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ABSTRACT

The annealing behavior of the pre-oxidized Cr-coated Zry-4 at 1200 °C in argon is systematically investi-
gated. A Cr,05 scale with a thickness of ~9 um formed on the sample surface after pre-oxidation of the
Cr-coated Zry-4 in steam at 1200 °C for 30 min. During annealing in inert atmosphere, the thickness of
the Cr,03 scale decreases with the increase of the annealing time because of the reaction between the
Cr,03 scale and the outward diffused Zr at the Cr,03/Cr interface, the decomposition of Cr,03, and the
inward diffusion of O into the Zircaloy substrate along the ZrO, precipitates at the Cr grain boundaries.
The Cr,05 scale has completely transformed into Cr after annealing for one hour. Pores and Cr grains are
observed inside the Cr,03 scale after annealing due to the decomposition of Cr,05. The ZrO, precipitates
at Cr grain boundaries gradually grow outward during the annealing and finally reach the outer surface
of the Cr coating. The results in this paper provide new insights into the thickness decrease mechanism

Pores

1. Introduction

Since the Fukushima nuclear power plant accident in 2011,
many research institutions, commercial companies, and universi-
ties have been engaged in the R&D of the accident tolerant fuels
(ATFs), which were proposed to improve the safety of the current
nuclear reactor fuels at the accident conditions [1-3]. Among many
concepts of ATFs, Zircaloy substrate with surface Cr coating has
been considered as one of the most promising ATF cladding candi-
date materials for industrial application due to its low research and
development cost and time as well as the excellent performance
of the Cr coating [4, 5]. Up to present, a large number of experi-
ments have proven that surface Cr coating can effectively protect
the Zircaloy substrate from oxidation and hence improve the per-
formance of the current Zircaloy cladding materials under simu-
lated loss of the coolant accident conditions [6-11].

However, during isothermal steam oxidation of the Cr-coated
Zircaloy at high temperature, the coating failure and oxidation ki-
netics transition always occur before the complete consumption
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and the decomposition behavior of the Cr,03 scale.

of Cr coating by steam oxidation [10-12]. According to the pre-
vious work by ourselves and other researchers [9-14], this type
of coating failure should be attributed to the collective effects of
the thickness decrease of the Cr,03 scale, the outward diffusion
of Zr, and the formation of ZrO, precipitates at the grain bound-
aries of unoxidized Cr coating. As regards the thickness decrease of
the Cr,05 scale, the most acceptable mechanism was proposed by
Han [10] and ourselves [12] that the reaction between the Cr,03
scale and the Zircaloy substrate (or the outward diffused Zr at Cr
grain boundaries) reduces Cr,03 into Cr. However, further evidence
is needed to prove that this reaction is the most dominant factor
for the reduction of the Cr,03 scale.

Moreover, the in-depth microstructural evolution mechanism of
the Cr,0O3 scale is still unclear up to now. In our previous work
about the isothermal steam oxidation of the Cr-coated Zry-4 sam-
ples [12], a lot of pores were observed inside the Cr,03 scale dur-
ing the thickness decrease of the Cr,03 scale. A mechanism was
proposed that the decomposition of Cr,05 leads to the formation
of pores based on the observation of amorphous Cr,03 close to
pores. The loss of O in Cr,03 produces oxygen vacancies, which
can trigger the order-disorder transformation of the oxide [15, 16].
The complete decomposition of Cr,03 produces pores, while the
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Fig. 1. Schematic of the whole experimental process.

incomplete decomposition results in the formation of amorphous
Cr,05. However, more direct evidence is needed to prove this hy-
pothesis that the decomposition of Cr,03 occurs inside the Cr,03
scale at high temperature.

In order to further investigate the microstructural evolution
mechanism of the Cr,03 scale and to provide more evidence for
the thickness decrease mechanism and the decomposition of the
Cr,03 scale at high temperature, annealing tests of pre-oxidized
Cr-coated Zircaloy samples in argon were designed and conducted
in this paper. During annealing in argon, no Cr,03 can be pro-
duced by oxidation. Therefore, the microstructure and thickness of
the Cr,03 scale can only be affected by the interdiffusion between
coating and substrate. The effect of the reaction between the Cr,03
scale and the outward diffused Zr on the microstructure and thick-
ness evolution behavior of the Cr,05 scale can be clearly investi-
gated.

In this paper, Cr-coated Zry-4 samples were first oxidized at
1200 °C in steam atmosphere for 30 min to form a thick Cr,05
scale on the surface of the Cr coating, and then the pre-oxidized
samples were annealed in argon atmosphere for different times.
Eventually, the microstructures of the samples were studied, and
the mechanisms were discussed.

2. Experimental

Fig. 1 shows the whole experimental process in this paper,
which includes deposition of Cr coating on Zry-4, pre-oxidation
of Cr-coated Zry-4 in the steam atmosphere, and annealing of the
pre-oxidized Zry-4 in argon.

1) Step 1. Deposition of Cr coating

Cr coating with thickness ~17 um was deposited on all six
outer surfaces of the Zry-4 plates (15 mmx10 mmx0.65 mm) by
magnetron sputtering. The specific coating deposition process has

been introduced in our previous paper [12]. It is worth mention-
ing that the use of Zry-4 plates cannot fully represent the real
Zry-4 cladding tube inside the reactor. Because the specific and
grain morphologies are different between plates and tubes. Be-
sides, there are internal stress inside the tubes.

2) Step 2. Pre-oxidation of the Cr-coated Zry-4

All Cr-coated Zry-4 plates were oxidized in a steam atmosphere
(H,0 20 g/h + Ar 20 L/h) at 1200 °C for 30 min by using a horizon-
tal tube furnace (Fig. 1(b)). This furnace [17, 18] and the process of
the oxidation tests [12, 19] were described in detail in our previous
papers. The reason for choosing 30 min as the pre-oxidation time
is that the oxidation kinetics transition of the Cr-coated Zry-4 sam-
ples in steam occurs at 30 min according to our previous isother-
mal steam oxidation tests at 1200 °C [12]. Moreover, the thickness
of the Cr,03 scale is at the largest value after oxidation for 30 min
during the whole oxidation process, and then it will decrease with
the increase of the oxidation time. It is worth mentioning that the
transition time 30 min was just obtained by ourselves by using
specific Cr-coated Zry-4 samples and specific oxidation condition.
The transition time should vary depending on the samples and the
test conditions.

3) Step 3. Annealing in argon

Subsequently, all pre-oxidized Cr-coated Zry-4 plates were an-
nealed in an argon atmosphere (flow rate 50 mL/min) using a si-
multaneous thermal analysis (STA, NETZSCH STA449F3). The rea-
son for choosing the STA to conduct the annealing tests is that this
device can provide an oxygen-free environment (the oxygen con-
centration is less than 10> ppm at 1200 °C) to prevent further
oxidation of the samples during annealing tests. Besides, a pure
zirconium block was placed inside the STA to absorb residual oxy-
gen. The actual temperature control curves of different samples are
shown in Fig. 2. The heating and cooling rates of STA were con-
trolled as 20 K/min and 100 K/min, respectively. When the sam-
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Table 1
Mass changes of pre-oxidized samples during annealing in argon.
Sample #A #B #C #D #E #F
Mass changes (%) -0.027 0.075 0.007 —0.040 -0.013 —0.005
Isothermal 3. Results
1200 | exposure time 0 15 30 45 60 120
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1000 ) . .
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g thickness of the as-deposited Cr coating is ~17.4 um (Fig. 3(a)).
© The average grain size of the Cr coating is ~2 um (Fig. 3(b)). The
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Fig. 2. Schematic temperature profiles of annealing tests.

ple temperature reached 1200 °C, the isothermal exposure stage
started. The isothermal exposure times of #A, #B, #C, #D, #E, and
#F samples at 1200 °C were controlled as 0 min, 15 min, 30 min,
45 min, 60 min, and 120 min, respectively. Thus, the #A sample
with 0 min annealing time was only heated and then immediately
cooled down.

Post-test examination

After the annealing tests, X-ray diffraction (XRD, Bruker D8 Fo-
cus) with a Cu K radiation source (A = 1.54 A) was used to study
the surface phases of the Cr-coated samples. The 26 range was 20-
100°, and the scanning step was 0.02° The maximum penetration
depths (when 26 is 100°) of X-ray in Cr,03 and Cr were calcu-
lated as ~8.587 um and ~4.346 um, respectively. The surface and
cross-sectional microstructures of the pre-oxidized Cr-coated Zry-4
samples before and after the annealing tests were characterized by
scanning electron microscopy (SEM, PhilipsXL30S and GeminiSEM
500) equipped with energy dispersive X-ray spectroscopy (EDS).
The EDS measurement depths in Zr, Cr, and O were calculated as
~113 pum, ~1.00 um, and ~4.18 um, respectively. The specimens
used for cross-sectional microstructural characterization were pre-
pared by embedding in epoxy resin, grinding, polishing, ultrasoni-
cally cleaning, and drying.

less than 0.08%, which should mainly be attributed to the measure-
ment error. Moreover, there is no regularity between mass changes
and annealing time. That indicates no volatilization or oxidation of
samples occur during annealing in argon.

3.3. The surface phases

Fig. 4 shows the XRD patterns of the pre-oxidized Cr-coated
Zry-4 samples before and after annealing in argon. In the pre-
oxidized sample before annealing, only diffraction peaks of Cr,03
are visible. This indicates that a thick Cr,03 scale has formed on
the outer surface of the coating after pre-oxidation. After anneal-
ing, peak (110) and peak (200) of Cr appear in all samples. More-
over, the intensity of these two peaks increases with the increase
of the annealing time. After annealing for 60 min, the peaks of
Cr,05 entirely disappear, and only the peaks of Cr remain. That
indicates all the Cr,03 scale has transformed into Cr after anneal-
ing. It is worth mentioning that small peaks of the m-ZrO, phase
were observed in almost all the samples, but only the high angle
crystal plane (-132) of m-ZrO, is clear in the #F sample after an-
nealing for 120 min. A peak of the t-ZrO, phase can be observed
in very few samples, such as the #C sample. The appearance of the
ZrO, peaks shows the formation of ZrO, close to the outer surface
of the coating (the distance between ZrO, and the outer surface is
less than the penetration depth 8.587 pum of X-ray in Cr,03).

Resin

Cr coating

Substrate

Fig. 3. (a) The surface and (b) cross-sectional SEM images of the as-deposited Cr-coating.
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Fig. 4. XRD patterns of the pre-oxidized Cr-coated Zry-4 samples before and after
annealing in argon.

Table 2
Semiquantitative elemental compositions on
the surface of the #D sample in Fig. 5(e).

At.% P1 P2 P3 P4
Cr 84 78 63 63
(0] 11 17 36 35
Fe 2 2 0 0
Zr 3 3 1 2

3.4. The surface microstructures

Fig. 5 displays the surface SEM micrographs of the pre-oxidized
samples before and after isothermal annealing for 0-45 min. For
isothermal annealing time (t) shorter than 30 min (Fig. 5(a), (b),
and (c)), only Cr,03 grains are observed on the surface of sam-
ples. However, after annealing for 30 min (Fig. 5(d)) and 45 min
(Fig. 5(e)), there are larger particles distributed on the surface of
the Cr,03 scale. The semiquantitative elemental contents inside
these particles are investigated by EDS maps in Fig. 5(f) (inside the
white circle) and the EDS point analyses in Table 2. The contents of
Cr in these particles are much higher than that in the oxide, while
the compositions of O show the opposite trend that minimal O re-
mains in these particles. The appearance of O should be due to the
large EDS measurement depth of O (~4.18 um) and Cr (~1 wm)
and the small particle size (<1 wm). Therefore, these particles can
be identified as Cr grains with a high probability for the follow-
ing reasons: 1) no other Cr-rich phases were detected by XRD in
Fig. 4 besides Cr and Cr,05; 2) the contents of Fe and Zr in these

particles are very small so there won’t be another type of inter-
metallic; 3) only the Cr,03 phase is stable at such a temperature
so there won’t be another type of oxide of Cr. The appearance of
Cr grains on the surface of the Cr,03 scale was rarely reported by
other researchers in the field of Cr coating and Cr,03 oxide. Be-
sides, a minimal amount of Fe segregates inside these particles.
This part of Fe should have diffused from the Zry-4 substrate. The
enrichment of Fe is attributed to the high affinity between Fe and
Cr, which was also observed in our previous work in the very late
stage during the steam oxidation of Cr-coated Zry-4 [19].

Fig. 6 shows the surface SEM micrographs of the pre-oxidized
samples after isothermal annealing for 60 min and 120 min. Ac-
cording to the XRD results in Fig. 4, the Cr,03 scale has completely
transformed into a Cr coating on the surface of these two samples.
As can be seen in Fig. 6(a), after annealing for 60 min, many pores
are distributed on the surface of the Cr coating. In the SEM im-
age with a higher magnification (Fig. 6(b)), small white precipitates
scatter on the surface of the Cr coating. These precipitates are lo-
cated not only at the grain boundaries of Cr but also inside the Cr
grains. These white precipitates can be identified as ZrO, based on
the XRD results in Fig. 4 and the EDS maps in Fig. 6(c). When t in-
creases to 120 min (Fig. 6(d)), the concentration of pores distinctly
decreases on the surface of Cr coating, and the Cr grains grow up
to some extent due to the sintering effect. Most white ZrO, parti-
cles have a larger size and are distributed at the grain boundaries
of Cr (Fig. 6(e)). The EDS maps in Fig. 6(f) show further proof of the
appearance of ZrO,. The formation of ZrO, grains at the Cr grain
boundaries has been regularly observed during the oxidation of the
Cr-coated Zircaloy at high temperatures [10, 11, 13].

The average size of Cr,03 and Cr grains was measured on the
surface of all seven samples, and the results are summarized in
Fig. 7. The error bar in Fig. 7 indicates the standard deviation
of the grain size. Table 3 summarizes the total number of grains
used for the measurement of grain size in Fig. 7. Obviously, when
the surface Cr,03 grains have not completely transformed into Cr
(t < 45 min), the size of Cr,03 grains increases with the increase
of t. The grain size and the quantity of these Cr grains protruding
on the surface increase when t increases from 30 min to 45 min.
The grains of Cr coating also grow to some extent when t increases
from 60 min to 120 min. The grain size of Cr coating (t > 60 min)
is much larger than that of the Cr particles on the surface of the
Cr,03 scale (#C and #D sample).

3.5. The cross-sectional microstructures

Fig. 8 shows the cross-sectional microstructures of the pre-
oxidized samples before and after annealing in argon atmosphere.
Before t reaches 60 min (Fig. 8(a)-(f)), there are typical triple-layer
structures of the coating: outer Cr,03 scale, middle unoxidized Cr
with ZrO, grains distributed on its grain boundaries (Fig. 8(d)), and
inner ZrCry, which have been comprehensively investigated in the
work of ourselves and other researchers [11, 12]. It is worth men-
tioning that the ZrO, precipitates at the Cr grain boundaries in the
pre-oxidized sample (Fig. 8(a)) have reached the Cr,03/Cr inter-
face [12]. Pores can be observed inside the Cr,03 scale (Fig. 8(b),
(c), and (d)) after annealing, and similar pores were also observed
in our previous work during the isothermal oxidation of the Cr-
coated Zry-4 [12]. Moreover, small white particles are distributed
inside the Cr,05 scale and on the outer surface of the Cr,03 scale
(Fig. 8(c)-(g)). The semiquantitative EDS point analysis results of
the white particle at P5 and the Cr,03 scale at P6 in Fig. 8(g) are
listed in Table 4. According to the EDS maps in Fig. 8(d) (inside
the yellow circle) and the elemental compositions in Table 4, the
content of Cr in these white particles is much higher than that in
the Cr,03 scale, also minimal Fe is detected inside these particles,
which is similar with the results at P1 and P2 in Fig. 5(e). There-
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Fig. 5. Surface SEM images of the pre-oxidized Cr-coated Zry-4 before and after annealing in argon: (a) pre-oxidized; (b) #A sample; (c) #B sample; (d) #C sample; (e) #D

sample; (f) EDS maps of (e).

Fig. 6. Surface SEM images of the pre-oxidized Cr-coated Zry-4 after annealing in argon: (a) #E sample in low-magnification; (b) #E sample in high-magnification; (c) EDS
maps of (b); (d) #F sample in low-magnification; (e) #F sample in high-magnification; (f) EDS maps of (e).

fore, these white particles should be Cr, and the particles on the
surface of the Cr,03 scale in Fig. 8(e)-(g) should be the Cr parti-
cles observed on the surface of the samples in Fig. 5(d) and (e).
At the local position of the #D sample after isothermal anneal-
ing for 45 min, as shown in Fig. 8(h) and (i), the Cr,03 scale has
entirely transformed into Cr. Hence the triple-layer coating trans-
forms into a double-layer coating with outer Cr coating and inner
ZrCr,. According to the EDS maps in Fig. 8(i), a lot of ZrO, parti-
cles are distributed inside the Cr coating, and these ZrO, particles
extend from the ZrCr, layer to the outer surface of the Cr coating.

Inside the Zry-4 substrate (Fig. 8(h)), long dark grains saturate the
bright Zry-4. These dark grains are Cr-Zr intermetallic compounds,
which are produced during cooling stage because of the inward
diffusion of Cr from Cr coating to the substrate and the solubility
of Cr in Zr decreases during cooling [9, 12].

Fig. 9 shows the cross-sectional SEM micrographs of the pre-
oxidized samples after isothermal annealing for 60 min and
120 min. The outer Cr,05 scale has completely transformed into
Cr, which is consistent with the surface SEM results in Fig. 6. Large
pores are distributed inside the Cr coating close to the outer sur-
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Table 3

The total number of grains used for the grain size measurement in Fig. 7.

Samples Pre-oxi
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Fig. 7. Summary of the average grain size of Cr,0; and Cr on the surface of each
sample.

face. These pores should be the pores observed from the surface of
the sample in Fig. 6(a) and (d). Based on the EDS maps in Fig. 9(c),

Resin

(a) Pre-oxidized
Cr,0,

#C.30 min

\ t

Cr grains

-~
o

#A.0.min

/ 32 27 176 153
186 194 163 | /
Table 4

Semiquantitative elemental
compositions of P5 and P6

in Fig. 8(g).
At% P5 P6
Cr 67 41
(0] 27 57
Fe 1 0
Zr 5 2

the content of ZrO, particles inside the Cr coating is much smaller
compared with the results in Fig. 8(i).

The average thicknesses of the whole coating and each sublayer
of different samples after annealing in argon are summarized in
Fig. 10. With the increase of t, the thickness of the outer Cr,03
scale decreases, and the thickness of the middle unoxidized Cr
layer increases. The thickness of the inner ZrCr, layer does not
change too much. It takes only 60 min to completely transform
the Cr,03 scale into Cr by annealing under inert atmosphere. After
isothermal annealing for 120 min, the thickness of the unoxidized
Cr coating decreases slightly, which should be attributed to the in-
ward diffusion of Cr from the Cr coating to the Zircaloy substrate.
The thickness of the outer Cr,03 scale after annealing is smaller

Resin

#B 15 min

'\ f Cr,0,
Cr grains

Resin (C)

#D 45 min

T

Cr grains

Resin

Resin (f)
Cr,0,4

Fig. 8. Cross-sectional SEM images of the pre-oxidized Cr-coated Zry-4 before and after annealing in argon: (a) pre-oxidized; (b) #A sample; (c) #B sample; (d) EDS maps
of #B sample; (e) #C sample; (f) #D sample; (g) #D sample in high-magnification; (h) the Zry-4 substrate of #D sample; (i) EDS maps at local region of #D sample.
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Fig. 9. Cross-sectional SEM images of the pre-oxidized Cr-coated Zry-4 after annealing in argon: (a) #E sample; (b) #F sample; (c) EDS maps of #F sample.
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Fig. 10. Thickness evolution of the coating and each sublayer within the coating of
different samples.

than the penetration depth of the X-ray in Cr,03 (8.587 pm), and
this is the reason why the peaks of Cr and ZrO, appears in all the
samples after annealing.

4. Discussion
4.1. The thickness decrease mechanism of the Cr,03 scale

During the steam oxidation of Cr-coated Zry-4, the thickness
decrease of the outer Cr,03 scale was observed and reported by
ourselves and other researchers [9, 10, 12, 19] after the Cr,03 scale
grew to a certain thickness by steam oxidation. A mechanism was
proposed that the reaction between the outward diffused Zr at
the unoxidized Cr grain boundaries and the Cr,0O3 scale at the
Cr,05/Cr interface is the main factor for the reduction of the Cr,03
scale [12]. As shown in Eq. (1), this reaction consumes Cr,03 but
produces ZrO, at the Cr,03/Cr interface. Considering the reaction
products between Zr and the Cr,03 scale, only the Cr and ZrO,
phases were detected by XRD (Fig. 4). This result is consistent with
Eq. (1). The formation of metastable (Cr, Zr),03 phase was reported
by other researchers in the Cr-Zr-O system [20-22]. But this phase
is unstable and will decompose into Cr,03 and ZrO, phases at
1000 °C [20]. Moreover, according to the ZrO,_Cr,03; phase dia-
gram, no intermediate phase can form between the ZrO, and the
Cr,05 phases at 1200 °C [23]. Therefore, only ZrO, and Cr phases
can form during the annealing of the pre-oxidized Cr-coated Zry-4
samples.

The schematic of the microstructural evolution of the coating in
inert atmosphere (preventing further oxidation) is shown in Fig. 11.
The times for the various degradation steps in Fig. 11 may vary for
different coatings, but the general mechanism should be valid for

all Cr coatings. During the annealing tests of the pre-oxidized Cr-
coated Zry-4, the Cr,05 scale with a thickness of ~9 pum has to-
tally disappeared within only an hour, which is a very short time.
Moreover, by comparing the position of ZrO, particles at the Cr
grain boundaries at t = 15 min (Fig. 8(d)) and t = 45 min (Fig. 8(i)),
a correlation can be seen between the ZrO, precipitates, which
grow gradually towards the outer surface of the coating, and the
decrease in the thickness of the Cr,03 layer. The front of the ZrO,
particles is always located at the Cr,03/Cr interface (Fig. 11(a)-(c)).
When Cr,05 has entirely transformed into Cr, these ZrO, precipi-
tates finally reach the outer surface of the Cr coating (Fig. 11(c) and
(d)). These results obtained from the annealing tests of the pre-
oxidized Cr-coated Zry-4 provide direct evidence that it is mainly
the reaction of Eq. (1) at the Cr,03/Cr interface leads to the thick-
ness decrease of the Cr,05 scale. In other words, the interdiffusion
between the surface coating and the Zircaloy substrate, especially
the outward diffusion of Zr at unoxidized Cr grain boundaries, is
the primary reason for the thickness decrease of the Cr,05 scale.

3Zr + 2Cr,03 — 3Zr0,+4Cr (1)

Moreover, the decomposition of Cr,03 scale at the Cr,03/Cr in-
terface was also proposed in our previous work according to the
formation of pores and amorphous phase at the Cr,03/Cr interface
[12]. Because the amorphization of Cr,05 just occurs at very small
region of Cr,03 (edge region of the pores), the XRD peaks broad-
ening of Cr,03 cannot be observed in Fig. 4. O atoms produced by
the decomposition of Cr,03 can also be absorbed by Zry-4 sub-
strate through the inward diffusion of O along the ZrO, precipi-
tates at Cr grain boundaries to the Zircaloy substrate since ZrO, is
a very good conductor of O (Fig. 10(b)). Also, O atoms are much
smaller than Zr atoms, which diffuse much faster. The high solid
solubility of oxygen in Zry-4 determines that the Zry-4 substrate
can serve as excellent oxygen absorber. The inward diffusion of O
should be another important reason for the reduction of the Cr,03
scale. This is the reason why there is no thick ZrO, layer forms
when the Cr,03 scale has completely transformed to Cr. However,
further work is necessary to better assess that if there are any rea-
sons for the disappearance of the oxygen produced by the decom-
position of Cr,03.

4.2. The formation mechanism of pores and Cr grains inside the
Cry03 scale

Pores inside the Cr,03 scale were also observed in our previous
work during the isothermal oxidation of Cr-coated Zry-4 in steam
atmosphere [12]. A mechanism was proposed that the decompo-
sition of Cr,03 grain occurs inside the Cr,03 scale. The complete
decomposition of Cr,05 produces O and Cr. O can be absorbed by
inner Zr at the Cr grain boundaries. Cr can diffuse outward to the
steam/Cr, 03 interface and form a new Cr,03 scale at the outer sur-
face of the coating. Therefore, the decomposition of Cr,03 results
in the formation of pores. This is why the Cr,03 scale cannot en-
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The disappearance of Cr,0,

The outward diffusion of ZrO,

Fig. 11. Schematic of the microstructural evolution of the pre-oxidized Cr-coated Zry-4 during the isothermal annealing in argon: (a) the pre-oxidized Cr-coated Zry-4; (b)
the thickness decrease of the Cr,03 scale; (c) the disappearance of the Cr,03 scale; (d) the outward diffusion of Zr*+ and 02~ ions in ZrO, at the Cr grain boundaries.

tirely disappear during steam oxidation. However, in the current
annealing tests without a steam atmosphere, a significant phe-
nomenon was observed that Cr grains form inside the Cr,03 scale
(Fig. 8(e)-(g)) and even on the outer surface of the Cr,O3 scale
(Fig. 5(d) and (e)). The appearance of Cr grains inside the Cr,03
scale after annealing provide direct evidence for the decomposi-
tion of Cr,03 at high temperatures. The decomposition behavior
of Cr,05 was rarely reported by other researchers in the field of
Cr,03 at high temperature. Wang et al. [24]| observed the subli-
mation behavior of Cr,03 at high temperatures in a vacuum. Be-
sides, Beruto et al. [25] and Peres [26] investigated the volatility
of Cr,05 in vapor at high temperatures. All these works indicate
that Cr,03 can decompose into gaseous Cr or CrO and gaseous
0,, which are pretty different from the phenomenon observed in
the current work. Therefore, the decomposition of Cr,03 inside the
Cry03 scale is a particular case in this paper, which should be re-
lated to the outward diffused Zr at the Cr grain boundaries and the
reaction at the Cr,03/Cr interface.

The formation mechanism of pores inside the Cr,03 should be
attributed to the decomposition of Cr,03 and the inward diffusion
of the produced Cr into the unoxidized Cr layer and the inward dif-
fusion of O to the Zircaloy substrate (Fig. 11(b)). On the one hand,
there is no oxidizing atmosphere surrounding the outer surface of
the coating during annealing in argon, and hence there is no driv-
ing force for the outward diffusion of Cr to the outer surface of

the coating. On the other hand, pores inside the Cr,03 scale are
distributed close to the Cr,03/Cr interface (Fig. 8(c)-(d)), which is
consistent with the fact that Cr close to the Cr,03/Cr interface can
easier diffuse into the unoxidized Cr layer. This type of pores in-
side the Cr,03 scale was also observed during the oxidation of Cr
metal under a water vapor atmosphere [27]. In that case, the for-
mation mechanism of these pores is due to the vacancy condensa-
tion at the Cr,03/Cr interface rather than the direct decomposition
of Cr,03. With the further oxidation of Cr beneath the pores, these
pores at Cr,03/Cr interface can gradually move into the center of
the Cr,03 scale. However, no new Cr,03 can form during the an-
nealing of the Cr-coated Zry-4 under argon in the current experi-
ment.

4.3. The formation mechanism of pores on the surface of the Cr
coating

The formation of pores on the surface of the Cr coating after
annealing for 60 min and 120 min should be related to the vol-
ume shrinkage of Eq.1 during the transformation of Cr,03 to Cr.
When all the materials are in a stress-free state, there is a ~8.35%
volume shrinkage of Eq. (1) calculated by using the densities Zr:
6.49 g/cm3, Cry05: 5.21 g/cm3, ZrO,: 5.85 g/cm3, Cr: 7.19 g/cm3.
Moreover, if the oxygen produced by the decomposition of Cry03
was absorbed by the Zry-4 substrate but not form ZrO, particles
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inside the Cr coating, the volume shrinkage should be much larger
than ~8.35%. After annealing for 60 min, the formation of pores
on the surface of the Cr coating should be because of the vol-
ume shrinkage. With the annealing time increasing to 120 min,
the thermal growth of Cr grains (Fig. 7) can fill up partially pores.
Therefore, the concentration of pores decreases significantly. After
the Cr,03 scale has completely transformed into Cr, the Zr*t and
02~ ions in ZrO, precipitates at the Cr grain boundaries can grad-
ually diffuse towards the outer surface of the Cr coating with the
growth of the Cr grains. Thereafter, ZrO, particles can be observed
on the surface of the Cr coating (Fig. 11(c) and (d)), and only par-
tial ZrO, particles remain inside the Cr coating (Fig. 11(d)).

5. Conclusions

Cr-coated Zry-4 samples were firstly oxidized in a steam atmo-
sphere to form a Cr,0O3 scale with a thickness of ~9 pum. Then
the pre-oxidized samples with triple-layer Cr,03/Cr/ZrCr, coating
were annealed at 1200 °C in argon. The isothermal annealing be-
havior of the pre-oxidized samples was systematically investigated
in the current paper. The microstructural evolution mechanism of
the coating was discussed. The results in this paper provide am-
ple evidence and new insights into the degradation mechanism of
Cr-coated Zry-4. Several crucial conclusions are drawn from the ob-
tained results:

1) The thickness of the Cr,03 scale decreases with the increase
of annealing time; the Cr,03 scale has completely disappeared af-
ter annealing for only one hour.

2) The thickness decrease of the Cr,O3 scale and the outward
diffusion of Zr at Cr grain boundaries during annealing in argon
provide direct evidence that the reaction between Cr,03 and Zr at
the Cr,03/Cr interface, the decomposition of Cr,03, and the inward
diffusion of O lead to the reduction of the Cr,03 scale.

3) There are pores and Cr grains forming inside the Cr,03 scale
during the annealing tests, which provide direct evidence that the
decomposition of Cr,03 occurs inside the Cr,03 scale at high tem-
perature.

4) After the Cr,03 scale has entirely transformed into Cr, pores
form inside the Cr coating due to the volume shrinkage of the
transformation from Cr,05 to Cr.

5) ZrO, precipitates at Cr grain boundaries can gradually grow
outward during the annealing tests and finally reach the outer sur-
face of the Cr coating.
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