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Abstract

Diffusion reaction between Zircaloy-2 and thoria (ThO,) has been studied by employing miniature diffusion couples
under uniaxial loading conditions. Electron probe microanalyser (EPMA) has been used to establish the concentration
profiles. Microstructural characterisations by scanning electron microscope (SEM) and concentration profiles by
EPMA indicate the absence of any intermediate phase in the diffusion zone. The experiments show the preferential grain
boundary diffusion of Th and O in Zircaloy-2 matrix. The interdiffusion coefficients are strongly dependent on the
temperature of annealing and are of the order of 107'® m?/s. The activation energy values for the layer growth kinetics
and those estimated for interdiffusion coefficients are comparable.

© 2003 Elsevier B.V. All rights reserved.

PACS: 66.30.Ny; 66.30.—h; 81.05.Je; 31.70.Hq

1. Introduction

The facts that thorium (Th) can produce U by (n,
y) reactions and it is more abundant (almost four times)
than uranium in earth’s crust [1] attracted ‘nuclear
power programme’ planners since long past. Over the
last few decades scientists across the world are engaged
in introducing ‘thorium fuel cycle’ in their respective
country’s ‘nuclear power programme’. India has made
some progress in this direction and has decided to utilise
its vast thorium reserves of 320 000 tonnes [2] for nuclear
power generation [3]. As an outcome of this decision,
thoria (ThO,) pellets are to be used as blankets in
‘Pressurised Heavy Water Reactors (PHWR)’ and ‘Fast
Breeder Reactors (FBR)’ and as a component of ‘mixed
oxide (MOX) fuel’ in ‘Advanced Heavy Water Reactor
(AHWR)’. ThO, is preferred over metallic thorium in
nuclear applications for several reasons such as, better
irradiation stability, neutron reflectivity and compati-
bility with coolant. From irradiation performance point
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of view, performance of thoria based fuels is comparable
to or in some cases, better than that of UO, on the basis
of its structural stability, higher melting point and
higher thermal conductivity. It has been noted that
thoria based fuels show less structural changes and fis-
sion product relocation than UO, fuels [4]. To prevent
the release of fission products in cooling system thoria
pellets are to be cladded with zirconium (Zr) based al-
loys. In order to understand the interaction between the
fuel (ThO,) and cladding materials (zirconium based
alloys) detailed interdiffusion study between these two
materials at high temperature is essential. Thoria is
added to the zirconia electrolyte of the ‘solid oxide fuel
cell (SOFC)’ to increase the oxygen ion conductivity at
high temperature [5,6]. Mutual interaction between Zr
and Th is thus important from electrolyte preparation
point of view.

The experimental work related to the interdiffusion
between metallic thorium and other possible cladding
materials are well discussed in the literature [7-9].
Raghunathan et al. [9] have studied the effect of ppm
level impurities present in the thorium metal on the
diffusion reaction in Th-V system in the temperature
range of 1173-1473 K. Bell [7] has investigated the
interdiffusion between Th and Zr up to 1173 K and has
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reported negligible reaction between these two metals.
Recently Kale et al. [8] have reviewed the interaction of
thorium-based fuel with several cladding elements. That
report indicated that there is no reaction in the Th-X
systems (X =Nb, Ta, Ti, Zr, Mo and V). However, in
Th-Al and Th-Mg systems, the metal-metal interac-
tions lead to the formation of several intermetallic
compounds. The interdiffusion behaviour of ThO, with
other metals/oxides is limited [6,10]. Volume and grain
boundary diffusion coefficients in ThO,-UO,s mixed
oxides were evaluated and the transport properties of
the mixed oxides were found to be comparable with
other mixed oxides [11]. The reaction of ThO, pellets
with zirconium chloride at 8§33 K and 923 K has been
investigated and results suggested the formation of
porous ZrO, on the pellets [12]. The diffusion reaction
between ThO, with the cladding material, Zircaloy-2 is
not studied in the literature. The present paper deals
with diffusion reaction between ThO, and Zircaloy-2 in
the temperature range of 1373-1523 K. The objectives of
the present work are

(1) to make the diffusion couples between ThO, with
Zircaloy-2 in a diffusion bonding press under uni-
axial load conditions, and

(2) to characterise the microstructure of the interface, to
estimate the layer growth parameters and also to
evaluate interdiffusion coefficients in ThO,—Zirca-
loy-2 system.

2. Experimental work

The diffusion couples were made and annealed in the
temperature range of 1373-1523 K and characterised
with the help of optical microscope, secondary electron
microscope (SEM) and electron probe microanalyser
(EPMA). The details of the materials selection, prepa-
ration of the diffusion couples, characterisation and
analysis of these couples are discussed below.

2.1. Material selection and specimen preparation

Nuclear grade Zircaloy-2 in the form of plate (50
mm X 50 mm) obtained from Nuclear Fuel Complex,
Hyderabad were used in these studies. The composition
of the Zircaloy-2 is listed in Table 1. Zircaloy-2 pieces of

Table 1
Chemical composition of Zircaloy-2
Element Fe Cr Ni Sn Zr

Composition (wt%)  0.12  0.10 0.05 1.50 Balance

10 mmx 10 mm have been cut from these plates and
annealed at 1173 K for 72 h for grain coarsening.

Cylindrical thoria (ThO,) pellets (¢ 10 mm) pre-
pared through oxalate route were used in these studies.
Magnesium in the form of 2 wt% MgSO, was used as a
sintering agent and the pellets had been sintered at 1873
K under H, atmosphere. The density of these ThO,
pellets, was about 98% of the theoretical density. The
details of the fabrication of ThO, pellets are discussed
elsewhere [4].

Both Zircaloy-2 and ThO, pieces were polished to
1 pm diamond finish by conventional metallographic
techniques.

2.2. Preparation of diffusion couples

The diffusion couples were made after placing the
polished surfaces of Zircaloy-2 and ThO, pieces in
contact with each other under vacuum better than 1073
Pa. In order to avoid thermal shock for the ThO, pellets
the heating rate was kept at 300 K per hour. The spec-
imens were bonded and annealed in the temperature
range of 1373-1523 K for 4 h duration. The Zircaloy-2
specimens experienced large deformation during bond-
ing above 1373 K even with dead load of the ram. In
order to minimise the deformation, the dead load of the
ram was withdrawn during the bonding operation and
hence extreme care was necessary for holding the spec-
imens together during the subsequent furnace cooling
stage. The diffusion couples thus prepared were mounted
and polished perpendicular to the diffusion zone. The
zirconium side of the diffusion couples was etched in a
solution containing 5 vol.% HF +45 vol.% HNO; + 50
vol.% water. The polished specimens were then observed
under optical microscopes to identify the regions for
EPMA and SEM studies.

2.3. Electron probe microanalysis

The concentration profiles across the diffusion cou-
ples were established using Electron probe microanaly-
ser (CAMECA SX 100). The samples were coated with
thin gold layer (~100 A) for conductivity and then
analysed with 20 kV acceleration voltage and 20 nA
stabilised beam current. The beam size was kept at <1
um to reduce the convolution effect of the beam so as to
arrive at a better estimate of the composition across the
diffusion zone. Pure zirconium and tin were used as
standards for Zr and Sn respectively. Thoria was used as
standard for the analysis of Th Ma and O Kao. A stan-
dard correction programme based on methods of Pou-
chou and Pichoir (PAP) [13] was used for atomic
number (Z), absorption (4) and fluorescence (F) cor-
rections to obtain true concentrations from the corre-
sponding raw intensity data. The points for analyses
were selected at regular intervals of <1 pm depending



182 P. Sengupta et al. | Journal of Nuclear Materials 325 (2004) 180187

upon the diffusion width by scanning the sample across
the bonding interface. In addition, fixed point counting
(time = 100 s) was employed to estimate the composi-
tions close to the interface.

3. Data analysis

Detailed chemical analyses of the diffusion couples
across the interface revealed that the width of the dif-
fusion zone is very small as compared to the width of the
parent materials forming the couple thus satisfying the
criteria for infinite diffusion couple. Hence Boltzmann—
Matano method [14] is used to calculate interdiffusion
coefficients from concentration profiles obtained by
EPMA. The method involves solution of Fick’s second
law and interdiffusion coefficient D at any composition
C* can be given as

b(c*):—zlt(%)/c* (x — x)dC, (1)

c=c—00

with the boundary conditions of C = C™ at x < xo,
t=0and C = C"™ at x > xy, t = 0 where ‘¢’ is the time
of annealing, C* is any concentration such that
C™> < C* < C™, ‘(%) is the inverse of concentration
gradient at C*, ‘xy’ is the position of the Matano inter-
face, C*™ and C~> are the concentrations at the right
end and left end of the Matano interface respectively.

4. Results and discussion
4.1. Microstructure of the parent materials

As received ThO, specimens were thermally etched at
1823 K for 0.50 h to reveal the microstructure. A typical
back scattered electron image (BSE) of sintered ThO,
pellet is shown in Fig. 1(a). The micrograph shows
nearly equiaxed grains with size varying from 20 to
80 um. As mentioned in the experimental Section (2.1),
2 wt% MgSO,4 was used as sintering agent. The X-ray
mapping of Th (Ma), O (Ka) and Mg (Ka) are shown in

3

| 100.pm O Ka

100.ym Th Ma

100. pm Mg Ka

Fig. 1. Microstructure and X-ray images of thoria pellet. (a) BSE image of thoria showing nearly equiaxed grains and the occurrence
of magnesia (black precipitates) at the grain boundaries. (b)—(d) X-ray images for Th Ma, O Ko and Mg Ko show the distribution

pattern of the elements over the matrix.
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Table 2
Phase distribution within thoria pellet by image analysis
Phase Volume %
ThO, 93.5
MgO 4.0
Porosity 2.5

Fig. 1(b)—(d) respectively. The X-ray images (Fig. 1(c)
and (d)) clearly show the presence of magnesia (MgO),
which formed from MgSO,, decorating the grain
boundaries. Based on the X-ray mappings, the volume
fraction of the magnesia and the porosity are calculated
using standard image analysis software and these values
are given in Table 2. It can be seen that the volume of
the porosity is 2.5%. These results suggest that the
density of these pellets is close to the theoretical density.
The estimated volume of porosity by image analysis
is comparable to the experimentally measured value
(2 vol.%).

4.2. Microstructural characterisation of the thoria—Zir-
caloy 2 interface

A typical BSE image for the diffusion couple an-
nealed at 1573 K for 4 h is shown in Fig. 2 in unetched
condition. The micrograph shows good contact between
Zircaloy-2 and thoria at the interface. In order to reveal
the grain boundaries on the Zircaloy-2 side it was
essential to overetch the Zircaloy-2 side of the specimen.
Fig. 3 shows the BSE for the same couple in etched
condition. It shows good contact with the formation
of a black band at the interface due to overetching.
The formation of such black band close to the inter-

Fig. 2. BSE image of thoria—Zircaloy-2 couple showing good
contact at the interface. Arrows indicate grain boundaries en-
riched in Th and O (see text).

Zircaloy-2

200 pm BSE Z

Fig. 3. BSE image of etched diffusion couple (annealed for 4 h
at 1573 K) showing the occurrence of transformed o needles
within Zircaloy-2 matrix. X-ray images corresponding to the
region marked as A are shown in Fig. 4(a)—(c). B-C represents
the line along which X-ray line profiles were taken (Fig. 5).

face has been reported in the heavily etched diffusion
couples [15].

BSE images taken close to the interface in the diffu-
sion zone on the Zircaloy-2 side (marked as A in Fig. 3)
along with the X-ray mappings of Zr (La) and Th (Ma)
are shown in Fig. 4(a)-(c) respectively. These figures
clearly show enrichment of Th and depletion of Zr along
the prior B grain boundaries. However, no such
enrichment is observed at about 250 pm away from the
interface. These results suggest that Th diffuses along
B grain boundaries in Zircaloy-2. The enrichment of
O (Ko) could not be detected clearly from the X-ray
mappings. In order to reveal the behaviour of oxygen,
several line scans have been taken across the thorium
enriched Zircaloy-2 grain boundaries at different loca-
tions. The typical scans for O, Th, and Zr across the
grain boundary (along B-C, Fig. 3), which is about 100
pm from the Zircaloy-2 side close to the interface, are
shown in Fig. 5. The line scans clearly show the
enrichment of Th, O and depletion of Zr along the grain
boundary.

The intensity ratios of Th/O (maximum value) are
plotted with increase in temperature for several locations
from the interface towards Zircaloy-2 and are shown in
Fig. 6. It is clear from the figure that the ratio of Th/O
increased with increase in temperature at a given dis-
tance from the interface and the Th/O intensity ratios
decreased with distance at a given temperature (Table 3).
The increase in ratio of Th/O with temperature indicates
that grain boundary diffusion of Th is faster than that of
oxygen. Similar grain boundary diffusion of anion/cat-
ion in metal oxides has been reported in NiO [16], CoO
[17], AL O3 [18] and ZrO, [19]. These studies have shown
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=100 um Zrla

Fig. 4. (a) BSE image, (b) Zr Lz and (c) Th Mo X-ray images taken across the area 4 (see Fig. 3).
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Fig. 5. X-ray line scans for O Ko, Zr Lo and Th Ma taken across the grain boundary (see B-C line, Fig. 3).
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Fig. 6. Three-dimensional plot of Th/O intensity ratios, dis-
tance from the interface and annealing temperature.

Table 3
Th/O intensity ratios across the grain boundaries (g.b.)

Tempera- Th/O ratios at different Th penetration

ture (K) distances from thoria— depth along
Zircaloy-2 interface grain boundary
10 um 100 pm 1000 pm (kM)

1373 0.58 0.14 0.09 180

1423 0.89 0.20 0.06 200

1473 0.86 1.33 0.15 220

1523 3.50 1.71 0.17 250

that the transport of cation and oxygen along grain
boundaries is faster than that in the bulk phase by sev-
eral orders of magnitude. No attempts have been made
in the present investigation to evaluate the grain
boundary diffusion co-efficient. Vieregge and Herzig
[20,21] studied the grain boundary diffusion of Zr and
Co in polycrystalline o-Zr matrix and reported that they
diffuse by different mechanisms. However, based on the
present experiments it can be observed that the depth of
penetration of O and Th in Zircaloy-2 matrix is much
larger compared to the lattice diffusion. The large in-
crease in Th/O ratio at 1523 K also shows that grain
boundary diffusion at this temperature is much higher
than that at other temperature.

The concentrations of Zr, Th, and O were plotted
against the distance for all the diffusion couples to
establish the concentration profiles. These profiles
showed smooth variation of all the elements indicating
the absence of any intermediate phase. The concentra-

tion profile of Sn did not indicate any variation in
concentration and hence was not recorded. This indi-
cated that it did not diffuse in to thoria side. These
profiles were used to evaluate D values and this aspect is
discussed in Section 4.4.

In the absence of Th-Zr-O isotherm at 1523 K in the
literature it is rather difficult to comment on the nature
of the diffusion path. The binary phase diagrams of
Th-Zr, and ThO,—ZrO, [22] show complete solubility.
The binary phase diagram of Zr—O system [22] shows
that ZrO, is the only possible phase. The absence of any
thorium rich phase in the diffusion zone commensurates
with the Th-Zr and ThO,-ZrO, phase diagrams. Earlier
studies on the reaction of ThO, with ZrCl, at 833 and
923 K indicated the formation of adherent but porous
ZrO, as reaction product on the ThO, pellets [12].
However, the present experiments did not show the
formation of ZrO, at the interface. Interaction between
metals/ThO, at elevated temperature (2073 K) indicated
that metals (Ni, Ti, Si and Be) do not reduce ThO,
[23,24]. In addition, the Ellingum diagram (temperature
dependence of Gibbs free energy of formation of oxides
AG) [25] also confirms that ThO, is a far more stable
compound than ZrO, at the investigated temperature
range and hence the possibility of Zr reducing ThO, is
difficult. Carniglia et al. [26] have observed that the
ThO, pellets are O deficient over the temperature range
of 1273-2173 K for oxygen partial pressure less than 1
atmospheric pressure. It is possible that ThO, got par-
tially reduced to Th essentially due to vacuum condition
used in the present experiment. The reduced Th along
with O must have diffused through the grain boundaries
of Zircaloy-2.

4.3. Growth kinetics of diffusion zone

The widths of the diffusion zone have been estimated
from the concentration profiles. It is found that diffusion
widths increase with increase in temperature. The dif-
fusion process being temperature dependent, the width
of diffusion zone varies with it following an Arrhenius
type relationship as given below,

x = Kot'/" exp(—Qp /RT), (2)

where x is the diffusion width at temperature 7, Kj is the
pre-exponential factor, QOp is activation energy for the
phase growth, ‘n’ is the reaction index and ¢ is time. In
case of diffusion dependent phase growth value of ‘»’
comes very close to 2. The above equation can be written
as

x = Kot'/? exp(—Op/RT). (3)

All the couples were isochronically annealed to
evaluate K, and Qp. The log value of widths of the
diffusion zone are plotted against reciprocal of the
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Fig. 7. Temperature dependence of lattice diffusion width for
Zircaloy 2/thoria system.

temperature of the diffusion anneal in Fig. 7. The plot is
linear as expected from the above relationship. The K,
and Qp values have been obtained respectively from the
intercept and slope of this graph using least mean square
analysis. The values of K, and Qp are 1.15x 1077 m/s!/?
and 177.9 kJ/gmol respectively. The temperature—time
dependence of the diffusion width can be expressed by
the following relationship

x = 1.15 x 107742 exp(—177.9/RT), (4)

where R is expressed in kJ/mol/K. This relation can be
used for determining the phase width for a given time of
annealing at a given temperature 7 (K).

4.4. Evaluation of interdiffusion coefficients

The present system is a complex multicomponent
system and hence evaluation of diffusion coefficients is
rather difficult. Assuming that the interaction is essen-
tially between Th and Zr and neglecting the interaction
between O with Zr and Th effective interdiffusion co-
efficients have been estimated.

The interdiffusion coefficients have been evaluated
from the concentration profiles employing Boltzmann—
Matano method. The concentration profile of oxygen
has not been considered for evaluation of interdiffusion
coefficients as it diffuses by interstitial mechanism. As
the concentration profiles of Zr and Th are comple-
mentary, only the profile of Th has been used for the
evaluation of diffusion coefficients. The values of con-
centrations are fitted with a curve using cubic spline
method, and flux is determined by numerical integration
as area under the curve, and slope is calculated by
numerical differentiation of the profile. The Matano
interface has been established using the following the
condition

C+o0
/ (x —x0)dC =0. (5)

The profiles are symmetrical with respect to the
Matano interface. The interdiffusion coefficients have
been evaluated for various concentrations of Th at
various temperatures. The interdiffusion coefficients (D)
are plotted against the concentration of Th (Fig. 8). It is
seen that these values are of the order of 107!® m?/s. It
can also be noted that D do not change substantially
with increase in Th concentration at lower temperature.
However, at 1523 K significant concentrations depen-
dence of D is observed. The concentration dependence
of D is consistent with Zr-Th phase diagram. The T
(solidus temperature) decreases with increase in con-
centration of Th, and accordingly D increases with
concentration of Th.

The temperature dependence has been established by
plotting log values of D at various concentrations
against the reciprocal of the temperature of diffusion
anneal. The typical temperature dependence for con-
centration 3.3 at.% Th and 23.1 at.% are shown in Fig.
9. The plots are non-linear in nature. Excluding the
points corresponding to 1523 K temperature, the rest of
the plots are linear following the Arrhenius relationship.
The values of pre-exponential factor D, and activation
energy Q have been calculated from the intercept and
slopes of these plots and are tabulated in Table 4. The
similarities of the plots indicate that the activation
energies are nearly same for all the concentrations. The
activation energy values for interdiffusion are compa-
rable with those for growth of diffusion zone. The acti-
vation energy values expressed in joules are of the order
of 60 T;, (much less than 142 T, required for normal
diffusion) where Tj, is melting point in K. This suggests
that interdiffusion in Zr-Th system is anomalous in
nature. The values of D, are also lower than the values
for normal diffusion.

20x10-8 9

15x10°°

1523K

R = = m un =58

1473 K

8x1018 I o ® ® o I

6x1012 - 1423K

Interdiffusion coefficient (mzls)

4x1018 4 ! " A A A A
2x1018 o 1373K

0 5 10 15 20 25
Concentration of thorium (at%)

Fig. 8. Concentration dependence of interdiffusion coefficients
in Zircaloy-2/thoria system.
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Fig. 9. Temperature dependence of interdiffusion coefficients in

Zircaloy-2/thoria system.

Table 4
Pre-exponential factors and activation energies for interdiffu-
sion in Zircaloy-2/thoria system at various concentrations of Th

Concentration  Pre-exponential factor  Activation

of Th (at.%) (Do x 1013 m?/s) energy
(QkJ/gmol)

3.30 2.96 132.07

9.90 2.93 131.81

16.50 2.62 130.12

23.10 0.95 118.24

5. Summary and conclusion

From the present diffusion reaction study for Zirca-
loy—2/thoria system within the temperature interval of
1373-1523 K the following observations can be made,

(1) Th diffuses in Zircaloy-2 through lattice diffusion as
well as through grain boundaries.

The lattice driven diffusion layer growth kinetics
can be expressed as x = 1.15 x 10772 exp(—177.9/
RT) where R is expressed in kJ/mol K.

(2) The interdiffusion coefficients in this system are of
the order of 107! m?/s.

The interdiffusion coefficients are nearly concen-
tration independent up to 1523 K. At 1523 K, D
increases with concentration of Th.

(3) The activation energy values for interdiffusion are in
the order of 118-130 kJ/gmol and are comparable
with that obtained from growth of diffusion zones.

(4) The interdiffusion of Zircaloy-2/thoria is anomalous
in nature.

(5) Th and O diffuse through grain boundaries in Zirca-
loy-2.
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