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A B S T R A C T

In this study, the steam oxidation behavior of Cr-coated Zry-4 alloy at 1000 ◦C and the various interesting 
phenomena observed during the oxidation process were investigated. During oxidation, Sn in the Zry-4 substrate 
diffused into the coating and precipitated in the Cr2O3 scale. The Kirkendall effect of these Sn-containing pre-
cipitates then generated microcavities. Furthermore, the outward diffusion behavior of Zr and the selective 
oxidation mechanism of the Zr particles were studied. Voids detected at the Cr2O3/Cr interface result mainly 
from vacancy condensation. The amorphization of Cr2O3 was also observed adjacent to the voids, and the 
amorphization mechanism was discussed.   

1. Introduction

Since the Fukushima nuclear power plant accidents in 2011,
accident-tolerant fuel (ATF) has been globally researched and developed 
as a new kind of nuclear fuel to deal with loss-of-coolant accident 
(LOCA) in the nuclear industry [1–3]. In existing ATF concepts, the 
Zircaloy substrate with a surface protective coating is considered to be 
one of the most promising ATF candidate materials for industrial ap
plications owing to the retention of commercial Zircaloy, the existing 
well-developed coating industry, and extensive research on coatings in 
other fields. It is cost effective and requires relatively less research and 
development time [1–3]. Recently, numerous types of coatings have 
been proposed by various researchers, including metallic coatings [5–9], 
oxide coatings [10,11], nitride coatings [12,13], and MAX phase coat
ings [14,15]. Among these coatings, Cr-metal coating is considered the 
most feasible choice for Zircaloy substrates. Moreover, it is potentially 
applicable in nuclear reactors because of its excellent corrosion and 
oxidation resistance, outstanding thermo-mechanical properties at high 
temperatures, favorable adhesion with Zircaloy substrate, capable irra
diation resistance, and good neutron economy [4]. To date, several re
searchers have comprehensively studied different coating deposition 
techniques and the resulting microstructures [16,17], the mechanical 

properties at both room temperature and high temperatures [17,18], the 
oxidation behavior in high-temperature steam [8,16,19], the corrosion 
resistance under reactor operating conditions [16], the performance 
under ion and neutron irradiations [20,21], and the performance in 
LOCA [18]. The steam oxidation behavior at high temperatures has 
become one of the most important factors in the performance evaluation 
of ATF candidate materials during accident scenarios. 

Although the steam oxidation behavior of Cr-coated Zircaloy has 
been extensively studied, certain phenomena that can significantly 
affect the performance of Cr coatings have not garnered much attention. 
Firstly, the microstructural evolution of the oxide/metal (O/M) interface 
inside the Cr coating during steam oxidation was rarely investigated. 
During the high-temperature oxidation of Cr-containing alloys [22,23], 
the formation of voids at the interface between the Cr2O3 scale and the 
alloy matrix considerably affects the integrity of the dense and protec
tive outer oxide scale and results in the loss of oxidation resistance. 
Numerous studies have reported the existence of this type of interface 
void during the high-temperature steam oxidation of Cr coatings on 
Zircaloy substrates [6,24], but the formation mechanism, microstruc
tural evolution, and further effects of these voids on the coating 
microstructure and performance have yet to be clearly examined. Sec
ondly, there are a few in-depth discussions about the selective oxidation 
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strongly adhered to the Zry-4 substrate and an interdiffusion layer was 
not detected at the C/S interface. 

3.2. Steam oxidation tests 

Fig. 3 shows the weight gain-time curve of the Cr-coated and bare 
Zry-4 samples during the 1 h steam oxidation at 1000 ◦C. The oxidation 
weight gain curve of bare Zry-4 follows parabolic kinetics, while an 
oxidation kinetics transition occurred at ~2000 s during the oxidation of 
the Cr-coated sample. After steam oxidation, the total weight gain of 
bare Zry-4 and Cr-coated Zry-4 were 1620.1 and 494.6 mg/dm2, 
respectively. This oxidation kinetics transition and the large weight gain 
value of Cr-coated Zry-4 are mainly attributed to the extensive oxidation 
of the non-protected hole region at the bottom of the sample. To eval
uate the fraction of mass change caused by the oxidation of Cr coating, a 
calculation was conducted based on the average thickness ~3.9 μm of 
the Cr2O3 scale in Fig. 4(c) after oxidation. A weight gain of 60.3 mg/ 
dm2 was obtained which is much smaller than the oxidation weight gain 
value of bare Zry-4. This implied that the surface Cr coating significantly 
improved the steam oxidation resistance of the Zry-4 alloy. Moreover, a 
weight gain curve was drawn in Fig. 3 based on the calculated weight 
gain value and the parabolic law, which was the actual oxidation ki
netics law of Cr coating and was reported by other researchers [6]. The 
XRD pattern of the Cr-coated Zry-4 sample after oxidation (Fig. 1) 
demonstrated that the main oxidation product was Cr2O3, and the small 
peaks of c-Cr in the obtained pattern indicated that the coating was not 
totally consumed by oxidation. The appearance of the m-ZrO2 phase and 
the kinetics transition were attributed to the formation of cracks in the 
edge region, which was due to the stress concentration and the low 
coating quality at the edge regions [12]. 

Fig. 4 illustrates the surface and cross-sectional morphologies of Cr- 
coated Zry-4 after oxidation at 1000 ◦C for 1 h. As seen in Fig. 4(a) and 
(b), the sample surface after oxidation was relatively dense and smooth, 

but particles were also detected on the surface. Moreover, the EDS line 
scans (Fig. 4(d)) and the EDS maps (Fig. 4(e)) showed that the unoxi
dized Cr coating layer remained after the steam oxidation process. As 
shown in Fig. 4(c), a dense and protective oxide scale developed on the 
surface of the coating, and the structural integrity of the coating has 
been preserved. The Zry-4 substrate was well-protected by the coating, 
which hindered the oxidation of the substrate. An α-Zr (O) layer formed 
beneath the surface coating (Fig. 4(c)), and the concentration of oxygen 
in α-Zr (O) layer was ~20 at.% studied by EDS. Nonetheless, the 
thickness of the outer oxide scale was non-uniform and a void layer was 
observed at the O/M interface of the coating (Fig. 4(c) and (d)). It must 
be emphasized that the appearance of voids at the O/M interface of the 
sample is a universal phenomenon and that the voids connected to each 
other promote the formation of cracks in local regions. Interestingly, 
when there were no voids at the O/M interface (within the red circle in 
Fig. 4(f)), the oxide scale was much thicker than that when voids were 
present at the interface. The EDS line scans (Fig. 4(d)) and the EDS maps 
(Fig. 4(e)) showed that a Cr–Zr interdiffusion layer with a thickness of 
~1 μm formed at the C/S interface, and several researchers have thor
oughly studied and identified this layer as ZrCr2 [6,19]. Consequently, 
based on the EDS results, O and Zr were distributed in the unoxidized Cr 
coating layer. 

3.3. TEM characterization 

Fig. 5 displays the TEM characterization of the Cr-coated Zry-4 after 
steam oxidation. The TEM specimen was prepared using a FIB on the 
cross-section at the C/S interface. The TEM images revealed that there 
were four layers in the specimen, with each layer demarcated by a 
dashed line in the images (Fig. 5(a)). The phases of the four layers (Fig. 5 
(a); from outermost to innermost layer) were identified via EDS maps 
(Fig. 5(b)) and selected area electron diffraction (SAED, Fig. 5(c)). The 
outermost layer (f) is the Cr2O3 scale of the coating, while the following 
layer (e) is the unoxidized Cr coating layer. The ZrCr2 intermetallic layer 
(d) can be attributed to the interdiffusion and solid-state reaction be
tween the Cr coating and Zry-4 substrate, and the last layer (c) is α-Zr
(O). The results showed that there are voids distributed at the O/M
interface, which was consistent with the SEM characterization shown in
Fig. 4. The EDS maps also indicated the following: 1) a large amount of
Zr diffused into the Cr coating layer and was distributed along the grain
boundaries of the Cr coating; 2) a small amount of Zr was distributed
along the O/M interface; and 3) no Cr is observed in the α-Zr (O) sub
strate. Oxygen was present in the Cr2O3 layer and the concentration of
oxygen in the Cr coating layer was high; however, only a diminutive
amount of oxygen was found in the ZrCr2 layer and substrate. The
alloying element Fe underwent segregation in the ZrCr2 layer, a phe
nomenon that was revealed and discussed in other studies [6,26,27].

3.3.1. The microstructure of oxide scale and precipitates 
Fig. 6 demonstrates the microstructural characterization of the Cr2O3 

layer. The scanning transmission electron microscope (STEM) micro
graph (Fig. 6(a)) showed that the grains in the oxide layer were densely 
arranged and had an average grain size of 207.4 nm. Additionally, no 
large-size pores or voids were observed in the oxide layer. A large 

Fig. 2. Scanning electron microscope images of the as-deposited Cr coating on Zry-4 substrate: (a) surface morphology in low magnification; (b) surface morphology 
in high magnification; and (c) cross-sectional morphology together with energy-dispersive X-ray spectrometer line scans. 

Fig. 3. Weight gain vs. oxidation time of coated and uncoated samples in steam 
at 1000 ◦C for 1 h. 



number of white precipitates (denoted by yellow arrows) and black 
microcavities (denoted by blue arrows) were found inside the oxide 
grains and on the grain boundaries. Similarly, the higher magnification 
micrograph (Fig. 6(b)) showed that most of the white precipitates 
possessed microcavities (denoted by blue arrows) at the edge. According 
to the EDS maps illustrated in Fig. 6(c), only Sn segregation was 
observed inside the precipitates. The EDS point analyses of the six po
sitions P1–P6 in Fig. 6(b) are listed in Table 1. The Sn concentrations 
measured at the positions of the two precipitates (P1 and P2) were 
significantly high, which was in good agreement with the EDS maps 
shown in Fig. 6(c). Conversely, almost no Sn was found in the Cr2O3 
matrix (P5 and P6) and only a small amount of Sn was present inside 
both the microcavities (P3 and P4). Three types of precipitates with 
typical microstructures are displayed in Fig. 6(d), (f), and (g). The 

precipitate shown in Fig. 6(d) is transgranular with a microcavity (blue 
circle) at the edge of the precipitate. Fig. 6(e) shows the high-resolution 
TEM (HRTEM) image of this precipitate, which indicates that the pre
cipitate has a coherent lattice with the Cr2O3 matrix. The precipitate 
shown in Fig. 6(f) is at the triple junction and has a triangular shape, 
with its three corners pointing to the three grain boundaries. It was 
evident from the EDS line scans that there was a substantial variation in 
the amount of Sn in the precipitate. The precipitate illustrated in Fig. 6 
(g) is also a transgranular Sn-containing precipitate, but the precipitate
only exists at the edge of the microcavity.

The following theories were obtained when the distribution of 
microcavities and precipitates were analyzed: 1) individual micro
cavities are distributed only inside the Cr2O3 grains and they exist at the 
edge of precipitates at grain boundaries and 2) precipitates are mainly 

Fig. 4. Surface and cross-sectional morphol
ogies of Cr-coated Zry-4 after oxidation at 1000 
◦C for 1 h: (a) surface morphology in low
magnification; (b) surface morphology in high
magnification; (c) cross-sectional morphology
in low magnification; (d) cross-sectional
morphology in high magnification together
with energy-dispersive X-ray spectrometer
(EDS) line scans; (e) EDS maps of cross-section;
and (f) a typical scanning electron microscope
image that shows the effect of voids on the
oxidation of coating.

Fig. 5. Transmission electron microscope (TEM) characterization of the coating after steam oxidation at 1000 ◦C for 1 h: (a) Scanning TEM micrograph of the whole 
TEM specimen; (b) energy-dispersive X-ray spectrometer maps of the TEM specimen; and (c)–(f) selected area electron diffraction patterns of the four positions in (a). 
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distributed at the Cr2O3 grain boundaries, and only a small amount of 
precipitates are present inside the grains. Four states of precipitates 
could be detected when the microstructure of the precipitates and 
microcavities were evaluated: 1) complete precipitates without any 
microcavities at the edge of the precipitates (Fig. 6(b)); 2) a microcavity 
appears at the edge of the precipitate, but the structure of the precipitate 
is intact (Fig. 6(d)); 3) a large part of the precipitate has become a 
microcavity, but a small amount of precipitate is present at the edge of 
the microcavity and is in contact with the Cr2O3 grains (Fig. 6(g)); and 4) 
complete microcavities without any precipitates (Fig. 6(b)). It is worth 
mentioning that microcavities randomly distributed on the edge of 
precipitates, and there is no relationship between the positions of 
microcavities and the diffusion direction of oxygen. 

3.3.2. The microstructure of O/M interface in coating 
Fig. 7 shows the microstructure of the O/M interface in the Cr 

coating. As can be seen in Fig. 7(a), a large number of voids are 
distributed at the O/M interface and an amorphous layer is present on 
the periphery of these voids. This layer was identified using the HRTEM 
image shown in Fig. 7(c) and the fast Fourier transform pattern (Fig. 7 
(d)) of the HRTEM image. In addition, in the local region of the interface, 
oxide grains were closely connected to the Cr matrix and no voids were 
detected. It is worth noting that there is a certain correlation between 
the formation of voids and the appearance of an amorphous structure: 
the presence of amorphous regions always indicates the existence of 
voids at the inner O/M interface. In Fig. 7(b), a small grain can be seen at 

the surface of the Cr matrix layer at position (e) within the void; this 
grain was identified as m-ZrO2 via SAED (Fig. 7(e)). It is also worth 
mentioning that there were no grain boundaries in the inner Cr matrix 
beneath this ZrO2 grain, which implied that this part of Zr diffused along 
the O/M interface from the intersections between the O/M interface and 
Cr grain boundaries. Inside the amorphous region, individual Cr2O3 
crystal particles were observed at (f) and the relevant SAED pattern is 
shown in Fig. 7(f). 

3.3.3. The microstructure of the unoxidized Cr coating and C/S interface 
Fig. 8 shows the microstructure of the unoxidized Cr coating and the 

ZrCr2 intermetallic compound layer. The average grain size of the Cr 
coating was measured as ~1.6 μm, which indicates the grain size of Cr 
coating significantly increased at high temperature. The ZrO2 grains 
distributed at the grain boundaries of the Cr coating can be seen in Fig. 8 
(a). The concentration of the Zr particles in the Cr coating decreased 
gradually from the innermost to the outermost layer, but a small amount 
of Zr reached the O/M interface, as shown in Fig. 5(b). Fig. 8(b), (c), and 
(d) show the distribution of microcavities in the Cr metal, ZrCr2, and Zr
substrate, respectively. The EDS point analyses of the elemental contents
inside the microcavities from P1 to P7 in Fig. 8(b) and (c) are listed in
Table 2. P3, P4, and P7 are in the ZrO2 grain, Cr layer, and ZrCr2,
respectively. There are no significant differences between the elemental
contents present in the microcavities P1, P5, and P6 and the three types
of matrices P3, P4, and P7. Microcavity P2 is special because its position
is at the Cr/ZrO2 interface. It can be seen from Fig. 8(d) that the Zr
substrate and the ZrCr2 layer close to the ZrCr2/Zr interface contain
most of the microcavities, while inside of the Cr coating layer and the
ZrCr2 layer close to the Cr/ZrCr2 interface possess only a few
microcavities.

4. Discussion

4.1. The effects of Sn on the oxidation of Cr coating

Sn present inside the Cr2O3 layer must have diffused out of the Zir
caloy substrate because Sn cannot be introduced during the coating 
deposition process. The outward diffusion of Sn to Cr coating occurred 
during the heating stage and the isothermal oxidation stage, and Sn 
mainly dissolved into the Cr coating because of the low content of Sn (1 
wt.%) in the Zircaloy substrate and the high solubility of Sn in Cr (3.8 
wt.% at 1000 ◦C according to the Cr-Sn phase diagram [31]). The 

Fig. 6. Transmission electron microscope 
(TEM) characterization of the Cr2O3 layer: (a) 
Scanning TEM (STEM) micrograph of Cr2O3 
layer in low magnification; (b) STEM micro
graph of Cr2O3 layer in high magnification; (c) 
energy-dispersive X-ray spectrometer (EDS) 
maps of (b); (d) a Sn-containing precipitate 
with microcavity at edge; (e) High-resolution 
TEM micrograph of the precipitate in (d); (f) a 
Sn-containing precipitate at the triple junction 
together with EDS line scanning of Sn; (g) a 
microcavity with Sn precipitate at the edge 
together with EDS line scanning of Sn.   

Table 1 
Chemical compositions of the EDS point analyses in Fig. 6.  

wt.%(at. 
%) 

O Cr Fe Zr Nb Sn 

P1 31.3 
(64.0) 

48.0 
(30.2) 

0.5 
(0.3) 

/ / 20.2 
(5.5) 

P2 34.7 
(65.7) 

53.6 
(31.2) 

0.4 
(0.2) 

/ / 11.3 
(2.9) 

P3 36.1 
(64.9) 

62.6 
(34.7) 

0.4 
(0.2) 

/ / 0.9(0.2) 

P4 37.9 
(67.1) 

58.0 
(31.5) 

0.8 
(0.4) 

2.1 
(0.7) 

0.7 
(0.2) 

0.5(0.1) 

P5 44.5 
(72.4) 

54.0 
(27.1) 

0.4 
(0.2) 

1.1 
(0.3) 

/ / 

P6 40.9 
(69.4) 

57.4 
(30.0) 

0.4 
(0.2) 

1.3 
(0.4) 

/ /  
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oxidation of Cr was triggered when steam was injected into the furnace 
and the dissolved Sn began to precipitate inside the Cr2O3 grains and at 
the Cr2O3 grain boundaries. Previous studies have also reported about 
the precipitation behavior of Sn in the oxide layer during the oxidation 
and corrosion of Sn-containing bare Zircaloy. Furthermore, these studies 
considered the phase state of Sn inside the ZrO2 layer ambiguous and 
identified it as β-Sn [29], Sn-Zr intermetallic compounds [28], or oxides 
of Sn such as SnO and SnO2 [32]. For the Cr-Sn system, because of the 
low eutectic temperature of Cr and β-Sn (~232 ◦C [31]), the 
Sn-containing precipitates were most likely to be either t-SnO2, which is 
the stable oxide phase of Sn at high temperature [33], or Sn metal, which 
will be in the liquid phase at high temperatures and β-Sn at room tem
perature. It is evident that it is not yet possible to draw an accurate 
conclusion about the specific phase state of these precipitates even 
though there exists a coherent lattice relationship between the 
Sn-containing precipitate and hcp-Cr2O3 (Fig. 6(e)), thereby empha
sizing the need for further precise characterization. 

In accordance with the different morphologies of the precipitates 
inside the Cr2O3 grains and their relationship with the microcavities 

Fig. 7. Transmission electron microscope (TEM) characterization of the oxide/metal (O/M) interface of coating: (a) TEM micrograph of the O/M interface in low 
magnification; (b) TEM micrograph of the O/M interface in high magnification; (c) High-resolution TEM of the amorphous region at position (c) in (b); (d) the fast 
Fourier transform pattern of (c); (e) selected area electron diffraction (SAED) pattern of position (e) in (b); (f) SAED pattern of position (f) in (b). 

Fig. 8. (a) Scanning transmission electron microscope (STEM) micrograph of the Cr coating layer together with the selected area electron diffraction of ZrO2 particle 
at Cr grain boundary; (b) STEM micrograph of the microcavities in Cr coating layer; (c) STEM micrograph of the ZrCr2 layer; and (d) STEM micrograph of the 
microcavities close to the ZrCr2/Zr interface. 

Table 2 
Chemical compositions of the EDS point analyses in Fig. 8.  

wt.%(at. 
%) 

O Cr Fe Zr Nb Sn 

P1 11.4 
(40.9) 

6.1(6.8) 0.9 
(0.9) 

81.6 
(51.4) 

/ / 

P2 7.7(29.0) 19.2 
(22.3) 

1.0 
(1.1) 

67.2 
(44.5) 

4.9 
(3.1) 

/ 

P3 12.9 
(45.2) 

1.9(2.0) 1.0 
(1.0) 

83.6 
(51.5) 

0.4 
(0.2) 

0.2 
(0.1) 

P4 / 97.2 
(98.1) 

0.9 
(0.8) 

1.5(0.9) / 0.4 
(0.2) 

P5 0.3(1.2) 41.3 
(53.8) 

3.2 
(4.0) 

55.2 
(41.0) 

/ / 

P6 0.5(2.0) 40.6 
(52.9) 

3.4 
(4.2) 

54.9 
(40.6) 

/ 0.6 
(0.3) 

P7 0.3(1.1) 41.2 
(53.8) 

3.2 
(3.9) 

54.7 
(40.8) 

/ 0.6 
(0.4)  
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(Fig. 6), a formation mechanism for the microcavities was proposed 
based on the Kirkendall effect, and the schematic is shown in Fig. 9. 
First, a Sn-containing precipitate with a perfect structure is present in
side the Cr2O3 matrix, as shown in Fig. 9(a). Then, because of the dif
ference between the diffusion coefficients of Sn and Cr, vacancies will 
diffuse into the precipitate and compensate for the diffusion flux during 
the interdiffusion of Cr and Sn. Hence, the microcavity nucleates inside 
the precipitate closest to the Cr2O3/precipitate interface through the 
coalescence of vacancies (Fig. 9(b)). When the microcavity formed, the 
diffusion of Sn along the free surface of the precipitate further acceler
ated the outward diffusion of Sn, causing the precipitate to become 
increasingly smaller, while the microcavity gradually grew by absorbing 
vacancies (Fig. 9(c)). Eventually, the precipitate completely transformed 
into a microcavity (Fig. 9(d)). It is important to note that there should be 
a thin (Cr1-xSnx)2O3 layer around the microcavities; however, except for 
a small amount of Sn detected in the microcavities (Fig. 6(b)), this layer 
can hardly be observed because of its negligible thickness and low 
content of Sn. This kind of Kirkendall effect-surface diffusion behavior 
has been observed in other systems such as SnO–Al2O3 [34] and 
CeO2–ZrO2 [35] as well. The difference is that in this experiment, the 
microcavities inside the Cr2O3 grains can act as a vacancy sink for the 
absorption of cation vacancies that diffuse from the gas/oxide (G/O) 
interface to the O/M interface during the oxidation of Cr (Fig. 10(a)). 
Therefore, the microcavities could gradually grow and become larger 
than the original precipitate. Although the high-angle grain boundaries 
of Cr2O3 can act as effective sinks for vacancies [6], it is difficult to 
generate microcavities at the high-angle grain boundaries through 
nucleation and growth by vacancy condensation [36]. This is the reason 
why most of the Kirkendall microcavities had intragranular distribution. 
Nevertheless, the Kirkendall effect can occur at the grain boundaries, 
which was verified by the presence of small microcavities in the ridge 
region of the Sn-rich precipitates shown in Fig. 6(b). 

The Sn-containing precipitates present inside the grains as well as at 
the grain boundaries influenced the performance of the Cr coating. The 
transgranular Sn-rich precipitates eventually led to the formation of 
microcavities because of the Kirkendall effect. These cavities will play 
the role of stress concentration point when stress is generated in the 
oxide and cause the oxide layer to fracture. Additionally, the precipitates 
at the grain boundaries have two types of impacts, and one among them 
is the reactive element effect (REE). The standard Gibbs formation en
ergies (per mole of O2) of ZrO2, Cr2O3, SnO, and SnO2 at 1000 ◦C were- 
858, -538, -318, and 317 kJ/mol [37], respectively. Compared with Cr, 
Sn does not have a strong affinity to oxygen, which implies that the 
Sn-rich precipitates at the grain boundaries of Cr2O3 can hardly act as 
the reactive element (RE) and is beneficial for the oxidation resistance of 
Cr. In fact, only a few studies have reported the circumstance that Sn acts 
as a RE to ameliorate the oxidation and corrosion behaviors of alloys. 
Lee et al. [28] reported that the Zr–Sn precipitates at the ZrO2 grain 
boundaries are capable of inhibiting the diffusion of O, which will in 
turn enhance the oxidation resistance of the Zircaloy substrate. None
theless, there is no factual evidence for this inference. The second impact 
involves the stress generation due to Kirkendall effect. According to 
Klinger and Rabkin [38], a large stress will be generated when the 
Kirkendall effect occurs at the grain boundaries, and this stress will be 

high enough to trigger intragranular fractures. Consequently, it can be 
surmised that the Sn-rich precipitates inside the coating will be detri
mental to the integrity of the oxide layer, which will impact the per
formance of the coating under high-temperature steam. 

4.2. The outward diffusion of Zr 

The driving force for the outward diffusion of Zr is the oxygen po
tential gradient, which extends from the G/O interface to the substrate. 
According to studies on the interdiffusion behavior of Cr coating and 
Zircaloy substrate under argon atmosphere at high temperature [25], Zr 
can diffuse into the Cr coating and precipitate at the Cr grain boundaries 
even without oxidation or oxygen inward diffusion. Accordingly, this 
result indicated that the outward diffusion and precipitation of Zr began 
at the heating stage (without steam injection) in this experiment. These 
Zr precipitates were then oxidized into ZrO2 possibly by the oxygen 
dissolved in the Cr coating or when steam was injected into the reaction 
furnace. The main reason for the preferential oxidation of Zr at the grain 
boundaries of the Cr coating layer is that Zr has a stronger affinity to 
oxygen than Cr (ZrO2 has a lower standard Gibbs formation energy as 
mentioned in Section 4.1). 

At the initial stages of steam oxidation, oxygen produced by steam 
decomposition can diffuse into the Cr coating layer through the thin 
outer oxide scale (or without oxide layer at the beginning of oxidation) 
and dissolve into the crystal lattice of Cr. With the inward diffusion of 
oxygen and outward diffusion of Zr, the oxygen activity at the Zr 
oxidation reaction front will reach the critical activity of nucleation of 
ZrO2. Therefore, ZrO2 begins to nucleate in the Zr crystal lattice adjacent 
to the Cr crystal, which was followed by the selective oxidation of Zr. As 
the reaction front moved forward, the Zr grains at the grain boundaries 
of Cr were gradually oxidized to ZrO2, and this process preceded the 
oxidation of the Cr coating. Because the selective oxidation of Zr de
pends on the inward diffusion of oxygen, the Zr oxidation rate decreased 
with the increase in the thickness of the outer oxide scale, which could 
effectively inhibit the inward diffusion of oxygen. The selective oxida
tion of Zr hardly occurred in the ZrCr2 intermetallic layer because of the 
negligible oxygen solubility in this layer [39]. As a result, the interme
tallic layer was not attacked by oxygen or steam before the coating 
fracture or coating was completely oxidized. 

Considering the effects of ZrO2 at the grain boundaries of the Cr 
coating layer, Brachet et al. [6] suggested that the formation of a ZrO2 
layer and its influence in promoting the inward diffusion of oxygen lead 
to the oxidation kinetics transition of Cr-coated Zircaloy. In summary, Zr 
began to diffuse into the Cr coating layer at the heating stage before 
steam oxidation, the oxidation of the Zr precipitates was triggered by 
steam injection, and the oxidation rate decreased with time. These ob
servations indicate that the influence of the selective oxidation of Zr on 
the oxidation weight gain of the Cr coating decreases as the steam 
oxidation progresses. Even if the ZrO2 grains along the Cr grain 
boundaries provided oxygen diffusion paths, it would not significantly 
affect the oxidation behavior of the coating. This is because a minimum 
amount of oxygen can diffuse into the Cr coating through the dense 
Cr2O3 layer owing to the Cr oxidation mechanism that is based on cation 
outward diffusion and the much lower diffusion coefficient of oxygen 

Fig. 9. The schematic of the formation of microcavities based on the Kirkendall effect of Sn-containing precipitates.  
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compared with that of Cr in the Cr2O3 layer [40,41]. 
Moreover, several studies have revealed that Zr can act as RE (such as 

Y, Ce, La, and Hf) and ameliorate the oxidation behavior when doped in 
the Cr metal or other materials [41–43]. Zr can only play the role of RE 
at a later stage when the O/M interface moves closer to the 
ZrO2–containing Cr coating layer because of the limit outward diffusion 
distance of Zr in Cr coating from the substrate [25]. Owing to the REE of 
Zr, the outward short-circuit diffusion of cations can be inhibited by 
outward diffusion of Zr and ZrO2 at Cr coating grain boundaries, thereby 
possibly reducing the oxidation rate and improving the oxidation 
resistance [23]. 

Therefore, it can be speculated that only when Zr diffuses into the 
Cr2O3 layer to form stable ZrO2 particles at Cr2O3 grain boundaries or 
when the O/M interface moves forward and leaves stable ZrO2 grains in 
the Cr2O3 layer can these ZrO2 grains promote the inward diffusion of 
oxygen across the Cr2O3 layer [42] and destroy the protective dense 
structure of Cr2O3. It will further significantly affect the oxidation 
behavior of the coating. The formation of ZrO2 grains along the whole 
thickness of the coating was observed and discussed in our another work 
[44]. In summary, only when the dense structure of the outer Cr2O3 
layer is destroyed (mainly through the thickness decrease of Cr2O3 scale 
reported by Han et al. [45,46]) will the oxidation kinetics transition of 
the coating occur, even if ZrO2 particles are present at the Cr grain 
boundaries. 

The small cavities inside the Zircaloy substrate and the ZrCr2 layer 
adjacent to the ZrCr2/Zr interface (Fig. 8(d)) were also detected in other 
studies [6,16], and the formation mechanism of these cavities was 
interpreted by Brachet [6]. Brachet stated that the larger diffusion co
efficient and higher solubility of Cr in β-Zr compared to that of Zr in Cr 
resulted in the formation of Kirkendall cavities. Nevertheless, several 
reports on Kirkendall cavities [34,35] and metal-metal solid-state re
actions [47,48] have shown that Kirkendall cavities invariably form at 
the side of the metal whose diffusion coefficient is larger and cavities are 
closest to the intermetallic layer. Based on this theory, the cavities 
should form inside the Cr coating layer or inside the ZrCr2 layer closest 
to the Cr/ZrCr2 interface, rather than inside the Zr substrate or closest to 
Zr/ZrCr2 interface, which was discerned in the current Zircaloy sub
strate–Cr coating diffusion couples. Accordingly, the appearance of 
cavities on the substrate side suggested that the outward diffusion of the 
substrate was important in the interdiffusion behavior of the Zircaloy 
substrate and Cr coating, which was contrary to the diffusion coefficient 
data. Therefore, the interdiffusion behavior of the substrate and coating 
should be divided into two stages.  

1) Early interdiffusion stage: The ZrCr2 layer begins to form during this
stage. Owing to the layer’s thin nature, the inward diffusion of Cr
was predominant here. The Kirkendall cavities formed in the Cr
coating and ZrCr2 layer were close to the Cr/ZrCr2 interface. The
remaining cavities are depicted in Fig. 8(a) and (b).

2) Later interdiffusion stage: In this stage, a thick ZrCr2 layer and an
α-Zr(O) layer beneath the ZrCr2 layer were detected. The ZrCr2 [49]
and α-Zr(O) layers [25] significantly decreased the inward diffusion
coefficient and solubility of Cr, respectively. In addition, the outward
diffusion of Fe and Sn supplements the elemental mass flow from the
substrate to the coating. Thus, Kirkendall cavities formed at the
substrate and at the ZrCr2 layer closest to the Zr/ZrCr2 interface and
resulted in the peculiar distribution of cavities observed in this
experiment.

4.3. The formation of voids at the O/M interface 

A large number of voids were observed at the O/M interface after 
steam oxidation. A number of studies have also reported the appearance 
of voids at the interface between the Cr2O3 scale and the unoxidized Cr 
coating during steam oxidation of Cr-coated Zircaloy [6,24]. The for
mation mechanism and the influence of voids present at the O/M 
interface in other kinds of metals [50] or alloys [22,42,51,52] during the 
oxidation process have been extensively examined. Moreover, interface 
voids are considered one of the most important factors that promote the 
reduction of adhesion between the oxide and metal, delamination of the 
oxide layer, breakaway oxidation behavior, and loss of oxidation resis
tance. The reasons for the generation of O/M interface voids can be 
divided into the following four categories: 1) the condensation of va
cancies at the interface [23,42,50,53]; 2) the internal oxidation of im
purities such as sulfur [23]; 3) Kirkendall effect during the oxidation of 
alloys that contain various elements with different diffusion coefficients 
[22,51]; and 4) the effect of hydrogen [54]. There are no sulfur impu
rities in commercial zirconium alloys [55] and the O/M interface cannot 
be easily influenced by hydrogen because of the excellent hydrogen 
barrier effect of the outer Cr2O3 [54,56]. Similarly, it is difficult for 
Kirkendall voids to develop when only a single Cr2O3 phase is generated 
during the oxidation process without interdiffusion behaviors with other 
cations inside the Cr coating. Therefore, vacancy condensation at the 
O/M interface is the only possibility. 

The oxidation mechanism of Cr involves the outward diffusion of 
cations along the grain boundaries through the outer oxide layer and the 
formation of a new oxide layer at the G/O interface when the oxidation 
behavior is not affected by other factors such as REs. The reaction of the 

Fig. 10. (a) The schematic of elemental and vacancy diffusion behaviors in the oxide layer and Cr coating layer. The crystal structural schematics of hexagonal-Cr2O3 
from the view along axis a (b) and towards (110) plane (c). 
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oxide lattice growth at the G/O interface can be given by 

3
2

H2O→
3
2

O2 + Cr3
□ + 3ḣ +

3
2

H2 (1)  

where Cr3−
□ is a triply charged chromium ion vacancy and ḣ is an elec

tron hole. The reaction of the metal lattice consumption at the O/M
interface can be given by

Cr + Cr3
□ + 3ḣ→Cr3+ (2) 

During the process of oxidation, as shown in Fig. 10(a), cations 
diffused from the O/M interface into the external G/O interface and 
subsequently reacted with O ions to form oxides while cation vacancies 
are produced at the G/O interface and diffused into the O/M interface. 
When cation vacancies reach the O/M interface, three paths can be 
followed: 1) annihilation at the interface, as shown in Eq. 2 [57,58]; 2) 
vacancy injection in which the cation vacancies transform into metal 
vacancies and diffuse into the metal matrix [36,51]; and 3) condensation 
of voids at the interface [23,42,50,53]. In this experiment, the propor
tion of vacancy condensation and void formation at the O/M interface 
could be increased by the decrease of vacancy injection owing to the 
exhaustion of the vacancy sinks in the metal matrix [58], which 
occurred because of the oxidation of Zr at the grain boundaries of Cr and 
the outward diffusion of oxygen anion vacancies from ZrO2 to the Cr 
matrix (the process is shown in Fig. 10(a)). Additionally, oxygen anion 
vacancies produced by the oxidation of Zr diffused toward the O/M 
interface, which was beneficial for the formation of voids. As shown in 
Fig. 4(f), the interface voids can reduce the oxidation rate of the coating 
to a certain extent by inhibiting the outward diffusion of cations. The 
local oxygen activity and the oxygen partial pressure will increase with 
the outward migration of the cations present in the inner surface of the 
scale close to the voids [59]. Consequently, the evaporation of oxygen 
occurred in the inner oxide layer outside the voids due to the decom
position of Cr2O3 according to Eq. 3: 

O2 →O2+
□ +

1
2
O2 + 2e (3)  

where O2+
□ is anion vacancy. The generated oxygen gas (Eq. 3) migrated

inward through the interface voids and formed an oxide on the metal
surface (Fig. 10(a)). If the inner Cr2O3 close to the O/M interface
completely decomposed, leading to the formation of a porous oxide
layer between the outer dense scale and the metal matrix, the reaction
follows Eq. 4 shown below:

Cr2O3→
3
2
O2 + 2Cr3+ + 6e (4) 

The decomposition of Cr2O3 in Eq. 4 produces oxygen, but it also 
provides cations and compensates for the outward diffusion of cations 
[59]. The oxidation mechanism of Cr was transformed from a cation 
outward diffusion to a combination of cation outward diffusion and 
oxygen inward diffusion by the interface voids. This supports the 
observation that a few pores formed inside the scale close to the O/M 
interface (interface voids), and thus, the formation of oxygen primarily 
followed Eq. 3 in this experiment. If voids coalesce with each other and 
eventually trigger scale buckling, the oxidation resistance of the coating 
will be destroyed and the oxide scale will undergo spallation during the 
high-temperature oxidation of Cr coating on Zircaloy’s surface [16]. 
Nonetheless, it was observed that the inward diffusion of oxygen healed 
the interface voids [52]. Thus, new oxide grains formed at the interface 
and the voids were filled because of the volume expansion occurring 
(Pilling-Bedworth ratio (PBR) of Cr–Cr2O3 is ~2 [60]) during the pro
cess of oxidation. The tendency of the voids to heal was also observed in 
this experiment, which was demonstrated by the small ZrO2 grain 
detected on the metal surface beneath the voids (Fig. 7(b). The inward 
diffusion of oxygen will also be inhibited when voids are formed, and as 
a result Zr diffused out from the substrate can hardly be oxidized at the 

Cr grain boundaries. As shown in Fig. 10(a), Zr diffuses into the O/M 
interface and then diffuses along the interface toward the position of 
voids and reacts with oxygen. Considering the complex process of the 
void formation mechanism and its important effects on the oxidation 
behavior of the Cr coating, a comprehensive analysis of the interface 
void evolution behavior needs to be conducted in the future. 

4.4. The amorphization of Cr2O3 

The decomposition of Cr2O3 and the formation of oxygen vacancies 
through Eq. 3 could be the main reason for the amorphization of Cr2O3. 
The crystal structural schematics of hexagonal-Cr2O3 from the view 
along axis a and toward the (110) plane are shown in Fig. 10(b) and (c), 
respectively. In a unit cell of Cr2O3, the CrO6 octahedra are connected to 
each other by a mixture of corners (sharing one oxygen atom), edges 
(sharing two oxygen atoms), and faces (sharing three oxygen atoms) 
along the three axes. The positions of the oxygen vacancies formed 
during decomposition are precisely the positions of oxygen atoms that 
connect the CrO6 octahedra. Therefore, the formation of oxygen va
cancies could lead to the disruption of the connectivity between octa
hedral and could further cause structural failure and order-disorder 
transformation of the Cr2O3 grains. This type of oxygen vacancy-induced 
amorphization was also reported in Ta2O5 [61] and mullite ceramic 
(3Al2O3⋅2SiO2) [62] under the action of stress. The difference is, the 
high temperature and the decomposition of Cr2O3 during the oxidation 
of Cr coating take the place of stress and become the source of oxygen 
vacancies. Amorphization will be beneficial for the oxidation resistance 
attributed to the disappearance of grain boundaries and will make 
further short-circuit diffusion of ions along the grain boundaries un
feasible [63]. The disordered structure of amorphous grains is beneficial 
for the release of stress on the scale, but the strength of the oxide layer 
will be affected. 

5. Conclusions

The steam oxidation behavior of Cr-coated Sn-containing Zircaloy
solid rod at 1000 ◦C for 1 h was studied in detail. Several interesting 
phenomena were observed throughout this experiment below:  

(1) Sn-containing precipitates were distributed inside the Cr2O3 
grains and at the Cr2O3 grain boundaries because of the outward
diffusion of Sn from the Zircaloy substrate to the Cr coating layer
and the precipitation during the oxidation of the Cr coating.
Microcavities were also observed inside the Cr2O3 scale, and their
distribution have a relationship with the precipitates. The for
mation of microcavities was due to the Kirkendall effect during
the interdiffusion of Sn in precipitates and Cr in Cr2O3 grains.

(2) The Zr diffused outward to Cr coating along the grain boundaries
of Cr, and was further oxidized by the dissolved oxygen in coating
and the oxygen diffused from the G/O interface. The Zr/ZrO2 at
the Cr grain boundaries could act as a RE and improve the
oxidation resistance of the Cr coating.

(3) The interdiffusion of Zr and Cr at the C/S interface comprises two
main stages according to the distribution of the Kirkendall cav
ities, which are close to the Zr/ZrCr2 interface. The inward
diffusion of Cr controlled the early stage of diffusion, whereas in
the later stage, a thick ZrCr2 layer and an α-Zr(O) layer were
detected, which decreased the inward diffusion coefficient and
solubility of Cr. As a result, the total outward mass flow of Zr, Fe,
and Sn was much higher than the inward mass flow of Cr.

(4) Voids were observed at the O/M interface in the coating, and the
formation mechanism of voids was attributed to the condensation
of cation vacancies—that diffuse from the G/O interface to the O/
M interface—and oxygen ion vacancies—that diffuse from ZrO2 
particles in the Cr coating layer to the O/M interface—at the O/M
interface. The interface voids transform the oxidation mechanism
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of Cr and improve the oxidation resistance of the Cr coating to 
some extent but destroy the structural integrity of the coating and 
the adhesion between the oxide scale and Cr matrix.  

(5) The Cr2O3 grains close to the O/M interface transformed into an
amorphous structure because of the formation of oxygen va
cancies during the decomposition of the Cr2O3 grains.
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