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ABSTRACT: 
Zirconium-based claddings with an outer chromium coating resistant to corrosion are studied and 
developed as an evolutionary Enhanced Accident Tolerant Fuel (E-ATF) concept for light water reactors. 
However, in hypothetical LOss-of-Coolant-Accident (LOCA) conditions, following clad ballooning and 
burst, the outer coating does not allow to protect the inner surface of the cladding from High Temperature 
(HT) steam oxidation and associated secondary hydriding due to steam starvation occurring within the 
gap between the clad inner surface and the nuclear fuel pellets.  
 
To address this issue, DLI-MOCVD (Direct Liquid Injection of Metal-Organic precursors - Chemical 
Vapor Deposition) CrxCy coatings have been developed and successfully deposited onto the inner 
surface of Zr-based cladding tube prototypes. Then, preliminary two-sided oxidation tests have shown 
that such inner coating is able to increase the resistance to oxidation at HT of the inner clad surface. 
 
The present study aimed at performing new steam oxidation tests at 1200°C on Zircaloy-4 clad 
prototypes with a 5-20µm-thick CrxCy inner coating, in conditions more representative of LOCA, after a 
first internal pressure-induced burst step. Additionally, complementary two-sided steam oxidation tests 
have been carried out up to 1h at 1200°C, on short inner and/or outer-coated clad segments. Finally, 
Post-Quench (PQ) Ring Compression Tests (RCTs), fractographic analysis and deep metallurgical 
investigations including neutron-tomography have been performed to get more insights into the PQ 
behavior of the inner-coated clad. 
 
Among other results, it is shown that the inner CrxCy coating makes it possible to reduce significantly 
the oxidation and the associated secondary hydriding of the clad inner surface, after ballooning and 
burst. After at least 600s under steam at 1200°C, the reference uncoated clad fails upon final water 
quenching while the inner-coated prototype keeps its integrity. PQ RCTs showed a higher strength of 
the inner-coated material, related to lower oxygen and hydrogen uptakes of the substrate.  
 
KEYWORDS:  Enhanced Accident Tolerant Fuel, CrxCy DLI-MOCVD inner coating, Zircaloy-4, LOCA, 
high temperature steam oxidation, secondary hydriding, post-quenching strength and ductility 
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HIGHLIGHTS:  

- 5-20µm-thick CrxCy coating deposited by DLI-MOCVD onto inner surface of Zircaloy-4 cladding, 

- Protection against steam oxidation at 1200°C comparable to outer PVD-deposited 10-15µm-thick Cr 
coating. 

- Significant reduction of secondary hydriding after clad ballooning and burst.  

- Higher mechanical strength of the cladding, upon and after water quenching. 
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1. INTRODUCTION 
 
Zirconium-based claddings with outer corrosion resistant chromium-based coatings are studied and 
developed worldwide as an evolutionary Enhanced Accident Tolerant Fuel (E-ATF) concept for light 
water reactors, bringing additional High Temperature (HT) oxidation resistance in hypothetical accident 
conditions [1]-[23]. However, in case of leaking fuel or following clad ballooning and burst upon 
hypothetical LOss-of-Coolant-Accident (LOCA), the outer coatings developed so far are not able to 
protect the clad inner surface from steam oxidation and from the associated secondary hydriding 
phenomena. To address this issue, DLI-MOCVD (Direct Liquid Injection of Metal-Organic precursors - 
Chemical Vapor Deposition) CrxCy inner coating has been developed and successfully deposited on the 
inner surface of Zr-based cladding tube prototypes [24]-[26]. Then, preliminary oxidation tests have 
shown that such inner coating may increase the oxidation resistance of the clad inner surface at HT 
[27]-[28]. However, the preliminary two-sided HT oxidation tests carried out until now were not fully 
representative of LOCA situations, in which the clad inner surface is exposed to an oxidizing steam 
atmosphere confined into the gap between the nuclear-fuel pellets and the cladding tube. In such 
conditions, due to steam starvation, the cladding materials experience localized massive hydrogen 
uptake, characterized by “hydrogen peaks”, a few centimeters from the burst opening, with hydrogen 
contents up to 3000-4000 parts per million in weight (wt.ppm). Such phenomena may induce cladding 
embrittlement and loss of clad integrity upon the final water quenching and/or in Post-Quenching (PQ) 
situation. Thus, they have been extensively studied at ANL [29]-[30], at JAERI/JAEA [31]-[39], at KIT 
[40]-[46] and at other institutes [47]-[48]. Additionally, modelling efforts have been carried out [50]-[52] 
and safety criteria have been proposed in some countries, to account for this clad embrittlement due to 
secondary hydriding, following ballooning and burst upon LOCA conditions [53]-[57].  

To address this issue, the present study aimed at performing new and more LOCA-representative HT 
oxidation tests on the DLI-MOCVD inner CrxCy-coated Zr-based cladding prototypes [27]-[28]. 
Additionally, complementary HT two-sided steam oxidation tests have been carried out on inner and/or 
outer-coated short clad segments. Finally, PQ Ring Compression Tests (RCTs), fractographic analysis 
and deep metallurgical investigations (including neutron tomography to obtain 3D mapping of 
hydrogen) have been performed to get more insights into the PQ behavior of inner-coated clad. 

 

2. MATERIALS AND EXPERIMENTAL PROCEDURES 
 

2.1.  Coated and uncoated materials 
 
Uncoated substrate materials: 

Fully recrystallized Zircaloy-4 with high tin and oxygen contents (HSn-HO-Zirc-4), 0.6 mm-thick, cladding 
tube has been used as a substrate. The contents of the main alloying chemical elements are given in 
Table 1. It has to be mentioned that the quality of the “old grade” Zircaloy-4 cladding material tested is 
not representative of modern industrial advanced cladding materials in as-received conditions. The clad 
inner surface exhibits a high roughness and some superficial oxidation, as shown below. Thus, in the 
following, this material has to be considered as having a “lower-bond quality” compared to modern 
nuclear fuel cladding materials, especially at its inner surface. Indeed, it is likely that this poor quality 
(rough and slightly oxidized) of the as-received clad inner surface negatively impact the adhesion of the 
inner coating. 
 

 Wt.% Wt.ppm 

Alloy Sn Fe Cr O H N 

HSn-HO-Zirc-4 1.62 0.20 0.10 0.18 12 60 

Table 1 - Contents of the main alloying chemical element of the “old grade” high tin – high oxygen 
Zircaloy-4 used as a substrate 
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Coated materials: 

CrxCy coatings were deposited directly inside a bundle of 16 cladding tubes with a horizontal hot-wall 
CVD chamber of approximately 0.15 m of inner diameter and 1 m of length. A liquid solution of 
bis(ethylbenzene)chromium (precursor) and toluene (solvent) was vaporized using a Kemstream DLI 
system and sent to the inside of the 16 claddings segments at 670 Pa heated at 325°C by a tubular 
furnace. More information about the deposition chamber can be found in [25]. 
 
A schematic view of the inner-coated 1m-long Zircaloy-4 cladding tube prototype studied here is shown 
in Figure 1. In this figure, the different samples machined and tested are represented together with the 
as-received inner coating thicknesses measured by Optical Microscopy (OM) at different axial locations. 
Due to the deposition process used, there is an axial gradient of the inner coating thickness from the left 
end to the right end of the tube. In consequence, depending of the axial position, the inner CrxCy coating 
thickness ranges from ~20µm at the M2 location down to ~6µm at the M5 location. It is nevertheless 
possible to inject sequentially the reactive vapor at each end of the chamber to smoothen thickness 
profiles, as demonstrated in [24] for a single 1m-long cladding segment. In the following, one has to 
account for the different inner coating thicknesses when analyzing the results. The different clad 
segment geometries tested and/or analyzed are: 

- “Mi” 5mm-long rings, for as-received microstructural observation and hydrogen analysis; 

- “Oi” 30mm-long clad segments for two-sided HT steam oxidation testing followed by PQ microstructural 
and micro-chemical analysis and RCTs. Among these samples and following the inner DLI-MOCVD 
deposition process, ~10µm-thick outer chromium coating has been deposited on two of these 30mm-
long segments by the PVD process already used for previous CEA-Framatome-EDF studies on outer 
Cr-coated advanced nuclear fuel claddings [2][7][11][20][21]. Following preliminary air oxidation tests 
carried out at 1100°C on such double-coated claddings [28], the idea here was to have a deeper view 
of the benefits, regarding oxidation resistance and PQ mechanical behavior, of double (inner + outer) 
coating protection in conditions more representative of LOCA, i.e. two-sided HT steam oxidation at 
1200°C followed by direct water quenching. 

- “E1” and “E2” longer segments that have been used for two-steps LOCA testing, including a first 
internal pressure thermal ramp test leading to cladding burst and a subsequent steam oxidation test at 
1200°C followed by direct water quenching. So, these two particular segments have been specifically 
devoted to the study of secondary hydriding following burst occurrence upon LOCA. The results have 
been compared to those obtained in the same conditions on the uncoated clad. 
 
2.2.  Experimental procedures 
 
Internal pressure burst tests, one/two-sided HT steam oxidation tests, PQ mechanical tests and 
metallurgical examination including micro-chemical analysis and neutron radiography/tomography have 
been carried out on several CEA’s facilities already described in details in [47] and [58]-[62]. They are 
only briefly recalled below. 

- Internal pressure thermal ramp tests to burst have been carried out using the “EDGAR” facility 
used at CEA for more than twenty years to perform thermal-mechanical tests upon LOCA conditions on 
500mm-long clad segments [58]. Direct Joule heating was used to be able to achieve fast enough 
heating rates with good circumferential temperature homogeneity. The evolution of the cladding outer 
diameter was measured using a non-contact laser extensometer. Temperature was monitored and 
controlled by pyrometers and internal thermocouples. The tests were performed under steam and 
stopped just after the burst. The tested clad segments were then cooled at moderate rate (a few tenths 
of °C/s at the beginning of the cooling) down to RT. The internal pressure and heating rate applied here 
were set to 40 bars and 25°C/s respectively. These particular values have been chosen to allow a 
comparison with previous data obtained on uncoated M5Framatome reference cladding segments [47]. 
Since the final cladding hoop strain at burst and the overall balloon size, and thus the inner gap size, 
may depend on the internal pressure and heating rate applied, the results obtained here should not be 
extrapolated directly to other testing conditions. Indeed, due to the limited ductility of the inner coating, 
it is likely that larger clad deformations than those experienced here promote cracking of the inner CrC 
coating, and thus influence secondary hydriding).  
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- Following the creep and burst sequence, 150mm-long segments have been machined from the 
segments tested in “EDGAR” by localizing the burst opening at their mid-length. An alumina rod (8.2mm 
in diameter) has been inserted inside the tube to simulate the gap between the fuel pellets and the clad 
inner surface. Zircaloy-4 end caps have been welded at both clad segment extremities. A typical 
macrograph of a pre-burst clad segment before the subsequent HT oxidation test is shown in Figure 2-
(a).  
 
- Oxidation tests in steam at 1200°C for different oxidation times have been carried out in the 
CEA’s “DEZIROX 1” facility [59]-[61]. Upon the HT oxidation process, the axial temperature gradient 
along the 150mm-long clad segment is lower than 10-15°C. Direct water quenching from 1200°C down 
to Room Temperature (RT) was applied at the end of the isothermal HT oxidation step. It must be 
mentioned that, compared to a direct quenching from the HT βZr temperature range, when the final water 
quenching is applied at 600 or 700°C (after a first cooling at an intermediate rate, i.e., 0.1-10°C/s), an 
increase of the PQ clad ductility has been observed for Zircaloy-4 pre-hydrided at 600-700 wt.ppm [60]. 
This cooling scenario effect has been attributed to the hydrogen and oxygen micro-chemical partitioning 
occurring upon the on-cooling βZr → αZr phase transformation, and to its consequences on the local 
prior-βZr hardening and embrittlement at RT, related to the intermediate cooling rate and the temperature 
from which the final water quenching is applied [62]. Thus, in the following, one has to keep in mind that 
the direct quenching conditions applied here are likely conservative compared to two-steps cooling. In 
other words, it is possible that the direct quenching applied induces higher PQ clad embrittlement 
compared to more LOCA-representative two-steps cooling. 
 
- As already extensively used by M. Grosse et al. [41]-[46] [63] to study HT secondary hydriding, 
non-destructive neutron radiography/tomography has been performed to have a better view of the 
hydrogen redistribution, in three dimensions, in the samples that have experienced internal pressure-
induced burst followed by HT oxidation and quenching. The experiments were performed on the 
IMAGINE radiography station connected to the experimental Orphée reactor at CEA Saclay. Compared 
to previous measurements [47], smaller spatial resolution was used (voxel size down to 50µm) to be 
able to map the hydrogen content not only as an integrated value for a given azimuthal position but also 
across the thickness of the cladding wall. The hydrogen quantity in the cladding was normalized with 
respect to reference samples with calibrated hydrogen contents. The typical sensitivity to hydrogen 
content is of the order of 100 wt.ppm. 
 
- Additional PQ destructive hydrogen content measurements were performed by an Inert Gas 
Fusion Thermal Conductivity (IGFTC) technique using a HORIBA EMGA-821 analyser. Electron Probe 
Micro-Analysis (EPMA) using a Cameca SX-100 microprobe was carried out to quantify the oxygen (and 
other alloying elements) concentration profile through the clad wall thickness. 
 
- Local hardening of the quenched prior-βZr material is sensitive to the additional oxygen resulting 
from oxygen diffusion induced by the HT steam oxidation process. Thus, one can roughly evaluate the 
local oxygen content from micro-hardness measurements by using the following equation from [60]. 

HV(0.1) Prior-βZr Zircaloy-4 = 370 x [wt.% O] + 224    Equation 1 

where HV(0.1) denotes the Vickers hardness at 0.1 kg. Alternatively, the following relationship can be 
derived from the data already presented and discussed in [47]. This relationship is more representative 
of the hardening of the quenched prior-βZr microstructure of highly hydrided materials, i.e., up to ~3000-
4000 wt.ppm of hydrogen. 
 

HV(0.1) Prior-βZr Highly Hydrided-Zircaloy-4 = 193 x [wt.% O] + 301    Equation 2 

 
Then, systematic PQ micro-hardness measurements have been carried out using a Buehler VH-3300 
device equipped with Vickers or Knoop indenters. Up to 50 indents were performed throughout the clad 
wall thickness on each sample characterized after quenching, under an applied load of 0.05, 0.01 or 
0.025 kg. These low load levels have been chosen to obtain a good description of the gradient through 
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the clad thickness. It has been checked that these low load levels gave results comparable to those 
obtained from Vickers hardness measurements performed at 0.1 kg, as more conventionally done. 
 
- Finally, PQ RCTs have been carried out on 10 mm-long clad segments machined from the 
samples oxidized at HT. The tests were conducted on a universal electromechanical tensile machine at 
temperatures of 20 and 135°C (saturation temperature during reflood in the case of large break LOCA), 
with a cross-head displacement rate of 0.5 mm/min (up to a maximum displacement of 6 mm or a 
maximum load of 2 kN). Failure of RCT samples was considered to occur at the first significant load 
drop of more than 30%, which may indicate the formation of at least one through-wall crack. The fracture 
surface of the samples was examined using Scanning Electron Microscopy (SEM) to assess the PQ 
failure mode. 
 
Figure 2-(b) shows the locations where the samples were machined from the tested clad segments for 
PQ analysis. 
 

3. RESULTS AND DISCUSSION  

3.1 As-received conditions 

Zr-based substrate: As already mentioned, the “old-grade” HSn-HO-Zirc-4 material used here for the 
substrate is not fully representative of modern advanced nuclear fuel cladding made of zirconium-based 
alloys. Figure 3-(a) illustrates its as-received microstructure with a homogenous distribution of equiaxed 
αZr grains. The corresponding Vickers micro-hardness value is 200 HV0.05, which is typical of fully 
recrystallized αZr microstructure. Additionally, a typical (non-oxidized) quenched prior-βZr microstructure 
is depicted in Figure 3-(b) showing a Vickers micro-hardness of 275 HV0.05. Such microstructure has 
been obtained after a “flash” βZr thermal treatment at 1000°C (<30s) followed by water quenching down 
to RT to avoid significant HT oxidation. Thus, the hardness value measured seems to be higher than 
the typical one obtained for low-tin Zircaloy-4 prior-βZr (~220 HV0.05). This is likely due to the higher 
oxygen and tin contents of HSn-HO-Zirc-4. 

Outer coating: Figure 4 illustrates the typical as-received microstructure of the ~10 µm-thick Cr outer-
PVD-coated materials. Multiscale characterizations (down to the atomic scale) of the microstructures of 
such PVD-deposited Cr coating and Cr-Zr interface have been already reported and discussed in 
[11][20][64]. Just recall that, by using convenient PVD deposition parameters and process, such 
coatings are characterized by: 
- low surface roughness and good thickness uniformity,  
- very few defects/micro-cracks,  
- no delamination or porosities at the Cr-Zr interface, thus inducing high bonding strength, even after 
(ion) irradiation [65], 
- columnar grains morphology with specific crystallographic textures, 
- reduced compressive internal stresses. 
 
Inner coating: Detailed information about the typical microstructure of DLI-MOCVD CrxCy inner coating 
has been already published in [26] and [27]. However, it is necessary to briefly discuss the particular 
microstructure of the inner-coated clad segment studied here. Figure 5 shows the typical aspect of the 
clad wall thickness at the “M2” axial location (Figure 1), corresponding to ~20µm-thick inner CrxCy 
coating. One can observe the typical fully recrystallized structure of the HSn-HO-Zirc-4 substrate and a 
quite uniform inner coating thickness. Recall that previous studies have shown that such coating is in 
an amorphous state in as-received conditions. 

However, localized delamination and porosities are observed at the Zr/CrxCy interface. This could be 
partially related to the poor initial surface quality of the “old-grade” material used here as a substrate, 
as shown in Figure 6–(a). The SEM micrograph in Figure 6–(b) illustrates the typical morphology of the 
inner coating surface. The coating surface appears to have a quite smooth aspect with localized 
circular protrusions. Some localized cracks and delamination (not illustrated here) are also observed, 
indicating that an additional optimization of the deposition process and a substrate material with a 
smoother initial surface are necessary to further improve the inner coating adhesion properties. 
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Additionally, Figure 7 shows mapping and quantitative profiles of chemical elements obtained by EPMA 
within the wall thickness of the as-received 20µm-thick amorphous CrxCy inner coating at the “M2” axial 
location. The average chemical stoichiometry of the coating deduced by integrating the EPMA profiles 
is close to Cr0.58C0.30O0.12, which is in very good agreement with previous X-ray Photoelectron 
Spectroscopy (XPS) measurements reported in [26]. However, a significant oxygen content is observed, 
especially near the CrxCy–Zr interface. Such an oxygen pollution may be attributed to the CVD process 
itself but also to the poor quality of the inner surface of the substrate (i.e., with thin zirconium oxide 
and/or hydroxide scales initially present on its surface, before the CVD deposition process). Interestingly 
and neglecting the oxygen contribution, the chemical profiles in Figure 7–(b) show a continuous 
evolution of the Cr/C ratio with an apparent stoichiometry going from Cr7C3 near the CrxCy–Zr interface 
to Cr3C2 close to the outer coating surface. Between these two zones, and based on previous studies 
and interpretation, one can make the assumption that there are nanometric C-free domains embedded 
in an amorphous Cr7C3 carbide matrix. Thus, in the following, this specific as-received amorphous 
nanocomposite structure and the existence of a gradient in Cr/C concentration ratio along the coating 
wall thickness have to be kept in mind, for further interpretation of the coating microstructural evolution 
upon HT steam oxidation, typical of LOCA situations. 

 

3.2 HT two-sided steam oxidation and PQ RCT of inne r/outer-coated short clad segments 

Weight gain evolution and hydrogen uptake – The HT steam oxidation conditions tested and the 
associated weight gains and PQ hydrogen contents measured for uncoated and coated materials are 
summarized in Table 2. All the tested 30mm-long clad segments kept their integrity after the final direct 
water quenching down to RT, except the uncoated one oxidized for 3220s at 1200°C, consistently with 
its very high “Baker-Just” [66] “Equivalent Cladding Reacted “ (ECRBJ) calculated value of 70%.  

The evolution of weight gain as a function of the two-sided oxidation time in steam at 1200°C is plotted 
in Figure 8 for uncoated and coated 30mm-long clad segments. The results are compared with one-
sided steam oxidation data previously obtained at CEA on uncoated low-tin Zircaloy-4 [60] and on 12-
15µm-thick Cr outer-coated M5Framatome claddings [21]. From this figure, the following observations can 
be made: 

- Despite its non-optimized chemical composition and poor inner surface quality, the old-grade HSn-HO-
Zirc-4 behaves more or less like modern low-tin Zircaloy-4. 

- The inner (10-20µm thick) DLI-MOCVD CrxCy and/or the outer (~10µm-thick) PVD Cr seem to bring 
good protectiveness against steam oxidation at least up to 1500s (two-sided ECRBJ = 47.5%) at 1200°C. 
Indeed, the weight gains of inner or outer one-sided coated materials are nearly half those of the 
uncoated materials after two-sided oxidation for 600-1500s. This means that, for these particular cases, 
the measured weight gain is essentially due to the oxidation of the (outer or inner) uncoated (and thus 
unprotected) clad surface. This is further confirmed by the behavior of the two-sided (inner + outer) 
coated samples, showing a very limited overall weight gain of only 2.2 mg/cm² after two-sided steam 
oxidation up to 1500s at 1200°C. As shown in Figure 8, this low weight gain value is comparable to the 
one achieved after one-sided (outer) steam oxidation for 1500s at 1200°C of 12-15µm-thick (PVD) Cr 
outer-coated M5Framatome [21].  

- For the higher (two-sided) oxidation time tested (3220s), the measured weight gain of the inner-coated 
sample is close to the uncoated reference one. This indicates that, for such a high ECRBJ value (70%), 
the 10-20µm thick DLI-MOCVD CrxCy coating is no more protective. Indeed, as already illustrated in 
[27], for such a long oxidation time, both uncoated and inner-coated samples have been almost fully 
transformed into zirconia and αZr(O) layers, thus inducing a high brittleness. However, it should be 
noticed that, for the same (one-sided) oxidation time at 1200°C, a 12-15µm-thick PVD Cr outer coating 
on a M5Framatome substrate is still protective [21]. 

- Additionally, as shown in Table 2, the hydrogen contents measured post-oxidation show negligible or 
very limited hydrogen uptake, except for the inner-coated sample tested for 3220s at 1200°C for which 
the measured hydrogen concentration is close to 160 wt.ppm. Such phenomena could be due to a 
“transient” hydrogen uptake, as already observed on 12-15µm-thick (PVD) Cr outer-coated M5Framatome 
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for equivalent ECR values (i.e. for one-sided ECRBJ higher than 50% at 1200-1300°C) [20]. This has 
been attributed to the short period when the coating loses its protectiveness, thus inducing a direct 
access of steam molecules to the metallic zirconium-based substrate. For longer oxidation times, it was 
then observed that there was no more additional hydrogen uptake. It was thus assumed that, beyond 
this short period of transient hydrogen uptake, additional hydrogen uptake is prevented by the 
subsequent rapid growth of a dense and thick enough sub-coating zirconia layer. It would be interesting 
to check if such saturation of the hydrogen content is also operant for the present inner CrxCy coating, 
when tested at longer oxidation times (i.e., beyond the oxidation time when the coating loses its 
protectiveness). 

In summary, based on the measured weight gains, one may conclude that, overall, the inner (10-20µm 
thick) DLI-MOCVD CrxCy coating associated with an outer (~10µm thick) PVD Cr coating brings a 
significant coping time upon two-sided HT steam oxidation, up to an ECRBJ value of ~50% (>1500s) at 
1200°C. Such performances have been already achieved on PVD Cr-outer-coated materials, but in that 
case, only upon one-sided outer oxidation at HT [21]. 

Materials  
(substrate = HSn-HO-Zirc-4) 

Initial 
outer / 
inner 

coating 
thickness 

(µm) 

Two-
sided 
steam 

oxidation 
time at 
1200°C 

(s) 

Calculated 
ECRBJ (%) 

(*) 

Measured 
weight 
gain 

(mg/cm²) 

Post-
oxidation 
hydrogen 
content 

(wt.ppm) 

Post-
quenching 
integrity 

Uncoated 0 / 0 
600 30 14.88 27 YES 

3220 70 34.63 51 NO(**) 

CrxCy inner coated "O2" 0 / ~20 600 30 8.3 37 YES 

CrxCy inner coated "O1" 0 / ~20 3220 70 29.22 164 
YES/NO 

(***) 
Cr outer coated 9 / 0 600 30 7.56 25 YES 

Cr outer coated 9 / 0 1500 47.5 11.8 31 YES 

Cr/CrxCy two-sided-coated "O4" 9 / 9 600 30 1.05 35 YES 

Cr/CrxCy two-sided-coated "O3" 9 / 11 1500 47.5 2.22 48 YES 

Table 2 - HT steam oxidation conditions, associated weight gains and PQ hydrogen contents of 
uncoated, and of inner and/or outer-coated HSn-HO-Zirc-4 (30mm-long) clad segments 

(*) Equivalent Cladding Reacted (ECR) parameter calculated using the "Baker-Just" correlation for 
two-sided oxidation of uncoated 610µm-thick cladding tubes 
(**) longitudinal (through-wall) crack; high PQ embrittlement (failure upon machining/cutting) 
(***) external rough protrusions, but with no apparent through-wall cracking; high PQ embrittlement 
(failure upon machining/cutting) 

CrxCy inner coating microstructure after steam oxidation for 600s at 1200°C – Post-HT-oxidation 
microstructures of both outer Cr PVD and inner DLI-MOCVD CrxCy coatings have been already 
described in details in [11][20][21] and Erreur ! Source du renvoi introuvable. [27], respectively. 
However, it seems useful to recall some Electron-Back Scattered Diffraction (EBSD) results obtained 
on the inner CrxCy coating, after two-sided steam oxidation for 600s at 1200°C, as illustrated in Figure 
9 (replotted from [27]). In this figure, one can observe that preferential recrystallization and formation of 
Cr7C3 and Cr3C2 have occurred in the vicinities of the CrxCy–Zr interface and the outer coating surface, 
respectively. This can be understood from the EPMA results already shown in Figure 7. Indeed, their 
localization coincides with the coating depth where the Cr/C atomic fraction ratio is close to the 
stoichiometries of carbides, thus promoting their crystallization upon HT incursion. By contrast, at the 
coating mid-thickness, EBSD analysis failed to identify recrystallized carbides phases, while 
submicronic chromia crystallites have been identified. These last ones are likely due to the initial oxygen 
content (i.e., ~10 atomic%) within the amorphous CrxCy coating layer and to potential additional oxygen 
diffusion from the outer oxidized coating surface which took place upon steam oxidation at 1200°C. 
However, at coating mid-thickness, one can assume that the observed delay in carbides crystallization 
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could be due to the local as-received particular nanocomposite structure, with some nanometric carbon-
free domains embedded in an amorphous Cr7C3 carbide matrix [27]. It is possible that such a non-
stoichiometric as-received (amorphous) microstructure, with some carbon-free submicronic areas, is 
less favorable to further crystallization of HT chromium carbides. As already discussed in [27], 
maintaining such an amorphous (crystallite free) microstructure as long as possible at HT could delay 
the overall oxidation kinetics of the coating, by decreasing the density of grain boundaries which can be 
assumed to be accelerated diffusion paths for oxygen. Additionally, in this figure, one can observe a 
more or less continuous, micrometer-thick, zirconium carbide layer at the CrxCy–Zr interface, which has 
been induced by (spatially limited) Zr-C interdiffusion phenomena at HT. 

Effects of pre-cracks/defects in the CrxCy coating – One important issue of coated claddings, especially 
upon LOCA, is the consequence of potential defects/cracks in the coating on the subsequent (localized) 
HT oxidation and the effect on the cladding residual strength and ductility upon quenching and post-
quenching situations. This is one of the fundamental reason for having chosen pure metallic chromium 
coating for the outer clad protection instead of ceramic ones, during the early studies carried out at CEA 
on several types of coatings [11]. Indeed, it has been shown that, upon LOCA transient, optimized PVD 
Cr metallic coating is able to sustain significant clad ballooning without cracking or spallation, thus 
preserving the protection against the subsequent HT oxidation, even at the balloon location [67]-[69]. 
Because of the amorphous and/or ceramic nature of the inner CrxCy coating studied here, it is anticipated 
that this type of coating may experience significant cracking upon clad deformation (ballooning) typical 
of LOCA situations. Figure 10 depicts typical zones in samples with an inner CrxCy coating with pre-
existing cracks that have experienced HT steam oxidation and quenching. One can observe three typical 
(localized) oxidation behaviors at the locations of the defects/cracks in the inner coating: 

 - Type-1 coating crack/defect with no oxygen diffusion into the Zr substrate. This particular situation 
seems to be due to the coating self-healing capacity, i.e, formation of a dense and thick enough Cr2O3 
scale inside the cracking, thus preserving the Zr substrate from further oxygen penetration and diffusion. 

- Type-2 coating crack/defect with partial oxygen diffusion into the Zr-based substrate inducing αZr(O) 
incursions (partial self-healing capacity). Such a situation may occur when the inward oxygen diffusion 
flux into the zirconium substrate is not high enough to promote zirconium oxide formation but sufficient 
to induce αZr(O) formation. In fact, such a situation has also been observed, transitorily, for the outer 
PVD Cr-coated cladding when the Cr coating begins to be no more protective, upon long enough HT 
oxidation [20][21]. 

- Type-3 coating crack/defect with under-coating zirconia spot formation (no self-healing). In that 
particular case, the rapid formation of under-coating zirconia, due to a direct access of steam to the Zr-
based substrate, leads to opening of the pre-existing crack/defect due to the associated volume change 
(i.e., “Pilling-Bedworth” ratio). This situation has been already observed on outer PVD Cr-coated 
cladding when the coating loses definitely its HT oxidation protectiveness [20][21]. However, as already 
observed on PVD outer Cr-coated Zr-based claddings, there is no sign of local oxidation acceleration, 
nor of extended coating delamination and spallation at the vicinity of the cracks. Indeed, the freshly 
formed sub-coating zirconia spot is always thinner (or at least equivalent) than the zirconia scale formed 
in the same HT oxidation conditions on uncoated Zr-cladding, as already observed for PVD coated 
materials [11][70][75]. 

It must be pointed out that such defects were not so numerous on the (not deformed) clad segments 
tested. It is why they did not significantly affect the overall oxidation kinetics as derived from the 
measured weight gain evolution. However, after significant clad deformation (ballooning), the surface 
density of such through-wall cracks in the coating may increase and thus may affect the PQ strength 
and ductility of inner CrxCy coated materials that have experienced ballooning and burst, followed by HT 
steam oxidation of the inner (coated) clad surface. 

EPMA and micro-hardness profiles - As initially reported by Sawatzky [71] and Chung & Kassner [72], 
oxygen content in the residual prior-βZr layer is a key parameter to predict the post-quench mechanical 
behavior of as-received zirconium-based nuclear fuel cladding tubes, after HT steam oxidation and final 
water quenching typical of LOCA situations. More recently, the critical oxygen content for water-
quenched prior-βZr structure has been reassessed for both Zircaloy-4 and Zr-Nb alloys [60][60][73][74]. 
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For example, based on PQ impact tests, a critical oxygen content value of 0.4 +/- 0.1 wt.% has been 
related to the Ductile-to-Brittle (DBT) failure mode transition of (as-water-quenched) prior-βZr at RT, for 
both Zircaloy-4 and M5Framatome alloys [60]. Then, in the following, particular attention is paid to the PQ 
oxygen (but also chromium) diffusion profiles through the cladding thickness measured by EPMA, 
especially in the residual prior-βZr layer. Indeed, this last layer is the only residual part of the cladding 
able to keep significant ductility and toughness after HT steam oxidation and quenching. Then, the 
oxygen (and chromium) diffusion profiles can be related to the associated hardening of the as-quenched 
prior-βZr structure. For this purpose, Table 3 and Figure 11 to Figure 16 summarize the oxygen and 
chromium diffusion profiles measured by EPMA and the associated micro-hardness profiles for the 
different types of coated samples, after two-sided steam oxidation up to 1500s at 1200°C (i.e., up to an 
ECRBJ value of nearly 50%). The two uncoated / inner-coated clad segments oxidized up to 3220s have 
not been considered here because, due to the very high ECRBJ achieved (70%), these samples have 
been fully transformed into brittle zirconia and αZr(O) thick layers, as already shown and discussed in 
[27]. One can make the following observations: 

- After two-sided oxidation for 600s at 1200°C (ECRBJ= 30%): due to the quite high ECR achieved, the 
uncoated clad is characterized by a very limited residual prior-βZr layer thickness, with an oxygen content 
of ~0.6 wt.%. Such an oxygen concentration is consistent with the (maximum) oxygen solubility in the 
βZr phase at 1200°C which can be derived from the pseudo-binary oxygen-Zircaloy-4 phase diagram 
proposed by Chung & Kassner (i.e., 0.57 wt.%) [76]. This oxygen concentration is also consistent with 
the measurements already performed at CEA on low-tin Zircaloy-4 one-sided steam oxidized at 1200°C 
[60] and calculated using Thermocalc® software associated with the CEA “Zircobase” thermodynamic 
database for zirconium alloys [77]. In comparison, both one-sided and two-sided coated materials are 
characterized by thicker residual prior-βZr layers with lower oxygen contents due to protection from 
oxygen ingress provided by the inner and/or outer coating. However, probably due to surface oxidation 
contamination effects, it seems that EPMA measurements have overestimated the prior-βZr oxygen 
content of the two-sided-coated materials when compared to the value which can be derived from the 
micro-hardness measurements (using equation 1). Then, for this particular sample and by taking into 
account the oxygen content derived from the measured prior-βZr hardening, one can conclude that the 
two-sided coatings have reduced drastically the oxygen diffusion within the metallic zirconium-based 
substrate upon the HT two-sided steam oxidation.  

- After two-sided oxidation for 1500s at 1200°C (ECRBJ= 47.5%): for such a high ECR, the one-sided 
outer-coated materials have experienced significant oxygen diffusion from the unprotected inner 
surface, inducing deep αZr(O) incursions. Overall, one can consider that until the Cr coating is protective, 
two-sided oxidation of one-sided (outer) coated materials is more or less comparable to one-sided 
oxidation of uncoated materials, as also reflected by their overall weight gain. For two-sided coated 
materials, one can observe that the inner coating has been more or less protective while slight oxygen 
diffusion has been observed at the outer Cr-coated side. Based on the HT steam oxidation mechanism 
and process of outer (PVD) Cr-coated Zr-based claddings already discussed in [20], this particular 
oxidation time at 1200°C may coincide with the early beginning of oxygen intergranular diffusion through 
the residual metallic (sub-outer-chromia scale) Cr coating thickness. Furthermore, the Cr-coating 
consumption kinetics already described in [11] predict that 9µm-thick Cr coating may be fully consumed 
after nearly 3000s at 1200°C, which seems to be consistent with the results obtained here. 

Finally, as already reported in [11], it can be observed that, upon HT incursion, Cr diffusion occurred 
within the βZr substrate from the Cr-coated outer surface, while no apparent Cr diffusion is observed 
from the CrxCy inner-coated surface. Indeed and as already mentioned in [27], for short oxidation times, 
only slight carbon diffusion has been detected by EPMA from the CrxCy inner-coated surface (not 
represented in the figures for sake of simplicity). Additionally, for the coated samples oxidized for 600s, 
it can be observed that, on the outer Cr-coated side, chromium diffusion has induced a significant PQ 
prior-βZr hardening, while no hardening is observed at the vicinity of the CrxCy inner-coated surface. 
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Materials 
(HSn-HO-Zirc-4 substrate) 

two-sided 
oxidation time (s) 
at 1200°C / ECRBJ 

(%) 

wt.% O in prior-
βZr (EPMA) 

HV(0.01) 
wt.% O in prior-
βZr (calculated 
from HV, eq. 1) 

Uncoated 600 / 30 0.60 +/- 0.10 
not 

measured 
0.60 

(from EPMA) 

CrxCy one-sided inner-coated 600 / 30 0.44 +/- 0.10 370 +/- 10 0.39 

Cr one-sided outer-coated 600 / 30 0.48 +/- 0.10 405 +/- 10 0.49 

Cr one-sided outer-coated 1500 / 47.5 ~1.1 ~475 ~0.7 

Cr/CrxCy two-sided coated 
"O4" 

600 / 30 < 0.4 (*) 300 +/- 10 0.21 

Cr/CrxCy two-sided coated 
"O3" 

1500 / 47.5 < 0.6 (*)  350 +/- 10 0.34 

(*) likely overestimated values by EPMA, due to surface contamination/oxidation 

Table 3 - Evaluation of the oxygen contents of residual prior-βZr layer from EPMA measurements  
and calculated from micro-hardness using equation 1 

 

PQ RCT – Preliminary remark: The determination of the “Residual PQ clad ductility” parameter from the 
RCT results was sometimes not obvious. Indeed, especially for the two-sided coated materials, it 
appeared that several RCT curves show multiple significant load drops, but with a relative amplitude 
lower than 30%, which is the threshold value that is conventionally considered to be representative of 
through-wall clad cracking upon PQ RCT of reference (uncoated) zirconium-based claddings 
([30][80][81]). Such PQ RCT specific behaviors may be related to the more complex multilayer PQ 
microstructure of HT oxidized inner-outer coated materials, compared to reference uncoated claddings. 
Complementary experiments are on-going at CEA to better assess the complex mechanical behavior of 
multilayered materials following HT oxidation and quenching, and will need further analysis and 
discussion. Keeping that in mind, in the following, it was decided to consider only the maximum load 
measured during the RCT tests, which is assumed to be a less ambiguous parameter than the “residual 
ductility” one, for the particular samples tested here.  

“Qualitative” evaluations of the overall PQ failure mode and maximum load values derived from PQ 
RCTs are presented in Table 4 and plotted as a function of the ECRBJ values (calculated for two-sided 
oxidation conditions) in Figure 17. They are compared to previous data obtained on reference uncoated 
[60] [79] and outer Cr-coated [21] cladding materials. Overall, it is interesting to note that: 

- when plotted as a function of calculated ECRBJ, the residual strength of the two-sided coated claddings 
that have experienced HT two-sided steam oxidation and direct quenching is close to the one obtained 
for outer-Cr-coated M5Framatome materials, but in this last case after one-sided (outer) oxidation 
corresponding to oxidation times four times longer; 

- one-sided (inner and outer) coated materials behave quite similarly and display an intermediate PQ 
“residual strength” evolution as a function of the calculated ECRBJ, ranging between the respective ones 
of uncoated and two-sided coated materials. 
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Materials 
 (HSn-HO-Zirc-4 substrate) 

two-sided 
oxidation time 
(s) at 1200°C  
/ ECRBJ (%) 

Room Temperature 135°C 

Overall 
failure 
mode 

(*) 

Max. load 
(N) 

Overall 
failure 
mode 

 (*) 

Max. load 
(N) 

Uncoated 
600 / 30 Brittle 225 

Low 
ductility 486 

1500 / 47.5 Failed upon Q or PQ machining 
CrxCy one-sided inner-coated 

"O2" 
600 / 30 

Low 
ductility 486 

Low 
ductility 498 

CrxCy one-sided inner-coated 
"O1" 

1500 / 47.5 Failed upon Q or PQ machining 

Cr one-sided outer-coated 600 / 30 
Low 

ductility 387 
Low 

ductility 482 

Cr one-sided outer-coated 1500 / 47.5 Brittle 165 Brittle 226 

Cr/CrxCy 2-sides coated "O4" 600 / 30 
Fully 

Ductile 1048 
Fully 

Ductile 1098 

Cr/CrxCy 2-sides coated "O3" 1500 / 47.5 
Low 

ductility 545 
Low 

ductility 371 

(*) Qualitative assessment, in some cases, “low ductility” should mean “macroscopically nearly brittle” 

Table 4 – Maximum load derived from PQ RCTs obtained after two-sided steam oxidation at 1200°C 
followed by direct quenching on inner and/or outer-coated 1cm-long clad segments 

Typical fractographs showing the failure mode of the prior-βZr layer at RT, corresponding to clad mid-
thickness location, are presented in Figure 18. These observations are consistent with the qualitative 
overall failure mode given in Table 4. Thus, it can be observed that the DBT at RT of uncoated claddings 
occurs at an ECRBJ value close to (or lower than) 30%, while one-sided coated materials show a DBT 
ranging between ECRBJ values of 30 and 47% and two-sided coated materials seem to keep significant 
residual ductility up to at least an ECRBJ value of 47%.  

So, as far as the calculated ECR parameter is considered, it can be concluded that the two-sided coated 
cladding prototype materials studied here show comparable PQ residual mechanical strength after two-
sided steam oxidation (at 1200°C) when compared to reference (outer) Cr-coated M5Framatome materials 
after one-sided (outer) HT oxidation. In other words, the 10µm-thick CrxCy inner coating studied here 
brings comparable protectiveness against HT steam oxidation when compared to outer PVD chromium 
coatings with comparable thicknesses.  

Finally and as previously mentioned, PQ mechanical properties of zirconium-based nuclear fuel 
claddings that have experienced HT steam oxidation and a final water quenching mainly rely on the 
residual prior-βZr layer thickness and its oxygen content [60][71]-[74]. To address this effect, Figure 19 
illustrates the evolution of the maximum load derived from PQ RCTs as a function of the prior-βZr oxygen 
content (derived from micro-hardness measurements - equation 1). The observed PQ “residual strength” 
and the associated evolution of the residual ductility of HT oxidized inner and/or outer coated Zircaloy-
4 appear to be consistent with previous data obtained on uncoated [60][79] and outer Cr-coated [12][21] 
cladding materials. 

 

3.3 Inner steam oxidation and secondary hydriding f ollowing clad ballooning and burst, and 
consequences on the residual strength derived from RCT 

Let us recall that four tests consisting in a first temperature ramp test under internal pressure up to burst, 
followed by steam oxidation at 1200°C and final direct water quenching, have been carried out on both 
uncoated and inner-coated HSn-HO-Zirc-4 clad segments (with internal alumina rods to simulate the 
gap between clad inner surface and fuel oxide pellets). The tests conditions and the associated 
measured burst temperatures and circumferential strains are given in Table 5. As already observed for 
outer Cr-coated low-tin Zircaloy-4 and M5Framatome claddings [67]-[69], the presence of the coating tends 
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to decrease clad ballooning when compared to uncoated materials tested in the same conditions. Let 
us recall that such behavior may have positive consequences on flow blockage and potential fuel pellets 
fragments relocalisation in the balloon upon LOCA transient. Moreover, the thicker inner coating tested 
(i.e., with a thickness ranging between 11 and 19µm) has induced a significant increase of the burst 
temperature, indicating that such inner coating may have a clad strengthening effect at HT, as already 
observed for outer 12-15µm Cr-coated materials [67]-[69]. 

 Internal pressure "EDGAR" thermal ramp tests HT stea m oxidation tests  

Materials 
Heating 

rate 
(°C/s) 

Internal 
pressure 

(bar) 

Burst 
temperature 

(°C) 

Total hoop 
strain at 

burst 
location (%) 

Hoop strain at 
+/-20mm from 
burst location 

(%) 

Steam 
oxidation 
time at 

1200°C (s) 

ECRBJ  

(%) 

Uncoated  
HSn-HO-Zirc-4 25 40 981 13 3.5 600 30 - 35(*) 

11-19µm thick 
CrxCy inner coated 

HSn-HO-Zirc-4 
25 40 1045 6,3 0.7 600 30 - 32(*) 

Uncoated  
HSn-HO-Zirc-4 

25 40 979 13,4 2.7 1500 47.5 - 55(*) 

6-9µm thick CrxCy 
inner coated  

HSn-HO-Zirc-4 
25 40 977 4,6 1.8 1500 47.5 - 50(*) 

(*) Max. ECRBJ values calculated by taking into account the wall clad thinning at burst location 

Table 5 - Internal pressure temperature ramp tests and associated burst temperatures and mean 
circumferential strains, and corresponding subsequent HT steam oxidation test conditions followed by 

direct water quenching 

Figure 20 depicts the macroscopic aspects of the four uncoated and inner-coated HSn-HO-Zirc-4 clad 
segments that have experienced ballooning and burst tests then subsequent HT steam oxidation and 
direct water quenching. After oxidation for 600s at 1200°C corresponding to an ECRBJ value of at least 
30%, the inner-coated clad survived to the final quenching while the uncoated materials did not. After 
oxidation for 1500s at 1200°C (ECRBJ of at least 47.5%), both materials failed upon quenching but the 
uncoated one has broken in much more fragments than the inner-coated one. For this last one it must 
be also kept in mind that the initial inner coating thickness was limited to 6-9µm, thus likely inducing a 
lower protectiveness of the inner clad surface upon the HT steam oxidation step, when compared to the 
one tested for 600s at 1200°C, with inner coating thickness ranging from 11 to 19µm. However, these 
preliminary macroscopic results show encouraging behavior of inner-coated claddings, with indications 
of a significant additional coping time before failure upon quenching, when compared to reference 
uncoated materials. 

In the following, we will focus on samples tested f or 600s at 1200°C (ECR BJ = 30 – 35%) only , 
because multi-fragmentation of clad segments that have experienced HT steam oxidation up to ECRBJ 
values of nearly 50% makes more complicated the accurate PQ metallurgical examinations and 
hydrogen measurements as a function of the PQ clad segment location. Additionally, for such 
fragmented PQ clad segments, it was obviously not possible to perform PQ RCTs. 

PQ microstructures, phase thicknesses - Figure 21 shows typical optical micrographs of the PQ 
uncoated and inner-coated microstructures of HSn-HO-Zirc-4 clad segments that have experienced 
internal pressure ballooning and burst temperature ramp tests then subsequent HT steam oxidation for 
600s at 1200°C followed by direct water quenching down to RT, for different axial locations from the 
burst. The corresponding oxide and metallic sub-layers thicknesses are plotted in Figure 22. In this last 
figure, the results are compared to the results of previous tests carried out on (uncoated) M5Framatome 
tested using the same methodology, but for a shorter HT oxidation time at 1200°C, that is 160s, which 
corresponds to a two-sided ECRBJ value of nearly 17% [47]. 

One can make the following observations: 
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- For the outer part of the claddings : The respective thicknesses of the ZrO2 and αZr(O) layers are very 
close to the ones already measured on low-tin Zircaloy-4 after one-sided (outer) steam oxidation for 
600s at 1200°C [60], thus confirming the consistency and the good reproducibility of the HT steam 
oxidation tests performed so far on uncoated reference materials. Moreover, the ZrO2 and αZr(O) 
thicknesses achieved after 600s at 1200°C are twice the values measured on (uncoated) tested 
M5Framatome after 160s at 1200°C [47]. This is fully consistent with the ECRBJ value here achieved, after 
600s of oxidation, being twice the value achieved after 160s oxidation, thanks to the parabolic oxidation 
kinetics of the materials when tested at 1200°C. 

- For the inner part of the claddings : On the one hand, the thicknesses of the ZrO2 and αZr(O) layers in 
uncoated HSn-HO-Zirc-4 oxidized for 600s at 1200°C are comparable to those of M5Framatome oxidized 
for 160s at 1200°C, with, close to the burst, comparable values to the ones measured at the outer 
surface. This is likely due to the easy steam access through the burst opening inducing locally two-sided 
oxidation conditions. Close to the sample ends and as already discussed in details in [47], there is no 
more inner oxide scale and the αZr(O) sub-layer is no more circumferentially homogeneous (Figure 21). 
This can be related to steam starvation conditions that prevail within the gap between the inner rod 
(simulating fuels pellets) and the inner clad surface, close to the end caps. Such a behavior is believed 
to be responsible for the localized massive (secondary) hydrogen uptake, due to: (i) gaseous hydrogen 
enrichment (and associated oxygen depletion) in the gap and (ii) the absence of continuous and dense 
zirconia scale which could acts as an efficient hydrogen permeation barrier. 
For the inner-coated clad segment, most of the inner surface has been protected from significant 
oxidation and oxygen ingress. However, localized αZr(O) areas can be observed (Figure 21-b), likely 
due to localized inner coating cracking and/or spallation. It is worth noting that the localized αZr(O) growth 
is preferentially observed at the vicinity of the burst opening. This is likely due to higher localized strain 
promoting steam/oxygen access due to larger (localized) inner coating cracks opening and/or density. 

Secondary hydriding and associated quenched prior-βZr hardening – Figure 23 depicts the hydrogen 
distribution derived from non-destructive neutron tomography and from post-mortem IGFTC 
measurements. It is worth noticing that the two types of hydrogen measurements give fully consistent 
results. Consistently with the numerous previous studies dealing with secondary hydriding phenomena 
upon LOCA [30]-[52], the uncoated clad segment shows typical secondary hydrogen peaks with 
maximum values reaching ~2500 wt.ppm, close to the sample ends. While, for the inner-coated clad 
segment, the uptake of hydrogen appears to be much lower, thus demonstrating the overall capacity of 
the inner DLI-MOCVD CrxCy coating to prevent from rapid hydrogen uptake (from the inner clad surface).  

However, Figure 23-(b) shows an apparent axial gradient of the hydrogen content within the PQ inner-
coated clad segment. In other words, upon HT inner clad oxidation, it appears that the inner coating 
protectiveness has not be the same at each end of the tested clad segment. Such behavior should be 
due to:  

(i) the axial gradient in thickness of the as-received CrxCy inner coating, decreasing from ~19µm to 
~11µm, with a lower HT oxidation/hydriding protectiveness of the thinner part of the inner coating at one 
end of the clad segment; 

(ii) larger local “damage” of the inner coating (i.e., higher surface density of cracks and/or spallation 
inducing locally an easier steam/hydrogen access to the Zircaloy substrate) at one end of the PQ clad 
segment, as qualitatively observed in Figure 21-(b) in some parts of the PQ clad segment. 

However, at that point, it is not possible to conclude if the CrxCy coating acts as an intrinsic efficient 
hydrogen permeation barrier and/or if the lower hydrogen uptake observed is simply due to the lower 
generation of gaseous hydrogen within the gap, related to the overall slower oxidation of the inner clad 
surface. 

Additionally, through-thickness micro-hardness profiles measured at different axial locations of the two 
clad segments tested are plotted in Figure 24. One can observe in the mid part of the claddings 
corresponding to the residual prior-βZr layer that the PQ hardening is significantly higher within the 
uncoated materials than in the inner-coated one. As already discussed in [47] and recalled below, this 
is likely due to an indirect effect of the hydrogen uptake, leading to an increase of the PQ prior-βZr oxygen 
content. Indeed, local PQ hydrogen contents, prior-βZr micro-hardness and associated estimated oxygen 
contents are listed in Table 6 as a function of the axial distance from the burst. Then, the oxygen content 
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derived from prior-βZr micro-hardness can be compared to “Thermocal + Zircobase” [84][85] predicted 
values (assuming local thermodynamic equilibrium). It is worth noticing that, even if the thermodynamic 
calculations sometimes overestimate the oxygen value (potentially due to not fully at equilibrium 
conditions), the present results and calculations confirm the thermodynamic hydrogen effect, inducing 
a significant increase of the oxygen solubility in the HT βZr phase, and thus, of the PQ prior-βZr hardness, 
as already discussed in more details in [47] and [60]. 

Axial 
distance 

from 
burst 

location 
(mm) 

Wt.ppm H (from 
IGFTC 

measurements) 

Mid-wall clad prior-β 
HV(0.01)  

(+ standard 
deviation) 

Prior-β oxygen 
content derived 
from HV(0.01) 

using eq. 2  
(wt.%) 

Max. prior-β oxygen 
content from 

thermodynamic 
calculations at 

1200°C vs. measured 
hydrogen content 
(averaged value in 

wt.%) 

Uncoated 
Inner 

coated Uncoated 
Inner 

coated Uncoated 
Inner 

coated Uncoated 
Inner 

coated 

-65 

2099 219 

640 (45) 405 (45) 1.76 0.54 2.03 0.61 2148 192 

2303 201 

-40 

2539 230 

525 (45) 420 (45) 1.16 0.62 1.78 0.63 1726 218 

1420 231 

-15 

51 209 

615 (40) (*) 405 (45) 1.63 (*) 0.54 0.53 0.61 58 178 

49 223 

15 

42 347 

470 (50) 480 (27) 0.88 0.93 0.53 0.69 36 410 

38 290 

40 

2483 387 

490 (45) 445 (35) 0.98 0.75 2.01 0.76 1899 491 

2089 520 

65 

2738 1008 

570 (50) 470 (25) 1.39 0.88 2.25 1.02 
not 

measured 775 
not 

measured 847 

(*) not fully representative prior-βZr values due to localized clad thinning inducing additional hardening 
due to αZr(O) incursions 

Table 6 - PQ hydrogen contents, prior-βZr micro-hardness and associated estimated oxygen contents 
compared to “Thermocalc + Zircobase” predicted values, of uncoated and inner coated HSn-HO-Zirc-4 
clad segments that have experienced internal pressure ballooning and burst temperature ramp tests, 
and then subsequent HT steam oxidation for 600s at 1200°C + direct water quenching down to RT 

PQ RCT behaviors – Table 7 gives the maximum loads derived from PQ RCTs carried out at 135°C on 
uncoated and inner-coated HSn-HO-Zirc-4 clad segments that have experienced internal pressure 
ballooning and burst tests, then HT steam oxidation for 600s at 1200°C. These values correspond to 
different axial locations of the tested rings along the PQ clad segments. Even if, for all the ring samples 
tested, the overall RCT behavior seems to be macroscopically nearly brittle with very limited or negligible 
residual ductility, the inner-coated materials show higher strength values. For the uncoated one, the 
samples located at the vicinity of the clad segment ends display negligible residual strength. In this last 
case, this can be related to the localized high hydrogen and associated oxygen contents, typical of 
secondary hydrogen peaks.  
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  Max load from RCTs at 135°C (N)  
  approximate distance from burst opening (mm) 
 ECRBJ (%) (*) -57 to -47 -22 to -32 +22 to +32 +47 to +57 

Uncoated 30-35 ~20 (**) 183 183 <20 (***) 

Inner-coated 30-32 287 296 258 155 

(*) ECRBJ range estimated by taking into account the localized clad thinning due to ballooning 
(**) failed upon RCT pre-loading 
(***) failed upon machining 

Table 7 - Maximum load derived from PQ RCTs carried out on 1cm-long ring samples at 135°C of 
uncoated and inner coated HSn-HO-Zirc-4 clad segments that have experienced internal pressure 
ballooning and burst thermal ramp tests, and then subsequent HT steam oxidation for 600s at 1200°C 

Figure 25 is an attempt to relate the residual PQ clad segments strength derived from RCT to the 
localized (circumferentially averaged) hydrogen and oxygen contents. As already discussed in [47] and 
as can be observed in Table 6, the localized prior-βZr oxygen and hydrogen concentrations are more or 
less linearly correlated. It is thus not surprising that plotting the strength measured during  RCT vs. the 
concentration of each type of chemical elements gives the same overall trend. One can observe that 
beyond respectively 2000-3000 wt.ppm of hydrogen corresponding to oxygen contents ranging between 
~1.1 and ~1.4 wt.%, the quenched prior-βZr structure is fully brittle, with negligible residual strength. 
Such hydrogen/oxygen concentrations in prior-βZr are believed to correspond to a fully brittle PQ 
behavior. Moreover, in Figure 25-(a), the PQ strength measured here from RCT are compared with 
some previous IRSN PQ tensile data [82] obtained on pre-hydrided Zircaloy-4 samples that have been 
two-sided steam oxidized at 1200°C up to an ECRBJ=16%, and water quenched. Even if the PQ 
mechanical tests are not the same, the results seem to be quite consistent.   

Finally, to go further, let us consider the recent work carried out by Le Hong et al. by using Zircaloy-4 
clad samples homogenously pre-charged in hydrogen and/or oxygen [86] [87]. Among other results, 
after applying HT incursion in the βZr temperature range and then cooling down to RT, the authors 
were able to derive laws for the produced prior-βZr “model structures”, describing the evolution of 
mechanical data as a function of both oxygen and hydrogen contents in βZr. For PQ macroscopically 
“brittle” materials, Le Hong et al. derived the equation below (eq. 3), which can be used to predict the 
residual PQ Ultimate Tensile Strength (UTS) in uniaxial tension of the prior-βZr structure at low 
temperature (here at RT), as a function of both the oxygen and the hydrogen concentrations, up to 
thousands of wt.ppm: 

UTSBrittle (MPa) = 684.0 x (1 - 1.329 10-4 CH) x (1 – 0.760 CO)  equation 3 

where CH and CO correspond to prior-βZr hydrogen concentration in wt.ppm and oxygen concentration 
in wt.%, respectively. 

The PQ tensile strength values calculated using eq. 3 are plotted in Figure 26 as a function of the 
experimental ones derived from PQ RCTs. Both two-sided oxidized short clad segments (with quite 
negligible hydrogen pick-up) and the two longer clad segments that have experienced steam oxidation 
following burst occurrence (with localized high hydrogen contents) have been considered. It can be 
concluded that, even if the mechanical tests are not the same, Le Hong et al.’ correlation gives a 
reasonable prediction of the PQ residual strength and confirm that both oxygen and hydrogen 
contribute to the post-LOCA localized embrittlement of the fuel cladding. 
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4. CONCLUSIONS AND FURTHER WORK 

To further improve the properties of coated claddings as E-ATF, DLI-MOCVD CrxCy coating has been 
developed and successfully deposited onto the inner surface of an old-grade high-tin Zircaloy-4 cladding 
tube prototype. Then, one-sided and two-sided steam oxidation tests have been carried out at 1200°C 
on outer PVD Cr-coated and/or inner CrxCy-coated clad segments, with a final direct water quenching 
down to RT. Some of the HT oxidation tests have been performed after a first internal pressure-induced 
burst step to address inner oxidation and associated secondary hydriding, typical of (semi-)integral 
LOCA transients. 
 
Among other results, it is shown that the inner 10-20µm-thick CrxCy coatings bring protectiveness 
against steam oxidation at 1200°C comparable to that of outer PVD 10-15µm-thick Cr coating, as well 
as a significant reduction of secondary hydriding after clad ballooning and burst. Then, when compared 
to the reference uncoated claddings, DLI-MOCVD CrxCy inner coated materials show a higher strength, 
upon and after final water quenching, related to lower oxygen and/or hydrogen uptake in the zirconium 
substrate, at least up to an ECRBJ value of 30%. 

Further experiments on advanced nuclear zirconium-based fuel cladding two-sided coated are planned, 
to confirm these preliminary encouraging results. In addition, it is planned to assess the performances 
of the inner coating under more representative in-service conditions and for more demanding accidental 
situations, including for example pellet-cladding mechanical interaction issues and chemical 
compatibility with the uranium oxide fuel pellets at HT. 
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Figure 1 – Schematic view of the DLI-MOCVD inner-coated clad segment and associated evolution of 
the CrxCy inner coating thickness as a function of the axial distance from the precursor + solvent 

injection location 

 

 
(a) 

 
(b) 

Figure 2 - Macrograph of a clad segment after burst, before the HT steam oxidation test (a)  
and scheme of the locations where the samples were machined from the tested clad segments for the 

PQ testing and analysis (b) 
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(a) HV0.05 = 200 ± 5                   (b) HV0.05 = 275 ± 5 

Figure 3 - Optical micrograph (polarized light) of the wall thickness of uncoated HSn-HO-Zirc-4 clads 
and corresponding Vickers micro-hardness mean values: in as-received conditions (a), and after a 

“flash” βZr thermal treatment at 1000°C (<30s) followed by water quenching down to RT (b) 

 

 

Figure 4 - Optical micrograph of the clad wall thickness of a 10 µm-thick PVD Cr outer-coated clad in 
as-received condition  

- the apparent inner layer observed on the left micrograph is nickel deposited before polishing 
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  (a)        (b) 

Figure 5 - Optical micrograph (polarized light) (a), and SEM micrograph (higher magnification, 
backscattered electron (BSE) mode) of the clad wall thickness of the 20µm-thick inner-coated clad 

corresponding to the axial “M2” location 

 

 

  (a)        (b) 

Figure 6 - SEM micrographs of the inner surface of (a) uncoated and (b) inner-coated  
claddings in as-received conditions 
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(a) 

 
(b) 

Figure 7 - EPMA chemical elements mapping (a) and quantitative profiles (b) in the wall thickness of 
the amorphous CrxCy inner coating in as-received conditions (“M2” axial location) 
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Figure 8 - Weight gain evolution as a function of two-sided steam oxidation time at 1200°C of 
uncoated/coated 30mm-long clad segments (HSn-HO-Zirc-4 clad substrate); comparison with previous 
CEA’s one-sided steam oxidation data obtained on uncoated low-tin Zircaloy-4 [60] and on 12-15µm-

thick Cr (PVD) outer-coated M5Framatome claddings [21]  
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Figure 9 - SEM-EBSD map in phase contrast imaging mode of the inner CrxCy coating,  
after steam oxidation for 600s at 1200°C, replotted from [27] 
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(a) Type-1 coating crack/defect with no oxygen diffusion into the Zr substrate  

(full self-healing capacity) 

 

(b) Type-2 coating crack/defect with partial oxygen 
diffusion into the Zr substrate inducing αZr(O) 

incursions into the Zr-based substrate (partial self-
healing capacity) 

(c) Type-3 coating crack/defect with under-coating 
zirconia spot formation  

(no self-healing) 
 

(*) Outer Ni layer deposited before sample polishing to preserve the oxide and coating scales 

Figure 10 - EPMA chemical element mappings (a), optical micrograph (b) and SEM-BSE electron 
micrograph (c) of different types of defects/cracks in the inner DLI-MOCVD CrxCy coating,  

as locally observed after steam oxidation for 600s at 1200°C 
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Figure 11 - Optical micrograph and through-thickness (from the outer diameter) oxygen (and 
chromium) diffusion profiles from EPMA and µ-hardness profiles of uncoated HSn-HO-Zirc-4 after two-

sided steam oxidation at 1200°C for 600s 

 

 

 
Figure 12 - Optical micrograph and through-thickness (from the outer diameter) oxygen (and 

chromium) diffusion profiles from EPMA and µ-hardness profiles of inner-coated HSn-HO-Zirc-4 after 
two-sided steam oxidation at 1200°C for 600s  
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Figure 13 - Optical micrograph and through-thickness (from the outer diameter) oxygen (and 
chromium) diffusion profiles from EPMA and µ-hardness profiles of outer-coated HSn-HO-Zirc-4 after 

two-sided steam oxidation at 1200°C for 600s  

 

 
 

Figure 14 - Optical micrograph and through-thickness (from the outer diameter) oxygen (and 
chromium) diffusion profiles from EPMA and µ-hardness profiles of two-sided coated HSn-HO-Zirc-4 

after two-sided steam oxidation at 1200°C for 600s 
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Figure 15 - Optical micrograph and through-thickness (from the outer diameter) oxygen (and 
chromium) diffusion profiles from EPMA and µ-hardness profiles of outer-coated HSn-HO-Zirc-4 after 

two-sided steam oxidation at 1200°C for 1500s  

 

 

 
 

Figure 16 - Optical micrograph and through-thickness (from the outer diameter) oxygen (and 
chromium) diffusion profiles from EPMA and µ-hardness profiles of two-sided coated HSn-HO-Zirc-4 

after two-sided steam oxidation at 1200°C for 1500s 
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Figure 17 – Maximum load values derived from PQ RCTs after steam oxidation at 1200°C followed by 
direct quenching down to RT (on 1cm-long clad segments), plotted as a function of the Baker-Just 

ECR and compared with previous data obtained on uncoated [60] [79] and outer Cr-coated [21] 
cladding materials  

 

 
(a) two-sided oxidation for 600s at 1200°C 

 
(b) two-sided oxidation for 1500s at 1200°C 

Figure 18 – Typical fractographs showing the prior-βZr failure mode at mid clad thickness location, 
after PQ RCTs carried out at RT  
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(a) 

 

(b) 

Figure 19 – Maximum load values derived from PQ RCTs after steam oxidation at 1200°C followed by 
direct quenching down to RT, plotted as a function of prior-βZr oxygen content derived from micro-

hardness measurements (equation 1) and compared with previous data obtained on uncoated Low-
Tin Zirc-4 [60] [79] and outer Cr-coated M5Framatome [21] cladding materials  

Remark: due to the RCT maximum displacement available, the points corresponding to 2000N are 
underestimated values (i.e., corresponding to un-failed samples) 
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(a) Uncoated  HSn-HO-Zirc-4, after ballooning and burst  
followed by steam oxidation for 600s at 1200°C (ECR BJ = 30-35%) and direct water quenching 

 

(b) Inner-coated  HSn-HO-Zirc-4, after ballooning and burst  
followed by steam oxidation for 600s at 1200°C (ECR BJ = 30-32%) and direct water quenching 

(c) Uncoated HSn-HO-Zirc-4, after ballooning and burst followed by steam oxidation  
for 1500s at 1200°C (ECRBJ = 47,5-55%) and direct water quenching 

(d) Inner-coated  HSn-HO-Zirc-4, after ballooning and burst followed by steam oxidation  
for 1500s at 1200°C (ECRBJ = 47,5-50%) and direct water quenching 

Figure 20 - Visual aspects of uncoated and inner-coated HSn-HO-Zirc-4 clad segments that have 
experienced internal pressure ballooning and burst temperature ramp tests and then subsequent HT 

steam oxidation and direct water quenching down to RT 
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(a) 

 

(b) 

Figure 21 - Optical micrograph showing the PQ microstructures of uncoated (a) and inner-coated (b) 
HSn-HO-Zirc-4 clad segments that have experienced internal pressure ballooning and burst thermal 

ramp tests, and then subsequent HT steam oxidation for 600s at 1200°C 
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Outer side Inner side 

 
(a) (b) 

 
(c) (d) 

 

Figure 22 - Circumferentially averaged values of the thicknesses of the inner/outer ZrO2 and αZr(O) for 
uncoated and inner-coated HSn-HO-Zirc-4 clad segments that have experienced internal pressure 

ballooning and burst thermal ramp tests, and then subsequent HT steam oxidation for 600s at 1200°C 
– Comparison with previous results obtained after one-sided steam oxidation of uncoated low-tin 

Zircaloy-4 [60] and using the same experimental methodology on uncoated M5Framatome [47] 
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(a) Uncoated 

 
(b) Inner-coated 

Figure 23 - PQ hydrogen contents measured by neutron tomography (3D-maps and results plotted 
every 10° over the clad circumference) and by post-mortem IGFTC analysis of HSn-HO-Zirc-4 clad 

segments that have experienced internal pressure ballooning and burst thermal ramp tests, and then 
subsequent HT steam oxidation for 600s at 1200°C followed by direct water quenching down to RT 
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          (a) uncoated                                (b) inner coated 

Figure 24  - Through-thickness micro-hardness profiles measured at different axial locations of 
uncoated and inner coated HSn-HO-Zirc-4 clad segments that have experienced internal pressure 

ballooning and burst thermal ramp tests, and then subsequent HT steam oxidation for 600s at 1200°C 
+ direct water quenching down to RT 
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 (a) 

  
(b) 

 (*) F/rod: failure load measured upon PQ tensile test extrapolated to full clad section [82] 

Figure 25 - Relationships between maximum loads derived from PQ RCTs at 135°C and PQ tensile 
data from IRSN obtained on pre-hydrided Zirc-4 [82]), and: 

(a) circumferentially averaged measured (interpolated) hydrogen concentrations 
(b) interpolated prior-βZr micro-hardness and corresponding oxygen contents derived from equation 2 
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Figure 26 - Calculated PQ maximum tensile strength of prior-βZr at RT, using Le Hong et al.’ 
correlation [86] for low-tin Zirc-4 vs. oxygen (*) and hydrogen (**) respective contents, plotted as a 

function of the maximum load derived from PQ RCTs carried out at RT or at 135°C on 
uncoated/coated HSn-HO-Zirc-4 

(*) derived from prior-βZr HV(0.01) measurements 
(**) interpolated (averaged) values from IGFTC measurements 

 


