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Abstract

A micro X-ray diffractometer with a micrometer sized beam concentrator was developed to investigate the changes in the chemical
structures of oxide layers for Zr-based alloys (Zircaloy-4) and Ti metal from the center of the cross section to the surface. Zircaloy-4 and
Ti metal were chosen because of their use as a fuel cladding and a heat exchange tubing in a nuclear reactor, respectively. The diffraction
patterns were obtained from the cross sectional specimens of the oxidized Zircaloy-4 and Ti metal at 50 lm intervals. For the cross sec-
tion of Zircaloy-4, Zr metal (hexagonal) was identified in the center, ZrO2�x (hexagonal, about 200 lm in thickness) inside the edge and
ZrO2 (monoclinic, about 400 lm in thickness) at the edge. In the case of Ti metal, Ti metal (hexagonal) was identified in the center, TiO
(cubic, about 200 lm in thickness) inside the edge and rutile-TiO2 (tetragonal, about 230 lm in thickness) at the edge. From this study, it
was concluded that the intermediate phase formed between the fuel and the cladding can be identified by the micro-XRD system.
� 2007 Elsevier B.V. All rights reserved.

PACS: 81.65.Mq
1. Introduction

Recently, increasing the burn-up and the residence time
of a fuel in a nuclear reactor is being considered because of
the major advantages in the fuel cycle cost, reactor opera-
tion and spent fuel management. The increase of the burn-
up produces large amount of fission products and damages
fuel rod. Thus, numerous studies have been carried out to
analyze the safety of spent fuel at high burn-up. The
increase of the burn-up leads to structural changes in the
area of a pellet periphery (rim) within a few hundreds of
micrometers in thickness. In addition, above a certain
burn-up, a fuel-cladding chemical interaction has been
reported. To investigate the structural changes in the rim
and the interface between the fuel and the cladding,
XRD data of the thin regions at intervals less than 50 lm
is needed. To achieve this, there are several methods to gen-
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erate a microbeam such as the grazing incidence mirrors,
the diffractive mirrors and the refractive lens [1–13].
Among them, a microbeam concentrator by using a couple
of Ni mirrors and a line-type aperture was adopted for our
XRD system [14]. To confirm the applicability of this sys-
tem for the identification of width as small as a few tens of
micrometers, oxidized metal specimens of Zr and Ti were
measured.

The Zircaloy-4 was chosen because it has been used as a
cladding material for an UO2 fuel because of its good
mechanical strength, corrosion resistance and neutron
absorption cross section. When the pellet contacts with
the cladding, an inside oxidation of the cladding occurs
due to an oxygen uptake from the UO2 pellets and the zir-
conium metal becomes oxidized, resulting in a thinning of
the cladding. The importance of a study on a Zircaloy oxi-
dation at a high temperature should be emphasized in rela-
tion with the irradiation performance and safety of fuel
pins. The oxidation behavior of zirconium alloys as the
cladding materials have been discussed at high temperature
[15–20]. A number of papers have been published on the
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outer surface oxidation of a cladding, but not so many
studies have been done on the inner surface oxidation.

Ti was chosen as a sample specimen because Ti and its
alloys are mainly used as pipeline systems in nuclear reac-
tors due to their excellent corrosion resistance, good
mechanical properties and suitable durability characteris-
tics [21–24]. However, in their native form TiO2 films have
poor mechanical properties and they are easily fractured
under fretting and sliding wear conditions. Many studies
have focused on improving the corrosion resistance of the
Ti-based alloys at various temperatures. An inside oxida-
tion of titanium metal occurs due to an oxygen uptake
from the air or the water vapor. Increasing the temperature
and oxidation time promoted a formation of thick oxide
layers and a deeper penetration of the oxygen into the
metal [25].

This work was focused on the applicability of a micro-
XRD system to the identification of thin layers. The results
of its application to two oxidation reaction layers of Zr and
Ti were presented.
2. Experimental

2.1. Details of micro X-ray diffractometer

The commercial XRD (D5000, SIEMENS) system with
a Cu Ka line filtered through a Ni foil was modified by
replacing the normal slit and fixed sample stage with a
microbeam concentrator and a micro-sample-positioner
as shown in Fig. 1. For the X-ray microbeam alignment,
the microbeam concentrator was attached to the tilt stage
(tilt adjustment: ±2.5�, sensitivity: 1.25 lrad) along with
a vertical translator (travel distance: 6 mm, sensitivity:
0.5 lm, repeatability: 2.5 lm). To provide a spatial resolu-
Fig. 1. Conventional X-ray diffractometer (a), micro X-ray diffractom
tion of less than 50 lm and to maximize the diffraction
intensity, a couple of Ni deposited mirrors and a line type
exit slit (4000 lm · 20 lm) was adopted. The resulting pro-
jected beam width on the sample surface was 47–50 lm for
h > 20�. The sample holder was equipped with a micro-
sample-positioner (travel distance: 12.7 mm, sensitivity:
0.8 lm, repeatability: 2.5 lm) for the translations at 5 lm
steps. The measurement was carried out with a scanning
step of 0.04� for 40 s per each count. The X-ray beam cur-
rent was 40 mA at a 40 kV beam generation power.
2.2. Preparation of Zircaloy-4 and titanium specimens

The oxidized sample specimens were prepared from Zir-
caloy-4 plate (5 · 5 mm) of a 1.6 mm thickness and Ti
metal plate (10 · 9 mm) of a 3 mm thickness by a heat
treatment in a muffle furnace under an atmospheric condi-
tion. Zircaloy-4 plate was heated for 10 min at 1200 �C and
that of Ti (99.5%, Nilaco) plate was heated for 30 min at
1100 �C. The oxidized sample specimens were sectioned
horizontally, molded by epoxy resin, and then polished
with abrasive paper (silicon carbide, grit 2000).
3. Results and discussion

3.1. Determination of the chemical structures for the
oxidized Zircaloy-4 specimen

As a cladding material for an UO2 fuel in the nuclear
industry, the Zircaloy-4 has been used because of the
advantages of good mechanical strength, corrosion resis-
tance and neutron absorption cross section. Since the free
energy of formation of zirconium oxide is very low
(<��900 kJ/mol) [26], Zr metal easily combines with
eter (b), a concentrator (c) and two Ni deposited mirrors (d) [14].
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oxygen and becomes the oxide. The diffusion depth of the
oxygen is expanded with the increasing temperatures and
the thickness of the zirconium oxide layer is increased
[16]. When the burn-up of the fuel is increased or a loss
of coolant accident (LOCA) occurs, the temperature of a
fuel system rises. At high temperature, the outer surface
of a cladding is oxidized by the interaction with the steam
and the inner surface is oxidized by the interaction with the
oxygen from UO2 fuel. The inner surface oxidation of a
cladding material, one of the modes of the pellet-cladding
chemical interaction (PCCI), causes the thinning of a clad-
ding. At temperatures (1200 �C) occurring the rapid oxida-
tion of the Zr metal, a Zircaloy-4 specimen was heated for
10 min and its cross section was measured by a micro-XRD
system.

The optical micrograph for the cross sectioned specimen
of an oxidized Zircaloy-4 is shown in Fig. 2(A). The edge of
the cross section (the dark colored region) represents the
oxide layer (about 350 lm in thickness). The inside edge
(underneath an oxide layer) shows a bright color and other
oxides are expected by the oxygen penetration into a metal
in the region. The center shows a metal substrate. Before
the oxidation, the thickness of the Zircaloy-4 specimen
Fig. 2. Optical micrographs of the cross section of the oxidized Zircaloy-4 spe
with dark color; inside edge is a region with bright color underneath an oxide

Fig. 3. X-ray diffraction pattern for the cross sectioned oxidized Zircaloy-4 spe
5 s/0.02�.
was 1.6 mm but it became about 2 mm due to its expansion
by a thermal oxidation. For the comparison, the cross sec-
tioned specimen was measured by a conventional X-ray
diffractometer and the spectrum showed the patterns of
ZrO2 (monoclinic) and ZrO2�x (hexagonal) together
(Fig. 3). From this spectrum, ZrO2 layer cannot be distin-
guished from the ZrO2�x layer due to the large size of the
beam by a normal slit and the fixed sample stage. On the
other hand, the XRD patterns of the same specimen mea-
sured by the micro-XRD system showed the changes in the
chemical structure from the center to the edge of the spec-
imen during an oxidation. Fig. 4 shows the diffraction spec-
tra measured at the edge (a, 200 lm from surface), inside
edge (b, 500 lm from surface) and in the center (c,
800 lm from surface) of the cross sectioned specimen of
the oxidized Zircaloy-4 in the scanning range of
27� < 2h < 40�. The positions measured by the micro-
XRD system are shown as (a), (b) and (c) in Fig. 2(A). Pure
zirconium (hexagonal) remained without an oxidation in
the center of the cross sectioned specimen (Fig. 4(c)), and
the peak shift towards the lower angle was observed in
the specimen underneath an external ZrO2 phase
(Fig. 4b), indicating the formation of ZrO2�x (hexagonal)
cimen (A) and the oxidized titanium specimen (B). Edge is an oxide layer
layer; center is a metal substrate.
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cimen by a conventional X-ray diffractometer. A measuring time/step was
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Fig. 4. X-ray diffraction patterns for the cross section of the oxidized
Zircaloy-4 specimen by a micro X-ray diffractometer. (a) At the edge,
about 200 lm from surface; (b) inside the edge, about 500 lm from
surface; (c) in the center, about 800 lm from surface. Refer to Fig. 2(A).
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by an incorporation of the oxygen atoms into the Zr struc-
ture without the change of a crystal phase. It is known that
the stable solid phases of zirconium dissolve oxygen inter-
stitially into their octahedral interstitial sites of hcp metal
lattice [27]. At the edge of the specimen, a zirconium diox-
ide phase of monoclinic was observed. ZrO2 has three
oxide phases of monoclinic (Ttrs = 1205 �C. Ttrs is defined
as transition temperature), tetragonal (Ttrs = 1402 �C)
and cubic (Ttrs = 2357 �C) [26]. Among the three phases,
it is known that monoclinic-ZrO2 is the most stable one.

The X-ray spectra measured from the center to the edge
of the oxidized specimen at 50 lm intervals are shown in
Fig. 5, and the peak intensity of each phase from the core
to edge is shown in Fig. 6. Zr phase was observed at the
center of the specimen and its peak intensity was decreased
gradually from the center to the edge. On the other hand,
ZrO2�x phase began to appear underneath an external
ZrO2 phase and it gradually increased up to a maximum,
and then it gradually decreased to the edge. ZrO2 phase
was observed near the edge and its intensity was gradually
increased to a maximum near the surface and then it was
gradually decreased out of the surface (about 800 lm from
center).
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Fig. 6. X-ray diffraction peak intensity at various distances for the
oxidized Zircaloy-4 specimen.
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The thickness of ZrO2�x layer (hexagonal) inside edge
seems to be a half of the thickness of ZrO2 layer (mono-
clinic, about 400 lm) at the edge. As discussed above, this
system can provide information not only about the chemi-
cal structure but also about the thickness of individual
layers.

3.2. Determination of the chemical structures for the

oxidized titanium specimen

X-ray diffraction spectrum of a pure titanium metal
showed a hexagonal crystal structure before the oxidation
(Fig. 7(b)). When the titanium metal was oxidized at
1100 �C, its surface was changed to rutile-TiO2

(Fig. 7(a)). As shown in Fig. 7(a), the TiO2 (110) peak
was clearly detected. This phenomenon is ascribed as a
result of the orientation of the titanium oxide at a high
temperature. High temperature oxidation (P900 �C) pro-
motes the formation of rutile (110) plane on Ti metal
because of surface free energy effect [28]. Though the depth
of the penetration of the X-ray is about 7–35 lm, the X-ray
diffraction pattern of Ti, base metal inside the TiO2 layer,
was not detected. It means that TiO2 layer is thicker than
the thickness of penetration of X-ray.

The optical micrograph for the cross section of the oxi-
dized titanium specimen is shown in Fig. 2(B). The dark
colored region represents the oxide layers (about 140 lm
in thickness). For the comparison, the cross sectional spec-
imen was measured by a conventional X-ray diffractometer
with a normal slit and the spectrum showed the patterns of
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Fig. 7. X-ray diffraction spectra for the surfaces of the Ti specimens by a
conventional X-ray diffractometer; (a) after oxidation at 1100 �C in the
atmospheric condition; (b) before oxidation.
rutile-TiO2 (tetragonal) and Ti (hexagonal) together
(Fig. 8). From this spectrum, the other structures were
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Fig. 9. X-ray diffraction patterns of the oxidized titanium specimen by a
micro X-ray diffractometer. (a) At the edge, about 70 lm from surface; (b)
inside the edge, about 200 lm from surface; (c) in the center, about 600 lm
from surface. Refer to Fig. 2(B).



3 3 4

D
is

ta
nc

e
(μ

m
)

26 28 30 32 34 38 42

0

200

400

600

TiO2

TiO Ti

TiO2

TiO

Ti

Diffraction angle, 2θ (o)
36 40

Fig. 10. X-ray diffraction patterns at various distances from the center to the edge of the oxidized titanium specimen.

Distance (μm) 

In
te

ns
ity

 (c
ou

nt
s)

Ti (40.17o)

TiO (36.65o)

TiO2 (36.09o)

0 100 200 300 400 500 600
0

200

400

600

800

1000

1200

1400

Fig. 11. X-ray diffraction peak intensity at various distances for the
oxidized titanium specimen.

64 Y.-S. Park et al. / Journal of Nuclear Materials 372 (2008) 59–65
not detected. However, many researchers have reported a
resultant TiO2�x (Ti3O5, Ti2O3, TiO, Ti2O, etc.) by an
inside oxidation of Ti metal [21–23,27–29]. The XRD pat-
terns of the same specimen measured by the micro-XRD
system showed the changes in the chemical structure from
the center to the edge of the specimen during an oxidation.
Fig. 9 shows the diffraction spectra measured at the edge
(a, about 70 lm from surface), inside edge (b, about
200 lm from surface) and in the center (c, about 600 lm
from surface) of the oxidized titanium specimen in the
scanning range of 24� < 2h < 44�. The positions measured
by the micro-XRD system are shown as (a), (b) and (c)
in Fig. 2(B). Pure titanium (hexagonal) remained without
an oxidation in the center of the specimen (Fig. 9(c)). Inside
the edge of the specimen, TiO (cubic) and TiO2 (tetragonal)
were observed (Fig. 9(b)). At the edge of the specimen,
TiO2 (tetragonal) was observed (Fig. 9(a)). It is known that
the thermal oxidation process of titanium is an oxygen dif-
fusion controlled mechanism. Initially, an oxygen adsorp-
tion on titanium surface causes the formation of lower
oxides after subsequently, oxygen molecules diffuse
through the oxide layer into Ti metal [29]. The X-ray spec-
tra measured from the center to the edge of the oxidized
specimen at 50 lm intervals are shown in Fig. 10, and the
peak intensity of each phase from the core to the edge is
shown in Fig. 11. Ti phase was observed at the center of
the specimen and its peak intensity was decreased gradually
from the center to the edge. On the other hand, the TiO
phase began to appear underneath an external TiO2 phase
and it gradually increased up to a maximum, and then it
gradually decreased to the edge. TiO2 phase was observed
near the edge and its intensity was gradually increased to
a maximum near the surface and then it was gradually
decreased out of the surface (about 400 lm from center).
The thickness of the rutile-TiO2 layer (about 230 lm) at
the edge seems to be similar to the thickness of the TiO
layer (about 200 lm) inside the edge.

4. Conclusion

A micro X-ray diffractometer with a microbeam concen-
trator and a micro-sample-positioner was developed to
investigate the changes in the chemical structure of the
oxide layers for Zircaloy-4 and Ti metal from the center
to the edge of the specimen. The diffraction patterns were
obtained from the oxidized sample specimens at 50 lm
intervals. For Zircaloy-4, Zr metal (hexagonal) was identi-
fied in the center, ZrO2�x (hexagonal, about 200 lm in
thickness) inside the edge and ZrO2 (monoclinic, about
400 lm in thickness) at the edge. In the case of the Ti metal,
Ti metal (hexagonal) was identified in the center, TiO
(cubic, about 200 lm in thickness) inside the edge and
rutile-TiO2 (tetragonal, about 230 lm in thickness) at the
edge. As mentioned above, this system can provide infor-
mation not only about the chemical structure but also
about the thickness of individual layers.

From this study, it was concluded that the intermediate
phase formed between a fuel and a cladding can be identi-
fied by the micro-XRD system which was developed in our
laboratory.

And, this technique can be applied to investigate the
structural change from core to surface in high burn-up fuel
and the oxidation behaviors of various claddings.
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