
दुघ�टना सिह�णु ईंधन आवरण

एलओसीए ��थितय� के तहत िजक� लॉय-4 पर दुघ�टना सिह�णु ईंधन 

(एटीएफ) आवरण के �प म� Cr लेपन का िवकास और पीएचड��यआू र की 

अिभि�याशीलता पर लेपन के मोटाई की िनभ�रता का �भाव 

साराशं

फुकुिशमा दुघ�टना ने मूल �प से दुिनया भर के नािभकीय समुदाय को शीतलक दुघ�टना (डीबीएलओसीए) की ��थित के 

अिभक�पन आधािरत हािन को कम करने के िलए लबें समय से अ�छी तरह से िस� Zr-आधािरत आवरण के िवक�प� की 

खोज करने के िलए मजबरू िकया है। दो अलग-अलग अवधारणाएँ-या तो Zr-आधािरत आवरण का पूण � �ित�थापन या एक 

उपयु�त लेिपत Zr आधािरत आवरण सबसे आशाजनक समाधान के �प म� उभरी है। इस सबंधं म�, डीसी म�ैने�ॉन �पट�रग 

का उपयोग करके िजक� लॉय-4 (Zr-4) स�स�ेट और ईंधन निलकाओं पर मोटी (20-30 µm), िछ�-मु�त अ�यिधक घनी 

और सुसगंत Cr लेपन को सफलतापूव�क िवकिसत िकया गया । िन�ेपण के बाद, लेपन� को सरंचना, ि��टल सरंचनाओं, 

�ॉस-से�शन माइ�ो���चर और Zry-4 स�स�ेट के साथ आसजंन के सदंभ � म� िव�तार से दश�या गया । िविभ�न अविधय� 
0के साथ तापमान सीमा 700-1200  C म� पूण � सतह के Cr लेिपत Zry-4 कूपन� और अनाविरत Zry-4 के भाप ऑ�सीकरण ने 

Zry-4 स�स�ेट के नीचे के िलए Cr लेपन की उ�कृ�ट सुर�ा �मता का �दश�न िकया। 700Mwe पीएचड��यआूर के 37 िपन 

समूह म� नािभकीय अिभि�याशीलता पर Cr लेपन मोटाई के �भाव का िव�लेषण करने के िलए एक सै�ािंतक जाचं की गई । 

Zry-4 पर 15 µm मोटी Cr लेपन के िलए, यह 7.15% के बन�अप हािन की सभंावना को दश�ता है। यह अ�ययन इस बात पर 

�काश डालता है िक डीबीएलओसीए की ��थित के तहत Zry-4 आवरण की र�ा के िलए 10-12 µm की सीमा म� एक Cr 

लेपन मोटाई पय��त हो सकती है, िजससे �चालन को कोर शीतलन की पिरिनयोजन के िलए पय��त समय िमल सकता है।   
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Accident Tolerant Fuel Cladding

Development of Cr Coating on Zircaloy-4 as Accident 
Tolerant Fuel (ATF) Cladding under LOCA Conditions and 
Coating Thickness Dependent Impact on Reactivity of PHWRs 

ABSTRACT

Fukushima accident has basically forced world-wide nuclear community to search for alternatives 
to long served well proven Zr-based claddings to mitigate design basis loss of coolant accident (DB 
LOCA) condition. Two different concepts- either complete replacement of Zr-based claddings or a 
suitably coated Zr-base claddings emerged as most promising solutions. In this connection, thick 
(20-30 µm), pore-free highly dense and adherent Cr coating was successfully developed on 
zircaloy-4 (Zry-4) substrates and fuel tubes by using DC magnetron sputtering. Post deposition, 
coatings were characterized in terms of composition, crystal structures, cross-section 
microstructure and adhesion with Zry-4 substrate in detail. Steam oxidation of full surface Cr 

0coated Zry-4 coupons and bare Zry-4 in the temperature range 700-1200 C with different 
durations demonstrated excellent protection ability of Cr coating to the underneath Zry-4 
substrate. A theoretical investigation was undertaken to analyze the impact of Cr coating 
thickness on nuclear reactivity in a 37 pin cluster of 700 MWe PHWR. For 15 µm thick Cr coating 
on Zry-4, it predicts burnup loss of 7.15%. This study highlights that a Cr coating thickness in the 
range 10-12 µm may be sufficient to protect the Zry-4 claddings under DB LOCA condition 
allowing sufficient coping time to the operator for restoration of core cooling.   

KEYWORDS: Accident Tolerant Fuel (ATF) Cladding, Cr coating, Magnetron Sputtering, 
LOCA, Steam Oxidation 
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Introduction

 Since the installation of first pressurized reactor named 
Atomic Power Station-1 (APS-1) at Obninsk (USSR) in the year 
1954, zirconium alloys have been selected as cladding and 
canister materials for UO  based fuels because of their very low 2

thermal neutron absorption cross-section, good mechanical 
properties under neutron irradiation and fairly good oxidation 
resistance under normal operating conditions [1-3]. It is also 
well known that at temperatures higher than 450 C, Zr undergo 0

severe oxidation following an exothermic reaction in 
water/steam environment [4-6]. Past six decades enormous 
efforts have been put forward to further improve the nuclear 
fuel performance under normal operating conditions in terms 
of enhanced fuel burn up for the minimization of waste [7], 
substantial reduction of fuel failure rates [8-9], increased 
power density for power upgradation, and extended 
operational service for economic competitiveness [10]. 
Despite narrow working temperature range and to meet ever 
increasing economic power demand without breaching the 
safety norms and reliability under normal operating conditions 
of nuclear power plant, several advanced Zr-based alloy 
claddings, such as Zircaloy-2 (Zry-2), Zircaloy-4 (Zry-4), 
ZIRLO , M5, E110, E365, Zr-2.5 Nb, have been developed TM

(Table 1) in a phased manner to mitigate several degradation 
phenomena such as corrosion (general corrosion, nodular 
corrosion, galvanic corrosion, shadow corrosion, crud induced 
localized corrosion), hydriding, debris fretting, cracking due to 
fission gas accumulation etc. [3,6,11]  In fact, Indian PHWRs 
are also successfully operating safely last few decades utilizing 
Zry-4 as cladding materials.

Limitations of Zr-based Fuel Claddings   

 Satisfactory performance, however, of these Zr-based 
fuel cladding materials are highly challenged once the 
operation condition breaches the design-basis accident (DBA, 

0 01204 C) and beyond DBA (T>1204 C) scenarios. In the year 
2011, accident in Fukushima Daichi Nuclear Power Plant is one 
such example. A massive earthquake of magnitude 9.0 in 
Richter scale followed by 15 m tall tsunami severely damaged 
the reactor building and power supply was disabled leading to 
complete failure of emergency core cooling system (ECCS).

 Due to lack of core cooling and spontaneous fission  
inside the reactor, the core temperature increased and the 
cooling water ultimately converted into superheated 
pressurized steam. As a result, Zr-based cladding suffered 
high-temperature steam oxidation reaction with release of 
large amount of hydrogen gas and heat:

 Significant damage to the reactor building and the 
consequent release of radioactive fission products were 
caused by the accumulation of hydrogen gas, which was 
subsequently burned and exploded [12]. This is a kind of 
chemical accident rather than nuclear explosion. This is one 
kind of loss-of-coolant accident (LOCA) in nuclear industry due 
to fast and strong oxidation during the DBA and beyond DBA 
(BDBA). LOCA events can be caused by a breakup of the 

primary cooling system that results in the loss of pressure in 
the nuclear core and vaporization of the coolant (water/heavy 
water). Under these conditions, the fuel temperature rises, 
thereby increasing the porosity of the fuel and resulting in its 
fragmentation. For example, ~125 kg of Zr metal in PWR 
reactor could produce 820 MJ of heat and >2.7 kg of H  after 2

complete oxidation [4]. Therefore, depending upon a reactor 
design, several tons of Zr metal present in the reactor core, if 
fully oxidized, could produce excessive amount of heat and H  2

gas leading to extra burden on ECCS or may lead to explosion.

Logic behind Accident Tolerant Fuel (ATF) Claddings

 Post Fukushima Daiichi incident, primary focus was on to 
the reduction of burden on ECCS during severe accidental 
situation. This is a straightforward reason for switching away 
from Zr-based claddings to an accident tolerant fuel (ATF) 
cladding. This could be done only by adopting alternative 
claddings which ultimately decreases the rate of oxidation as 
well as amount of hydrogen generation due to total oxidation of 
cladding in the presence of superheated steam. In turn, it will 
decrease the rate of temperature rise during LOCA condition 
which ultimately would slower the core degradation process, 
allowing sufficient time to the operator for coping, and finally 
reducing the cooling threshold for accident mitigation [13-16]. 
Therefore, ATF cladding material should be such which can 
reduce the heating rate as well as total amount of heat 
generation as a consequence of steam oxidation.  

 Several investigations revealed that steam at very high 
temperatures is far more aggressive corrosive media than dry 
oxygen [17-18]. Fig.1 shows parabolic oxidation behavior of 
different cladding materials when they are exposed to high 
temperature steam and the resulting film formed [19-22]. It is 
evident that the parabolic oxidation rate of zirconia-forming 
materials has been two to three orders of magnitude higher 
than that of traditional materials that create protective layers of 
silica (SiO ), alumina (Al O ) and chromia (Cr O ). Reduction in 2 2 3 2 3

oxidation rate of these claddings means decrease in the 
heating rate and consequently hydrogen generation under 
severe accidental condition. It is to bring in your notice that ZrO  2

exhibits excellent thermodynamic stability in steam 
environment retaining its strong adhesion with the base Zr 

0even at T>1100 C [23]. However, it is a very good conductor of 
oxygen and lacks in protection ability to the underlying Zr metal. 
Therefore, in order to protect the cladding material from high 
temperature steam oxidation, the oxide film should be 
effective barrier for transport of oxidizing species by limiting 
the solid state diffusion of aggressive species such as H O, 2

OH¯, O radical etc. retaining its other physical and chemical 
stability. Literature has shown that SiO , Al O  and Cr O  exhibit 2 2 3 2 3

excellent stability in steam along with effective barrier against 
diffusion of oxidizing species and other reaction products     
[24-25]. These oxide films maintain high-temperature 
oxidation resistance in the order Cr O <Al O <SiO  with 2 3 2 3 2

approximately one order of magnitude higher in each.

 Considering the thermochemical behavior, all these 
oxides including ZrO  are stable enough at high temperatures 2

because of favorable Gibbs Free Energy [26]. Formation of ZrO  2

and Al O  from Zr and Al respectively are most stable with very 2 3

high negative enthalpy of oxidation (ΔH ) value, followed by R

SiO  and Cr O  formation associated with significantly less 2 2 3

exothermic oxidation of SiC and Cr [27]. It is also pertinent to 
mention here that volatility of oxides formed at high 
temperature steam environment is also a matter of concern to 
many investigators because it might affect the oxidation 
resistance of the claddings.  However, it is now understood that 
oxide volatility at higher temperature is more relevant for long 
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Table 1: Composition of commercial Zr-based alloys used as claddings in 
water-cooled nuclear reactors.

0Zr + 2H O (g) = ZrO  + 2H  (g) + ΔH   (ΔH = - 584.5 kJ/mol at 1200 C)    (1)2 2 2

Alloy Nominal Alloy Composition (wt.%)

Zr Sn Nb Fe Cr Ni O

Zircaloy -2 Bal. 1.5 - 0.15 0.1 0.05 0.1

Zircaloy -4 Bal. 1.5 - 0.2 0.1 - -

M 5 ® Bal. - 1.0 - - - 0.14

ZIRLO
TM Bal. 1.0 - 0.1 - - 0.1

E365 Bal. 1.2 1.0 0.35 - - -



(iv)   Preferably low thermal neutron absorption cross-section 

(v)   Retention of good adhesion with Zr-based cladding during 
thermal fluctuation 

(vi)   It should possess good radiation resistance and good heat 
transfer characteristics 

(vii)  It should have thermal expansion coefficient very close to 
Zr-based cladding materials. 

Even though the coating technology is comparatively simpler 
approach, but to meet all these criteria for a given coating/Zr-
based cladding under both normal and accident conditions 
requires enormous research investigations. 

 Till now, variety of coating materials have been developed 
to improve Zr-based cladding performance by deposition of 
pure metallic or alloys [42-53], non-metallic such as nitrides 
[54-57], carbides [58-59], MAX-phase coatings [12, 60-61]. 
However, studies have revealed cracking susceptibility of Ti-Al-
C and Cr-Al-C MAX-phase coatings during high temperature 
steam oxidation, water corrosion and thermal cycling [62-63]. 
On the other hand, SiC coatings undergo corrosion and 

0become unstable at 350 C/20MPa [64]. Also, SiC suffers 
severely micro-cracking due to its brittleness [10]. Similarly, 
metal nitride coatings such as CrN undergo decomposition into 

0Cr N and N  and cracking in the temperature range 500 C to 2 2
0975 C [65-66]. Considering advantages and disadvantages of 

various coatings, it is now believed that simple metallic Cr 
coating might satisfy most of the criteria as a protective coating 
for Zr-based claddings:

●     It provides excellent oxidation resistance to base claddings 
because of formation of Cr O  during LOCA. There is wide 2 3

difference in parabolic oxidation rate of Cr coating and 
2 1/2Zircaloy-4 with values 0.05 mg.cm .s  and 1.09 

2 1/2mg.cm .s  respectively [23,67]. 

●   Excellent retention of adhesion with Zr-based claddings 
during quenching of overheated fuel rods like accident 
condition, after deformation experiments such thermal 
expansion, ballooning and irradiation induced expansion 
of fuel tubes under normal operating conditions.

●    Because of twice higher elastic modulus of Cr than Zr, the 
overall stiffness of the claddings gets improved [68].

●     Thermal neutron absorption cross-section of Cr (2.9 barns) 

  
 

exposure times e.g. in turbines, but for accident scenarios such 
as DB LOCA condition, volatility becomes trivial because of 
short duration event. Brachet et al [28] confirmed that 

0volatilization of Cr O  is negligible up to 1300 C in steam 2 3

atmosphere and the parabolic oxidation rate of Cr in oxygen, air 
and steam differ significantly, as shown in Fig.2. It is also 
reported that in pure water vapor oxidation, partial pressure of 
gaseous Cr-species is 2-3 orders of magnitude lower than O  2

containing atmospheres. This confirms free oxygen is the 
primary reactant to initiate the oxidation reaction. It is also 
evident that rapid volatilization of Cr O  starts in water vapor 2 3

0beyond 1400 C, (conditions similar to short durations LOCA) 
when other degradation mechanisms become active 
significantly enough to breach the protective behavior.

Different Concepts of ATF Claddings

 Based on the design concept, two main ATF cladding 
strategies have been considered world-wide.

●   One is revolutionary which is to replace the conventional                   
zircaloy based claddings with newer SiC  / SiC composites f

[29-32], FeCrAl [4, 33-36], Mo alloys [36-40] etc. This 
approach is considered as long-term strategy considering 
involvement of total duration and expenditure for the 
development of a new type of cladding material.

●  The second ATF approach is the development of                               
protective coatings on Zr-based fuel claddings [12,41]. The 
major advantage of coatings on fuel claddings is to provide 
significant improvement of oxidation resistance of 
claddings during LOCA conditions with very little change in 
original fuel/components design, reactor structure and 
water chemistry. Therefore, readiness of a suitable coating 
technology and subsequent incorporation into nuclear fuel 
fabrication line has been considered as a near-term 
solution of enhanced ATF cladding.  

However, the protective coatings should possess the following 
criteria: 

(i)  It should form either Al O , Cr O  or SiO  oxide layer due to     2 3 2 3 2

oxidation so that it can provide high temperature oxidation 
resistance 

(ii)  Good wear resistance 

(iii) Act as barrier for hydrogen absorption of Zr-based claddings 
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Fig.2: Total gas partial pressure of Cr-containing volatile species over Cr O  2 3

in water, oxygen and mixed atmosphere [26].
Fig.1: Parabolic oxidation rate of various materials and their 
corresponding oxides in steam as a function of temperature [19-22]. 
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is comparatively lower in comparison to other competitive 
coatings.

●  Because of higher wettability of Cr than Zircaloy, the  
thermal-hydraulic performance of the claddings might get 
improved.  

0●   The eutectic temperature of Cr-Zr (1332 C) is above the DBA 
0temperature (1204 C). The former determines the upper 

limit of temperature for coatings protection ability during 
accidental situation [4].    

 However, in India, development towards ATF fuel 
claddings either by evolutionary or revolutionary strategies is 
very limited or absent. In view of these, in the present report, 
attempts have been made to develop Cr coating on Zry-4 by 
using magnetron sputtering for protection against superheated 
steam environment under LOCA condition.

Experimental

Development of Cr Coating on Zry-4

 A four target unbalance magnetron sputtering system 
was used to deposit Cr coating on Zry-4 substrates by 
employing both DC power source. Prior to deposition the base 

-6vacuum achieved was 8.5×10  mbar and the deposition was 
-3conducted at 5×10  mbar using 99.999% Ar gas. At 250W 

power, a maximum deposition rate of Cr coating obtained was 
-15.0±0.1 µm.h . As received Zry-4 samples were first cleaned in 

alkaline solution followed by acid dip in dil. HCl solution and 
washed in DI water. After cleaning, the coupons were air dried 
and placed inside the sputtering chamber. Once the base 
vacuum was achieved, the samples were first subjected to 
sputter cleaning by applying bias voltage of -400 V. Post sputter 
cleaning; Cr was deposited on the zircaloy substrate. Fig.3 
shows a four target unbalanced magnetron sputtering system 
used for deposition of Cr coating. For high temperature steam 
oxidation, Zry-4 coupons of dimension 15 mm x 20 mm were 
coated with Cr all over the surfaces including edges by flipping 
the samples. After optimization of sputtering parameters for 

obtaining thick, dense highly adherent Cr coating, the process 
was demonstrated on OD surface of Zry-4 fuel tubes of length 
100 mm with the help of a four target sputtering system.

Results and Discussions

Characterization of Cr Coating

 Deposited coating was smooth, metallic appearance 
with matte finish and 3D-optical profilometer measurement 
showed average surface roughness of ~0.2 µm. The 
nanohardness and elastic modulus of the deposited Cr coating 
were 11.99±0.65 GPa and 226.86 ±13.67 GPa respectively 
as given in Table 2. 

 GIXRD pattern of DC sputtered Cr coated Zry-4 substrate 
is shown in Fig.4(a) which confirms deposition of crystalline 
bcc Cr with appearance of (110), (200) and (211) reflections. 
The XRD pattern was obtained using a CuK  X-ray source. α1

Average grain size calculated from XRD peak broadening using 
Debye-Scherer method was 19.3 nm after subtracting 
instrumental broadening.

 Fig.5(a) represents as-deposited Cr coating top surface 
morphology consisting of mostly flat but with very small size 
nodules. Cross-section FESEM investigation confirms sharp 
Cr/Zry-4 interface without any of gap or voids (Fig.5(b)) 
indicating integrity of the coating with the substrate. The 
microstructure along the growth direction exhibits deposition 
of highly dense coating free from any kind of pores or voids with 
20 µm thickness. EDS line scan clearly shows deposition of Cr 
coating with very sharp composition profile at the interface.   

 Fig.6(a) displays photograph of bare and highly adherent 
Cr coated Zry-4 PHWR fuel tubes of 100 mm length and the 
corresponding X-section image (Fig.6(b)) shows deposition of 
uniform 28 µm thick Cr coating all across the tubular surface. 
Fig.6(c) further demonstrates deposition of pore-free, highly 
adherent Cr coating with columnar grain structure. However, a 
careful observation shows fine grain equiaxed structures near 
the coating/substrate interface which gradually transformed 

Fig.2: Physicochemical characteristics of an effluent before FeCl  treatment.3

10 BARC newsletter       January-February 2025

S. No Effluent from the Solvent Solid waste (sludge) generated in 
kg from the effluent treatment  

1 TBP 560

2 TIAP 562

3 TOPO 327.6

4 DHOA 378

5 D2EPHA-II 372.96

6 TBP 560

Table 2: Average surface roughness, grain size and mechanical properties 
of the Cr coating.

Research & Development

Fig.3: Unbalance DC/RF magnetron sputtering system used for Cr coating.

Sample

Average 
Surface 

Roughness 
Sa(nm)

Nanohar
dness
(GPa)

Elastic 
Modulus 

(GPa)

Average 
Grain size 

(nm)

Cr coated Zry-4 268.30±5.80 11.99±0.65 226.86 ±13.67 19.3±0.5

Fig.4: XRD pattern of (a) as deposited Cr coating on Zry-4 substrate and   
(b) post oxidation of Cr coating.



into columnar grain structure along the growth axis at higher 
thickness. No flaking or peeling of the coating was observed 
throughout the surface.

 Presence of residual stress especially tensile stress in 
high thickness sputter deposited coatings is inevitable and 
adhesion with substrate becomes a genuine issue. In order to 
confirm the quality of adhesion of Cr on Zry-4, micro-scratch 
adhesion test was performed on Cr-coated (20 µm) coupons 
using Rockwell diamond indenter having radius of 200 µm with 

-1loading rate of 30 N.min , maximum load of 40 N and a track 
length of 3 mm using M/s Rtec Instruments micro-scratch 
tester. The deposited Cr coating exhibited strong adhesion to 
the Zry-4 substrate, as confirmed by the scratch-adhesion test 
results. Fig.7(a) displays the scratch mark generated with 
initiation of arc tensile cracks (Lc1) at 15.8 N load, 
accompanied by simultaneous acoustic noise and changes in 
the coefficient of friction (not shown here). The Lc1 represents 
initiation of cohesive failure. As the normal load increased, the 
penetration depth increased accompanied by appearance of 
dense conformal cracks along the loading direction. However, 
there was no evidence of chipping or delamination of the 
coating observed up to a load of 40 N, indicating the absence 
of Lc2. This confirms excellent adhesion of Cr coating with    
Zry-4 substrate. The maximum scratch groove depth attained 
was 11.8 µm as confirmed by 2D-optical profilometer image 
(Fig.7(b)) which further indicates absence of delamination of 
coating. It was further confirmed by EDS composition line scan 
across the FESEM scratch groove as shown in Fig.7(c) with no 
evidence of Zr corroborating the optical profilometer image 
data.

High Temperature Steam Oxidation

 Steam oxidation tests were performed on bare as well as 
full surface Cr-coated Zry-4 coupons, for comparison, in the 

0 0temperature range 700 C to 1200 C for different durations in a 
fabricated tubular furnace. A furnace with 100 mm hot zone 
was used for carrying out steam oxidation experiments. 
Oxidation rate was determined by measuring the difference in 
initial and post oxidation weights and initial surface area. 
Typical images of Cr-coated coupons before and after steam 
oxidation at different conditions are shown in Table 3. It is 
evident that bare Zry-4 suffered severe oxidation even at 

0700 C, 24 h with formation of non-adherent whitish oxide 
scale. With further rise in temperature, the severity increased 

0and at 900 C, 16 h, the sample was mostly consumed and 
disintegrated because of extreme corrosion. Similar trend was 

0continued till 1200 C. On the other hand, Cr-coated zircaloy 
coupons show highly adherent greenish colour chromium 

0oxide scale formation at 700 C, 24 h which turned into 

0 0greenish black at 900 C, 16 h to black at 1200 C, 30 min. 
retaining the coupons shape. The nature of oxide layer formed 
on the Cr coating was further analyzed by GIXRD as shown in 
Fig.4(b). The observed peaks are matching well with Cr O  2 3

oxide structure as confirmed from PCPDF Card No. 38:1479.

 This kind of visual observation qualitatively indicates Cr 
coating indeed provides protection of underneath Zry-4 

0against steam oxidation till 1200 C for 30 min. In case of Cr-
0coated sample oxidized at 900 C, 16 h, a slight dimensional 

distortion could be visible due to edge effect. Sputtering being 
a line-of-sight process, the nature of coating and its thickness 
at the edges may not be identical to that on flat surfaces. As a 
result, the oxide layer touched the beneath zircaloy substrate 
at the edges and promoted Zry-4 oxidation via oxygen diffusion 
across the Cr O  layer and hence the resulting dimensional 2 3

distortion. However, one can easily address such thickness 
uniformity issues utilizing multiple gun sputtering system with 
modified sample holder.

 For comparison, the weight gain for both oxidized bare 
and oxidized Cr coated Zry-4 coupons was compared as shown 

0 -2in Fig.8. At 700 C, 24 h, the weight gain was 59.55 mg.dm  and 
-22003 mg.dm  for Cr-coated Zry-4 and bare Zry-4 respectively.  

That means Cr-coated Zry-4 showed 33 times less oxidation 
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Fig.5: (a) FESEM surface topography of as deposited Cr coating on Zry-4 
and (b) cross-section of the Cr/Zry-4 coupons showing uniformity and EDS 
composition line scan. Fig.6: (a) Photographic images of bare and Cr-coated Zry-4 fuel tubes;     

(b) cross-section FESEM image of Cr-coated Zry-4 tube on OD surface at 
low magnification and (c) cross-section microstructure of the same at 
higher magnification.

Fig.7: (a) Optical micrograph of the scratch groove generated along the 
length of the scratch mark; (b) corresponding 2D optical profilometer 
image showing depth of groove at maximum load of 40 N (11.8 µm) and (c) 
FESEM image of the scratch groove along with EDS line scan at maximum 
load 40 N confirming presence of Cr only and absence of adhesive failure. 



0than bare Zry-4. At 1200 C, 30 min., under DBA scenario, the 
-2Cr-coated Zry-4 with weight gain of 342.78 mg.dm  exhibited 

15 times less oxidation than bare Zry-4 with weight gain of 
-25174.15 mg.dm . These results corroborate the previous 

literature data on steam oxidation [12, 69-71]. We note that 
while transferring the bare oxidized zircaloy-4 samples there 
was loss of ZrO  powdery scale depending upon the extent of 2

oxidation and hence the measured weight gain could be lower 
than the reported data. Careful analysis of the weight gain 

0histogram reveals that upto 900 C, the oxidation rate is rather 
slow which converts into very high rate of oxidation from 

01000 C onwards for both Cr as well as bare Zry-4. These weight 
gain results clearly show significant improvement in high 
temperature oxidation behavior of Cr-coated Zry-4 compared to 
bare sample.

 Cross-section FESEM investigation of the oxidized Cr 
0coated Zry-4 samples at two different temperatures 1000 C 

0 0and 1200 C are shown in Fig.9(a-b).  At 1000 C, 3h, the oxide 
layer thickness is found to be ~3-4 µm but intact with the 
underneath Cr layer. EDS composition line scan shows oxygen 
diffusion is very limited within the Cr layer and the Cr/Zr 

interface is very sharp indicating absence of Cr interdiffusion 
within the Zry-4 layer. There is no crack or peel off sign within 
the oxide layer. Due to enhanced severity of oxidation at 

01200 C, the Cr O  oxide layer thickness was grown to 7-8 µm 2 3

even at 30 minutes of exposure to steam environment. Very 
careful observation revealed a bilayer structure into Cr O  oxide 2 3

film; one porous oxide layer attached to Cr layer with a non-
porous oxide cap at the top but no cracks could be seen 
throughout the cross-section. But the Cr O  layer is highly 2 3

adherent to the Cr layer. EDS composition line scan also 
supports the visual X-section morphology consisting of 4 layer 
structure Cr O /Cr/Cr-Zr/Zry-4 corroborating the results of 2 3

most the previous investigation [10,12,23]. At the Cr/Zr 
interface, a small fraction of Cr diffusion into Zry-4 layer could 

0 0be seen at 1200 C (Fig.9(b)) unlike 1000 C (Fig.9(a)). Insertion 
of a suitable metallic interlayer such as Mo could stop such Cr 
interdiffusion into Zry-4 layer.  This investigation highlights that 
even ~10 µm Cr coating may be sufficient to protect the Zry-4 
claddings from oxidation during DB LOCA scenario. However, it 
may be necessary to arrest the Cr diffusion into Zry-4 so that 

0formation of Cr-Zr low melting eutectic (1332 C) can be 
avoided. This can be a problem for future investigation. 
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Table 3: Photographic images of bare and Cr-coated Zry-4 coupons before and after steam oxidation at different conditions.

Fig.8: Weight gain vs. steam oxidation temperature histogram plot at 
different exposure durations. 

Fig.9: Cross-section FESEM micrographs of steam oxidized Cr coated Zry-4 
0 0samples (a) at 1000 C, 3 h; and (b) 1200 C, 30 min. with corresponding 

EDS composition line scan showing oxide layer as well as unreacted Cr 
layer thickness, coatings integrity with substrate and Cr diffusion into Zry-4 
layer. 

0



 Therefore, this study demonstrates successful 
deposition of thick (20-30 µm), pore-free and highly adherent 
Cr coating on Zry-4 coupons as well as Zry-4 PHWR’s fuel 
claddings by DC magnetron sputtering. High temperature 
steam oxidation of the Cr coated Zry-4 in the temperature 

0 0range 700 C to 1200 C showed very good protection of 
underneath Zry-4 claddings even under DB LOCA scenario. 
This study also envisages that minimum 10-12 µm thick Cr 
coating may be sufficient to protect Zry-4 claddings from 
severe steam oxidation by providing enough coping time to the 
operators during DB LOCA condition.

Theoretical Investigation

Effect of Cr Coating on Nuclear Reactivity in PHWR

 Since the thermal neutron absorption cross-section of   
Cr (2.9 b) is significantly greater than that of Zry-4 (0.22 b), it 
follows that cladding coated with Cr is likely to adversely affect 
neutron flux and subsequently core reactivity. An assessment 
of reactivity effect of Cr coating on the clad outer surface in the 
context of development of ATF was performed. In this study, the 
37 fuel pin PHWR fuel assembly (FA) was analyzed with Cr 
coating. Calculations were performed using codes ν-TRAC, 
DRAGON, and OpenMC for different coating thicknesses. 
Assessment of burnup reactivity load was carried out using 
DRAGON and OpenMC. Excellent behavior as well as significant 
advantage of neutron economy has resulted in the use of Zr 

alloy as the cladding material for most of the thermal reactors 
operating in the world. However, extensive metal-water 
reaction in the event of severe accidents and subsequent 
hydrogen generation is a big disadvantage for Zr alloy. This 
disadvantage has also resulted in grave consequences both 
during Chernobyl and Fukushima accidents. Many attempts 
have been initiated worldwide to find accident tolerant 
cladding material. One way is to coat the fuel pin clad outer 
surface with Cr that ensures the safety of fuel in accident 
scenario by preventing high temperature Zr-water reaction. 
This study analyzes the reactivity load incurred due to Cr 
coating of varying thickness on the clad of a 37 fuel pin cluster 
in a typical PHWR.

Methods and Codes

 The results obtained from multiple codes are presented 
for comparison and benchmarking purposes. Among these, 
the indigenous lattice transport code ν-TRAC, based on the 
Method of Characteristics (MOC), is designed for the neutronic 
analysis of complex heterogeneous lattice cells using ENDF 
format multigroup cross section data. ν-TRAC has a modular 
structure, where each module serves a distinct function. The 
process begins by reading input data and ends with presenting 
and visualizing lattice results. Further details on the 
computational methodology are provided in references [72-
73]. Additionally, the open source Monte Carlo code OpenMC is 
also used to compare the results between two codes at zero 

No.
Cr thickness 

(µm)

k∞

(ν-TRAC)

ρ(mk )

(ν-TRAC)

ρ(mk) 

(OpenMC)

ρ(mk ) 

(DRAGON)

1
Uncoated 

(Ref.) 1.12460 0.0 0.0 0.00

2 10 1.11905 -4.41 -4.19 -4.3

3 15 1.11630 -6.62 -6.56

4 20 1.11355 -8.83 -8.71 -8.5

5 25 1.11082 -11.03 -10.92

6 30 1.10810 -13.24 -13.13 -12.8

7 35 1.10540 -15.45 -15.10

8 40 1.10271 -17.66 -17.30 -17.1

No: 
Cr thickness 

(μm) 

k¥ 

(ν-TRAC) 

ρ(mk) 

(ν-TRAC) 

ρ(mk) 

(OpenMC) 

ρ(mk) 

(DRAGON) 

1 
Uncoated 

(Ref.) 
1.12460 0.0 0.0 0.00 

2 10 1.11905 -4.41 -4.19 -4.3 

3 15 1.11630 -6.62 -6.56  

4 20 1.11355 -8.83 -8.71 -8.5 

5 25 1.11082 -11.03 -10.92  

6 30 1.10810 -13.24 -13.13 -12.8 

7 35 1.10540 -15.45 -15.10  

8 40 1.10271 -17.66 -17.30 -17.1 

 

Table 4: Steady state analysis of reactivity load of PHWR 37 pin fuel assembly at zero burnup.

Fig.10: Cross section view of PHWR fuel assembly. 

Fig.11: Variation of kinf with burnup for PHWR fuel assembly for different 
coating thickness.

Fig.12: Reactivity load with burnup for 700 MWe PHWR fuel assembly for 
different thickness of Cr on clad.xidation temperature histogram plot at 
different exposure durations. 
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burnup. It is based on Monte Carlo method to solve the neutron 
transport equation. The code analyzes the 3-D fuel assembly 
geometry using Constructive Solid Geometry (CSG). The inbuilt 
burnup routine of OpenMC is used to simulate fuel depletion in 
FA. The FA is simulated as rings of similar burnup, with the 
power corresponding to 700 MWe PHWR. OpenMC has an 
inbuilt burnup routine. It is used for burnup analysis in the 
present study. Thermal scattering is modeled using free gas 
and thermal scattering law S(α,β) models [74]. Both OpenMC 
and ν-TRAC utilize the ENDF/B-VII.1 based nuclear data library, 
in ACE and multigroup format respectively. Further, DRAGON 
code is also used for calculation using JEFF3.1 library and 
results are compared in Table 4.

Analysis of Theoretical Results

 In this study, a 37 pin cluster of 700 MWe PHWR was 
analyzed with Cr coating (Fig.10) to assess its impact on the 
infinite neutron multiplication factor k  and reactivity load (ρ). ∞

Table 4 highlights a consistent decrease in k  and ∞

corresponding reactivity load with increasing Cr coating 
thickness. For the uncoated reference, k  was 1.12460          ∞

(ν-TRAC). At 10 μm Cr coating, reactivity load was 4.41 mk        
(ν-TRAC), 4.19 mk (OpenMC), and 4.3 mk (DRAGON), while at 
40 μm, it reached 17.66 mk (ν-TRAC), 17.30 mk (OpenMC), and 
17.1 mk (DRAGON). As expected, there is an increase in 
reactivity load with thickness of Cr coating. 

 Fig.11 illustrates the variation in k  as a function of inf

burnup for the bare Zry-4 and coated cases with 10, 15 and 20 
μm thickness, showing a clear reactivity load from Cr coating 
throughout the burnup cycle. It is seen from Fig. 12 that the 
reactivity load due to Cr coating shows a tendency of reduction 
with burnup. Reactivity load increases with coating thickness, 
demonstrating a trade-off between reduced neutron 
multiplication and enhanced accident tolerance. In case of 
700 MWe PHWRs, considering a Cr coating thickness of 10 μm 
on Zry-4 claddings, the reactivity loss is nearly 3 mk as can be 
seen Fig.12 which is equivalent to typically a burnup loss of 
~300 MWd/tonne i.e. 4.28%. With increased thickness of     
15 μm, the reactivity loss can be limited to within 5 mk which 
typically translates as a burnup loss of ~500 MWd/tonne and 
in terms of percentage ~7.15%. At 20 μm thickness, the 
percentage loss of burnup turns out to be ~8.92%. That means 
upto 20 μm Cr coating thickness, the burnup loss can be 
limited to <10%. These results underline the importance of 
optimizing Cr coating thickness to achieve a balance between 
safety and reactivity performance. This kind burnup loss can be 
negligible in the case of the PHWRs using reprocessed U or fuel 

235with slightly higher content of U .

Conclusion

 A thick (20-30 µm), pore-free highly adherent Cr coating 
was successfully developed for flat specimen as well as for  
100 mm length tubular shape Zry-4 substrates (OD surface) by 
DC magnetron sputtering. GIXRD and EDS composition 
analyses confirmed deposition of pure bcc-Cr coatings with a 
sharp Cr/Zry-4 interface as revealed by cross-section FESEM 
examination. Micro-scratch tests confirmed excellent 
adhesion of the Cr coating with Zry-4 substrate. The steam 
oxidation of Cr coated Zry-4 in the temperature range 700-

01200 C showed formation of highly adherent protective Cr O  2 3
0layer on Cr. Upon  steam exposure to 700 C, 24 h, the oxidation 

rate of Cr coated Zry-4 samples was ~33 times less than bare 
0Zry-4, whereas, at 1200 C, 30 min (DB LOCA condition) the 

oxidation of Cr/Zry-4 was 15 times less in comparison to bare 
Zry-4. These experiments have shown that an adherent and 
compact Cr O  layer on the Cr acted as an effective barrier for 2 3

the ingress of oxidizing species. At steam exposure condition of 
01200 C, 30 min (DB LOCA scenario), a four layer structure 

consisting of Cr O /Cr/CrZr/Zry-4 was formed with 7-8 µm 2 3

thick protective Cr O  layer. 2 3

 The neutron multiplication factor was assessed under 
cold and hot conditions, both with and without Cr coating. 
Results for k  from ν-TRAC, OpenMC and DRAGON agree closely ∞

at zero burnup. Additionally, the impact of burnup on k  for hot ∞

conditions was analyzed for different coating thicknesses. 
These results highlight the impact of Cr coatings on reducing 
the multiplication factor of the fuel cluster. Optimal thickness 
of Cr coating depends on both reactivity load as well as material 
properties through a comprehensive analysis to achieve a 
balance between safety and fuel utilization. Considering a 
thickness of ~15 μm, the reactivity loss can be limited to    
within 5 mk which typically translates as a burnup loss of     
500 MWd/tonne in PHWRs (700 MWe). This study highlights 
that Cr coating thickness in the range 10-12 µm may be 
sufficient to protect the Zry-4 claddings under DB LOCA 
condition with minimum effect on nuclear reactivity in turn 
burnup loss in 700 MWe PHWRs. 
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