Rare Metal Materials and Engineering
Volume 50, Issue 5, May 2021
Available online at www.rmme.ac.cn

({111 .
éa Science Press

Cite this article as: Zhang Junsong,Liao Jingjing,Wei Tianguo,et al.Oxygen Diffusion Behavior of Oxidized | -5 e/l =
Zirconium Alloy During Vacuum Annealing Treatment[J].Rare Metal Materials and Engineering, 2021, 50(05):

1590-1595.

Oxygen Diffusion Behavior of Oxidized Zirconium Alloy Dur-
ing Vacuum Annealing Treatment

Zhang Junsong', Liao Jingjing'?,

Wei Tianguo’,

Long Chongsheng'

" Science and Technology on Reactor Fuel and Materials Laboratory, Nuclear Power Institute of China, Chengdu 610213, China; 2 Depart-

ment of Engineering Physics, Tsinghua University, Beijing 100084, China

Abstract: Vacuum heat treatments were performed at different temperatures for the Zr-Sn-Nb alloys which were already oxidized for

a certain time. Results show that the oxide film dissolution into the matrix occurs during heat treatment, and the oxygen diffusion

from zirconia to nearby zirconium matrix is enhanced. Diffusion kinetics of oxygen is discussed, and the diffusion coefficient is calcu-

lated for the specific alloy. The diffusion may be attributed to the existence of oxygen content gradient and the high oxygen solubility

in the matrix. ZrO is observed through microscopic chemical analysis, and the thickness of the metastable layer increases after the

heat treatment. The thickness of oxygen-dissolved zirconium matrix (Zr(O)) layer also largely widens. It is speculated that in the actu-

al aqueous corrosion procedure, there should be co-existence of oxidation and oxide film dissolution into the matrix. When the oxida-

tion rate is restricted, the oxide film dissolution becomes obvious and facilitates the growth of metastable layer.
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Zirconium alloys are the major structural materials used in
pressurized-water reactor (PWR) due to their low thermal neu-
tron absorption cross section, appropriate mechanical proper-
ties and good corrosion resistance. Corrosion of zirconium al-
loys has been the major consideration of many investigations.
Especially with the requirements of high burn-up and extend-
ed operation time of reactor fuel, understanding corrosion be-
havior is of great challenges to researchers!'.

Corrosion behavior of zirconium alloys has been widely in-
vestigated in the out-of-pile autoclave corrosion studies™. At-
tentions were paid on the micro-chemical and microstructures
of the oxides generated on the alloy surface™. Since mono-
clinic zirconia (m-Zr0O,) is the only stable phase of Zr-O bina-
ry compound at the corrosion temperature™, large areas of the
oxides consist of the columnar m-ZrO,. However, researchers
have also observed a small content of metastable phases of Zr-
O binary compounds at the oxide/metal interface®”, such as
tetragonal zirconia (t-ZrO,), ZrO, Zr,0, Zr,0 and etc®. In
some corroded alloys, the thin layer of suboxide was proved
to locate at the metal/oxide interface®™”. The existence of
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metastable phases largely relates to the corrosion rate of al-
loys. Although sponge zirconium is not likely to form subox-
ide at the interface because of the quick corrosion rate, other
finely designed alloys can commonly generate metastable
phases at the interface due to much slower corrosion rate™',
A restricted corrosion rate facilitates the growth of metastable
phases. The existence of metastable layer is very important to
the corrosion resistance of alloys, but the formation mecha-
nism is unclear.

It is suggested that the vacuum heat treatment experiment
of oxidized zirconium alloys can help understand the diffusion
kinetics of oxygen and the formation mechanism of metasta-
ble phase, since such treatment restricts the corrosion growth.
Heretofore, most high temperature studies of Zr alloys were
carried out in aqueous atmosphere which provides enough cor-
rosion media to sustain the growth of oxide. Studies in the
controlled atmosphere which restricts the growth of oxide are
few. Oxide dissolution in such atmosphere has been proved by

[12,13

several researchers!'>'*. However, structural and micro-chemi-

cal analysis of the deoxidized samples were not conducted.
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This study aims to further analyze the oxide film dissolu-
tion into the matrix of oxidized zirconium alloy. The micro-
structure and micro-chemical analysis of deoxidized samples
were investigated to explore the diffusion kinetics of oxygen
and formation mechanism of metastable phases.

1 Experiment

Zr-Sn-Nb alloy with the nominal composition of Zr-1Sn-
0.3Nb-0.3Fe was provided by Nuclear Power Institute of Chi-
na (NPIC). In this research, Zr-Sn-Nb alloy was corroded un-
der the condition of 360 °C/18.6 MPa in the pure water to ob-
tain the oxide film with thickness of about 1 pm. Several sam-
ples were put into stainless steel tubes with 40 mm in diameter
and 80 mm in length. The tubes were filled with sponge zirco-
nium to prevent the residual oxygen in the tube. Then the
tubes were evacuated, sealed and finally annealed at different
temperatures in a tubular vacuum furnace at a pressure of 10™
Pa. Afterwards, the specimens were slowly cooled down to
room temperature. The mass of treated samples was recorded
before and after heat treatments.

The samples were cut and mounted in the hot mounting res-
in. In order to obtain a smooth face of the cross section of ox-
ide film, firstly the samples were mechanically polished and
then vibro-polished at the cross section by colloidal alumina for
6 h. The oxide films were well preserved during sample prepara-
tion when the samples were mounted closely to each other.

Morphologies of the cross section were achieved by FEI Nova
400 scanning electronic microscopy (SEM) in backscattered
mode. The energy-dispersed spectrum (EDS) equipped on SEM
was mainly used to analyze the surface micro-chemical condi-
tions. Grazing incidence X-ray diffraction (XRD) can be used to
analyze phase structure of the oxide films. Grazing incidence
angle of 1° was chosen for XRD characterization and the corre-
sponding X-ray probing thickness was estimated as 0.5 pm!"*.

As a qualitative analysis method, EDS can provide the oxy-
gen atomic content of the oxidized samples, but the space reso-
lution should be considered as well. Many EDS scanning stud-
ies on the SEM provided spectra of rapid oxygen gradient

600 °C

from zirconia phase to zirconium phase at the metal/oxide in-
terface!". Even though there was suboxide layer with tens of
nanometers in thickness, the information was covered because
of relatively poor resolution of the EDS on SEM. A space reso-
lution of 100 nm was expected for EDS equipped on field
emission SEM (FESEM). Therefore, only thick suboxide layer
can be identified by the EDS on FESEM. Since the suboxide
and oxygen-dissolved layers were thick after anneal treatment,
the application of EDS on FESEM was credible.

2 Results

2.1 Structures of oxidized samples after vacuum heat
treatment

Fig.1 is the SEM images of the samples annealed at differ-
ent temperatures for 6 h. It can be seen that the thickness of
the oxide film is about 1 um before annealing treatment and
there is an oxygen containing substrate region (known as
Z1r(0)) of hundreds of nanometers in thickness beneath the
metal/oxide interface. This Zr(O) region can be observed and
the morphology difference between this region and nearby
substrate region is quite obvious. This region is marked as a-
case, as shown by the dash line in Fig. la~lc. Because the
equiaxed grains of a-Zr are the major structure in this layer, it
is suggested that the a-Zr structure is stabilized by a relatively
high oxygen content, which can be used to evaluate the diffu-
sion procedure of different heat treatments!'?.

After anneal at 600 °C, the oxygen in the oxide film diffus-
es to the substrate continuously, and the thickness of oxide
film decreases to 500 nm. The a-case area gradually widens to
3.4 pm. After anneal at 700 °C, the oxide film almost dissolves
and the a-case area widens to about 6 um. After the sample is an-
nealed at 800 °C, the oxygen diffuses completely into the zirconi-
um matrix and no obvious structure differences are observed.

The results demonstrate that oxide film gradually dissolves
at high temperature. The mass of samples before and after an-
neal does not change, which indicates that the oxygen dis-
solves into the metal matrix and is not released to the vacuum
atmosphere.

Fig.1 SEM images of zirconium alloys before (a) (as-recieved) and after anneal in vacuum at different temperatures for 6 h: (b) 600 °C,

(¢) 700 °C, and (d) 800 °C
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Fig.2 shows the XRD patterns of the dissolved films form-
ing on samples with different treatments. There are diffraction
peaks of monoclinic phase m(111) in the sample annealed at
600 °C for 6 h in vacuum, which is consistent with untreated
sample. All the patterns exhibit the characteristic peaks of zir-
conium matrix Zr(002) and Zr(101). These peaks are almost in
good agreement with a-Zr, but the difference is that the 26 val-
ues of all the samples are slightly smaller than those of a-Zr
for every peak. According to the diffraction principle, the dis-
tance of corresponding crystal plane can be calculated as fol-
lows:

A= 2dsinf )
where / is the wavelength of X-ray, d is the interplanar spac-
ing and 6 is the diffraction angle. The interplanar spacing val-
ue of each treated sample relates to the oxygen contents at the
interfacial region determined by EDS.

From low dissolved oxygen content to high dissolved oxy-
gen content, the § value decreases and d value increases. The
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Fig.2 XRD patterns of oxide film of zirconium alloys before and af-

ter anneal at different temperatures

result indicates that the crystal lattice is expanded after oxy-
gen dissolution. With higher content, the increase of lattice pa-
rameter becomes more obvious. After the oxygen from zirco-
nia diffuses into the zirconium matrix via vacuum heat treat-
ment, the oxygen mostly dissolves into the nearby matrix with
content no more than the upper dissolution limit (~29at% at
room temperature). As oxygen mainly exists at the interstitial
sites of the lattice, the oxygen dissolution thereby expands the
interplanar spacing. Higher content of oxygen dissolution in-
creases the distortion of matrix lattice and exhibits larger lat-
tice displacement, resulting in the experiment phenomenon.
2.2 Oxygen diffusion of annealed samples
221
EDS was used to qualitatively measure the oxygen diffu-
sion in the surface layers. Fig.3 shows the SEM images and
EDS results of untreated sample and samples annealed at 600,
700 and 800 °C for 6 h. Originally, the oxide keeps in good
stoichiometry of ZrO, phase. The oxygen content decreases
rapidly from 66at% to 20at%, which shows no obvious exis-
tence of metastable Zr-O phases. At the initial corrosion stage,
the oxide is still relatively loose and the formation of metasta-
ble phase and saturated oxygen layer is not likely to be ob-
served in the oxidized samples with thin film. As shown in
Fig. 3b, the thickness of oxide film decreases from 1 pum to
500 nm after anneal at 600 °C for 6 h. In the oxide film, the
content of Zr and O is consistent with the zirconia phase.
However, in this sample, the content of oxygen decreases
slower at the metal/oxide interface than that in the as-received
sample does. There is a layer of about 300 nm in thickness
with the oxygen content of 48at% ~55at% . Many investiga-
tions demonstrate the existence of suboxides with the oxygen
content of 50at% and other metastable phases in form of Zr,0O
and Zr,0 at the interface'®”. Since the upper limit dissolution
of oxygen in matrix is about 29at%, the observed layer cannot

Micro-chemical analysis of oxygen

100 100 100 100
s g h
< [ I i
= 80 Jw 80|
B=
5 | |
g 60 o 60 g
g 40t —r 40} '
3
Q
£ 20 "\»*.%j 20¢
8 m
< . . . 20 N L L L 0 . . .
0 400 800 1200 1600 ~ 0 200 400 600 800 1000 4 8 12 16 0 4 8 12 16
Distance/nm Distance/nm

Distance/pum Distance/um

Fig.3 SEM images (a~d) and EDS results (e~h) of samples before (a, ) and after anneal at 600 °C (b, f), 700 °C (c, g), and 800 °C (d, h) for 6 h
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be considered as the dissolved oxygen in matrix or zirconia,
but a layer of metastable phases. ZrO is the dominant phase.
Beneath the suboxide layer, the oxygen decreases gradually
along the direction of matrix, providing a continuous oxygen
gradient which promotes the zirconia dissolution.

The oxide film disappears in samples annealed at 700 and
800 °C for 6 h. But the diffusion degree of oxygen of two sam-
ples is not the same. The oxygen content is about 29at% in the
outermost matrix and there is still an obvious oxygen content
gradient in the sample annealed at 700 °C for 6 h. It takes
about 15 pm in length for the oxygen content decreasing from
29at% to 10at%. The oxygen content of the sample annealed
at 800 °C for 6 h is about 19at% at the outermost side and the
oxygen gradient is much smaller, which indicates the adequate
oxygen diffusion. In the two samples, the main form of oxy-
gen is interstitial atoms in the lattice. Since the oxygen content
does not exceed the upper dissolution limit, there is no meta-
stable phase.

2.2.2 Diffusion kinetics of oxygen atoms in zirconium matrix

Diffusion coefficient D is the basic physical parameter to
characterize the diffusion speed. It can be calculated by Fick’s
second law, as indicated in Eq.(2) as follows:

dc e

PR (2
where ¢ is the concentration of element, ¢ is the time and x is
the diffusion length. The differential equation can be solved
with an error function (erf) with the boundary conditions of
¢,(x=0)=30at% and c,(x—>»)=0at%, as indicated in Eq.(3) as
follows:

X
5 \/E) 3)

Two more samples were annealed at 500 °C for 35 h and

c(x, t)=c, = (c, =~ ¢y)erf(

400 °C for 200 h separately for diffusion kinetics studies and
the results of oxygen content are shown in Fig.4. The oxide
films of both samples slightly dissolve. At 500 °C, the oxygen
content drops smoother than that of the as-received sample
does. Even though there is no obvious content gradient of ZrO
layer, the thicker layer between zirconia and oxygen-dissolved
matrix suggests the existence of metastable phases. At even
lower anneal temperature, the diffusion is much slower and it
takes longer time for the oxide to dissolve. The anneal treat-
ment enlarges the oxygen-dissolved region beneath the metal/
oxide interface.

According to Fig.3f and Fig.4, the diffusion coefficient of
oxygen in zirconium matrix at corresponding temperature can
be calculated, as shown in Table 1.

The diffusion coefficient D is temperature dependent ac-
cording to Arrhenius relationship (Eq.(4)) and can be used to
calculate the activation energy Q for oxygen diffusion in the

zirconium lattice.
Q2
D =Dye* 4)

where D, represents the diffusion prefactor, R is the gas con-
stant, and 7 is the temperature. A linear fit of the data leads to
result of activation energy Q,=143 kJ/mol (Fig.5). Therefore,
Eq.(4) can be used to calculate the diffusion coefficient D at
different temperatures.

3 Discussions

3.1 Oxygen diffusion mechanism during oxide film disso-
lution
During the corrosion process, as shown in Fig.6, the electric
potential is established between the oxide/metal interface and
oxide/water interface. This potential is able to drive the
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Fig.4 SEM images (a, b) and EDS results (c, d) of samples annealed at 500 °C for 35 h (a, ¢) and 400 °C for 200 h (b, d)
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Table 1 Diffusion length, oxygen concentration, and diffusion

coefficient of oxygen in zirconium matrix at different

temperatures
Anneal Diffusion Oxyger? Diffus.ion
rreatment length, x/m concentration, coefficient,
c/at% D/m?-s™!
600 °C/6 h 1.69x107 18.83 2.86x107'6
500 °C/35 h 8.06x1077 19.85 1.34x107"7
400 °C/200 h 5.13x1077 19.24 0.80x107'

(;‘.” 10" — Results from Mike etal™
E 0,=160 kJ/mol™!

Q 10-14 L Calculated

E‘ er=143 kJ/mol
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Fig.6  Schematic diagram of diffusion in zirconium alloy oxide film

during oxidation and oxide film dissolution

charged species to migrate across the oxide film. The electric
potential driving force is one order of magnitude higher than
the concentration gradient driving force, and the electric field
lowers the migration energy barrier for vacancy diffusion pro-
cess!™. Consequently, the oxygen vacancies migrate to the ox-
ide/water interface via these driving forces at high tempera-
ture.

When the corroded samples are annealed in vacuum, there
is little external oxygen dissociated at the oxide/vacuum inter-
face. The growth of oxide film is restricted and the dissolution
process of oxide film on the corroded samples is much more
obvious. Since zirconium matrix is able to dissolve oxygen
with a very high content, the oxygen from the interfacial zirco-
nia phase is likely to move into the nearby zirconium lattice at
high temperature. Oxygen atoms in the oxide film continuous-

ly dissolve into the metal substrate with the help of oxygen
gradient in different layers, which thins the original oxide
film. As a result, the oxide/vacuum interface remains, and the
oxide/metal interface constantly moves to the outer side of the
oxide film. A thick layer of oxygen-dissolved zirconium then
forms. The length of the diffusion path for oxygen extends and
oxygen content gradually decreases. During this procedure,
the metastable phases are generated at the metal/oxide inter-
face because of complex chemical sub-stoichiometry.

It is found that even at relatively low temperature (about
400 °C), the oxygen diffusion from the interfacial zirconia in-
to the metal matrix still exists, which suggests that during the
aqueous corrosion, the oxide film dissolution procedure also
occurs. Under the aqueous corrosion condition, the oxidation
and oxide film dissolution procedures exist at the same time.
Since the corrosion media is adequate for oxide growth, oxida-
tion is the dominant procedure. Since the oxide of finely de-
signed alloys can become very dense and the oxidation rate is
largely restricted in a long period of time®*, oxide film disso-
lution procedure becomes active and shows obvious effects at
the interface.

3.2 Formation of metastable phases at interface

In the vacuum atmosphere, the formation of metastable
phases is confirmed by EDS results. As oxide growth stops,
the continuous dissolution of oxygen atoms generates thicker
oxygen-dissolved layer. When oxygen dissolves to the upper
solution limit of zirconium matrix, an oxygen-saturated layer
(Zr(0),,) forms™. Since the oxygen atoms continuously move
into the oxygen-saturated layer because of existing oxygen
gradient between ZrO, and Zr(O),,, it is much likely to induce
the formation of suboxide or other metastable phases to re-
lease the free energy. Therefore, it is expected that the restrict-
ed corrosion rate facilitates the growth of metastable phases.

Some researches indicated the similar relationship between
the low corrosion rate and the existence of metastable phases.
Studies showed the existence of thicker suboxide in the passiv-
ated alloys with low corrosion rate! and at the interfacial posi-
tions with low local corrosion rate®®'". In both cases, the oxida-
tion rate is restricted, which promotes the oxide film dissolu-
tion into the matrix during oxidation procedure. From this
point of view, formation of metastable phases is the result of
good corrosion resistance. It is observed that the thickness of t-
Zr0O, layer gradually increases in the pre-transition stage!*),
which can be also proposed as the result of restricted corro-
sion rate.

4 Conclusions

1) Zirconium has high oxygen solubility (~29at% at room
temperature in a-Zr) and can dissolve its own oxide film dur-
ing the vacuum heat treatment. The oxide thickness decreases,
and the oxygen diffusion from zirconia to the matrix is en-
hanced.

2) The oxygen rich a-Zr and metastable layers thicken dur-
ing the oxide film dissolution procedure. It is proposed that
the oxygen gradient in different layers have a major impact on
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into matrix exhibits obvious effects on the interfacial metasta-
ble layer.
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