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ABSTRACT: The present paper will report some results recently obtained on Cr-coated M5TM claddings under loss-of-
coolant accident conditions. Internal pressure creep and temperature ramp tests were done in steam environment using the 
CEA “EDGAR” testing facility. These thermal-mechanical tests were performed on 50 cm long M5TM cladding samples with 
a 10 to 15µm thick outer chromium coating. Cladding burst temperatures ranging from the αZr phase temperature range (< 
850°C) up to the βZr phase domain (> 950°C) were investigated. As already observed during preliminary tests performed on 

Cr-coated cladding samples with a Zircaloy-4 substrate, the results showed generally a strengthening effect of the Cr 
coating, associated with smaller cladding ballooning. Excellent Cr coating adhesion was also confirmed, even at the balloon 
location where high cladding deformation is observed. Additionally, one-sided steam oxidation tests were performed on Cr-

coated M5TM in steam at 1200°C, thanks to the CEA “DEZIROX” facility. Then, microstructural observations as well as 
elemental analyses were performed on the coated materials oxidized at High Temperature (HT) and quenched. They 

confirmed that, for design based accident and beyond conditions, the resistance to HT oxidation was enhanced with a Cr 
coating, which prevented oxygen diffusion into the metallic zirconium-based substrate. Post-Quenching (PQ) mechanical 

tests were performed to confirm the enhanced PQ behavior of Cr-coated M5TM compared to the uncoated cladding materials. 
 
KEYWORDS: Enhanced Accident Tolerant Fuels (EATF), chromium coating, M5TM, LOCA, high temperature steam 
oxidation, oxygen diffusion, mechanical behavior 

 
 

I. INTRODUCTION, MATERIALS AND EXPERIMENTAL 
 
Chromium coated zirconium based nuclear fuel claddings are developed with CEA, AREVA NP and EDF as “Enhanced 

Accident Tolerant Fuel” (EATF) cladding concept for light water reactors, and studied at CEA. It has previously been shown 
that Cr-coated Zircaloy-4 claddings have an enhanced tolerance to Loss-of-Coolant Accident (LOCA) in comparison with the 
current standard Zircaloy-4 claddings (Refs 1-3). The objective of the present work is to briefly present the results obtained 
more recently in LOCA conditions on the last generation of Cr coated M5™ claddings. For that purpose, two types of tests 
were performed on coated M5™ claddings: 

- High Temperature (HT) internal pressure creep and thermal ramp tests (“EDGAR” tests, Ref. 4); 
- HT steam oxidation and direct water quenching from the oxidation temperature tests (“DEZIROX” tests, Ref. 5). 
Additionally, some Post-Quenching (PQ) impact tests and metallurgical analysis were done and the first results obtained 

will be described. All results presented in this article were obtained on M5TM alloy coated with 10-15 µm of Cr. 
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For the chromium deposition, PVD (Physical Vapor Deposition) type process has been applied. Figure 1 shows an 
illustration of the typical microstructure of the as-received 10-15µm Cr thick coating on M5™ substrate. It has to be 
mentioned that the Cr coating is dense and very homogenous in thickness, with a very good bonding on the M5™ substrate. 
Moreover the as-received M5™ microstructure is not affected by the coating process. Thus, the overall nominal mechanical 
properties of coated M5™ claddings is expected to be similar to those of the reference uncoated material, as already 
discussed in Ref. 6.  

 

  
(a) SEM (Electron Back-Scattered mode) Micrograph (b) SEM-EBSD orientation map 

Fig. 1. Typical microstructure of a 10-15µm Cr thick chromium coating on a M5™ clad substrate 

 
II. INTERNAL PRESSURE CREEP & THERMAL RAMP TESTS AT HT UNDER STEAM ENVIRONMENT 
 

Both isothermal creep and thermal ramp tests were done on 50 cm long coated clad segments. The internal pressures 
applied range from ~10 up to 120 bar and the creep or rupture temperatures (in case of thermal ramp tests) range from 600°C 
(αZr temperature range) up to 1000-1100°C (βZr temperature range). 
 
II.A. Isothermal creep tests 
 

Figure 2 illustrates some typical creep curves obtained on uncoated reference materials and on Cr coated M5™ upon 
creep tests at 750°C, with the same applied internal pressure. As already observed on Zircaloy-4 substrate (Ref. 3), a 
strengthening effect of the Cr coating at HT is observed on the overall thermal-mechanical response of the coated clad 
segments under internal pressure, especially in the 600-800°C temperature range (αZr temperature range). This induces an 
increase of the time to rupture, for any given applied internal pressure (as discussed in Ref. 3, the slightly higher thickness of 
the coated claddings compared to the uncoated ones is not sufficient to explain the reduction of the creep rate observed on 
the coated materials). Fig. 3 gives an overview of the relative increase of the creep rupture time for Cr coated materials 
compared to the uncoated reference ones, for both Zircaloy-4 and M5™ substrates. 

Additionally, as illustrated in Figure 4, Cr-coating may induce a significant reduction of the balloon size, especially in 
the “low-temperature” range (αZr). For the higher creep temperature range, even if significant ballooning occurs, the rupture 
opening is very small (less than 1mm²) as illustrated on Figure 5. This last trend has been already observed on Cr-coated 
Zircaloy-4 (Ref. 3). One may anticipate that such a small rupture opening could have a positive effect on the potential fuel 
relocation and dispersal (as already observed for some Studsvik or Halden LOCA tests performed on high Burn-Up fuel, Refs 
12-13); moreover, this would induce some benefits by reducing the steam ingress inside the clad segment (within the clad - 
fuel pellet gap) and then would limit the extent of the inner clad surface oxidation and the associated secondary hydriding 
phenomena following clad burst occurrence. Finally, it can also be observed in Figure 5 that the chromium coating is still 
fully adherent to the substrate with very limited oxidation and/or damage/cracking, including at the vicinity of the burst 

Cr M5™ 

Cr 

M5™ 
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location, where significant creep deformation has occurred (i.e., up to potentially a few tenths of % of clad circumferential 
elongation), thus preserving the oxidation protection capacity of the Cr coating after the clad burst occurrence.  

. 

 
 

Fig. 2 Creep curves obtained on coated/uncoated M5™ claddings upon isothermal creep tests at 750°C, with the same 
applied internal pressure: two uncoated reference ones superposed, in red, and one standing for 10-15µm Cr coated (in blue)  

 

Fig. 3 Creep rupture times for Cr coated materials compared to those measured for uncoated reference ones  
(Zircaloy-4 – left and M5™ - right) 
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Fig. 4 Visual examinations of two tested clad segments after “EDGAR” creep tests performed at 600°C  

 

 

 

Fig. 5 Visual examinations of two tested 10-15µm Cr coated M5™ clad segments after “EDGAR” creep tests, 
 performed at 850°C (top) and at 1000°C (bottom), respectively  

 
 
II.B. On-going thermal ramp tests 

 
Thermal ramp tests are on-going under constant internal pressure ranging from 10 up to 100 bar, for heating rates 

ranging from 1°C/s up to 25°C/s. From the preliminary results obtained it can be observed that, for any given internal 
pressure and heating rates tested so far: 

- balloon sizes of Cr coated M5™ claddings are generally lower than those of the uncoated ones, thus confirming the 
tendency observed upon isothermal creep tests; 

- burst temperatures of Cr coated M5™ claddings are comparable or slightly above those of the uncoated ones; 
- in one particular case (i.e., 10 bar and 25°C/s), the 10-15µm Cr coated M5™ clad segment did not fail before 

reaching 1100°C (then the ramp test was stopped before burst occurrence) while, in the same conditions, burst 
occurs at temperatures lower than 1100°C for the uncoated reference materials, indicating that the HT strengthening 
effect of Cr coating can be operant upon dynamic thermal ramp tests, which are more prototypical of LOCA 
transients than isothermal creep tests.   
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To summarize the above results, it can be concluded that, as already observed on zircaloy-4 substrate and especially 
upon internal pressure isothermal creep in the 600-800°C αZr temperature range, the 10-15µm Cr coating induces a HT 
strengthening of more of a factor of two on the creep rupture time for the coated M5™ cladding.  

 
Discussion - The scarce creep data available in the literature for pure chromium (Ref. 16) suggest that the Cr coating has 

a significantly higher creep resistance than the Zr-based substrate at high temperature (Ref. 17), such that the global creep 
behavior of the cladding is strengthened. More data on the mechanical behavior of chromium are needed to further 
investigate this effect.  Such an effect was also observed in oxidized Zr-based alloys in the presence of oxygen-rich layers 
(Ref. 18). On the contrary, at lower temperature, the mechanical strength of pure chromium (Ref. 19) is expected to be close 
to the ones of Zircaloy-4 or M5™. Then, one does not expect a significant effect of the Cr coating on the overall creep 
behavior of the coated cladding at normal operation temperatures, as shown by creep tests performed at AREVA (Ref. 20). 

However, more ramp tests are planned in the near future to confirm this effect in more representative LOCA transient 
conditions. The ultimate goal is to derive a thermal-mechanical creep-rupture model, as already done on reference uncoated 
cladding materials, to be able to take advantage of the benefits gained by using the Cr-coated M5™ cladding (Ref. 4).   

 
III. HT STEAM OXIDATION AND POST-QUENCHING BEHAVIOR 

 
One-sided oxidation tests were performed on cladding segments with plugs welded at the ends, to be more representative 

of the overall HT oxidation of the nuclear fuel rod far from (potential) local burst occurrence. HT steam oxidation tests were 
done at 1200°C thanks to the “DEZIROX” facility (Ref. 5) for Design-Based-Accident (DBA) and for Design-Extension-
Conditions (DEC) oxidation times, that is, from a few minutes up to a few hours. At the end of the isothermal oxidation step, 
direct water quenching was applied down to Room Temperature (RT). Thus, such final cooling conditions are likely to be 
conservative with respect to the two-sided oxidation with a two-steps final cooling scenario generally applied by other R&D 
institutes/teams (i.e., cooling first at an intermediate cooling rate (1-10°C/s) down to an intermediate temperature (700-
800°C) from which the final water quenching is applied down to RT (Refs 14-15)), this last two-steps cooling scenario being 
likely more prototypical of “real” LOCA transients. 

 
Figure 6 shows the weight gain measured as a function of the one-sided steam oxidation time at 1200°C. On this figure 

we have also indicated the typical oxidation time (~600s) corresponding to the historical LOCA regulatory limit based on an 
Equivalent Cladding Reacted (ECR) = 17%, calculated using the “Baker-Just” (BJ) correlation (Ref. 7). 

 

 

Fig. 6 Weight gain measured after one-sided steam oxidation at 1200°C and direct water quenching down to RT 
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It is obvious from figure 6 that the Cr coating induces a significant reduction of the overall HT oxidation kinetics of the 

M5™ cladding, thus offering a significant additional “coping time” before achieving full embrittlement of the cladding 
leading to fragmentation upon final (direct) water quenching from 1200°C.  

 
Complementary PQ mechanical tests are on-going, including impact tests at RT and ring Compression tests at 20 and 

135°C. However, some preliminary impact tests at RT have been done and are compared in Figure 7 to the results obtained 
for the uncoated reference material already presented and discussed in Refs. 8-10. The evolution of the PQ impact energy as a 
function of the oxidation time at 1200°C confirms the beneficial effect of the chromium coating on the residual 
ductility/toughness of HT oxidized claddings, as already observed in the case of a Zircaloy-4 substrate after one-sided steam 
oxidation at 1000-1200°C (Refs. 1-3). 

  

 

Fig. 7 Post-Quenching impact energy measured at RT as a function of (one-sided) steam oxidation time at 1200°C 

 
Finally, some PQ metallurgical examinations, including EPMA (Electron Probe Micro Analysis) measurements of the 

oxygen diffusion profiles are on-going. Figure 8 shows oxygen diffusion profiles measured by EPMA within the substrate 
after one-sided steam oxidation for ~25 min (i.e., for ~1500s) at 1200°C on both uncoated and Cr coated M5™ clad segments 
(with welded end plugs). The oxidation time here is two times higher than the one corresponding to ECR BJ value of 17% for 
the uncoated materials.  
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For the uncoated reference material on the one hand, it can be observed the formation of thick outer brittle oxide (ZrO2) 
and αZr(O) layers corresponding to more than half of the wall clad thickness, and significant oxygen diffusion within the thin 
residual prior-βZr inner layer achieving ~0,5 wt.%. From previous studies (Refs. 9-11), this last value appeared to be close to 
the oxygen solubility limit in the βZr phase at 1200°C and is slightly higher than the “critical” value (i.e., ~0,4 wt.%) inducing 
a ductile-to-brittle transition at RT of the quenched prior-βZr structure, which is consistent with the negligible PQ clad 
toughness measured (~0,03 J/mm²). For the Cr-coated M5 sample on the other hand, there is no formation of outer brittle 
ZrO2 and αZr(O) layers and negligible oxygen diffusion within the Zr substrate from the outer clad surface; for this particular 
sample one can only observe some slight oxygen diffusion from the inner (uncoated) clad surface, likely due to some residual 
gaseous oxygen initially trapped inside the closed clad segment (with welded plugs). The Cr-coated M5™ cladding thus 
preserves its RT residual ductility/toughness as illustrated by its quite high PQ Charpy Impact energy value (~0,15J/mm², see 
Fig. 7).  

 

 

Fig. 8 Oxygen diffusion profiles measured by EPMA within the substrate after one-sided steam oxidation for ~25 min at 
1200°C on both uncoated and 10-15µm Cr coated M5™ clad segments 

 
 
IV.  CONCLUSIONS 

 
      Internal pressure creep and temperature ramp tests were performed in steam environment on 50 cm long 10-15µm Cr 
coated M5™ claddings for burst temperatures and internal pressures typical of LOCA transients. As already observed after 
preliminary tests on Cr-coated cladding samples with a Zircaloy-4 substrate, the results showed a HT strengthening effect of 
the Cr coating, associated with smaller clad ballooning. Excellent Cr-coating adhesion was also confirmed, even at the 
balloon location where high cladding deformation is achieved. Additionally, one-sided steam oxidation tests have been 
performed on Cr-coated M5™ in steam at 1200°C. They have confirmed that, for design based accident and for extended 
design conditions, the HT oxidation resistance of the material was enhanced by the presence of a 10-15µm Cr coating, which 
prevented oxygen diffusion into the metallic zirconium-based substrate thus inducing better residual impact properties. PQ 
ring compression tests are on-going to confirm the enhanced PQ behavior of Cr-coated M5™ compared to the uncoated 
cladding materials. 

 



 
 

8 

2017 Water Reactor Fuel Performance Meeting 
September 10 (Sun) ~ 14 (Thu), 2017 

Ramada Plaza Jeju • Jeju Island, Korea 

 
REFERENCES 

 
1. I. Idarraga et al., “Assessment at CEA of coated nuclear fuel cladding for LWRs with increased margins in LOCA and 

beyond LOCA conditions”, proceedings of 2013 LWR Fuel Performance Meeting/TopFuel, Charlotte, USA, (Sept. 15-
19, 2013) 

2.  J.C. Brachet et al., “On-going studies at CEA on chromium coated zirconium based nuclear fuel claddings for enhanced 
tolerant LWRs fuel”, proceedings of TopFuel 2015, Zurich, Switzerland (Sept. 13-19, 2015) 

3. J.C. Brachet et al., “Behavior under LOCA conditions of Enhanced Accident Tolerant Chromium Coated Zircaloy-4 
Claddings”, proceedings of TopFuel 2016, Boise, Idaho, USA (Sept. 11-16, 2016) 

4. T. Forgeron, et al., “Experiment and modelling of advanced fuel rod behavior under LOCA conditions : α↔β phase 
transformation kinetics and EDGAR methodology”, in proceedings of the 12th International Symposium on Zirconium 
in the Nuclear Industry, ASTM STP 1354, (2000), pp. 256-278 

5. M. Le Saux, et al., « Influence of Pre-Transient Oxide on LOCA High Temperature Steam Oxidation and Post-Quench 
Mechanical Properties of Zircaloy-4 and M5™ cladding », 2011 Water Reactor Fuel Performance (Topfuel) Meeting, 
Chengdu, China, (Sept. 11-14, 2011), Paper T3-040 

6. J. Bischoff, “Development of Cr-coated Zirconium Alloy Cladding for Enhanced Accident Tolerance”, proceedings of 
TopFuel 2016, Boise, Idaho, USA (Sept. 11-16, 2016) 

7. L. Baker, L. C. Just, “Studies of Metal-Water Reactions at High Temperatures. III. Experimental and Theoretical Studies 
of the Zirconium-Water Reaction” ANL-6548, Argonne National Laboratory, Lemont, IL, (1962) 

8. J.C. Brachet et al., « Mechanical behavior at Room Temperature and Metallurgical study of Low-Tin Zy-4 and M5™  
alloys after oxidation at 1100°C and quenching”, Proceedings of the Technical Committee Meeting on Fuel Behaviour 
Under Transient and LOCA Conditions, IAEA-TECDOC-1320, Halden, Norway, (Sept 10–14, 2001),  pp. 139–158 

9. L. Portier, et al. “Influence of Long Service Exposures on the Thermal-Mechanical Behaviour of Zy-4 and M5 Alloys in 
LOCA Conditions,” J. ASTM Int., Vol. 2, No. 2, (2005), JAI12468 

10. J.C. Brachet, et al., “Hydrogen Content, Pre-oxidation, and Cooling Scenario Effects on Post-Quench Microstructure and 
Mechanical Properties of Zircaloy-4 and M5 Alloys in LOCA Conditions,” J. ASTM Int., Vol. 5, (2008), JAI101116 

11. A. Stern et al., “Investigations of the microstructure and mechanical properties of prior-β structure as function of the 
oxygen content in two zirconium alloys” ASTM 15th International Symposium on Zirconium in the Nuclear Industry, 
June 24-28, (2007), Sunriver, Oregon, USA, Journal of ASTM International, Vol. 5, No. 4, Paper ID JAI101119, (2008) 

12. P. Askeljung et al., “NRC LOCA testing program at Studsvik, results on high burnup fuel”, 2011 Water Reactor Fuel 
Performance Meeting, Chengdu, China, Sept. 11-14, (2011), T3-039 

13. E. Kolstad, et al., “High burn-up fuel behaviour under LOCA conditions as observed in Halden experiments”, IAEA 
Technical meeting on fuel behavior and modeling under severe transient and LOCA conditions, (2011), proceeding of 
IAEA Technical Meeting on Fuel Behaviour Under Transient and LOCA (Oct. 19 - 21, 2011), Japan Atomic Energy 
Agency (JAEA), Mito-city, Ibaraki, Japan, published in IAEA-tecdoc-CD-1709, (2013) 

14. M. Billone, et al., “Cladding Embrittlement during Postulated Loss-of-Coolant Accidents”, NUREG/CR-6967 / ANL-
07/04 report, (June 30, 2008) 

15. F. Nagase, T. Fuketa, “Effect of Pre-Hydriding on Thermal Shock Resistance of Zircaloy-4 Cladding under Simulated 
Loss-of-Coolant Accident Conditions”, Journal of Nuclear Science and Technology 41(7), (2004), pp. 723-730 

16. J.R. Stephens, W.D. Klopp, “High-temperature creep of polycrystalline chromium”, Journal of the Less Common Metals 
27(1), (1972), pp. 87-94 

17. D. Kaddour et al., “Microstructural influence on high temperature creep flow of Zr-1%NbO alloy in near-α, (α + β), and 
β temperature ranges in a high vacuum environment,” Journal of Nuclear Materials 408(1), (2011), pp. 116-124 

18. I. Turque et al., “Mechanical behavior at high temperature of highly oxygen- or hydrogen-enriched α and (prior-) β 
phases of zirconium alloys”, Zirconium in the Nuclear Industry: 18th International Symposium, ASTM STP 1597, R. 
Comstock and A. Motta, Eds., ASTM International, West Conshohocken, PA, (2017), pp. 240-280. 

19. U. Holzwarth, H. Stamm, "Mechanical and thermomechanical properties of commercially pure chromium and chromium 
alloys" Journal of Nuclear Materials 300, (2002), pp. 161-177. 

20. J. Bischoff et al., “Evaluation of the Behavior of Cr-coated M5® Cladding in Nominal and Accidental Conditions”, 
NUMAT 2016, Montpellier, France, (7-11 Nov. 2016) 

 


