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Abstract: Homogeneous distribution of fine second-phase particles (SPPs) fabricated by cycles of
deformation and annealing in zirconium alloys is a critical consideration for the corrosion resistance
of fuel claddings. Different deformation degrees of zirconium alloys would result in distinctive
microstructures, leading to a distinct growth of SPPs during subsequent annealing. Unfortunately,
the homogenization and growth behavior of SPPs in deformed zirconium alloys have not been well
studied. In this work, a 3-quenched Zr-Sn—-Nb-Fe-Cu-5i-O alloy was rolled and annealed at 580 °C
or 680 °C. The morphologies, distributions, and sizes of SPPs resulting from the different processing
procedures were investigated. A linear distribution of SPPs is found in the 3-quenched sample.
Afterward, SPPs grow and are randomly distributed during heat treatment as the deformation degree
or annealing time (or temperature) increases. The homogenization and growth of SPPs are attributed
to the Ostwald ripening mechanism that is governed by lattice diffusion and short-circuit diffusion.
The sample with a higher deformation degree is speculated to have a larger number of defects that
provide more shortcuts for the mass transfer of SPPs, thereby facilitating a homogeneous distribution
of fine SPPs during annealing.

Keywords: zirconium alloy; deformation; annealing; microstructure; second-phase particles;
homogenization

1. Introduction

Zirconium (Zr) alloys have low neutron absorption cross sections and high waterside corrosion
resistance [1-5]. Yang et al. [6] pointed out that Zr alloys have adequate workability, and hence
Zr alloys are extensively used in various types of nuclear reactors as fuel claddings. During the
development of the Zr alloys, Sn, Fe, Nb, Cr, Cu, and some other elements have been used as alloying
elements in alloy design [7]. In order to protect the capability of the low neutron absorption cross
section of Zr, the total content of the alloying elements is always no more than 5%. Chen et al. and
Yang et al. [8-10] reported that the alloying elements, except Sn, have a very limited solid solubility
in «-Zr; therefore, the alloyed elements are prone to forming second-phase particles (SPPs) in the
Zr alloys. So far, several types of SPPs have been reported. Granovsky et al. [11] investigated some
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zirconium alloys with the chemical compositions of 41-97 at. % Zr, 0.9-32 at. % Nb, and 0.6-38 at. % Fe
and found the C15-type face-centered cubic (FCC) precipitates and C14-type hexagonal close-packed
(HCP) precipitates, thereby pointing out that the structures of the precipitates basically depend on
the chemical compositions of the zirconium alloys. Yang et al. [12] identified 3-Nb particles with a
body-centered cubic (BCC) structure in a Zr-1.2Nb alloy. Toffolon et al. [13] concluded that the SPPs
with these three prominent structures are commonly found in the commercial Zr alloys; the structures
of the SPPs are determined by the chemical compositions of the Zr alloys. Regardless of the structure
of the SPPs, the corrosion resistance and general mechanical behavior of the Zr alloys are significantly
influenced by the morphologies, distributions, and sizes of the SPPs [2,14].

Among the properties of the Zr alloys, corrosion resistance has been considered as one of the
most important properties that limit the performance and safety of nuclear reactors [15-17]. When the
Zr alloys are applied to a working environment (such as in an aqueous solution at high temperature
and high pressure in pressurized water reactors), the Zr matrix reacts with HyO to form a protective
oxide film against the ingression of oxidizing species. During this process, the SPPs embedded in the
matrix are incorporated into the oxide film formed on the surface of Zr alloys. Chen et al. [14] found
that the SPPs could trigger the cracks in the oxide film due to the different corrosion rates between
the SPPs and their surrounding matrix, thereby degrading the corrosion resistance of the Zr alloys.
Such a phenomenon was also observed by Proff et al. [18], and they pointed out that the sizes of cracks
induced by SPPs are proportional to the dimensions of the SPPs. Meanwhile, the oxidation of SPPs
maintains the induced local stress fields in the oxide film, which sustains the tetragonal zirconia and
postpones the formation of cracks [19]. However, Huang et al. [20] specified that the propagation
of cracks in the oxide film coincided with the stringer direction of SPPs if the SPPs were linearly
distributed, leading to a detrimental effect on the corrosion resistance of Zr alloys. Therefore, ensuring
a homogeneous distribution of fine SPPs is a critical consideration in the design of zirconium alloy
fuel claddings. Normally, when a new kind of Zr alloy fuel cladding is designed and fabricated,
an out-of-pile corrosion test is usually used to preliminarily evaluate its corrosion resistance.

Generally, the homogenization of SPPs can be conducted by repeating the deformation and
annealing of Zr alloys during fabrication. In industry, commercial Zr alloy fuel claddings are
manufactured by several cycles of deformation (hot extrusion or cold pilgering) and heat treatment
after B-quenching [21]. In order to give a comparative study of the manufacturing methods,
many researchers [22-25] used hot rolling and cold rolling instead of hot extrusion and cold pilgering
to fabricate Zr alloy sheets with the same thickness for fuel claddings in the laboratory condition.
They found that the alloying elements are present as a supersaturated solid solution in the Zr matrix
after 3-quenching and that linearly distributed SPPs are found after hot rolling. Similar to the
manufacturing method in industry, the homogenization of SPPs could be obtained after several cycles
of rolling and annealing. However, such a method has a high cost and the excessive annealing
processing in this method accelerates the coarsening of SPPs, which plays a detrimental role in the
corrosion resistance of the Zr alloy fuel claddings. Meanwhile, Gros et al. [26] proposed that the average
size of SPPs for a certain Zr alloy could be compared by a cumulative annealing parameter which
normalizes the annealing time and temperature after 3-quenching in manufacturing. This means that
the longer the annealing time and/or the higher the temperature employed, the larger the SPPs formed
in the Zr matrix. Nevertheless, Lifshitz and Slyozov [27] mentioned that the growth of precipitates is a
diffusion-controlled process. Hence, the defects (such as grain boundaries and dislocations) play a role
in the shortcuts for the mass transfer of precipitates. As a result, the different deformation degrees of
Zr alloys before annealing may result in distinct growth behavior of SPPs due to the distinctive number
of defects in the Zr matrix. Therefore, a good understanding of the mechanism for the homogenization
and growth behavior of SPPs is of significance to further optimize the corrosion performance of
Zr alloys. Unfortunately, to date, studies on the homogenization and growth behavior of SPPs in
deformed Zr alloys are extremely rare [22,28].



Metals 2018, 8, 759 30f17

As such, this work aims to investigate the homogenization and growth behavior of SPPs in a
deformed Zr-Sn—-Nb-Fe—Cu-S5i-O alloy. The experimental alloy was hot- or cold-deformed, followed
by annealing at 580 °C or 680 °C for different amounts of time. The morphologies, distributions,
and sizes of SPPs associated with different processing procedures were thus characterized in detail.
The underlying mechanism for the homogenization and growth behavior of SPPs was discussed.
To further confirm the corrosion resistance of the samples with inhomogeneously and homogeneously
distributed SPPs, an isothermal static autoclave test was carried out.

2. Materials and Methods

2.1. Material Preparation

A Zr-Sn-Nb-Fe—Cu-5i-O alloy was prepared by vacuum arc remelting three times to obtain
chemical homogeneity, containing 0.65% Sn, 0.25% Fe, 0.38% Nb, 0.05% Cu, 0.03% Si, 0.01% O, and with
Zr as the balance (in wt. %). The arc-melted buttons were 90 mm in thickness and 130 mm in diameter.
The prepared disk-shape ingots were forged to 10 mm in thickness at 1000 °C and p-quenched.
Afterward, the 3-quenched sample was cold-rolled or hot-rolled with the reductions in thicknesses of
15%, 25%, 35%, and 45%, respectively. Cold rolling was carried out at room temperature, whereas hot
rolling was conducted on the samples which were soaked at 480 °C for 0.5 h. Then, all the samples
were annealed at 580 °C for 1.5 h, 3 h, or 6 h, or 680 °C for 3 h, respectively. As the melting point
temperature (T,) of pure Zr is 1855 °C (2128 K), 480 °C (753 K) and 580 °C (853 K) are about 0.35 T},
and 0.4 Ty, of Zr, which fall into the recovery temperature and recrystallization temperature ranges of
Zr, respectively. As such, the samples with different deformation degrees and annealing conditions
can be elaborated with the aim to investigate the homogenization and growth behavior of SPPs in the
deformed experimental alloy during annealing. Figure 1 illustrates the sequences of the deformations
and heat treatments in detail. Herein, all samples were labeled corresponding to their processing
procedures. For example, the HR15 sample was denoted for the sample after being hot-rolled with the
reduction in thickness of 15%, and the CR15-580-3 stood for the sample which was cold-rolled with the
reduction in thickness of 15% and subsequently annealed at 580 °C for 3 h, and so on.

As p-quenched samples

] !

Cold rolling at room Soaked at 480 °C for
temperature, 0.5h, hot rolling,
15%, 25%, 35% and 15%, 25%, 35% and
45% in thickness 45% 1n thickness

reduction reduction

Annealing,

580 °Cfor1.3h,3hor6h
or 680 °Cfor3 h

Figure 1. Processing flow of the experimental Zr alloy.
2.2. Characterizations

The microstructures of the processed alloy samples were characterized by optical microscopy (OM)
and scanning electron microscopy (SEM) by an Axio Imager Alm optical microscope (Zeiss, Berlin,
Germany) and a FEI Quanta 250 field emission gun scanning electron microscope (FEI, Hillsboro, TX,
USA), respectively. The samples used for microstructure characterization were ground and polished,
using the standard metallographic procedure. Afterward, the samples were etched using a solution
containing 5% HEF, 45% HNOj3, and 50% pure water (in vol. %). All reagents mentioned in this work
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are produced Sinopharm Chemical Reagent Co., Ltd. (Beijing, China). All examined planes were in the
rolling direction (RD)-transverse direction (TD) planes. At least five SEM images with a magnification
of 50,000 x were used to analyze the SPPs, and the statistical information of the SPPs was processed by
the software of Image-Pro Plus 5.0 (Media Cybernetics, Rockville, MD, USA). As the SPPs are often
not in a spherical shape, the sizes of the SPPs reported in this work were calculated in terms of the
circle-equivalent diameter. Transmission electron microscopy (TEM) was carried out by a JEOL-2100F
transmission electron microscope (JEOL, Tokyo, Japan) equipped with an energy dispersive X-ray
spectroscopy (EDS) detector at a 200 V acceleration voltage. The TEM specimens were prepared using
twin-jet polishing with a mixed solution of 10% HClO, and 90% C,H5OH after being mechanically
thinned to about 70 um at a voltage of 20 V and a temperature of —30 °C.

2.3. Corrosion Tests

The samples used for corrosion tests were machined to 20 x 25 x 1 mm in size and ground
with SiC paper of up to 4000 grit, and then pickled using a mixed solution composed of 30% H,O,
30% HNO3, 30% H;SO4, and 10% HF (in vol. %) for about 20 s at room temperature. The corrosion
tests were carried out with an isothermal static autoclave in 0.01 M LiOH aqueous solution under
a saturation pressure and high temperature of 18.6 MPa and 360 °C. The corrosion resistance of the
samples was estimated in accordance with their weight gain per unit surface area as a function of the
exposure days. The samples before and after being corroded were weighed using an analytical balance
(Cubis, MSE2245-0CE-DU, Goettingen, Germany) with an accuracy of 0.01 mg.

3. Results and Discussion

3.1. Microstructure of the B-Quenched Sample

Figure 2 shows the microstructure of the experimental alloy after 3-quenching. Lath structures
are easily formed in the alloys which transformed from the body-centered cubic (BCC) structural 3
phase to the hexagonal close-packed (HCP) o phase [4,29-32]. In this work, the experimental alloy
was quenched from 1050 °C (in the 3-phase region), undergoing a transformation from the 3 to «
phase. Therefore, a large number of lath structures are present within the primary 3 grains (Figure 2a).
Figure 2b is the SEM image of the 3-quenched sample at a relatively higher magnification, specifying
that SPPs (as indicated by hollow arrows) are continuously and linearly distributed along the lath
boundaries. The SPPs are prone to nucleating at the locations of defects (such as grain boundaries and
dislocations) in the Zr alloys [22,25]. Since 3-Zr has a considerably larger solid solubility for many
alloying elements than o-Zr, the alloying elements dissolve into the Zr matrix when the alloy is aged at
a 3-phase region [33]. After quenching from the 3-phase region, a transformation of 3-Zr — «-Zr takes
place and the alloying elements would be oversaturated in the «x-Zr matrix. However, Herb et al. [34]
pointed out that the SPPs would still precipitate in the Zr-1.55n-0.22Fe-0.11Cr-0.130-0.015i alloy after
B-quenching, which is similar to the result observed in this work. This phenomenon may be related
to the practical insolubility of Si in «-Zr, leading to an earlier precipitation of SPPs in the Zr alloys.
In order to investigate the morphologies of SPPs in the 3-quenched sample, a magnified image of the
dashed rectangle in Figure 2b is presented. Chai et al. [35] indicated that SPPs in fully recrystallized
Zr alloys often have a spherical shape. However, in this work, the SPPs have irregular shapes in the
B-quenched sample. As well as in the other alloy systems [36-39], the irregular-shaped nanoclusters
are formed earlier via the precipitation of alloying elements’ solid solution in alloys before forming
spherical precipitates. Spheroidization of SPPs often takes place after heat treatment. Therefore, it is
reasonable to observe such a morphology of SPPs in the 3-quenched sample.
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Figure 2. Microstructure of the experimental Zr alloy after 3-quenching: (a) an optical image, (b) a SEM
image, and (c) a magnified image of the dashed rectangle in (b). SPPs: second-phase particles.

3.2. Microstructures of the Rolled Samples

Figure 3 shows the SEM and TEM microstructures of the rolled samples. Although the SPPs
are still linearly distributed in the CR15 sample, mildly distorted alignments of SPPs are observed
in some places, as indicated by a dashed rectangle in Figure 3a, from which it is extrapolated that
cold rolling gives rise to the deformation of the Zr matrix as well as the variation in the distribution
of SPPs. With increasing the deformation degree of cold rolling, this phenomenon becomes more
evident. The distribution of SPPs is severely distorted in the CR45 sample, as indicated by a dashed
rectangle in Figure 3b. Similar scenarios are observed for the HR15 and HR45 samples (Figure 3c,d).
Therefore, severe deformation could impair the linear distribution of SPPs in the Zr matrix. However,
the distribution of SPPs is still not uniform no matter what rolling method is adopted. Figure 3e,f
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are TEM images for the CR45 and HR45 samples. The insets in Figure 3e,f are the corresponding
selected area electron diffraction (SAED) patterns for the SPPs (indicated by the white arrows) and the
surrounding Zr matrix. The SPPs in both samples are located at the lath boundaries and identified as
C15-type face-centered cubic (FCC)-structured particles. Furthermore, a large number of dislocations
are presented in the CR45 sample, which is ascribed to the severe deformation induced by cold rolling.
By contrast, the dislocation density is much smaller in the HR45 sample than that in the CR45 sample.
It is worth noting that the hot rolling was carried out at 480 °C and the temperature of the HR45
sample would increase during deformation. Jiang et al. [40] suggested that Zr has a very low thermal
conductivity and the temperature of Zr would increase during deformation. As the aging temperature
is 480 °C for the hot-rolled samples, it is therefore deduced that the temperature of the hot-rolled
sample should be higher than 480 °C. Chen et al. [22] proposed that the temperature rise is over 100 °C
when the Zr alloy sheet is rolled with a 40% reduction in thickness. In this work, the reduction in
thickness ranges from 15-45%. As mentioned above, 480 °C is the highest recovery temperature for
Zr. Therefore, dynamic recovery/recrystallization would take place in the hot-rolled samples during
hot rolling. During recovery or recrystallization, it has been proposed that the rearrangement of
dislocations associated with a decrease in dislocation density occurs [41]. Therefore, as observed in
Figure 3f, the number of dislocations in the HR45 sample is much less than that in the CR45 sample.
Therefore, one can speculate that the hot-rolled and cold-rolled samples have distinctive dislocation
densities, even if they undergo the same reductions in thicknesses.

3.3. Distribution and Growth Behavior of Second-Phase Particles after Heat Treatment

Figure 4 shows the distributions of SPPs in the cold-rolled and annealed samples. Generally, as the
deformation degree or annealing time (or temperature) increases from the upper left to the lower right
part, the SPPs are remarkably coarsened, spherized, and randomly distributed. The linear and random
distributions of SPPs are essentially separated by a blue dashed line. It is noted that the SPPs distribute
linearly when all the cold-rolled samples are annealed at 580 °C for 1.5 h. Increasing the annealing
time to 3 h at 580 °C, a weakly homogeneous distribution of SPPs is firstly presented in the CR45-580-3
sample. With increasing the annealing time or temperature, the distribution of SPPs becomes more
and more random (Figure 4). Correspondingly, a linear distribution of SPPs is observed in the CR15
sample even when heat-treated at 680 °C for 3 h. In comparison, randomly distributed SPPs are
presented in the CR25-680-3 sample. Therefore, it seems that increasing the deformation degree or the
annealing time (or temperature) facilitates the homogenization of SPPs. Meanwhile, as aforementioned,
most SPPs have irregular shapes after being (3-quenched or rolled. With the increase in annealing
temperature or time, both the spheroidization and growth of SPPs take place. Kahlweit et al. [42]
elucidated that the spheroidization of SPPs is attributed to the decrease in the surface energy of the
matrix/precipitate interface. As seen in Figure 4, the spheroidization increases the space between SPPs
and facilitates their homogenization. Hence, such results suggest that the homogenization of SPPs is
closely related to the deformation degree and annealing time (or temperature).

As shown in Figure 5, a similar trend is also evident in the hot-rolled—annealed samples,
suggesting a general evolution profile for the homogenization of SPPs during heat treatment.
Compared with the cold-rolled-annealed samples, the emergence of the homogeneous distributions
of SPPs in the hot-rolled-annealed samples is postponed (Figures 4 and 5). For example, although
the HR25-680-3 and the CR25-680-3 samples undergo an identical deformation degree and annealing
conditions, the HR25-680-3 sample reveals a linear distribution of SPPs, but the homogeneous
distribution of SPPs is found in the CR25-680-3 sample. Correspondingly, the HR45-580-3 and
CR45-580-3 samples display a similar situation. Considering that the heat treatment provides the
driving force for the homogenization of SPPs, a higher driving force is needed for the hot-rolled
samples than that for the cold-rolled counterparts.
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Figure 3. Microstructures of the 3-quenched sample after rolling: SEM images of (a) CR15, (b) CR45,
(c) HR15, and (d) HR45; TEM images of (e) CR45 and (f) HR45. The insets in (e,f) are the corresponding
selected area electron diffraction patterns (SADPs) for the SPP and the Zr matrix. SPPs: second-phase
particles. The dashed rectangles indicate the distorted distribution of the SPPs. The dashed cycles mean
the dislocations in the samples. The yellow boxes are the SADPs for the SPPs and the blue dashed line
boxes illustrate the SADPs for the Zr matrix.

The variations of the average diameters of SPPs in the samples after 3-quenching, rolling,
and annealing are plotted in Figure 6. Since the quenched sample is used as the starting material,
the initial sizes of SPPs in all the samples are the same. The average diameter of SPPs in the quenched
sample is about 30 nm. The cold-rolled and hot-rolled samples have nearly the same average sizes
of SPPs as the quenched sample, suggesting that the SPPs can hardly grow during the deformation
process adopted in this work. After heat treatment, the SPPs grow in all the samples. The cold-rolled
and hot-rolled samples represent an identical trend. Three main features could be extracted from
Figure 6. Firstly, take an example from the cold-rolled samples. The average diameters of SPPs
are 68 nm and 53 nm in CR45-680-3 and CR45-580-3, respectively (Figure 6a), indicating that the
growth of SPPs is sensitive to the temperature. Similar results have been reported by Luan et al. and
Yang et al. [28,43]. Zhang et al. [44] concluded that the high temperature promotes the diffusion of
elements in the alloys. Therefore, it is concluded that the higher annealing temperature enhances the
growth rate of SPPs. Secondly, when the rolled samples have the same annealing conditions, the SPPs
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in the samples with a larger deformation degree grow faster than those in the counterparts with a
smaller deformation degree. This indicates that the growth of SPPs depends not only on the annealing
temperature, but also on the deformation degree. Finally, the average diameter of SPPs in CR45-680-3
is 68 nm, which is slightly larger than that in HR45-680-3 (64 nm). The same results are also found
in other samples, specifying that SPPs in the cold-rolled samples grow a bit faster than those in the
hot-rolled samples. These results are in good agreement with the morphologies and distributions of
SPPs shown in Figures 4 and 5. It confirms again that the growth of SPPs is related to the deformation
degree and annealing time (or temperature).

Spheroidization and growth

25%

Reduction in thickness
35%
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45%
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580°C,1.5h' 580°C,3h 580°C,6h

Heat treatment
Figure 4. Morphologies and distributions of SPPs in cold-rolled and annealed samples. The blue
dashed line basically indicates the transition from a linear to a homogeneous distribution of SPPs.
All the images have the same scale bar.
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Figure 5. Morphologies and distributions of SPPs in hot-rolled and annealed samples. The blue dashed
line basically indicates the transition from a linear to a homogeneous distribution of SPPs. All the
images have the same scale bar.
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Figure 6. Variations in the average diameters of SPPs in the (a) cold-rolled and (b) hot-rolled samples
after 3-quenching, rolling, and annealing. Error bars represent the first standard deviations of the
average diameter of SPPs obtained from at least five SEM images. CR indicates the cold rolling and
HR means the hot rolling. 580-1.5 and so on represent the annealing conditions for the corresponding
samples. For example, 580-1.5 illustrate the sample is annealed at 580 °C for 1.5 h.

3.4. Mechanism for the Homogenization and Growth Behavior of Second-Phase Particles

For a given system, Marqusee and Ross [45] mentioned that the growth of SPPs is closely
associated with their volume fractions; the growth rate of SPPs would be greater in the sample
with the higher volume fraction of SPPs. Therefore, the volume fractions of SPPs in the CR15, CR45,
HR15, and HR45 samples after 3-quenching, rolling, and annealing were investigated and are shown
in Figure 7. It could be found that the volume fraction of SPPs in the 3-quenched sample is about
4.0%. After cold rolling or hot rolling, the volume fractions of SPPs range from 4.0-4.1% in the rolled
samples. Afterward, no matter what annealing conditions are adopted, the volume fractions of SPPs
vary in a small range of 3.9—4.2% in the annealed samples, which is not distinct from the scenario in the
B-quenched and rolled samples. Considering the inevitable statistical error, this result demonstrates
that the volume fractions of SPPs are almost constant in this work. Hence, the influence of the volume
fractions of SPPs on the homogenization and growth of SPPs is neglected in the following discussion.
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Figure 7. Volume fractions of SPPs in the selected samples after 3-quenching, rolling, and annealing.
Error bars represent the first standard deviations of the average diameter of SPPs obtained from at least
five SEM images.

Although the morphologies of SPPs are not significantly different after cold rolling or hot rolling
(Figure 3), distinct evolution profiles for the homogenization of SPPs are observed in the annealed
samples (Figures 4 and 5). In such a two-phase system, the homogenization and growth of the
precipitates are governed by the Ostwald ripening mechanism [28], which describes that the growth of
the precipitates is at the expense of the smaller ones and the substance of precipitates is transported
through the matrix. Therefore, the growth rates of SPPs were determined by the volume fraction of
SPPs and the diffusion rates of the substance of SPPs in the Zr matrix. Since the volume fractions of
SPPs are almost constant in various samples (Figure 7), only the diffusion rate of the substance of SPPs
would be considered in this work. The classical Lifshitz—Slyozov—Wagner (LSW) model is suggested
for the growth kinetics of SPPs during annealing [46]. It can be expressed as:

& =d+kt )

where d is the average diameter of SPPs in the matrix before annealing, d is the average diameter of
SPPs after annealing, ¢ is the annealing time, and k is the coarsening rate constant, which is a function
of the annealing temperature and the diffusion coefficient of SPPs in the matrix. Here, k is:

k = 8TDCV?/9RT 2)

where C is the equilibrium concentration of the alloying elements in the matrix, V is the molar volume
of the SPPs, I is the surface energy of the matrix/precipitate interface, R is the ideal gas constant, T is
the absolute temperature, and D is the normalized diffusion coefficient of SPPs in the matrix. Based on
the results obtained in this work, the volume fractions of SPPs are almost constant in various samples,
and hence the equilibrium concentration of the alloying elements in the matrix and the molar volume
of SPPs are invariable. For a specific two-phase system, I is a constant. Therefore, the value of k
depends on D and T. In an alloy system, Carman et al. [47] pointed out that the diffusion coefficient D
is temperature-dependent and Sun et al. [48] denoted D as:

D = Doexp(—Q/RT) ®)

where Dy is the diffusion factor and Q is the diffusion activation energy for the mass transfer of SPPs.
However, it is well known that the rate of lattice diffusion is much lower than that of short-circuit
diffusion [49,50]. Both grain (or subgrain) boundaries and dislocations can be regarded as the shortcuts
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for the solute in the matrix. Therefore, the calculation of an effective diffusion coefficient of the
substance of precipitates in the matrix should take both the lattice diffusion and short-circuit diffusion
into account. For this reason, Panicaud et al. [51] gave a universal method to evaluate the effective
diffusion coefficient:

De = vDs + (1 —v)Dy 4

where D, stands for the effective diffusion coefficient, D; is the short-circuit diffusion coefficient, D,
indicates the lattice diffusion coefficient, and -y is the corresponding volume fraction of the shortcuts
in the matrix. Both D; and D; are also temperature-dependent. Therefore, Equation (4) could be
rewritten as:

De = yDysexp(~Qs/RT) + (1 — 7) Dy exp(—Qi/RT) 5)

where Dy and Dy, denote the diffusion factors of short-circuit diffusion and lattice diffusion,
respectively; and Qs and Q; stand for the diffusion activation energy of the short-circuit diffusion and
the lattice diffusion for the mass transfer of SPPs, respectively. These four parameters are constant for
a given two-phase system. Hence, the effective diffusion coefficient D, seems to be closely related to
the volume fraction of the shortcuts v in the matrix. It is well known that the short-circuit diffusion
coefficient D, is much higher than the lattice diffusion coefficient D; in a specific matrix. As such, it is
reasonable to speculate that a higher y results in a higher effective diffusion coefficient D,.

In this work, all the samples were annealed after rolling. Severe deformation refines the grain of
the matrix and induces a large number of defects [52-54]. Such a conclusion implies that the rolling
process substantially increases the diffusion paths for SPPs in the Zr matrix in this work. Qualitatively,
the value of 7 for the sample with a higher deformation degree is much higher than that for the
sample with a lower deformation degree. As a result, according to Equation (5), the D, of the sample
with a higher deformation degree should be prominently greater than that of the sample with a
lower deformation degree at a fixed temperature (i.e., 580 °C), leading to the distinct coarsening rate
constants between the different samples (Equation (1)). Therefore, as seen in Figure 6, for the identical
rolling methods, the SPPs in the sample with a higher deformation degree grow faster than the SPPs in
the sample with a lower deformation degree. Similarly, the diffusion coefficient also increases with
increasing the annealing temperature in terms of Equation (5). The average diameters of SPPs in
the samples annealed at 680 °C for 3 h are greater than those annealed at 580 °C for 3 h. Therefore,
the growth behavior of SPPs is closely associated with the volume fraction of the shortcuts (such as
grain boundaries and dislocations) and the annealing temperature, from which it could be considered
that the shortcuts and heat treatment provide the diffusion paths and driving force for the mass transfer
of SPPs, respectively.

Furthermore, such characteristics also have an important effect on the homogenization of SPPs in
the Zr matrix. As shown in Figures 4 and 5, spheroidization of SPPs takes place in all rolled samples
during heat treatment, which is attributed to the Ostwald ripening mechanism and the decrease in the
surface energy of the matrix/precipitate interface. The LSW model has suggested that the growth of
SPPs is diffusion-controlled and the adjacent SPPs are prone to aggregate and grow to form new bigger
ones. Therefore, as shown in the SPPs observed in the CR15 and HR15 samples (Figures 4 and 5),
the continuously distributed SPPs become discrete with increasing the annealing time or temperature.
Taking the CR15 sample as an example, it undergoes 15% reduction in thickness by rolling, and hence
only a small number of defects are induced in the CR15 sample. As such, lath boundaries are dominant
for the mass transfer of SPPs. Therefore, although the SPPs are discretely distributed and in a spherical
shape in the CR15-680-3 sample, a weakly linear distribution of SPPs is still represented. A similar
scenario is observed in the HR15 sample. By contrast, it is known that a considerable number of
defects are induced in the CR45 or HR45 samples due to a higher deformation degree, providing
various diffusion paths for the migration of the substance of SPPs. On the other hand, the deformation
in a higher degree significantly alters the distribution of SPPs both in the hot-rolled and cold-rolled
samples (Figure 3). Therefore, it is inferred that some adjacent SPPs may aggregate and form new
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ones of bigger size due to possessing the same chemical composition and structure. Before this new
SPP becomes a spherical one, a circular arc polygonized shape is anticipated. As seen from the
Figure 8a, four SPPs combining into a large flower-like shaped one is observed in the CR45-580-3
sample, which coincides with the results as suggested above. Figure 8b shows a heart-like shaped
SPP (P1) with an FCC structure. It is speculated that this SPP (P1) was formed by the combination
of several other ones. By EDS investigation, the composition of the SPP P1 is 30 at. % Zr, 23 at. %,
5 at. % Cu, 4 at. % Si, and 38 at. % Fe, confirming that P1 is (Zr,Nb,Si),Fe. Meanwhile, the SPPs P2
and P3 start to be connected; their joint is indicated by a dashed ellipse. This evidence elucidates that
the deformation with a higher degree not only facilitates the growth of SPPs, but also promotes the
homogenization of SPPs in the Zr matrix. Therefore, combining the results observed in this work
(Figures 4 and 5), under the same annealing conditions, the samples with a higher deformation degree
could facilitate the formation of homogenously distributed SPPs.

i W

Combined SPPs

500 nm

I3n 2zo
. .

ZA=[H2] * ¢

Figure 8. Morphologies of some SPPs in the CR45-580-3 sample: (a) four SPPs combining into a large
flower-like shaped one is observed by SEM observation, and (b) a heart-like shaped SPP (P1) with FCC
structure and two connected SPPs (P2 and P3) are observed by TEM observation. The inset in (b) is
the selected area electronic diffraction for the heart-like shaped SPP. SPP indicates the second-phase
particles. FCC structure means the face-centered cubic structure.

Another interesting phenomenon is that the cold-rolled samples could obtain the homogeneously
distributed SPPs more easily than the hot-rolled samples under the same deformation degree and
annealing conditions (Figures 4 and 5). As revealed by Figure 3e, f, the HR45 sample possesses
fewer dislocations than the CR45 sample caused during rolling. Chen et al. [22] reported that the
decrease in the dislocation density results from the occurrence of dynamic recovery /recrystallization
in the hot-rolled sample. Therefore, such different SPPs distributions between the hot-rolled and
cold-rolled samples with the same deformation degree and annealing conditions should be also
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attributed to the distinct number of defects in their matrices. The reduction of the number of defects
in the Zr matrix substantially decreases the mass transfer of SPPs during the subsequent annealing
(Equation (5)). Based on these results, a qualitative schematic interpretation is given in Figure 9 to
explain the evolution of SPPs in the Zr matrix during deformation and annealing. The SPPs with
irregular shapes are linearly distributed along the prior 3-grain boundaries and lath boundaries after
B-quenching (Figure 2). After rolling, the distribution of SPPs is distorted to some extent. The degree
of distortion in the distribution of SPPs is in proportion to the deformation degree (Figure 3a—d). In the
meantime, the Zr matrix is also deformed and the defects are induced in the matrix. Due to dynamic
recovery/recrystallization, the defects in the hot-rolled samples are fewer than those in the cold-rolled
samples under the same deformation degree (Figure 3e,f). These induced defects provide shortcuts
for the mass transfer of SPPs. When the rolled samples are annealed, the heat treatments provide the
driving force for the homogenization of SPPs. Therefore, according to Equation (5), the samples with
more defects would have a larger effective diffusion coefficient, resulting in a faster mass transfer
in the Zr matrix. In such a case, the SPPs in the cold-rolled samples are more prone to grow and be
homogenized than those in the hot-rolled samples under the same deformation degree and annealing
conditions, which agrees with the results obtained in this work (Figures 4-6). Proff et al. [55] suggested
that the refined and homogeneously distributed SPPs in the matrix could improve the corrosion
resistance of the Zr alloys. Therefore, the autoclave test was carried out for some samples to examine
their corrosion resistance.
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Figure 9. Schematic interpretation of the mechanism for the homogenization and growth behavior of
second-phase particles in the deformed Zr alloys. The number of SPPs and defects are only a schematic,
not a quantitative representation.

3.5. Corrosion Resistance

The quenched CR15-580-1.5, CR45-580-6, and HR45-580-6 samples were selected for corrosion
testing in 0.01 M LiOH aqueous solution at 360 °C/18.6 MPa. As mentioned above, the SPPs in the
quenched and CR15-580-1.5 samples are in the linear distributions, while the SPPs in the CR45-580-6
and HR45-580-6 samples are uniformly distributed. The weight gain of all tested samples as a function
of exposure days is shown in Figure 10. Apparently, all samples have a similar weight gain before
the 100-day exposure. However, a relatively rapid rise in weight gain is observed in the quenched
and CR15-580-1.5 samples after the 100-day exposure, specifying the occurrence of the transition



Metals 2018, 8, 759 14 of 17

in corrosion kinetics. By comparison, the transition in corrosion kinetics for the CR45-580-6 and
HR45-580-6 samples takes place after the 160-day exposure. Under the same testing conditions,
a higher corrosion resistance of the Zr alloy is always related to a longer pretransition period in the
case of no significant difference in weight gain before the first transition [2,14]. This illustrates that
the CR45-580-6 and HR45-580-6 samples possess better corrosion resistance than the quenched and
CR15-580-1.5 samples in this work. This result confirms a detrimental effect of inhomogeneously
distributed SPPs on the corrosion resistance of the Zr alloys. Therefore, obtaining homogeneously
distributed SPPs in the Zr matrix is rather important for improving the corrosion resistance of the

Zr alloys.
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Figure 10. Weight gain of the selected samples as a function of exposure time.

4. Conclusions

In the present work, distinctive degrees of deformations by cold or hot rolling were introduced
into a quenched Zr-Sn—-Nb-Fe-Cu-5i-O alloy, followed by annealing at 580 °C or 680 °C for different
amounts of time. The morphologies, distributions, and sizes of second-phase particles (SPPs) in the
samples associated with the different processing procedures were investigated. The corresponding
corrosion resistance of the samples in 0.01 M LiOH aqueous solution at 360 °C/18.6 MPa with
inhomogeneously and homogeneously distributed SPPs were also compared. The following results
have been obtained:

(1) A linear distribution of SPPs is presented in the quenched sample. After rolling, the distributions
of SPPs in the samples are distorted to some extent, according to the deformation degree.
The SPPs both in rolled samples are coarsened, spherized, and homogeneously distributed during
annealing; the average diameters of the SPPs increase with increasing the deformation degree
and annealing time (or temperature). Furthermore, compared with the cold-rolled—annealed
samples, the emergences of the homogeneous distributions of the SPPs in the hot-rolled—annealed
samples are postponed.

(2) The homogenization and growth of SPPs are attributed to the Ostwald ripening mechanism.
Due to the invariable volume fractions of SPPs in quenched, rolled, and annealed samples,
the growth rates of SPPs are primarily governed by the diffusion rates of the substance of SPPs
in the Zr matrix. Since the effective diffusion coefficient consists of the lattice diffusion and
short-circuit diffusion, the sample with a higher deformation degree is speculated to have more
defects in the Zr matrix, which provides more shortcuts for the mass transfer of SPPs. As a
result, SPPs in the sample with a higher deformation degree grow and homogenize more easily
compared with those in the sample with a lower deformation degree.
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(3) All the selected samples had a similar weight gain before the 100-day exposure. However,
the samples with inhomogeneously distributed SPPs had a post-transition phenomenon after
the 100-day exposure, whereas the transitions in corrosion kinetics of the samples with
homogeneously distributed SPPs took place after the 160-day exposure. Therefore, it confirms
a detrimental effect of inhomogeneously distributed SPPs on the corrosion resistance of the
Zr alloys.
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