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A B S T R A C T   

The transient oxidation behavior of magnetron-sputtered chromium-coated Zircaloy-4 was studied in steam up to 
1600 ◦C, and the microstructural evolution of the coating-substrate system after oxidation was investigated. 
Coating failure and corresponding rapid oxidation of coating and substrate occurred at 1300–1400 ◦C. It was 
mainly caused by the thickness decrease of the outer dense Cr2O3 scale, the Zr–Cr eutectic reaction, the Zr–Cr 
interdiffusion, and the precipitation of ZrO2 along unoxidized Cr grain boundaries. The phase transformation of 
tetragonal ZrO2 x to cubic ZrO2 y increased the oxidation rate of the Zircaloy-4 substrate at ~1500 ◦C through 
the higher oxygen diffusion coefficient in the cubic phase.   

1. Introduction 

Accident-tolerant fuel (ATF) materials came into the focus of inter
national research after the Fukushima nuclear power plant accidents in 
2011 to deal with loss-of-coolant accidents (LOCA) and more severe 
accidents in the nuclear industry [1–3]. Zirconium alloys with protective 
surface coating are considered as one of the most promising ATF clad
ding candidate materials. In recent years, different types of coatings 
including metallic coatings [4–7], oxide coatings [8,9], nitride coatings 
[10,11], and MAX phase coatings [12,13] have been deposited on Zir
caloy substrate. The performance of these coatings, especially the 
high-temperature steam oxidation behavior, were comprehensively 
investigated. Among these concepts of coatings, Cr is considered as the 
best choice for the surface coating of Zircaloy owing to its optimal 
oxidation and corrosion resistance and other excellent properties such as 
thermo-mechanical properties, low thermal expansion coefficient dif
ference with Zr, and favorable irradiation resistance [2,7,14–17]. The 
oxidation behavior and the oxidation mechanism of the Zircaloy with 
surface Cr coating deposited by different techniques have been exten
sively studied under steam atmospheres at temperature up to 1200 ◦C 
[6,7,14–16,18]. All these results indicated that surface Cr coatings can 
significantly improve the oxidation resistance of the Zircaloy substrate 
by forming a dense and protective Cr2O3 layer which inhibits the inward 

diffusion of oxygen. 
Nevertheless, up to date, many uncertainties still exist about the 

failure mechanism of the Cr coating on Zircaloy substrate during high- 
temperature steam oxidation. Brachet et al. [7] proposed a mechanism 
of the microstructural transition between protective and non-protective 
coating based on the outward diffusion of Zr from the substrate to the Cr 
coating and its oxidation along the Cr grain boundaries. These ZrO2 
paths increased the inward diffusion of oxygen and caused the oxidation 
kinetics transition. However, in this work the microstructural evolution 
and the failure mechanism of the outer dense Cr2O3 scale was not dis
cussed in detail. Han et al. [6,18] discovered the thickness decrease of 
the Cr2O3 scale during steam oxidation and they suggested that the 
outward diffusing Zr reacted with Cr2O3 and led to the reduction of 
Cr2O3 to Cr and the formation of ZrO2. However, the outward diffused Zr 
in Cr coating was more likely oxidized into ZrO2 by the oxygen which is 
dissolved in the coating or diffused from the outer surface of the coating 
through the Cr2O3 grain boundaries [7]. This statement was also verified 
in our previous work about the steam oxidation of the CrN coating [10], 
that ZrO2 precipitates formed close to the coating/substrate interface 
which was far from the outer Cr2O3 layer. The inward diffusion and 
dissolution of Cr in the Zr substrate can affect the structure integrity of 
the coating [19]. Besides, the volatilization of the dense Cr2O3 scale is a 
factor that may affect the structural integrity of the coating during steam 
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oxidation at very high temperatures [14], but it was also reported that 
the volatilization of Cr2O3 scale can be neglected up to at least 1300 ◦C 
[7]. Therefore, the failure behavior of the coating needs to be investi
gated further and all the effects of the above factors on the coating 
failure mechanism need to be comprehensively considered. 

Moreover, most of the current steam oxidation tests focus on LOCA 
conditions up to 1200 ◦C, and data are missing for beyond design-basis 
accident environment in which the reactor core temperature is much 
higher than 1200 ◦C [20]. The Cr–Zr eutectic reaction at ~1332 ◦C [7] 
significantly affects the coating microstructure [21,22] and defines the 
upper limit for the long-term protective effect of the Cr coatings. Also at 
such a high temperature, the diffusion coefficients of Cr, O, and Zr are 
remarkably enlarged, and other transport mechanisms occur in melts, 
which are produced by the Cr–Zr eutectic reaction. Hence, in very high 
temperature steam, there are still many questions remaining that need 
further investigations, for instance how the microstructure of the Cr 
coating evolves, how the Zircaloy substrate develops, and how the 
coating failure occurs. 

In the current study, a Cr coating with thickness ~17 µm was 
deposited on the Zircaloy-4 (Zry-4) substrate by magnetron sputtering. 
Transient steam oxidation tests were conducted at temperature from 600 
to a very high temperature up to 1600 ◦C with a low heating rate of 10 
K/min. The hydrogen release during the oxidation was in situ analyzed, 
and the microstructure characterization of the Cr-coated samples after 
oxidation was conducted. The oxidation behavior and microstructural 
evolution of the coating, inward diffusion behavior of Cr in substrate, 
oxidation of the Zry-4 substrate, and the coating failure mechanism were 
studied in this paper. 

2. Materials and methods 

All Cr coatings on the Zry-4 samples were deposited by magnetron 
sputtering (Oerlikon Company, Bingen, Germany) with a designed 
thickness of 17 µm. Zry-4 samples (Zr-1.5Sn-0.2Fe-0.1Cr) used in this 
experiments were in plate shape (15 mm × 10 mm × 0.65 mm) which 
were cut from commercial Zry-4 plates. On each sample a hole with 
diameter 2 mm was drilled close to the edge for suspension of the 
samples in the furnace. All surfaces of the Zry-4 plates including the 
surfaces of cutting planes and drilling hole were coated by Cr. The 
oxidation behavior of the bare and the Cr-coated Zry-4 samples was 
tested in a horizontal tube furnace, called “BOX” rig, which contains a 
gas and steam supply system (Bronkhorst®), the furnace with alumina 
reaction tube, and a quadrupole mass spectrometer (MS, IPI GAM3000). 
This system was introduced in our previous work in detail [23]. Fig. 1 
shows the schematic of the furnace part used in the current tests. As 
shown in Fig. 1, a sample lock was applied allowing for the exchange of 
samples at high temperature and their fast cool-down. The samples were 
suspended from a ceramic stick, which was connected with the sample 
lock. 

The transient oxidation tests were conducted in a mixture of steam 
and argon gas flow starting from 600 ◦C with a heating rate of 10 K/min 

to the final temperature ranging from 1200 ◦C to 1600 ◦C. The sche
matic temperature curves for each test during the steam oxidation are 
shown in Fig. 2. When the temperature in the furnace reached 600 ◦C, 
samples were moved into the furnace tube and steam with mass flow 
20 g/h was injected into the furnace. The steam with a mass flow of 
20 g/h is sufficient to prevent steam starvation during the experiments. 
When the temperature had reached the pre-defined maximum value, the 
steam injection was stopped and the samples were pulled out into the 
sample lock and quenched in flowing argon. The cool-down curves in 
Fig. 2 are not the true value during the tests but just show that tem
perature changes are much faster (> 100 K/min at the initial stage of 
cooling down) than that in the transient oxidation stage. The argon flow 
during the oxidation and cooling stage was always 20 L/h. The gas 
produced by the oxidation reaction in the furnace was in situ analyzed 
by the MS that is connected with the outlet of the furnace. Both the 
weights of samples before and after oxidation were measured by an 
analytical balance with an accuracy of 0.1 mg. 

X-ray diffraction (XRD, Seifert PAD II diffractometer) and scanning 
electron microscopy (SEM, PhilipsXL30S) were utilized to study the 
surface phases and the surface microstructures of the Cr-coated Zry-4 
samples before and after oxidation. The XRD signals were collected 
through CuKα radiation (λ 1.54 Å) in Bragg–Brentano geometry with 
40 kV voltage and 30 mA current. Optical microscopy (OM, Reichert- 
Jung MeF3), SEM, and energy dispersive X-ray spectroscopy (EDS) 
were used to characterize the cross-sectional microstructures of the Cr- 
coated Zry-4 samples before and after steam oxidation. All the samples 
for cross-sectional characterization were first embedded in epoxy resin 
and then ground and polished. 

Fig. 1. Schematic diagram of the horizontal tube furnace with the sample lock system and the hanging way of the sample in furnace.  

Fig. 2. Schematic temperature profiles during transient steam oxidation tests.  



3. Results 

3.1. Hydrogen release during transient steam oxidation 

Fig. 3(a) shows the transient hydrogen flow rate (per unit area) 
curves versus oxidation temperature (T, and later in the text Tmax for the 
final temperatures of the tests) of seven Cr-coated Zry-4 samples and the 
bare Zry-4 sample. There is no obvious hydrogen flow rate variation of 
the Cr-coated samples at T < 1000 ◦C, so the abscissa begins at 1000 ◦C 
to improve the readability of the diagram. As can be seen in Fig. 3(a), all 
these seven hydrogen flow rate curves of the Cr-coated samples are 
reproducible and in similar trends. Fig. 3(b) shows the integrated 
hydrogen release of the coated and the bare Zry-4 samples during the 
oxidation process and the weight gain of six Cr-coated Zry-4 samples 
(the G# and bare Zry-4 samples were broken after oxidation, so the post- 
test weight could not be determined). The variation trends of the weight 
gain and the integrated hydrogen release are in good agreement in Fig. 3 
(b). The integrated H2 release and weight gain values in Fig. 3(b) are 
listed in Table 1. 

In the early stage of the steam oxidation (T ≤ 1350 ◦C), the transient 
hydrogen flow rates (Fig. 3(a)) and the integrated hydrogen release 
(Fig. 3(b)) of the Cr-coated samples are all much lower than those of the 
bare Zry-4 sample, which indicates the excellent oxidation resistance of 
the surface Cr coating. From approx. 1350 ◦C, the hydrogen release rate, 
i.e. the oxidation rate of the coated samples, is higher than that of the 
non-coated reference sample. However, the surface Cr coating reduces 

the total hydrogen release of the Zry-4 sample during steam oxidation up 
to 1500 ◦C (Fig. 3(b)). In the later stage (1550 ≤ T ≤ 1600 ◦C), the 
transient hydrogen flow rate of the bare Zry-4 is only slightly lower than 
that of the coated samples while the integral values of hydrogen release 
of the bare Zry-4 is slightly higher than that of the coated Zry-4. 

Three hydrogen release peaks of the Cr-coated samples are seen 
during the whole oxidation process at temperature from 600 ◦C to 
1600 ◦C in Fig. 3(a): the peak 1 at ~1400 ◦C; the peak 2 at ~1540 ◦C; 
and the sharp peak 3 at ~1570 ◦C. In comparison, only the last two 
peaks are detected in the hydrogen flow rate curve of the bare Zry-4 
sample. It is worth mentioning that the G# (Fig. 5(h)) and the bare 
Zry-4 samples broke to pieces during oxidation, which is thought to be 
the reason for the appearance of the third sharp peak. According to the 
three peaks and the variation trends of the hydrogen flow rate curves, 
the oxidation process of the coated Zry-4 can be divided into five stages 
as shown in Fig. 3(a):  

1) Stage I: 600–1280 ◦C. In this stage the hydrogen release increases 
linearly with temperature, and the oxidation reaction rate is rela
tively low.  

2) Stage II: 1280–1400 ◦C. A transition occurs at this stage and the 
hydrogen flow rate increases rapidly with the rising of temperature. 
The hydrogen flow rate reaches its peak at 1400 ◦C.  

3) Stage III: 1400–1500 ◦C. The hydrogen flow rate decreases with the 
increase of temperature and reaches the curve valley at 1500 ◦C.  

4) Stage IV: 1500–1540 ◦C. The second rise stage of the hydrogen flow 
rate.  

5) Stage V: 1540–1600 ◦C. The second fall stage of the hydrogen flow 
rate curve and the third peak. 

3.2. XRD patterns of the Cr-coated Zry-4 samples before and after 
oxidation 

Fig. 4 shows the XRD patterns of the as-deposited Cr coating and the 
Cr-coated Zry-4 samples after steam oxidation. The diffraction infor
mation comes from the surface of the samples (diffraction depth is only a 
few micrometers) because of the low penetration depth of the X-ray. 
Only the peaks of cubic Cr (c-Cr) phase are detected in the as-deposited 
Cr coating and these peaks completely disappear in the E#, F#, and G # 
samples with Tmax ≥ 1500 ◦C. All the oxidation products of the Cr 
coating at different temperatures are hexagonal Cr2O3 (h-Cr2O3) phase 
and no other oxide of Cr is observed. Low intensity diffraction peaks of 
monoclinic ZrO2 (m-ZrO2) phase and tetragonal ZrO2 (t-ZrO2) phase 
emerge in the D#–G# samples when Tmax rise to 1400 ◦C. 

3.3. The surface microstructures 

Photos of the Cr-coated Zry-4 samples before and after oxidation are 
displayed in Fig. 5. As the oxidation temperature rises, the surface 
roughness of the samples increases. At Tmax < 1400 ◦C, lusters are seen 
on the surface of the A#, B#, and C# samples. These lusters disappear on 
the surface of the D#–G# samples. At temperatures from 1350 ◦C, ridges 
(indicated by yellow arrows) form on the surface of the samples, being 
more obvious at Tmax > 1350 ◦C. The surface structure is similar for the 

Fig. 3. Hydrogen release behavior of coated and uncoated samples: (a) the 
transient hydrogen mass flow rate and (b) the integrated hydrogen release and 
weight gain. 

Table 1 
The integrated H2 release and weight gain values in Fig. 3(b).  

Tmax (◦C) 1200 1300 1350 1400 1500 1550 1600 

IHR of Cr-coated Zry- 
4 (mg/cm2)  

0.2  0.3  0.7  2.3  4.7  6.8 7.2 

IHR of bare Zry-4 
(mg/cm2)  

1.7  2.8  3.5  4.3  5.8  6.9 7.5 

WG of Cr-coated Zry- 
4 (mg/cm2)  

1.3  2.6  6.0  20.1  47.9  58.0 / 

IHR is integrated H2 release. 
WG is weight gain. 



D#, E#, and F# samples. The G# sample broke to pieces after steam 
oxidation. 

Fig. 6 shows the surface SEM micrographs of the as-deposited Cr 
coating and the Cr-coated Zry-4 samples after steam oxidation. In Fig. 6 
(a), the average grain size of the as-deposited Cr coating is about 2 µm, 

but the grain size is non-uniform. Also, the surface of the as-deposited Cr 
coating is uneven with large-sized grains protruding. The surface of the 
A# (Fig. 6(b)) and B# (Fig. 6(c)) samples is flat and smooth, and no 
cracks are observed on the surface. When temperature rises to 1400 ◦C 
(D# sample in Fig. 6(d)), the smooth surface transforms to a rough one. 
This is the reason why the surface luster disappears at 1400 ◦C in Fig. 5. 
Cracks and nano-sized pores form on the surface of the E# (Fig. 6(e)) and 
the F# (Fig. 6(f)) samples after being oxidized up to 1500 ◦C and 
1550 ◦C, respectively. The surface microstructure of the G# sample is 
similar with the F# sample and no big differences are found. 

3.4. The cross-sectional microstructures 

3.4.1. The cross-sectional microstructures of the Zry-4 substrate 
Fig. 7 shows the cross-sectional OM images of the Cr-coated Zry-4 

samples before and after transient steam oxidation. The further SEM and 
EDS characterizations of the cross-sectional microstructures of several 
representative samples are shown in Fig. 8. The microstructural evolu
tion of the Zry-4 substrate can be summarized as follows:  

1) The surface. The surface of the samples is smooth and flat for Tmax 
< 1350 ◦C (Fig. 7(a) and (b)), but the surface transforms into a 
fluctuant and rough one at Tmax ≥ 1350 ◦C (Fig. 7(c)–(f),and (i)). 
This phenomenon is consistent with the appearance of the ridges on 
the surface of the C#–G# samples in Fig. 5, which is most probably 
due to the liquid phase formation during the Zr–Cr eutectic reaction.  

2) The oxide layer. As can be seen in Fig. 7(a)–(c), the substrate is well 
protected from oxidation by the outer coating whose structural 
integrity is not destroyed at temperatures up to 1350 ◦C. However, 

Fig. 4. X-ray diffraction patterns of the as-deposited Cr coating and the Cr- 
coated Zry-4 samples after steam oxidation. 

Fig. 5. Surface photos of the Cr-coated Zry-4 samples before and after oxidation.  



for Tmax ≥ 1400 ◦C, the substrate is extensively attacked by steam 
and a thick zirconia layer forms beneath the coating (Fig. 7(d)–(i)). 
The zirconia grains are all in columnar shape at Tmax < 1550 ◦C 
(Fig. 7(d) and (e)) and equiaxed grains appear beneath the columnar 
grains when the temperature climbs to 1550 ◦C (Fig. 7(f)) and 
1600 ◦C (Fig. 7(i)). It is worth mentioning that there are cracks 
distributed along the grain boundaries of the equiaxed grains (Fig. 7 
(i)).  

3) The α-Zr(O) layer in bulk grain. An α-Zr(O) layer in bulk grain 
forms beneath the outer coating layer at Tmax 1350 ◦C in the C# 
sample after oxidation (Fig. 7(c)). The thickness of the α-Zr(O) layer 
increases from ~70.1 µm in the C# sample (Fig. 7(c)) to ~132.8 µm 
in the D# sample (Fig. 7(d)) with temperature rising from 1350◦ to 
1400 ◦C. Then the thickness decreases to ~39.6 µm in the E# sample 
(Fig. 7(e)) as temperature goes up to 1500 ◦C, eventually, this bulk 
grain α-Zr(O) layer disappears in the F# sample (Fig. 7(f)) when 
temperature rises to 1550 ◦C because most of the Zircaloy substrate 
is oxidized.  

4) The dual-phase (DP) layer. A DP layer between the outer α-Zr(O) 
and the inner prior β-Zr is observed in the C# sample (Tmax 

1350 ◦C, Fig. 7(c)). Phases in this DP layer are identified as the 
Zr–Cr intermetallic compound phase and prior β-Zr phase by the 
back-scattered electron (BSE) SEM (Fig. 8(a)) and EDS maps (Fig. 8 
(b)). Also Cr-rich segregation is observed at the interface between the 
α-Zr(O) layer and the DP layer while no Cr-rich precipitates 
distribute inside the central prior β-Zr substrate (Fig. 8(b)). When 
temperature rises to 1400 ◦C (Fig. 7(d)), at the central position of the 
substrate, the single prior β-Zr phase transforms into DP which is also 
identified as a combination of the Zr–Cr intermetallic compound 
and prior β-Zr phase by BSE SEM (Fig. 8(c)) and EDS maps (Fig. 8 
(d)). Besides Cr, minimal Fe and Sn segregations are found in the 
central unoxidized substrate.  

5) The remaining metal. There is unoxidized metal left even after 
oxidation at 1550 ◦C (Fig. 7(f)) and 1600 ◦C (Fig. 7(i)). Mainly two 
types of remaining metals are observed in the central region of the 
F# sample (Fig. 7(f)): single-phase along the equiaxed zirconia grain 
boundaries in Fig. 7(g) which was reported as the α-Zr(O) phase 
precipitated during the cooling stage [24,25] and multi-phase at the 

center in Fig. 7(h). The semi-quantitative elemental compositions in 
the remaining metal of the F# (Fig. 8(e)) and the G# samples (Fig. 8 
(f)) were studied by EDS point analyses; the corresponding results are 
listed in Table 2. The inner equiaxed oxide phase at P1 of the F# 
sample is identified as nonstoichiometric ZrO2− x. Three types of 
metal phases remain in the F# sample: 1) the Zr–Sn(O) phase at P2 
position with Sn content up to ~29 at%; 2) the α-Zr(O) phase at P3 
position with oxygen concentration ~30 at%; 3) the Zr–Cr(O) phase 
at P4 position with similar atomic contents of Zr and Cr. In the G# 
sample, only the Cr–Fe phase is observed at position P9. The equi
axed grain at P5 is also nonstoichiometric zirconia. The Cr2O3 phase 
(P7) distributes inside the ZrO2− x layer. At the center of the sample, 
ZrO2− x (P6) and Cr2O3 (p8) phases are detected which are the further 
oxidation products of α-Zr(O) and Zr–Cr(O). No α-Zr(O) phase or 
Zr–Cr(O) phase remained after oxidation. 

3.4.2. The cross-sectional microstructures of the surface coating 
Fig. 9 shows the cross-sectional SEM micrographs of the Cr coating 

before and after transient steam oxidation at different temperatures. As 
can be seen in Fig. 9(a), the as-deposited Cr coating with an average 
thickness of ~17.4 ± 1.1 µm is dense and well adherent to the Zry-4 
substrate. At Tmax < 1400 ◦C (Fig. 9(b)–(e)), the coating is all in a 
triple-layer structure with outer Cr2O3, middle unoxidized Cr, and inner 
Zr–Cr (ZrCr2) phases according to the EDS maps of the B# sample in 
Fig. 9(d). This type of structure forming during the steam oxidation of 
the Cr coating was also observed and well discussed by other researchers 
[7,18,26]. Although the surface of the coating transforms from flat to 
fluctuant in C# sample at Tmax 1350 ◦C (Fig. 9(e)), the structural 
integrity of the coating remains. In the B# sample (Fig. 9(d)), after steam 
oxidation at Tmax 1300 ◦C, Cr-rich precipitates are observed inside the 
substrate, and inside the Cr coating there distribute Zr-rich precipitates, 
which were identified as ZrO2 in former studies [7,26]. These ZrO2 
precipitates inside the Cr coating are more distinguishable in the C# 
sample (Fig. 9(e)). Therefore, to be more specific, the middle unoxidized 
Cr coating layer in the B# and C# samples should be a Cr(ZrO2) (Cr layer 
which contains ZrO2) layer. When the temperature increases to 1400 ◦C 
(Fig. 9(f)), substrate oxidation occurs, and two types of coating struc
tures are observed by EDS maps: one in Fig. 9(g) is similar with the 

Fig. 6. Surface SEM images of the Cr-coated Zry-4 before and after transient steam oxidation.  



Fig. 7. The cross-sectional OM images of the Cr-coated Zry-4 before and after transient steam oxidation to different maximum temperature. Tmax is the maximum 
temperature of the transient oxidation test; DP is Dual-phase; CG is Columnar grain; EG is Equiaxed grain; RM is Remaining metal. 



structure in the B# sample (Fig. 9(d)). However, instead of the Zr–Cr 
layer, a ZrO2(Cr) layer appears between the coating and substrate, also 
the thickness of the outer Cr2O3 scale in the D# sample is thinner than 
that in the B# and C# samples. The other is also a triple-layer structure 
with outer Cr2O3(ZrO2) layer, middle ZrO2(Cr2O3) layer, and inner 
Cr2O3 layer which can be seen in BSE SEM (Fig. 9(f)) and EDS maps 
(Fig. 9(h)). In both types of coating structures, ZrO2 grains form along 
the grain boundaries of Cr. These ZrO2 grains connect the substrate and 
the atmosphere, and can act as oxygen diffusion paths during the steam 
oxidation. At Tmax ≥ 1500 ◦C (E# in Fig. 9(i), F#, and G# samples), the 
coating layer sequence keeps similar with that of the D# sample in Fig. 9 
(f). Large cracks can be found inside the coatings. 

The thickness evolution of the whole coating and each sublayer in 
different samples is summarized in Fig. 10. The data of the D# sample 

Fig. 8. The cross-sectional SEM images of the Cr-coated Zry-4 samples after transient steam oxidation: (a) BSE image of the C# sample; (b) EDS maps of the C# 
sample; (c) BSE image of the D# sample; (d) EDS maps of the D# sample; (e) SEM image of the center region in the F# sample; (f) SEM image of the center region in 
the G# sample. 

Table 2 
EDS point analyses about the semi-quantitative elemental contents of P1–P9 
points in Fig. 8(e) and (f).  

Atom (at%) O Cr Fe Zr Sn 

P1  57  0  0  43  0 
P2  18  0  0  53  29 
P3  30  0  0  68  2 
P4  13  43  2  42  0 
P5  63  0  0  37  0 
P6  63  4  0  33  0 
P7  62  37  0  1  0 
P8  59  37  2  2  0 
P9  15  75  9  0  1  



used here is the mixed-oxide structure in Fig. 9(f). The error bars of the 
A#, B#, and C# samples are measurement errors of the total thickness of 
the coatings. As can be seen in Fig. 10, the total thickness of the coating 
decreases from originally 17.4 ± 1.1 µm in the as-deposited sample to a 

thinnest 12.5 ± 0.8 µm in the C# sample with Tmax 1350 ◦C. It is 
worth mentioning that the actual coating thickness decrease should be 
larger than the value in Fig. 10 because of the large Pilling-Bedworth 
ratio (PBR) of Cr2O3 (~2) [27] which can lead to volume expansion 
and thickness increase during the oxidation of Cr. The total thickness of 
the coating grows to 18.3 ± 1.4 µm in the D# sample, which is larger 
than the original coating thickness when the temperature rises to 
1400 ◦C. The coating thickness fluctuates with the further increase of 
temperature due to the measurement error. The thickness of the outer 
dense Cr2O3 scale first increases from ~4.7 µm in the A# sample to 
~7.5 µm in the B# sample when temperature rises from 1200 ◦C to 
1300 ◦C, then abruptly decreases to ~3.0 µm in the C# sample with 
further increase of temperature to 1350 ◦C. The thickness evolution of 
the Cr/Cr(ZrO2) (Cr or Cr(ZrO2)) layer has an opposite trend than the 
Cr2O3 layer. The thickness of the Zr–Cr layer increases from ~1.3 µm in 
the A# sample to ~2.0 µm in the B# sample and then does not change 
too much in the C# sample. 

4. Discussion 

4.1. The oxidation behavior and microstructural evolution of the Cr 
coating 

Fig. 11 shows a schematic that illustrates the microstructural evo
lution of the Cr coating layer during the transient steam oxidation. At the 
beginning of the steam oxidation (Fig. 11(b)), the reaction between Cr 

Fig. 9. The cross-sectional SEM images of the Cr-coated Zry-4 (a) before transient steam oxidation, and after transient steam oxidation: (b) A# sample; (c) B# 
sample; (d) EDS maps of the B# sample; (e) C# sample; (f) D# sample; (g) and (h) EDS maps of the D# sample with different coating structure; (i) E# sample. 

Fig. 10. Thickness evolution of the coating and each sublayer of all samples.  



coating and steam leads to the formation of the single-phase dense Cr2O3 
scale on the outer surface of coating [14,28]. The reaction can be given 
by: 

2Cr + 3H2O→Cr2O3 +3H2 (1) 

The oxidation of chromium is dominated by the outward diffusion of 
chromium cations through the oxide layer (Fig. 11(b)). The new oxide 
grains are produced at the gas/oxide interface, which has been exten
sively investigated in other studies [14,29–32]. At the same time, a small 
amount of oxygen diffuses inward to the inner coating and substrate via 
grain boundaries, and this part of oxygen mainly is dissolved in the Cr 
coating [19] or gets absorbed by the substrate and forms an α-Zr(O) 
layer between the coating and prior β-Zr substrate (Fig. 7). At high 
temperature, a solid-state reaction between the Cr coating and Zr sub
strate occurs owing to the interdiffusion of Zr–Cr system [19,33]. An 
intermetallic compound layer forms between the Cr coating and Zr 
substrate. The reaction can be given by: 

Zr+ 2Cr→ZrCr2 (2) 

This layer was also identified as Zr(Cr, Fe)2 laves phase if there is Fe 
in the substrate [7,14,34,35]. Except for the formation of the ZrCr2 
layer, the inward diffused Cr also dissolves in the Zr substrate due to its 
large diffusion coefficient and high solubility in β-Zr [7,14,19], which 
results in further thickness decrease of the coating (Fig. 10) [19]. With 
the increase of temperature to 1300 ◦C (Fig. 11(c)), the oxidation rate of 
the Cr coating, the Zr–Cr interdiffusion rate, and the Zr–Cr solid-state 
reaction rate intensify. As a result, a thicker oxide scale and a thicker 
ZrCr2 layer form while the thickness of the unoxidized Cr coating and 

the whole thickness of the coating further decrease. At this temperature, 
the outward diffused Zr is oxidized on the Cr grain boundaries by the 
dissolved and inward diffused oxygen [7] due to the higher oxygen af
finity of Zr than Cr (the standard Gibbs formation energies per mole of 
O2 of ZrO2 and Cr2O3 are 858 and 538 kJ/mol at 1000 ◦C, respec
tively [36]). It is worth mentioning that the grain boundary diffusion 
rate of Cr, Zr, and O at this temperature should be much larger than the 
volume diffusion rate, and it is the reason why Zr diffuses outward and is 
oxidized on the grain boundaries of Cr. Therefore, the unoxidized Cr 
layer transforms to a Cr(ZrO2) layer confirmed by the appearance of 
ZrO2 precipitates along the Cr grain boundaries. 

When temperature reaches 1350 ◦C (Fig. 11(d)), the thickness of the 
outer dense Cr2O3 scale significantly decreases while the thickness of the 
Cr(ZrO2) layer increases to some extent (Fig. 10). This phenomenon was 
also observed by Han et al. [4,6]. In their studies, a reaction between Zr 
and Cr2O3 as given in Eq. 3 was proposed resulting in the reduction of 
the outer dense Cr2O3 to Cr metal at high temperature and the formation 
of a ZrO2 layer beneath the coating. 

3Zr + 2Cr2O3→4Cr + 3ZrO2 (3) 

This reaction provides an explanation for the thickening of the 
unoxidized Cr coating layer and the thinning of the outer dense oxide 
scale. The reduction of Cr2O3 can be one factor that results in the 
thickness decrease of the dense Cr2O3 scale in the current experiments, 
however, there should be other reasons that cause the consumption of 
Cr2O3. On the one hand, in the current experiments, no continuous ZrO2 
layer forms beneath the unoxidized Cr coating at 1350 ◦C. The forma
tion mechanism of the ZrO2 grains on the Cr grain boundaries was 

Fig. 11. Schematic of the microstructural evolution of the surface Cr coating during transient steam oxidation.  



suggested as the reaction between the inward diffused oxygen and the 
outward diffused Zr [7] rather than the direct reaction between Zr and 
Cr2O3. On the other hand, the thickness increase of the unoxidized Cr 
coating layer in the current experiments is mainly caused by the outward 
diffusion and oxidation of Zr, which lead to a volume expansion due to 
the large PBR of the oxidation reaction (1.56 [37]). The volume ratio 
between the ZrO2 precipitates and the unoxidized Cr is ~32% (devia
tion: 10% to +20%) calculated by the Image-Pro Plus software through 
the color difference between ZrO2 and Cr using the BSE SEM image in 
Fig. 9(e). This result indicates that the formation of the ZrO2 precipitates 
leads to a 32% increase in the thickness of the unoxidized Cr coating. 
Because in this experiment, the volume expansion of coating can be 
possibly considered as 1-D expansion along the coating thickness di
rection for the following reasons: 1) there is no constraint on the outside 
of the coating to inhibit the free expansion of the coating along the 
coating thickness direction; 2) the expansion of the coating in the di
rection parallel to the coating/substrate interface can be inhibited by the 
adhesion force between the coating and substrate; and 3) the expansion 
of the coating in local regions along the direction parallel to the coat
ing/substrate interface can be inhibited by the coating in the adjacent 
regions. This value is close to the actual thickness increase in percentage 
(46% ± 10%) of the Cr(ZrO2) layer in the C# sample relative to that in 
the B# sample calculated by the thickness data in Fig. 10. This ZrO2-
caused thickness growth can also be confirmed by the total coating 
thickness increase of the D#–G# samples (Fig. 10) in which lots of ZrO2 
precipitates form inside the coating and lead to the significant thickness 
increase of the coating. 

At such a high temperature, the volatilization of the oxide layer may 
be another reason for the thinning of the oxide layer, even though 
previous studies [7,38] suggested that the volatilization rate of Cr2O3 is 
too small to consider its effects on oxidation kinetics and coating 
microstructure at a relatively low temperature. Besides, Yeom et al. [14] 
suggested that the volatilization of Cr2O3 in steam led to a quartic 
oxidation kinetics of the cold spray Cr coatings at 1230 ◦C and above. 
During the high temperature oxidation of other Cr-containing alloys 
such as 304L [39] and 310S [40] stainless steels, the evaporation of 
Cr2O3 could cause the dense protective oxide layer failure and break
away oxidation. However, a systematic investigation of the thickness 
decrease behavior and mechanism should be conducted in the future. 

For T > 1332 ◦C, the Zr–Cr eutectic reaction occurs at two posi
tions: one is in the Zr–Cr layer at the coating/substrate interface; and 
the other is inside the prior β-Zr substrate due to the inward diffusion of 
Cr from the coating to substrate. The microstructure and structural 
integrity of the coating could be affected by the Zr–Cr eutectic reaction, 
which leads to the structural transformation of coating surface from flat 
to corrugated and the appearance of ridges on the surface through the 
formation of a liquid phase. The eutectic reaction inside the prior β-Zr 
substrate should be dominant for the structural transformation of 
coating, because the thickness of the dual phase layer beneath the α-Zr 
(O) is far higher than that of the Cr–Zr layer between the Cr coating and 
the α-Zr(O). During the structural transformation, deformation occurs 
inside the coating. Due to the low ductility of the Cr2O3 scale, micro- 
cracks can be generated inside the coating when eutectic reactions 
occur. The main reason for the rapid oxidation at 1350 ◦C is the failure 
of the protective coating, which is specifically reflected by the thinning 
of the dense Cr2O3 layer and the coating deformation in the current 
experiments. A lot of oxygen diffuses into the coating through the 
remaining thin oxide layer and reacts with the Zr, which diffuses out
ward from the substrate to the coating. This oxidation reaction produces 
ZrO2 on Cr grain boundaries. These ZrO2 grains enlarge the diffusion of 
oxygen into the substrate [7] and destroy the structural integrity of the 
unoxidized Cr coating, resulting in the formation of the α-Zr(O) layer at 
1350 ◦C. It is worth mentioning that the higher oxygen affinity of Zr 
than Cr leads to the preferential oxidation of Zr and inhibits the oxida
tion of the remaining Cr metal in the coating. 

With the gradual thickness decrease of the outer single-phase dense 

Cr2O3 layer (Fig. 11(e)) and increase of the inward diffusion of oxygen, 
the Zr–Cr layer and α-Zr(O) substrate are oxidized into ZrO2. A Cr metal 
layer is left at the original position of the Cr–Zr layer following Eq. 4: 

ZrCr2 + 2O→ZrO2 + 2Cr (4) 

As shown in Fig. 11(f), when the outer single-phase dense protective 
Cr2O3 layer (here the single-phase Cr2O3 layer just indicates the outer
most Cr2O3 scale in Fig. 11(b)–(e), but does not include the Cr2O3 inside 
the non-protective Cr2O3(ZrO2) layer in Fig. 11(f)) totally disappears 
and the oxidation rate of the substrate gradually decreases with the 
growth of a dense columnar ZrO2 layer, the Cr metal in the Cr(ZrO2) 
layer and at the coating/substrate interface are oxidized into Cr2O3. 
Hence, the coating completely loses its protective effect and the coating 
microstructure almost keeps similar with that of the D# sample even the 
temperature increases to 1600 ◦C. 

4.2. The microstructural evolution and oxidation behavior of the Zry-4 
substrate 

Fig. 12 depicts the microstructural evolution schematic of the Zry-4 
substrate during the transient steam oxidation. The Zry-4 substrate 
transforms from α-Zr (Fig. 12(a)) to β-Zr (Fig. 12(b)) at T > 865 ◦C [41]. 
Due to the high oxygen affinity of Zr, an oxygen stabilized α-Zr(O) bulk 
grain layer forms beneath the coating during the steam oxidation for 
Tmax 1350 ◦C by absorbing the oxygen which dissolves in the Cr 
coating and diffuses from the outer coating surface through the grain 
boundaries of the dense Cr2O3 scale and the unoxidized Cr coating [7]. 
Cr diffuses inward and dissolves in the Zry-4 substrate (mainly in β-Zr) 
[19]. With the concentration increase of Cr in the substrate, Cr-rich 
precipitates form inside the β-Zr during the cooling stage (Fig. 12(b)) 
[14,19]. The inward diffusion of Cr from the coating to the substrate is 
mainly ceased at 1350 ◦C when there is a thick α-Zr(O) layer in the bulk 
forms between the coating and prior β-Zr (Fig. 12(c)). It is noteworthy 
that the α-Zr(O) layer grows rapidly at temperature from 1350 ◦C 
(sample C#) to 1400 ◦C (sample D#), which indicates the inward 
diffusion of O into β-Zr and the transformation of β-Zr to α-Zr(O) when 
the oxygen concentration reaches its solubility limit in β-Zr. So at the 
growth front of the α-Zr(O) layer, the transformation of β-Zr to α-Zr(O) 
occurs all the time. Therefore, a Cr-rich layer precipitates at the growth 
front of the α-Zr(O) (which is the interface between α-Zr(O) and β-Zr) 
due to the low solid solubility of Cr in α-Zr(O) [19]. The formation of the 
DP layer between the α-Zr(O) layer and prior β-Zr (Fig. 12(c)) is due to 
the precipitation of β-Zr and the solidification of the residual eutectic 
phase when the temperature decreases below 1332 ◦C during the cool
ing stage [7]. 

For 1350 ◦C < T < 1400 ◦C (Fig. 12(d)), the coating loses its pro
tective effect and substantial amount of oxygen diffuses into the sub
strate. The α-Zr(O) layer is oxidized into t-ZrO2− x and the inner β-Zr 
continuously transforms to α-Zr(O) with the inward diffusion of oxygen. 
The Cr that dissolved in β-Zr gradually diffuses inward and concentrates 
at the sample center. The Zr–Cr eutectic reaction then occurs at the 
central substrate and the DP structure forms when the sample is cooled 
down. In addition, the alloying elements such as Sn and Fe, which have a 
lower oxygen affinity than Zr, diffuse to the central position during the 
oxidation of the substrate. This kind of columnar dense t-ZrO2− x growth, 
Zr substrate consumption, and inward diffusion of Cr continues until 
temperature rises to 1500 ◦C. Then a crystal transformation from 
columnar to equiaxed ZrO2− x occurs between 1500 and 1550 ◦C and the 
zirconia layer turns into a bilayer structure with outer columnar and 
inner equiaxed grains as shown in Fig. 12(f). The columnar to equiaxed 
transformation is caused by the reaction between t-ZrO2− x and α-Zr(O) 
and the formation of c-ZrO2− y in the following Eq. 5 [42]. Because of the 
different oxygen vacancy concentrations in tetragonal and cubic zirco
nia phases, here different symbols x and y were used. 

α Zr + t ZrO2 x⇌c ZrO2 y(x < y) (5) 



This transformation of t-ZrO2− x to c-ZrO2− y occurs at ~1525 ◦C at 
normal pressure [42]. The phase-transition temperature could be 
decreased by large compressive stress, which can stabilize the meta
stable phase inside the ZrO2− y layer [43]. In addition, the impurity el
ements in ZrO2− x can affect the phase-transition temperature [43]. The 
transformation of t-ZrO2− x to c-ZrO2− y accelerates the oxidation process 
of the remaining Zr and other remaining metals at the substrate center 
owing to the larger oxygen lattice diffusion coefficient in c-ZrO2− y phase 
[44,45] and the formation of cracks along the grain boundaries of the 
equiaxed c-ZrO2− y layer (Fig. 8(f)). During the cooling stage, the 
decomposition of c-ZrO2− y in Eq. 6 [42] occurs and α-Zr(O) phase seg
regates on the grain boundaries of the equiaxed ZrO2− x (Fig. 7(g)) [24]. 

c ZrO2 y⇌α Zr + t ZrO2 x(x < y) (6) 

At the center of the samples, there should be eutectic phases between 
Zr, Cr, Fe, and Sn formed at 1550 ◦C, and mainly three types of phases 
recrystallize during the cooling stage: α-Zr(O), Zr–Cr(O), and Zr–Sn(O) 
phases. Theoretically, the remaining Cr, Sn, and Fe are oxidized only 
after the Zr is consumed, which can be seen in the G# sample. After 
oxidation at 1600 ◦C, no α-Zr(O) phase is observed while Cr and Fe are 
not totally oxidized. Therefore, when the sample fractured into pieces, 
the fast oxidation of the central metal leads to a sharp hydrogen release 
peak. 

4.3. Summary of the five stages of Cr-coated Zircaloy oxidation behavior 

After the analyses and discussions about the microstructural evolu
tion of the surface coating and substrate, the degradation mechanisms of 
the Cr coating correlating with the hydrogen release in each stage can be 

clearly defined:  

1) Stage I: The oxidation of the Cr coating and the formation of a 
protective dense Cr2O3 scale follows Eq. 1. Interdiffusion between Cr 
coating and Zr substrate.  

2) Stage II: The dense structure of the outer protective Cr2O3 scale is 
destroyed by the reaction between Zr and Cr2O3 following Eq. 3, the 
Zr–Cr eutectic reaction, and potentially the volatilization of Cr2O3. 
Furthermore, the outward diffusion and oxidation of Zr along grain 
boundaries in the unoxidized Cr coating provides oxygen diffusion 
paths. Eventually, coating failure occurs and oxygen diffuses 
massively into the substrate causing extensive oxidation.  

3) Stage III: With the extensive oxidation of the Zr substrate, a dense 
columnar oxide layer forms and acts as an oxygen diffusion barrier, 
which could effectively decrease the oxidation rate and reduce the 
hydrogen release.  

4) Stage IV: The transformation of t-ZrO2− x to c-ZrO2− y leads to the 
transition of dense columnar grains to bulk equiaxed grains with 
cracks and an increased oxygen diffusion coefficient in the zirconia 
layer. Consequently, the release of hydrogen is accelerated.  

5) Stage V: The oxidation of the remaining inward diffused Cr, Fe, and 
Sn whose oxygen affinity is much lower compared to Zr, so the 
oxidation rate and hydrogen release rate decrease gradually. The 
appearance of the third peak is mainly caused by the fracture of the 
sample and the exposure of the remaining metals to steam. 

5. Conclusion 

The transient steam oxidation behavior of Zry-4 sheet samples with 

Fig. 12. Schematic of the microstructural evolution of the Zircaloy substrate during transient steam oxidation.  



~17.4 µm-thick Cr coating deposited using a magnetron sputtering 
method was comprehensively investigated in transient tests from 600 ◦C 
to a temperature between 1200 and 1600 ◦C with a low heating rate of 
10 K/min. The surface Cr coating on Zry-4 significantly improved the 
steam oxidation resistance of the substrate and reduced the total 
hydrogen release up to 1500 ◦C. However, the oxidation rate of the 
coated samples exceeded the non-coated ones from approx. 1350 ◦C. 
The microstructures of the samples after steam oxidation were examined 
in depth. The transient steam oxidation behavior and the hydrogen 
release kinetics during the oxidation of the Cr-coated Zry-4 at temper
ature from 600 ◦C to 1600 ◦C can be divided into five stages, which 
correlates to the microstructural evolution of the surface coating and 
substrate. The current results were obtained at a low heating rate of 
10 K/min, so the data obtained in this work cannot be directly extrap
olated to design-basis accident and beyond design-basis accident sce
narios, which have faster heating rates. The effect of heating rate on the 
transient steam oxidation behavior of Cr-coated Zircaloy needs to be 
further investigated. Several crucial conclusions are drawn from the 
obtained results:  

(1) A single-phase dense Cr2O3 scale forms on the outer surface of the 
Cr coating by the reaction between Cr and steam. The thickness of 
this Cr2O3 scale first increases by oxidation then decreases 
through the reduction of Cr2O3 by Zr and possibly, at higher 
temperatures, the volatilization of Cr2O3 in steam. The single- 
phase protective oxide scale finally disappears but instead, a 
new non-protective Cr2O3(ZrO2) layer forms.  

(2) Zr diffuses outward from the substrate to the Cr coating layer 
along the Cr grain boundaries, is oxidized by the inward diffusing 
oxygen, and forms ZrO2 precipitates which provide oxygen 
diffusion paths. When the outer single-phase dense protective 
Cr2O3 scale completely disappears, ZrO2 grains connected the 
outer coating surface and substrate and eventually impact the 
structural integrity of the unoxidized Cr coating.  

(3) Cr diffuses into the bulk at high temperature, which leads to the 
coating thickness decrease. Zr–Cr eutectic reaction occurs at the 
coating/substrate interface and inside the substrate when the 
temperature is higher than 1332 ◦C. The eutectic reaction results 
in the fluctuant surface and affects the coating microstructure. Cr 
gradually diffused to the center of the substrate, and is finally 
oxidized.  

(4) The coating failure behavior is due to the combined effects of the 
oxidation of Cr, the inward diffusion of Cr into the substrate, the 
reduction of the Cr2O3 scale by Zr, the formation of ZrO2 pre
cipitates along the grain boundaries of Cr, the Zr–Cr eutectic 
reaction, and possibly the volatilization of the Cr2O3 scale.  

(5) Independently from the coating, the transformation of t-ZrO2− x to 
c-ZrO2− y (y > x) at approx. 1500 ◦C increases the oxygen diffu
sion coefficient due to the high vacancy concentration in c- 
ZrO2− y. The phase transformation further leads to the transition 
of dense columnar grains to loose equiaxed grains with increasing 
oxidation rate.  

(6) Sn and Fe diffuse inward to the center of the substrate during the 
consumption of the substrate and are finally oxidized. 
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