.44Zr 251 817

3 U:69.98Zr 307 390

Table 3: Grain Size in µm.
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under bright field illumination. It is clear that the grains are relatively 
regular and large in size. In the heat treated (550/24) samples grain 
growth is observed. Grain size of the above micrographs are found out 
and given in table 3. It may be observed that enlargement of the grain 
size took place after heat treatment of the samples (Figure 2).

SEM for as cast sample

SEM of the cast samples were carried out and given in figure 3. 
Large grain size is observed in U-60wt%Zr and U-70wt%Zr samples.

EDS for as cast sample

EDS has been carried out on as cast sample. Each sample was 
analyzed three different locations to find out weight percentage of U 
and Zr present and then average was taken as reported in table 4. Table 
5 provides the variation of actual weight of sample prepared and EDS 
calculated value. This shows variation is nominal.

XRD analysis

XRD result is given in figure 4 for all the alloys. At room temp, as 
per equilibrium diagram for U-50 wt%Zr, should contain only dphase. 
For U-60 and 70 wt%Zr, it should contain d phase and α Zr. Figure 4a 
shows the XRD of as cast sample. The sample contains mostly d-phase 
and α Zr. Two different colours present in the optical microstructure 
indicates present of two phases. The reason for difference observed in 
experiment result and phase diagram (Figure 1) for composition U-50 
wt% Zr, may be due to limitation of XRD, fast transformation of delta 
phase or not well defined equilibrium line. But for compositions U-60 
and 70 wt% Zr, XRD detections are as per phase diagram.

Figure 4b shows the XRD of heat treated (550/24 h) sample. After 

heat treatment the alloy samples had reached equilibrium state. This is 
seen in the XRD result. The samples mostly contain d-phase. Presence 
of single colour in the optical microstructure indicates presence of only 
one phase. For composition U-50 wt% Zr result is matching with the 
phase diagram. However for composition U-60 wt% Zr and U-70 wt% 
Zr phase diagram (Figure 1) indicates presence of both d phase and 
α Zr. However, only d phase is observed in XRD results of both the 
compositions. This may be due to limitation of XRD (i.e. amount is so 
small that it is not possible to detect by XRD), fast transformation of 
delta phase or not well defined equilibrium line. 

Dilatometric analysis

The intention of the dilatometric analysis is to find out the linear 
thermal expansion coefficients of the alloy composition. Figure 5a, 
b and c show the thermal expansion curves corresponding to as cast 
and heat treated samples. It could be seen from the figures that fore 
cast sample, during heating no phase transformation takes place 
up to around 430°C. Then it shows a hump/depression indicating 
instability during thermal expansion. In case of heat treated (550/24 h) 
sample, no such hump/depression is visible. For as cast sample, during 
heating, d phase while trying to attain equilibrium, some portion of 
it (d-phase) disassociates to zirconium i.e. d→d+Zr for as cast high 
Zr content U-Zr alloy. Dissociation of d-phase (UZr2) is possible 
due to various reasons; one of the reason is presence of oxygen (as 
impurity) with the inert gas. At around 610°C and 620°C for as cast 
and heat treated sample respectively, are going back to gamma phase 
as indicated in the phase diagram. This indicates due to heating, cast 
sample has reached equilibrium condition. It can be concluded that for 
high Zr content U-Zr alloy undergoes d→ γ transformation at around 
610°C and 620°C during heating for as cast and heat treated sample 
respectively. For both as cast and heat treated sample the change in 
length is reasonably sharp indicating kinetically fast transformation. 
Eventually around 650°C complete γ-phase is obtained. So within a 
window of 5 minutes (considering heating rate as 5°C min-1) phase 
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Figure 2: Optical photomicrograph of as cast U-Zr alloys under bright 
field illumination; (a) as cast U-50wt%Zr (b)as cast U-60wt%Zr (c) as cast 
U-70wt%Zr. (d) heat treated (550/24h) U-50wt%Zr (e) heat treated(550/24h) 
U-60wt%Zr (f) heat treated(550/24h) U-70wt%Zr. Note irregular grain size.

Figure 3: Back  scattered  electron  photomicrograph  of  as  cast  U-Zr  alloys;  
(a)  U-50wt%Zr (b) U-60wt%Zr (c) U-70wt%Zr.

Electron Photomicrograph
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transformation took place. Slope of as cast and heat treated samples 
are different. This is because cast sample has not reached equilibrium 
stage due to relatively fast cooling during casting. While due to prolong 
heating, heat treated sample has reached equilibrium stage indicating 
comparatively a lower slope of the expansion curve. Incidentally for all 
the as cast sample, hump starts at 430°C and ends after 600°C. It may 
be noted that U-60wt%Zr (Figure 5b), curve showing some irregularity 
with respect to other two compositions may be due to in-homogeneity 
in the sample. 

Co-efficient of thermal expansion: The dilatometric curve 
presented in figure 5d shows two distinct phase transformations at 
around 600°C and 630°C (γ-phase). These curves can be fitted by a 
third degree polynomial and obtain a mathematical expression for the 
coefficient of thermal expansion from 30°C (303K) to 600°C (873K) 

(Zr and d-phase). These expressions for different as-cast U-Zr alloys 
are as follows:

For U-50Zr: 

30-600 °C

[DL/L0]. 100 = -0.00344 + 1.97837 10-4 T + 4.72704.10-7 T2 - 
2.04694 10-10 T3

650-1000 °C

[DL/L0].100 =0.12321 + 1.15746 10-4 T + 3.48886 10-7 T2 - 
1.34308 10-10 T3

For U-60Zr:

30-600 °C

  Element Spot-1, Wt % Spot-2, Wt% Spot-3, Wt % Average, Wt %
U-50wt%Zr          

 

ZrL 53.52 53.77 53.61 53.63

U M 46.48 46.23 46.39 46.34

Total 100 100 100 100

U-60wt%Zr          

 

ZrL 62.99 61.61 62.99 62.53

U M 37.01 38.39 37.01 37.47

Total 100 100 100 100

U-70wt%Zr          

 

ZrL 70.2 71.23 71.09 70.84

U M 29.8 28.77 28.91 29.16

Total 100 100 100 100

Table 4: Composition details on each sample found through EDS.

Sr No Composition CTE (30-600 °C)
/°C

CTE (650-1000 °C)
/°C

1 U-50 Zr 4.2418 x 10-6 4.1110 x 10-6

2 U-60Zr 5.5953 x 10-6 5.1082 x 10-6

3 U-70Zr 5.5996 x 10-6 5.93945 x 10-6

Table 5: Coefficient of thermal expansion (CTE) for U-Zr alloy (heat treated to 550°C for 24 hrs then quenched in water).
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Figure 4: Combined plot of XRD data for (a) As cast sample; (b) same sample with 24 hrs heated at 550°C and then quenched in water. The peaks aredelta and 
zirconiumfor as cast sample and deltafor heat treated (550/24h) sample.

Figure 5: Thermal expansion curve for (a) U-50wt%Zr (b)U-60wt%Zr (c)U-70wt%Zr alloy as cast Samples andheat treated samples (heated to 550°C for 24 hrs and 
quenched) and (d) Combined thermal expansion as a function of temperature for UZr heat treated alloy.
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[DL/L0].100 = -0.00828 + 4.13045 10-4 T - 7.05846 10-8 T2 + 
4.57617 10-10 T3

650-1000 °C

[DL/L0]. 100 = 1.0336- 0.00279 T + 3.79862 10-6 T2 - 1.39086 10-9
T3

For U-70Zr: 

30-600 °C

[DL/L0]. 100 = -0.00606 + 1.96301 10-4 T + 8.13025 10-7 T2 -
3.99648 10-10 T3

650-1000 °C

[DL/L0]. 100 = 0.26383 - 9.86554 10-5 T + 6.19115 10-7 T2 -
1.97397 10-10 T3

Where, temperature T is in K, L0 is the initial length (at 298K) 
and DL is the difference between the instantaneous length (at any 
temperature T) and L0. It can be seen from figure 5 that higher Zr 
concentration in the alloy increases the thermal expansion. Bauer [4] 
have determined the linear thermal expansion coefficients of uranium, 
zirconium and alloys containing up to 100 % zirconium with different 
sample history. Linear thermal expansion coefficients of uranium 
and zirconium are affected by preferred orientations developed by 
fabrication procedures. Therefore, when Comparing data it is important 
to know the fabrication and heat treatment histories of the specimens.

Conclusions
With the help of the preceding discussions it could be summarized 

that Zr-rich U-Zr alloys exhibit d-phase along with U and Zr at room 
temperature in as-cast condition. Thermal expansion of the alloy 
increases with increasing Zr concentration.

Different properties of the alloys have been reported. It is observed 
that there is no dimensional stability for as cast sample with respect 
to heat treated sample. From this observation it can be concluded 
that as cast fuel rod of U-50wt%Zr, U-60wt%Zr and U-70wt%Zr are 
dimensional unstable. This has to be heat treated to obtain a stable 
structure. However these alloys can be used as dispersion fuel where 
it is expected to average out over volume fraction depending upon 
particle size and their distribution.
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