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Abstract: The growth of oxide film, which results from the inward oxygen diffusion from a corrosive
environment, is a critical consideration for the corrosion resistance of zirconium alloys. This work
calculates the oxygen diffusion coefficients in the oxide films formed on zirconium alloys annealed
at 400~500 ◦C and investigates the related corrosion behavior. The annealed samples have a close
size for the second-phase particles but a distinctive hardness, indicating the difference in substrate
conditions. The weight gain of all samples highly follows parabolic laws. The weight gain of the
sample annealed at 400 ◦C has the fastest increase rate at the very beginning of the corrosion test,
but its oxide film has the slowest growth rate as the corrosion proceeds. By contrast, the sample
annealed at 500 ◦C shows the lowest weight gain but the highest corrosion rate constant. Such a
corrosion behavior is attributed to the amount of defects existing in the oxide film formed on the
annealed samples; fewer defects would provide a lower fraction of short-circuit diffusion in total
diffusion, resulting in a lower diffusion coefficient of oxygen in the oxide film, thereby producing
better corrosion resistance. This is consistent with the calculated diffusion coefficients of oxygen
in the oxide films: 3.252 × 10−11 cm2/s, 3.464 × 10−11 cm2/s and 3.740 × 10−11 cm2/s for the samples
annealed at 400 ◦C, 450 ◦C, and 500 ◦C, respectively.

Keywords: Zirconium alloy; corrosion; oxide; diffusion coefficient; annealing

1. Introduction

Zirconium (Zr) alloys are widely used as fuel claddings in nuclear reactors due to their adequate
mechanical properties, low neutron absorption rate, and excellent corrosion resistance in service
environments [1–4]. Among these properties, corrosion resistance is one of the most important
considerations, as corrosion limits the service life of Zr alloys and is related to the safety of nuclear
reactors [5–8]. When used in environments with high temperature and high pressure, Zr alloys react
with H2O (aqueous solution or steam) and are oxidized [6]. Therefore, dense oxide films are formed
on the surface of Zr alloys [5,6]. These oxide films are protective and can reduce the ingression of
oxidizing media (e.g., oxygen and/or other oxidizing species) [6]. Therefore, the corrosion rate is
reduced while increasing the thickness of the oxide films formed on Zr alloys. When the thickness of
the oxide films reaches 2~3 µm, a rapid increase in weight gain is noticed for Zr alloys [9–11]. Such a
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phenomenon is always associated with the reduction in corrosion resistance of Zr alloys. Hence, much
work has focused on the growth of oxide films formed on Zr alloys [5,12–14].

During service, the growth of oxide films formed on Zr alloys is determined by the inward
diffusion of the oxidizing medium from the corrosive environments to the metal substrate [6,12,15].
It is well known that the formation and the growth of oxide films can be divided into several stages.
According to the thermodynamics of the Zr–O system [16], oxygen is more stable when it dissolves
in a Zr-rich phase compared to the formation of Zr–O oxides. The solubility of O in a Zr-rich phase
at 300~400 ◦C is about 28.6 at.%. Therefore, oxygen would dissolve in the Zr metal phase before
forming oxide films [15]. Once the concentration of O in a Zr-rich phase exceeds its solid solubility,
an oxide film is formed. In this stage, the oxide films are only in a few monoatomic layers (~2 nm
in thickness) [17]. These oxide layers are usually disordered and porous. Therefore, the growth of
oxide film is significantly rapid since such an oxide film is non-protective [18]. Like the growth of
oxide films, the corrosion rate of Zr alloy gradually decreases when the oxide films become protective.
In general, the growth of an oxide film follows a parabolic or cubic law in this stage, which is also
named a pre-transition stage. Therefore, it can be considered that the diffusion of oxygen is governed
by the oxide films in the pre-transition stage [5]. After the pre-transition stage, a sharp increase in the
corrosion rate of the Zr alloy can be observed. This phenomenon is called as transition in corrosion
kinetics, which describes the beginning of the post-transition stage [19]. In this stage, the oxide
films are split into two layers by long link-up cracks, and the outer layer of the oxide films is almost
non-protective due to the existence of a large number of flaws (e.g., pores and cracks) [5]. As a result,
the reduction in the thickness of the protective barrier (the inner layer of the oxide film) degrades the
corrosion resistance of the Zr alloy. With the growth of the inner layer of oxide film, the corrosion rate
decreases again, and, therefore, the corrosion kinetics of the alloy becomes periodic until the oxide film
completely breaks down [20].

In previous work, alloy compositions have been stressed to influence the growth of oxide film
in service environments [21,22]. For example, Lee et al. [21] found that the addition of Mo in
Zr–1Nb–1Sn–0.1Fe alloy (in wt.%; the same hereafter) results in a lumpy feature on the surface of oxide
films, and the modified alloy possesses a lower corrosion resistance than the Mo-free counterpart. Park
et al. [22] pointed out that the oxides formed on a Zr–1.1Nb–0.05Cu alloy have a much larger grain size
than those formed on Zr–1.5Nb–0.4Sn–0.2Fe–0.1Cr and Zr–1.3Sn–0.2Fe–0.1Cr alloys. Therefore, the
Zr–1.1Nb–0.05Cu alloy has lower corrosion rate. Indeed, the production of Zr alloy fuel claddings
should undergo several cycles of deformation and annealing. The Zr alloys with the same chemical
compositions, but which experienced different processing procedures, can also exhibit distinctive
corrosion resistance [6], which indicates the significant effect of substrate conditions on the growth
behavior of oxide films. Different substrate conditions may lead to different characteristics of the
formed oxide films, resulting in the distinguished diffusion behavior of oxygen through the oxide
film, which also contributes to the distinction in growth of the oxide film. Unfortunately, few studies
report on the oxygen diffusion coefficients in oxide films formed on Zr alloys with different substrate
conditions. Therefore, it is highly significant to answer this open question, in order to underpin the
corrosion behavior of Zr alloys in terms of the diffusion coefficients.

This work used a deformed Zr–Sn–Nb–Fe–Cu–O alloy sheet, which was finally annealed at
different temperatures, elaborating the samples with different substrate conditions. After being
corroded in an autoclave at 360 ◦C in an LiOH aqueous solution for 160 days, the corrosion kinetics of
the samples were described in terms of their weight gain. As such, the oxygen diffusion coefficients
in the oxide films and the adjacent substrates were calculated according to a suggested model. The
calculated results illustrate the growth of the oxide film formed on the samples annealed at different
temperatures, which advances the understanding of the corrosion behavior of Zr alloys.
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2. Materials and Methods

2.1. Sample Preparation and Corrosion Test

A β-quenched Zr–Sn–Nb–Fe–Cu–O alloy sheet with a thickness of 10 mm was used as the
experimental material. The nominal chemical compositions of this alloy were 0.55% Sn, 0.32% Fe,
0.35% Nb, 0.05% Cu, and 0.079% O, with Zr as the balance. The experimental alloy was hot rolled to
3 mm and annealed at 580 ◦C for 1 h. Then, the alloy was cold rolled to 1.8 mm and cut into three
parts, which were finally annealed at 400 ◦C, 450 ◦C, and 500 ◦C for 5 h, respectively. The details
of the processing procedure are shown in Figure 1. Like the other metallic materials [23–27], the
excessive concentration of alloying elements beyond the solution solubility of Zr would lead to the
formation of second-phase particles (SPPs), as frequently observed in various Zr alloys [28–30]. It has
been also reported that SPPs can hardly grow during low-temperature annealing [31,32]. It is known
that the recrystallization temperature of Zr alloys is about 480~500 ◦C, depending on their chemical
compositions [33]. Therefore, the final annealing at 400~500 ◦C was selected for heat treatment in order
to minimize the effect of SPPs on oxygen diffusion during corrosion tests.
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Figure 1. Processing flow of the experimental Zr alloy.

The final annealed samples were cut into 20 mm × 15 mm × 1.8 mm in dimension and chemically
polished in a mixed solution composed of H2O, HNO3, H2SO4, and HF (3:3:3:1 in vol.%). All reagents
mentioned in the current work were produced by Sinopharm Chemical Reagent Co., Ltd. (Beijing,
China). Corrosion tests were carried out via immersion in a 0.01 M LiOH aqueous solution at 360 ◦C (i.e.,
633 K) under a saturation pressure of 18.6 MPa in an isothermal static autoclave in terms of ASTM-G2/88.
The weight gain of the samples was measured according to the ratio of weight augmentation and the
total surface area of the sample. Corrosion immersion tests were conducted for up to 160 days. For
easy description, the samples were denoted by the final annealing temperature and exposure time. For
example, FA-400 was for the sample that was finally annealed at 400 ◦C, and FA-400-3 indicated the
FA-400 sample after immersion for 3 days, and so on.

2.2. Characterizations

The samples for microstructural observations were prepared by standard metallographic
procedures and then etched in a mixed solution composed of H2O, HNO3, and HF (9:9:2 in vol.%) for
about 15 s. The microstructures of the etched samples (along the rolling direction–transverse direction
planes) were characterized by an FEI Quanta 250 field emission gun scanning electron microscope
(SEM, FEI, Hillsboro, TX, USA). At least, 8 SEM images, at a magnification of 50,000, were used to
obtain the statistical information of the SPPs, using the Image-Pro Plus 5.0 software (Media Cybernetics,
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Rockville, MD, USA). Hardness tests were conducted on the etched samples by using an automatic
hardness tester. The load for indentation was 5 N, with a dwell time of 15 s. Ten individual tested
points were tested for each sample to obtain the average value. The phase constituents of the oxide
films formed on the samples at different exposure times were examined by grazing incidence X-ray
diffraction (GIXRD). The grazing incidence angle was 2◦, with the aim to reduce the contribution from
the substrate. The XRD data were analyzed by Jade 6.5 (Materials Data Inc., Livermore, CA, USA).

2.3. Model and Calculation Method

Usually, the corrosion (oxidation) takes place on the surface of Zr alloys in a high-temperature
aqueous environment [34]. Therefore, it is believed that the corrosion of Zr alloys results from the
diffusion of oxygen in oxide films toward the substrate. Since oxide films have a considerable number
of oxygen vacancies, oxygen ions become the main diffusing species, resulting from the reaction of
VO + 2e− + H2O→ O2− + H2↑ (VO is oxygen vacancy) [35,36]. On the other hand, the dissolution of
the oxide films would influence the diffusion of oxygen [37]. However, the oxide films formed on Zr
alloys are significantly stable in the corrosive environment used in this work and can hardly dissolve
in a corrosive medium [35,38]. Therefore, the dissolution of the oxide film was not considered in this
work. Based on the above considerations, several assumptions were used to build a reasonable model.

(i) The diffusion of oxygen in the oxide film occurs via the vacancy mechanism;
(ii) The diffusion coefficients of oxygen in the oxide and substrate are constant;
(iii) The increase in the weight gain of the sample only results from the absorption of oxygen;
(iv) No electric field or local space charge exists in the oxide film;
(v) No sub-oxide is present between the oxide film and the substrate;
(vi) No dissolution of the oxide film is considered.

Therefore, a two-phase model, suggested in the literature, was used to illustrate the concentration
of oxygen in oxide films and in the adjacent substrate [39,40]. In this model (Figure 2), the concentration
of oxygen was assumed to follow a parabolic law, since the diffusion of the element meets the Arrhenius
equation for the given temperatures and metallic materials [41–43]. As represented in Figure 2, the x
axis indicates the distance from the oxide surface; x0 is the oxide surface and x1 is the oxide/substrate
interface. As the corrosion proceeds, the oxide/substrate interface (x1) moves towards the substrate,
thickening the oxide films. The y axis is the concentration of oxygen in the oxide film and the substrate.
C1 is the oxygen concentration at the oxide/environment interface, which equals 1.526 g/cm3 [35]. C2 is
the concentration of oxygen at the oxide/substrate interface (oxide side). The concentration’s value is
1.5494–9.7 × 10−4 T g/cm3 [35], where T is the absolute temperature in K. Because T was 633 K in this
work, C2 is equal to 1.486 g/cm3. C3 is the concentration of oxygen at the oxide/substrate interface
(substrate side) and can be regarded as the saturation concentration of oxygen in α-Zr. For the Zr–O
phase diagram [16], C3 was calculated to be 0.459 g/cm3.

To calculate the diffusion coefficient of oxygen in the oxide films and the substrate, the Fick’s second
law equation for diffusion from a constant source into a semi-infinite medium was employed [35]. The
equation used is shown below:

C(x, t) = A + B·erf(
x

2
√

Dt
) (1)

where C(x, t) is the concentration of oxygen in the oxide films or the substrate; A and B are constant;
erf is the error function; x is the diffusion length for oxygen; t is time; and D is the diffusion coefficient
of oxygen.
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3. Results and Discussion

3.1. Characterizations of the Substrates

Figure 3 shows the SEM images for the microstructures of the alloy samples and the statistical
information of the SPPs. As seen in Figure 3a–c, all samples have a similar microstructure. Numerous
tiny SPPs (as indicated by hollow arrows) are uniformly distributed in the matrix. The average
diameters of SPPs for FA-400, FA-450, and FA-500 are revealed in Figure 3d. The SPPs in FA-400 have
an average diameter of 40 nm (Figure 3d). Although heat treatment can enhance the growth of SPPs in
Zr alloys [28,44], the average diameter of SPPs in FA-450 (41 nm) is almost the same as that in FA-400.
The FA-500 has a slightly larger average diameter for SPPs (43 nm) than FA-400 and FA-450. However,
compared with the SPPs in some Zr alloys (ranging from 50~100 nm in average diameter), the SPPs
in the samples used in this work are significantly small and have no apparent distinction, which is
attributed to their relatively low temperature in the final annealing treatment [28,44]. Chai et al. [28]
pointed out that the SPPs in the Nb-containing Zr alloys have a larger coarsening activation energy
than those in the Nb-free Zr alloys. Therefore, it is reasonable that no obvious distinction in the size of
SPPs is observed in the samples annealed at at 400~500 ◦C.

The hardness of FA-400, FA-450, and FA-500 continuously decreases while increasing the annealing
temperature (Figure 4). FA-400 has the highest hardness of 241 HV, which is greater than the hardness
of FA-450 and FA-500 (233 HV and 222 HV, respectively). It is well known that defects (such as
dislocations or boundaries) can be induced in the alloys after deformation [45–47]. Such defects
enhance the hardness and strength of the alloys and can be healed by heat treatment [48–50]. Yang
et al. [51] suggested that the strengthening effect of SPPs in Zr alloys during heat treatment is often
minimal. Therefore, variation in the hardness of the samples should be attributed to a change in the Zr
matrix. Since the melting point temperature (Tm) of Zr is 1855 ◦C (2128 K), the recovery temperature
and recrystallization temperature of Zr can be calculated to be 0.35Tm of 472 ◦C (745 K) and 0.4Tm of
578 ◦C (851 K), respectively [29]. As such, the final annealing temperature of 400 ◦C is significantly
lower than the recovery temperature. In comparison, 450 ◦C is slightly lower than the recovery
temperature while 500 ◦C is somewhat higher than the recovery temperature but significantly lower
than the recrystallization temperature. Due to recovery, the defects induced by cold rolling would
disappear during the final annealing [49]. Apparently, the sample with the lower final annealing
temperature would have a larger number of defects. As a result, different processing procedures lead
to different substrate conditions for the samples.
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3.2. Corrosion Kinetics and the Phase Constituents of the Corroded Samples

Figure 5 reveals the weight gain versus the exposure time in the immersion tests for all samples.
It is clearly found that the weight gain curves of all samples obey parabolic laws. At the early stage of
the corrosion test, the weight gain of the samples increases rapidly. It can be understood that oxygen
can easily ingress into the samples since the oxide films formed on Zr alloys have low protectiveness
in this stage [18]. The weight gain of Zr alloys is ascribed to the inward diffusion of oxygen into the
substrate from corrosive environments to the metal substrate. Because the oxygen diffusion coefficient
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in the oxide film is significantly lower than that in the Zr-rich phase, a decreased corrosion rate is
observed as the corrosion test proceeds. Therefore, it can be considered that the increase in the weight
gain of the samples is governed by the diffusion of oxygen in the oxide films [5]. With up to a 160-day
exposure, no transition in corrosion kinetics is observed (Figure 5), indicating that all samples are still
in the pre-transition stage. Interestingly, the difference in the weight gain for all samples becomes less
by increasing the exposure time. This result illustrates that the oxide films formed on different samples
have different growth behaviors.
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Figure 6 shows the GIXRD results of the corroded samples after 3-day and 42-day exposures. It
can be seen that the oxide film mainly consists of monoclinic zirconia (m-ZrO2), which is consistent
with the results in [5,52,53]. Due to the contribution of the substrate, the diffraction peaks of α-Zr can
still be observed on the GIXRD patterns for all samples corroded after a 3-day exposure (Figure 6a).
By contrast, the intensities of the peaks of α-Zr become much weaker in the GIXRD patterns for all
samples after a 42-day exposure (Figure 6b). Such phenomena indicate an increase in the thickness of
the oxide film (and the decreased contribution of the substrate for GIXRD as well). However, the peaks
of m-ZrO2 still dominate. Therefore, using a two-phase model to calculate the diffusion coefficients of
oxygen is reasonable in this work.
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As the weight gain of Zr alloys approximately obeys a parabolic law, corrosion kinetics can be
evaluated by following equation [6]:

w = ktn (2)

where w is the weight gain, k is a constant, t is exposure time, and n is corrosion rate constant. Taking a
logarithm of both hands of Equation (2) yields

ln w = ln k + n ln t. (3)

Inputting the values of w and t obtained in the corrosion test (Figure 5) into Equation (3), one can
obtain the values of ln k and n for different samples by linear fitting, as plotted in Figure 7. The fitting
results are listed in Table 1. Apparently, the slopes of n are significantly different, indicating that the
three samples have distinctive corrosion rates. For a parabolic curve, the exponential n illustrates the
gradient of the function value at a given base number. FA-400 has the smallest n of 0.222 compared with
the other two samples (0.256 and 0.308 for FA-450 and FA-500, respectively), illustrating that the oxide
film formed on FA-400 has the lowest growth rate among the three samples during the corrosion test.
However, these three samples show significantly different ln k values. ln k is the intercept, specifying
the weight gain of the samples when t equals 1. Hence, ln k can also be used to elucidate the initial
weight gain of the samples in the very beginning of the corrosion test. FA-400 has the largest value of
ln k among the three samples, indicating that the growth rate of the oxide film formed on FA-400 is the
highest in the very beginning of the corrosion test but becomes the lowest as the corrosion processes.
By contrast, the weight gain of FA-500 is the lowest after a 3-day exposure. Nevertheless, the oxide
film formed on FA-500 grows faster than the film formed on the other two counterparts. Therefore,
combining the mechanism for the formation and growth of oxide films formed on Zr alloys [6,12,15],
one can conclude that the diffusion coefficients of oxygen should be different in the oxide films formed
on the samples.
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3.3. Diffusion Coefficient of Oxygen in Oxide Film

According to Figure 2, the source with a constant oxygen concentration is located at the surface of
the sample (x0). As such, the thickness of the oxide film (d) can be expressed as the difference between
the surface of the sample and the position of the oxide/substrate:

d = x1 − x0. (4)

It is well known that the thickness of oxide film increases parabolically with time before the
transition in corrosion kinetics [54]. According to Equation (2), Equation (4) can also be expressed as:

d = kdtn (5)

where kd is a constant for the growth of oxide film. The average thickness of the oxide films formed on
FA400, FA-450, and FA-500 after a 160-day exposure (examined by SEM) is about 2.94 µm, 2.82 µm,
and 2.68 µm, respectively. Therefore, kd can be approximately calculated according to the fitting result
of n in Table 1. The calculated values of kd for FA400, FA-450, and FA-500 are 0.953, 0.769, and 0.561,
respectively. If there is still no oxide film formed (before corrosion test), x = 0 is the initial position of
the substrate surface. Hence, the x1 can be defined as

x1 = d/P (6)

where P is the Pilling-Bedworth ratio for Zr–ZrO2 system and approximately equal to 1.56 [55]. The
Pilling–Bedworth ratio indicates the volume change before and after the oxidation of Zr. Parise et
al. [56] reported that anisotropic volume dilatation takes place during the oxidation of Zr, which
is approximately 0.005:0.54 in the parallel/perpendicular direction to the oxide/substrate interface.
For a such a small ratio, the dilation of the oxide film in a parallel direction to the oxide/substrate
interface can be neglected in this work. Hence, the volume change in the oxidation of the substrate
fully contributes to the growth of the oxide film in a perpendicular direction to the oxide/substrate
interface. Therefore, Equation (6) is valid.

As such, the diffusion coefficient of oxygen in the oxide film can be determined by Equation (7):

C f (x, t) = A f + B f ·erf(
x− x0

2
√

D f t
) (7)

where C f (x, t) is the oxygen concentration in the oxide film, D f is the diffusion coefficient of oxygen in
the oxide film, and A f and B f are the constant.

In terms of the model shown in Figure 2, the boundary conditions for Equation (7) can be expressed
by Equations (8) and (9):

C f (x, t) = C1 for x = x0, t > 0, (8)

C f (x, t) = C2 for x = x1, t > 0. (9)

From Equations (8) and (9), it can be understood that:

A f = C1 (10)

B f =
C2 −C1

erf( d
2
√

D f t
)

. (11)

Therefore, the oxygen flux at the surface of the oxide film (x0) can be expressed as

J(x0) = −D f
∂C f (x, t)

∂x
. (12)
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Since the increase in the weight gain of the sample only results from the absorption of oxygen, the
oxygen flux at x0 can also be represented as

J(x0) =
dw
dt

. (13)

Hence

−D f
∂C f (x, t)

∂x
= −D f

C2 −C1

er f
(

d
2
√

D f t

) · 2
√
π

exp

−
 x− x0

2
√

D f t

2· 1
2
√

D f t
, (14)

dw
dt

= kntn−1. (15)

Let
C1 −C2 = ∆C (16)

β =
d

2
√

D f t
. (17)

Combining Equations (14) and (15) yields

∆Ckd
2nk

= β
√
πer f (β). (18)

Since D f is a function of β, the diffusion coefficient of oxygen in the oxide film can be determined
by the exact solution of Equation (18). The D f results are listed in Table 2. Apparently, the diffusion
coefficients of oxygen, which increase by increasing the temperature of annealing, are not identical in
the different oxide films.

Table 2. Calculated diffusion coefficients of oxygen in the oxide films obtained by Equation (18).

Diffusion Coefficient FA-400 FA-450 FA-500

D f (cm2/s) 3.252 × 10−11 3.464 × 10−11 3.740 × 10−11

3.4. Diffusion Coefficient of Oxygen in a Substrate

The calculation of the diffusion coefficient of oxygen in the substrate (α-Zr) is helpful for specifying
the growth of the oxide film formed on the samples. It should be noted that the weight gain of the
sample is the sum of the oxygen in the oxide film and substrate. Therefore, the diffusion coefficient of
the oxygen in the substrate can be evaluated using the weight gain of the sample and the corresponding
thickness of the oxide film. According to Figure 2, Equation (1) can be rewritten as

Cs(x, t) = As + Bs·erf(
x

2
√

Dst
) (19)

where Cs(x, t) is the oxygen concentration in the substrate, Ds is the oxygen diffusion coefficient in the
substrate, and As and Bs are the constants.

In terms of boundary conditions, Cs(x, t) can be expressed as

Cs(x, t) = C3 for x = x1, t > 0 (20)

Cs(x, t) = C0 for x = ∞, t > 0 (21)
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where C0 is the initial oxygen concentration in the substrate and approximately equal to 0.005 g/cm3.
From Equations (20) and (21), it can be known that

As =
C0 −C3erf( kdtn

2P
√

Dst
)

1− erf( kdtn

2P
√

Dst
)

(22)

Bs =
C0 −C3

1− erf( kdtn

2P
√

Dst
)

. (23)

As mentioned above, the weight gain of the sample can be divided into two parts:

w = m1 + m2 (24)

where m1 is the mass of the oxygen in the oxide film and m2 is the mass of the oxygen in the substrate.
Therefore, these two variants can be expressed as:

m1 =

∫ x1

x0

C f (x, t)dx. (25)

Due to the complexity of the integration of Equation (25), an approximate method, which describes
a linear concentration distribution of oxygen in the oxide film, is adopted:

m1 = x1·

(C1 + C2

2

)
. (26)

m2 can be calculated by the difference in the total weight gain of the sample and the mass of
the oxygen in the oxide film (m1), which is also equal to the integration of the oxygen flux at the
oxide/substrate interface in the time range from 0 to t. Therefore, m2 can be expressed as:

m2 = w−m1 =

∫ t

0
J(x1, t)dt (27)

where J(x1, t) is the oxygen flux at the oxide/substrate interface. Then, differentiating Equation (27)
and considering (2), (5), and (26) yield:

J(x1, t) = kntn−1
−
(C1 + C2)

2
kdntn−1. (28)

Due to the fixed concentration of the oxygen at the oxide/substrate interface (on the substrate
side), the oxygen flux at x = x1 can be expressed as:

J(x1, t) = −Ds
∂Cs(x, t)
∂x

=
C3 −C0

1− er f
(

kdtn

2P
√

Dst

) · 1
√
π

exp

−
 d

P
√

Dst

2·
√

Ds

t
. (29)

Then, combining Equations (28) and (29) gives

kntn−1
−
(C1 + C2)

2
kdntn−1

P
=

C3 −C0

1− er f
(

kdtn

2P
√

Dst

) · 1
√
π

exp

−
 d

P
√

Dst

2·
√

Ds

t
. (30)

The diffusion coefficient of oxygen in the substrate can be calculated by the exact solution of
Equation (30). The results are listed in Table 3. One can note that the diffusion coefficient of oxygen in
the FA-400 (5.472 × 10−11 cm2/s) is smaller than that in the FA-450 and FA-500 (6.862 × 10−11 cm2/s and
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8.993 × 10−11 cm2/s for the FA-450 and FA-500, respectively). Among these three samples, the corrosion
rate of FA-400 becomes the slowest during corrosion (Figures 5 and 7). Therefore, the results of the
diffusion coefficient of oxygen in the substrate are consistent with the corrosion kinetics of these three
samples. One should note that the diffusion coefficients of oxygen in the substrates listed in Table 3 are
calculated after the formation of the oxide film and based on the oxygen flux at the oxide/substrate
interface. These values demonstrate that the corrosion rates of the samples are governed by D f after
the protective oxide film is formed. Therefore, these values should not be considered as the intrinsic
diffusion coefficients of oxygen in the substrate at 360 ◦C.

Table 3. Calculated diffusion coefficients of oxygen in the substrate obtained by Equation (30).

Diffusion Coefficient FA-400 FA-450 FA-500

Ds (cm2/s) 5.472 × 10−11 6.862 × 10−11 8.993 × 10−11

3.5. Oxide Growth of the Low-Temperature Annealed Samples

Oxygen’s diffusion into the substrate is important to the growth of the oxide formed on the
samples, since α-Zr has a maximum solubility of 28.6 at.% for oxygen at 300~400 ◦C [16]. If the
concentration of oxygen exceeds 28.6 at.%, new oxides would be formed at the oxide/substrate interface.
In this work, all samples reveal a significantly distinctive hardness after cold work followed by
low-temperature annealing. One can understand that the deformation generally induces defects (such
as boundaries and dislocations) to the metallic materials, and such defects can be healed by heat
treatment [57–59]. In terms of the temperature adopted in heat treatment, recovery takes place in the
heat-treated metallic materials [60,61]. The samples heat-treated at different temperatures result in
a distinguished number of defects in the microstructure and, therefore, show significantly different
hardness. Substantially, these findings elucidate that the FA-400, FA-450, and FA-500 samples have
different substrate conditions.

It is known that defects play a role in the shortcuts for the mass transfer in many materials [62–65].
Panicaud et al. [66] pointed out that short-circuit diffusion exists in the nanocrystallization treated Zr
alloys. Chen et al. [4] found that the degree of deformation can significantly influence the mass transfer
of the second-phase particles in the Zr alloys. Therefore, different diffusion coefficients can be found
in materials with the same chemical compositions but distinctive processing procedures. According
to Figure 5, the weight gain of FA-400 has the fastest increase rate in the initial of the corrosion tests,
illustrating that oxygen can easily diffuse into FA-400 at this stage. As mentioned above, oxide film
forms after the concentration of oxygen exceeds its maximum solubility in α-Zr. Hence, the diffusion
coefficients of the oxygen in the substrate govern the weight gain of the samples before the formation
of the oxide film. FA-400 has the highest hardness and, therefore, is speculated to have the largest
number of defects. As such, oxygen is prone to diffuse into FA-400 at a very early stage in the corrosion
test. Correspondingly, FA-400 possesses the highest weight gain after a 3-day exposure.

Wang et al. [13,67] reported that only nanosized zirconia grains form on the surface of Zircaloy-4
after a short-time corrosion. Gong et al. [52] also observed this phenomenon and pointed out that
the nanosized zirconia grains formed on the surface of Zircaloy-4 are almost defenseless against the
ingression of oxygen in the corrosive environment. Therefore, the corrosion rates of the samples are
still relatively fast at the early stage of corrosion. However, as the corrosion progresses, the corrosion
rates of all samples decrease (Figure 5). In such a situation, the corrosion rate of the sample is governed
by the diffusion coefficient of the oxygen in the oxide film. The fitting results in Table 1 show that the
weight gain of the samples highly obeys parabolic laws (Equation (2)). From the view of mathematics,
exponent n indicates the increment by increasing the exposure time t in Equation (2). The value of
n for FA-400 (0.222) is lower than the value of FA-450 and FA-500 (0.256 and 0.308 for FA-450 and
FA-500, respectively). Such a result demonstrates that a decrease in the corrosion rate of FA-400 is
more significant than a decrease in the other two samples. This also indicates that the oxide growth
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rate of FA-400 is the lowest among the three samples, which is consistent with the calculated diffusion
coefficient of oxygen in the oxide film (Table 2).

In the previous works, an effective diffusion coefficient of oxygen for the suggested materials is
proposed as follows [4,68]:

De = f Dd + (1− f )Dl (31)

where De stands for the effective diffusion coefficient (equal to D f ), Dd is the short-circuit (such as grain
boundary and dislocation) diffusion coefficient, Dl indicates the lattice diffusion coefficient, and f is the
proportional coefficient for Dd and Dl in the materials. Both Dd and Dl are temperature-dependent—i.e.,
Dd and Dl are fixed values for a specific material at a given temperature. Generally, Dd is significantly
higher than Dl [68]. In this work, the calculated diffusion coefficient of oxygen in the oxide film
for FA-400 (3.252 × 10−11 cm2/s) is lower than that for FA-450 and FA-500 (3.464 × 10−11 cm2/s and
3.740 × 10−11 cm2/s respectively for FA-450 and FA-500). Based on the definition of the effective
diffusion coefficient, it is speculated that fewer shortcuts exist in the oxide film formed on FA-400
compared to the oxide film formed on FA-450 and FA-500. Therefore, according to the continuation
of the corrosion, the decrease in the corrosion rate of FA-400 is more apparent than that of FA-450
and FA-500.

Interestingly, the different values of D f elucidate the distinctions in the oxide films formed on the
samples annealed at different temperatures. The deformed sample annealed at the lowest temperature
shows the fastest increase in weight gain at the very initial stage of corrosion. However, the D f is
the lowest in the oxide film formed on this sample. Defects may influence the growth of the oxide
formed on the sample. Ly et al. [69] found that the Zr alloys with more grain boundaries have lower
residual loop-stress accumulation, thereby demonstrating better corrosion resistance compared to
the counterpart with fewer grain boundaries. Chen et al. [6] also pointed out that the oxide film
formed on the 470 ◦C, the annealed Zr alloys show fewer micro cracks-compared to their counterpart
formed on 570 ◦C annealed Zr alloys. Liu et al. [70] illustrated that the oxide film formed on 470 ◦C
annealed Zr alloys is more compact and has fewer flaws than that formed on 520 ◦C annealed Zr
alloys using nano-indentation tests. This work calculates the corrosion kinetics of Zr alloys and the
diffusion coefficients of oxygen in their oxide films, and the results indicate that different substrate
conditions substantially influence the growth of the oxide film formed on Zr alloys. Such a distinction
can further determine the corrosion resistance of Zr alloys. However, the mechanism for the nucleation
and growth of the oxide grains coupling the defects is still unclear. For instance, the cold-worked Zr
alloys exhibit inferior corrosion resistance, whereas low-temperature annealed Zr alloys show better
corrosion resistance [69,71]. This result indicates that excessive defects in Zr alloys may not help to
improve their corrosion resistance. Therefore, more dedicated work on this topic is still needed in
the future.

4. Conclusions

In the present work, a deformed Zr–Sn–Nb–Fe–Cu–O alloy was annealed at 400 ◦C, 450 ◦C, and
500 ◦C, respectively (denoted as FA-400, FA-450, and FA-500, respectively). The microstructures and
hardness of the alloy samples were characterized. Afterwards, the corrosion behavior of the alloy
samples was investigated. According to a suggested model and the weight gain of the alloy samples,
the diffusion coefficients of oxygen in the oxide film and the substrate were calculated. Some key
conclusions are drawn as follows:

(1) All alloy samples have similar microstructures, with numerous uniformly distributed tiny
second-phase particles (SPPs). The average diameters of SPPs (40~43 nm) are almost identical in
FA-400, FA-450, and FA-500. However, FA-400 has the highest hardness of 241 HV, which is greater
than FA-450 and FA-500 (233 HV and 222 HV, respectively).

(2) The alloy samples are corroded in an autoclave in LiOH aqueous solution at 360 ◦C for up
to 160 days. The weight gain of the samples closely follows the parabolic law of w = ktn. The fitting
results show that the values of n are 0.222, 0.256, and 0.308 for FA-400, FA-450, and FA-500, respectively.
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By contrast, the values of k are 14.240, 11.554, and 8.449 for FA-400, FA-450, and FA-500, respectively,
which shows a reversed order compared to the values of n. Such results indicate that the weight gain of
FA-400 increases fastest at the very initial stage of the corrosion test, but the oxide film grows slowest
as the corrosion progresses.

(3) Based on a suggested two-phase model and weight gain of the samples, the diffusion
coefficients of oxygen in the oxide films are calculated to be 3.252 × 10−11 cm2/s, 3.464 × 10−11 cm2/s,
and 3.740 × 10−11 cm2/s for FA-400, FA-450, and FA-500, respectively, which is consistent with the
fitting results of corrosion kinetics. The diffusion coefficients of oxygen in the substrate are lower than
the diffusion coefficients of oxygen in the oxide films, which are calculated to be 5.472 × 10−11 cm2/s,
6.862 × 10−11 cm2/s, and 8.993 × 10−11 cm2/s for FA-400, FA-450, and FA-500, indicating that the growth
of oxide film is governed by the diffusion coefficients of oxygen in the oxide films.

(4) The substrate conditions (such as the number of defects) have a significant influence on the
growth of the oxide film. Oxygen is prone to ingress FA-400 at the very beginning of the corrosion test
since FA-400 is extrapolated to have the highest number of defects in the microstructure. In comparison,
FA-400 has the lowest diffusion coefficient of oxygen in the oxide film. In terms of short-circuit diffusion
and lattice diffusion, the lower diffusion coefficient of oxygen in the oxide film is caused by the lower
fraction of short-circuit diffusion in the total diffusion. Therefore, it is speculated that fewer defects
exist in the oxide film formed on FA-400 compared to the film formed on FA-450 and FA-500.
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