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a b s t r a c t 

Cr-coated Optimized ZIRLO 

TM cladding material fabricated with the cold-spray deposition process is stud- 

ied. Microstructure and chemistry of this material are investigated before and after exposure to autoclave 

corrosion testing with scanning electron microscopy, energy dispersive spectroscopy analysis, electron 

backscattered diffraction, transmission electron microscopy and atom probe tomography. The results are 

used to assess what changes have occurred upon autoclave exposure. The formation of a compact, 80 

– 100 nm thick Cr 2 O 3 layer is observed on the surface of the exposed samples. Nucleation of ZrCr 2 in- 

termetallic phase is discovered at the Cr/Zr interface. This Laves phase nucleates inside the intermixed 

bonding layer that can be found in both pristine and exposed samples, and decorates the interface in 

the form of small particles (less than 50 nm in size). Using transmission electron microscopy and atom 

probe tomography the growth of a Zr-Cr-Fe phase was detected. This phase is found in the region of 

the Zr-substrate immediately adjacent to the coating, up to a few hundred nanometres distance from the 

Cr/Zr interface. A small degree of recrystallization occurs upon autoclave exposure in the 1-2 μm thick 

nanocrystalline layer produced on the Zr-substrate by the cold spray deposition method utilized for the 

fabrication of the Cr-coating. 

© 2022 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 

1

f

(

(  

c

o

d

c

z

T

a

c  

v

o

a

w

w

h

f

f

t

a

p

w

(

e

c

3  

d

t

T

t

m

t

h

0

. Introduction 

Cr-coated claddings have emerged as one of the best candidates 

or accident tolerant fuel (ATFs) for light water nuclear reactors 

LWRs), particularly for applications in pressurised water reactors 

PWRs) [ 1 , 2 ]. As a response to the Fukushima Daiichi nuclear ac-

ident in 2011, the ATF concept has appeared with the objective 

f providing nuclear fuels able to better withstand severe acci- 

ent conditions. Cr-coatings would serve to protect the zirconium 

laddings from the severe and rapid oxidation that occurs when 

irconium alloys are exposed to steam at elevated temperatures. 

his reaction results in the formation of H 2 gas, production of heat 

nd deterioration of the claddings’ mechanical properties, and it 

an be the cause of H 2 explosions [2] . Hence, being able to pre-

ent or delay this phenomenon is deemed crucial for the success 

f ATFs. Better performances and longer fuel life are also expected 

dvantages of the introduction of these new materials. Cr-coatings 

ere selected for their ability to form a passivating chromia scale 
∗ Corresponding author. 
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hen exposed to water corrosion. Additionally, the relatively high 

ardness of pure metallic Cr is deemed able to protect the coated 

uel from debris fretting [3] , currently one of the main causes of 

uel rod failure [4] . Cr-coatings can be deposited with different 

echnologies, the main coating versions being currently developed 

re obtained with physical vapour deposition and cold spray de- 

osition. Cold spray deposition is a thermal spray technology in 

hich high pressure, hot gas is fed through a converging-diverging 

de Laval) nozzle together with a powder. After the nozzle, the gas 

xpands, accelerates and cools down, bringing the powder parti- 

les with it. The final achieved particle velocity can range between 

00 m/s and 1200 m/s [ 5 , 6 ]. This jet of gas and particles is then

irected onto the substrate surface. Here, the particles’ impact on 

he surface will result in high-strain, high-rate plastic deformation. 

he severe plastic deformation is at the base of the coating forma- 

ion process. In cold spray, the powder is not melted or partially 

elted during deposition and to achieve coating formation the par- 

icle velocity has to be above a certain threshold referred to as the 

ritical velocity. Each powder/substrate system is characterized by 

 specific critical velocity, below this velocity the coating does not 

evelop in thickness, while above it the process can start to erode 

he substrate as for grit blasting. 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Fig. 1. Collage of multiple cross-sectional SEM images of as-fabricated (a) and autoclave exposed (b) CS-Cr-coated Optimized ZIRLO claddings. 
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Cr-coatings have demonstrated to perform well both in operat- 

ng and severe accident conditions [7–12] , the next step towards 

heir commercial use requires the complete understanding of all 

hemical and microstructural changes the material undergoes dur- 

ng operation. The aim of this work is to investigate the corro- 

ion protection offered by the Cr-coating; and to identify any ac- 

ive mechanisms that might be causing chemical or microstructural 

volution of the material in the ranges of temperatures typical of 

perating conditions. To achieve this, as-fabricated and autoclave 

xposed materials are characterized and compared to each other 

n order to highlight changes in the microstructure due to auto- 

laving. A wide range of analysis methods are used for this scope, 

uch as scanning electron microscopy (SEM), energy dispersive x- 

ay spectroscopy (EDS), transmission electron microscopy (TEM), 

lectron backscattered diffraction (EBSD), and atom probe tomog- 

aphy (APT). 

. Experimental procedures 

.1. Material 

Cold spray Cr-coated Optimized ZIRLO 

TM cladding material, in 

orm of tubes 4 cm long and 10 mm in diameter, is analysed. 

oth as-fabricated samples, coated with 20 μm thick Cr-coating, 

nd material exposed to autoclave corrosion testing are studied. 

he coating was obtained by depositing pure Cr feedstock powder 

ieved to less than 44 μm in size onto the Optimized ZIRLO alloy 

OPZ) cladding tube (0.8-1.2 wt.% Nb, 0.6-0.79 wt.% Sn, 0.09-0.13 

t.% Fe, 0.09-0.16 wt.% O, balance Zr). The achieved particle veloc- 

ty was 1200 m/s ( + /- 50 m/s). The samples were first coated with

0 μm Cr, then the coating was ground down to 20 μm thickness. 

he exposure was performed in a closed loop, static, steam auto- 

lave at 415 °C and 220 bar for a total of 90 days in PWR water-

hemistry. The standard temperature for static steam autoclave ac- 

ording to ASTM is 400 °C [13] , in this study the material was ex-

osed at 415 °C to test the material under slightly harsher condi- 

ions. 

.2. Sample preparation and analysis 

A low-speed saw was used to cut the received samples into 

ings 5 mm in height. Bakelite embedded samples, ground and pol- 

shed with SiC-paper and diamond particle suspensions, were sub- 

ected to SEM study and EDS analysis. Cross-sections prepared with 

road ion beam (BIB) LEICA TIC3X were employed for EBSD map- 

ing. APT and TEM specimens were extracted from the Bakelite- 

mbedded samples with focused ion beam/scanning electron mi- 
2 
roscopy (FIB/SEM) in a dual-beam FEI Versa 3D workstation im- 

lementing well-known procedures for sample lift-out and prepa- 

ation [ 14 , 15 ]. SEM and EDS analysis, conducted with a JEOL 7800F

rime microscope, provided an overview of the morphology and 

icrostructure. EBSD mapping was performed on a TESCAN GAIA3 

quipped with Oxford-NordlysNano detector and used to study 

icrostructural changes happening during autoclave testing. TEM 

maging was carried out on an FEI Tecnai T20 LaB 6 instrument and 

t allowed to identify the presence of small features at the Cr/Zr 

nterface and to study the oxidation of the coating outer surface. 

n IMAGO LEAP 30 0 0X HR was used to collect the APT data of the

uter oxide and the Cr/Zr interface. All samples were run in laser 

ode with 200 kHz laser pulse frequency, at 50–70 K specimen 

emperature, 0.3 nJ laser pulse energy and 0.20 % evaporation rate. 

AMECA IVAS 3.6.14 software was used for 3D reconstruction and 

ata evaluation. 

. Results 

An overview of the two coated cladding cross-sections analysed 

n this work is presented in Fig. 1 . At this scale, it is difficult to

ee if any change occurred during autoclave exposure. The inter- 

ace is rough and wavy, typical of cold sprayed coating/substrate 

nterfaces. Small defects, as porosities and cracks, are present in 

he coating of both as-fabricated and exposed samples. Cold spray 

eposition can produce coatings with densities near 100%, but as 

t is possible to see in Fig. 1 , some porosities are left after de-

osition, particularly in the regions between two former powder 

articles [16] . As these porosities are very few and isolated from 

he outer environment, they should not have any considerable ef- 

ect on the oxidation protection offered by the coating. After coat- 

ng deposition, the coating is ground from a thickness of 50 μm 

own to 20 μm. Due to the significant roughness of the Cr/Zr in- 

erface the coating can be significantly thinner in certain regions 

see example in Fig. 1 b), and there is the risk of exposing small

ortions of the bare substrate during the grinding process. This is 

ot caused by the autoclave exposure or eventual dissolution of 

he coating. The combination of the intrinsic roughness of the cold 

prayed coatings and the challenges involved in grinding a coat- 

ng with precision is to blame for these coating defects. Still, the 

resence of the coating defect shown in Fig. 2 b made it possible 

o investigate what would happen if the coating was damaged as a 

onsequence of debris fretting or scratches. Fig. 2 shows two EDS 

aps taken from a cross-section of the autoclaved sample accom- 

anied by the corresponding SEM images of the mapped region. In 

ig. 2 a a region representative of the general case is reported, here 

he coating is complete and the Zr substrate is fully protected (see 
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Fig. 2. EDS maps of CS-Cr coated Optimized ZIRLO cladding cross-section (zirconium signal in blue, chromium signal in magenta,oxygen signal in white). (a) Map over 

the outer diameter of the cladding in a region representative of general case. (b) Map over the outer diameter of the cladding in a region where a small portion of the 

Zr-substrate resulted exposed to the autoclave environment. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 

this article.) 

Fig. 3. BF-TEM imaging of oxide scale formed on the outer surface of the CS-Cr coating during autoclave exposure, low (a), medium (b) and high (c) magnification. 
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r and Cr maps). A thin layer of chromium oxide can be seen as 

 bright line in the SEM image and as a light-grey line in the O

ap. In Fig. 2 b a specific region where the Zr is partially exposed 

s shown. Here, the chromium oxide is still present on top of the 

oating as expected, but some zirconium oxide is found growing 

nwards underneath the Cr-coating. The formation of ZrO 2 comes 

ith volume expansion so that the oxide is locally pushing the Cr- 

oating outward, however no spallation of the coating is observed. 

he resulting exposure of the substrate has to be associated with 

he combination of the Cr/Zr interface roughness and the grinding 

i

3 
f the coating surface that is performed after deposition, and it is 

ot due to failure of the coating during exposure. 

.1. Oxidation behaviour of the Cr-coating 

In the EDS maps shown in Fig. 2 , the thin layer of chromium 

xide that has formed on the outer surface of the Cr-coating after 

he autoclave exposure is visible. The thickness of this oxide is too 

hin to be assessed with use of SEM techniques. TEM imaging con- 

ucted on a lamella sample of the outermost surface of the coating 

s reported in Fig. 3 where the coating appears to be completely 



A. Fazi, K. Stiller, H.-O. Andrén et al. Journal of Nuclear Materials 560 (2022) 153505 

Fig. 4. BF-TEM images of the outer surface of the as-fabricated Cr-coating cladding. 
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overed by a 80-100 nm thick layer of chromium oxide. The thick- 

ess of the obtained chromia layer is comparable with the oxide 

eveloped by other Cr-coatings or chromia forming alloys tested 

nder similar conditions (e.g. around 60 nm for PVD Cr-coating at 

15 °C for 100 days [17] and few hundreds of nm for Fe-Cr-Al al-

oys at 360 °C for 1 year and 200 nm at 400 °C for 72 h [ 18 , 19 ]).

his layer is compact, adherent and homogeneous over the entire 

nalysed surface. On top of the compact oxide, only in few regions, 

 porous and less compact phase can be found. Looking at Fig. 3 a,

t is possible to identify a band under the oxide (around 200 nm 

hick) where small particles or porosities appear distributed in the 

etallic Cr. Fig. 3 b offers a better view of these features, but from

he TEM it is difficult to define if they are porosities or parti- 

les. Nevertheless, it seems that they can be found everywhere 

istributed in this band. No sign of particles/porosities in the 200 

m region from the surface can be found for the as-fabricated ma- 

erial, as displayed in Fig. 4 . Hence, the formation of these parti- 

les/porosities in the exposed material has to be linked to the au- 

oclave corrosion testing. 

To obtain the precise composition of the chromium oxide, APT 

uns including the oxide scale with the underlying metallic Cr were 

erformed. One example of such measurements can be found in 

ig. 5 . Fig. 5 a shows a 3D reconstruction of the APT data where

he oxide/coating interface appears sharp with almost no interdif- 

usion, as shown in the proxigram [20] in Fig. 5 b where the com-

osition changes from pure chromium to around 60 at.% O and 40 

t. % Cr in 5 nm or less. This value is extracted from the proxigram

alculated from a 40 at.% O isosurface, using 0.10 nm steps and has 

o be taken as the maximum possible width of the interface. The 

oftware divides the dataset into a 3D grid with voxel size of 1 

m 

3 , in this case, and the difference between neighbouring voxels 

s smoothed using a delocalization algorithm [21] , where the de- 

ocalization distances were 3 ×3 ×1.5 nm 

3 . Undoubtedly, these pro- 

esses can blur a perfectly sharp interface to a few nanometres. 

he measured composition of the oxide agrees with the composi- 

ion of Cr 2 O 3 , suggesting that the oxide formed during autoclave 

xposure is chromia. Interestingly, small oxide particles could be 

ound a few hundred nanometres below the coating surface. The 

resence of these small oxide particles was not ubiquitous and 

hey could be measured only in some runs. Nevertheless, the dis- 

ance of these oxide particles from the oxide scale would lead one 

o associate them with the particles/porosities that were visible in 

EM, see Fig. 3 . In Fig. 5 a and b, Fe (plotted as green dots in the

D reconstruction) can be seen segregating at the Cr grain bound- 

ries. Fig. 5 d shows a 1D concentration profile across one of the 

rain boundaries. Fe is present in small amounts as an impurity in 

he powder utilized for depositing the coating. In the as-fabricated 

aterial, ≈ 0.2 at.% Fe has been measured as uniformly distributed 
t

4 
n the Cr-coating, but it appears to enrich grain boundaries when 

he material is exposed to autoclave testing. Other impurities mea- 

ured with APT in the Cr coating comprise: ≈ 0.2 at.% C and ppm 

evels of Mn, Si and P. 

.2. Evolution of the Cr/Zr interface 

In cold spray deposition, the adhesion of the sprayed particles 

hat stack together to form the final coating is produced mostly 

y plastic deformation occurring upon impact on the substrate, in 

he particle being deposited and between sprayed particles. This 

rocess leaves a heavily deformed microstructure, with fine grain 

ize and significant residual stresses [22] , as displayed in Fig. 6 a 

ith an EBSD band contrast map from the Cr/Zr interfacial region 

f an as-fabricated sample. In the pristine sample, between the 

wo materials, zirconium appears to have suffered a higher degree 

f plastic-deformation induced dynamic recrystallization which has 

eft the material with 1-2 μm thick nanocrystalline layer and a 10- 

0 μm thick band with sub-micron grains (with no 2-5 μm grains). 

eyond this layer, 2-5 μm sized grains start to appear as expected 

or the unaffected partially-recrystallized microstructure typical of 

he rod OPZ alloy [23–25] . As anticipated, the dynamically recrys- 

allized region (studied in detail in [16] ) can be divided into two 

ifferent sub-bands. The first extends for a couple of microns from 

he Cr/Zr interface into the zirconium substrate. It is characterized 

y the smallest grains (tens of nanometres) and can be recognised 

n Fig. 6 a as a black region with some small grey spots. The sec-

nd sub-band comprises grains with a grain size between 100 nm 

nd 1 μm. This band ends where the OPZ microstructure goes back 

o normal and the 2-5 μm sized grains appear. In the EBSD map 

resented in Fig. 6 b, the microstructure of the same correspond- 

ng interfacial region is mapped for the autoclave exposed sample. 

tarting from the microstructure of the bulk OPZ, both sub-micron 

rains and 2-5 μm sized grains are found as expected for a partially 

ecovered material, but the relative amount of grains appertaining 

o the two different families differs quite significantly between the 

s-fabricated and the exposed sample. In the as-fabricated material 

 larger portion of the mapped area is covered with fine grains, 

hile for the exposed material most of the grains are 2-5 μm, 

r larger, in size. It is possible that this difference is caused by 

he autoclave exposure but it is important to keep in mind that 

 certain dispersion in the degree of recrystallization among as- 

abricated claddings exists. Hence, it is difficult to associate with 

ertainty the exposure at 415 °C with the bulk recrystallization that 

eems to emerge, as seen in Fig. 6 . With regard to the 1-2 μm

anocrystalline layer, this is detected in the exposed sample as 

ell with some minor differences: immediately adjacent to the in- 

erface with chromium, grains seem to have grown slightly com- 
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Fig. 5. (a) and (b) 3D reconstruction of APT data from the CS Cr-coating outer surface. Fe atoms in green, the grey surfaces represent chromium oxide (isosurfaces at 40 at.% 

O). (c) Proxigram displaying the composition profile across the Cr/Cr 2 O 3 interface. (d) 1D concentration profile plot for Fe across the grain boundary of the CS-Cr coating. 

(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. EBSD maps over as-fabricated (a) and autoclave exposed (b) CS-Cr coated Optimized ZIRLO cladding cross-sections (Map size 50 ×50 μm). 
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ared with the as-fabricated material. Little or no difference is no- 

able in the 10-20 μm thick band with sub-micron grains (with no 

-5 μm grains). On the Cr-side of the interface, the grain structure 

f the Cr-coating in the exposed sample looks slightly coarser. To 

valuate if the differences noted in Fig. 6 between the as-fabricated 

nd exposed materials are representative for the whole sample, a 

arger EBSD map was collected from both materials. The results are 

resented in Fig. 7 . Here it is possible to see that there are clear

uctuations in the microstructure from region to region. Neverthe- 

ess, the main trends delineated previously are still valid: the re- 

rystallization of the substrate appears mostly limited to the bulk; 

nsignificant/slight grain coarsening can be seen in the region of 

he substrate within 10-20 μm from the coating, and the 1-2 μm 

anocrystalline layer seems to recrystallize slightly. At this scale 

he presence of a 10-20 μm thick band of smaller grains, where no 

ecrystallization has occurred, is even more clear. 

Fig. 8 shows a comparison between bright-field TEM images of 

he as-fabricated and exposed materials where the interface be- 

ween the Cr-coating and the Zr-substrate is analysed. Many dis- 

ocations and bend fringes are visible in both samples indicating 
5 
eavy deformation. The size of Cr and Zr grains close to the inter- 

ace is different in the two materials. The Cr-grains appear layered 

ith orientation parallel to the interface in both samples but they 

re larger in the case of the exposed material. Due to their small 

ize and the high degree of deformation they underwent, the Zr- 

rains are harder to unambiguously distinguish. Nonetheless, the 

rain structure appears coarser and more relaxed after exposure. 

he most important change that can be observed in the exposed 

ample is the presence of small particles and flake-like structures 

t the Cr/Zr interface itself. These particles are shown at higher 

agnification in box 1 in Fig. 8 and are a novelty, unreported for 

he as-fabricated material. Their presence is easier to detect in the 

r region because of the better contrast, but they can also be de- 

ected in a few places in the Zr where the grains have a lighter 

rey hue. To further understand these features, APT was employed. 

n Fig. 9 , the compositions of the as-fabricated and exposed in- 

erfaces are compared. In the as-fabricated sample the intermixed 

onding region (IBR) contains 60 at.% Zr and 30 at.% Cr, which cor- 

esponds to a metastable oversaturated solid solution of Cr in Zr. 

n the case of the exposed sample the proportion of Cr and Zr in 
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Fig. 7. EBSD maps over as-fabricated (a) and autoclave exposed (b) CS-Cr coated Optimized ZIRLO cladding cross-sections (Map size 40 0 ×10 0 μm). 

Fig. 8. BF-TEM imaging of Cr/Zr interface in CS-Cr coated Optimized ZIRLO claddings, respectively from as-fabbricated (a) and autoclave exposed (b) samples. 
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he IBR is different. It consists of 65 at.% Cr and 35 at.% Zr, which is

uch closer to the chemical composition of the ZrCr 2 Laves phase. 

n the as-fabricated material oxygen can be found mixed together 

ith the Zr and Cr in the IBR, while in the exposed specimen the 

xygen is found only outside the IBR on the Zr side. The solubility 

f oxygen in Zr is very high (up to 30 at.% in Zr at 415 °C [26] ), it

s then reasonable to imagine the ZrCr 2 phase forming and push- 

ng the O out to be dissolved in the Zr. This could explain the dif-

erent O profiles around the Cr/Zr interface before and after the 

utoclave exposure. Further away from the interface into the sub- 

trate, a Zr-Cr-Fe phase is discovered (see Fig. 10 ). This phase has 

een found multiple times in the substrate at a distance of a few 

undred nanometres from the interface, with chemical composi- 

ion around 48 at.% Cr, 42 at.% Zr and 8 at. % Fe. The shape and

istribution of this Zr-Cr-Fe phase seems to suggest that its nu- 

leation and growth occurs along grain boundaries or dislocation 

alls. Moreover, this phase could be found exclusively near the 

a

6 
r/Zr interface. In Fig. 11 , APT reconstructions of different Zr grain 

oundaries at distances of 100 – 200 nm, 2.5 – 5 μm and 15 –

7.5 μm, respectively, from the interface are reported. This Zr-Cr- 

e phase is measured only at the grain boundaries closest to the 

r/Zr interface. Here, the Cr content reaches 40 at.% and Fe gets 

ust above 6 at.%, while the grain boundaries further away from 

he Cr/Zr interface contain only Fe in modest amounts (0.3 – 0.7 

t.%). 

. Discussion 

.1. Effective corrosion protection provided by the coating 

The design concept behind the application of a metallic Cr coat- 

ng on top of the Zr-alloy is to obtain a passivating scale of chro- 

ia [2] . The Cr 2 O 3 layer should form on the surface of the coating

nd it should be dense, adherent and impermeable to the diffu- 
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Fig. 9. 3D reconstruction of APT data from the Cr/Zr interface in CS Cr-coated Optimized ZIRLO claddings. Cr atoms in magenta, Zr atoms in blue. The blue surface represent 

the Zr-substrate, the pink surface represent the Cr-coating. (a) 3D reconstruction of as-fabricated sample. (b) 1D composition profile across Cr/Zr interface of as-fabricated 

material. (c) 3D reconstruction of autoclave exposed sample. (d) 1D composition profile across Cr/Zr interface of autoclave exposed material. (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 10. (a) 3D reconstruction of APT data from the Zr-substrate, 10 0-20 0 nm distance from the Cr/Zr interface. Zr atoms in blue (only 1% shown). Light blue surface encloses 

a Zr-Cr-Fe phase (isosurface set at Fe + Cr content at 35 at.%). (b) Proxigram across Zr-Cr-Fe phase isosurface. (For interpretation of the references to colour in this figure 

legend, the reader is referred to the web version of this article.) 
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Fig. 11. 3D reconstruction of APT data for grain boundaries extracted from the autoclave exposed Zr-substrate respectively at 100 – 200 nm (a), 2.5 – 5 μm (b) and 15 – 17.5 

μm (c) distance from the Cr/Zr interface coupled with the corresponding 1D concentration profile plots for Fe and Cr (when present) across the grain boundary. Zr atoms in 

blue (only 5% shown), Cr atoms in pink, Fe atoms in green. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 

this article.) 
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ion of oxygen. Chromia can be dissolved in water and the rate 

t which it dissolves depends on water chemistry, partial pressure 

f oxygen and suchlike. Hence, chromia is predicted to form on 

he surface of the Cr-coating and it is expected to start to slowly 

issolve into the water. The growth rate of the oxide scale, which 

epends on the diffusion of oxygen through it, together with the 

ate at which the chromia is dissolved into water determine the 

quilibrium thickness of the obtained chromia scale and conse- 

uently the rate at which the metal is corroded away [27] . As ob-

erved in Fig. 3 , an 80-100 nm thick, dense layer of oxide is found

ith TEM on the surface of the Cr-coating. This is a significant im- 

rovement in oxidation resistance when compared with uncoated 

r-claddings that develop ZrO 2 scales with thicknesses in the few- 

icrons range for exposures under similar PWR conditions [ 28 , 29 ]. 

hen compared with other Cr-coatings exposed to similar condi- 

ions, all Cr-coatings end up forming a 50-100 nm thick chromia 

cale [ 17 , 30 , 31 ]. Additionally, from the SEM analysis of the cladding

ross-sections in Fig. 1 , the corrosion of the coating upon autoclave 

xposure appears to be negligible. Overall, the formed oxide can be 

eemed protective and stable. APT measurements confirmed the 

omposition of this oxide layer to be around 40 at.% Cr and 60 

t.% O, corresponding to chromia (Cr 2 O 3 ). The composition of the 

xide is uniform across its thickness and no segregation of other 

lements is observed. The interface between the oxide scale and 

he Cr-coating is characterized by areas of intimate contact, but 

lso areas containing small voids, suggesting an outward growth 

echanism for the oxide. Chromia starts nucleating on the outer 

urface of the coating, O atoms are provided by the autoclave en- 

ironment while Cr atoms from the coating diffuse to the outer 

hromia surface, leaving the metal surface (which equates to an 

njection of vacancies into the coating surface). The vacancies tend 

o coalesce and small voids are formed at the oxide/metal inter- 

ace. With enough time and higher temperatures, diffusion of Cr 

toms from the bulk of the coating would fill-in the voids. Due to 

he relatively low temperature of the exposure, the voids at the ox- 

de/metal interface have yet to be filled as is common for oxidation 

nder similar conditions [ 18 , 32 ]. Small oxide particles seem to be

istributed in the metallic Cr in a band 200 nm thick. These parti- 
les could not be found in the as-fabricated material so their for- 
t

8 
ation must have occurred during the autoclave exposure. These 

xide particles found underneath the surface could be explained by 

he oxidation of nanometric porosities left behind by the outward 

iffusion of Cr atoms during the formation of the chromia scale 

 32 , 33 ]. As demonstrated by Fig. 2 b, the ability to effectively pro-

ect the substrate from oxidation is not compromised even when 

he coating is breached. From an industrial point of view, guar- 

nteeing the perfect integrity of a few micron thick coating over 

housands of cladding tubes is extremely challenging. Additionally, 

ransport and in-reactor degradation mechanisms as debris fret- 

ing could result in the opening of a gap in the coating. Seeing 

hat, even when damaged, the coating is able to provide protec- 

ion to the substrate is of great significance. When part of the Zr 

s exposed, oxidation is limited to the region immediately under- 

eath the coating gap. Moreover, no further degradation or spalla- 

ion seems to be initiated by the formation of a breach in the coat- 

ng, which offers a significant margin of protection even if damages 

o the coating were to arise due to debris fretting or other in reac- 

or deterioration phenomena [4] . 

.2. Microstructural evolution of the Cr/Zr interface 

.2.1. Diffusion during exposure in autoclave 

During the autoclave exposure a certain degree of diffusion 

n the investigated material system is expected to occur. The 

olume diffusion coefficients at 415 °C for Fe, Cr and Zr (self- 

iffusion) in α-Zr are approximately D 

F e 
v ≈ 1 . 4 · 10 −12 m 

2 s −1 , D 

Cr 
v ≈

 . 6 · 10 −17 m 

2 s −1 and D 

Zr 
v ≈ 1 · 10 −26 m 

2 s −1 [34] . Over a period 

f 90 days, these values would provide the following diffusion 

engths: 2 
√ 

D 

F e 
v ∗ t ≈ 3 . 3 mm, 

2 
√ 

D 

Cr 
v ∗ t ≈ 11 . 3 μm and 

2 
√ 

D 

Zr 
v ∗ t ≈

 . 8 Å. Including grain boundary diffusion into the rough evalu- 

tion of the diffusivities is somehow difficult. The presence of a 

anocrystalline layer in the Zr substrate adjacent to the Cr/Zr inter- 

ace and the fine grains that can be found in the partially recrys- 

allized microstructure of the OPZ alloy (both shown in Fig. 6 ) pro- 

ide an elevated density of grain boundaries, which could further 

ncrease the overall values for the calculated diffusivities. In the 

tudied temperature range, grain boundary diffusion could even be 

he dominant diffusive phenomena, potentially increasing the cal- 
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ulated diffusivities by 2-5 orders of magnitude [35–37] . In addi- 

ion, diffusion processes are not isotropic in the hexagonal close- 

acked crystalline structure of α-Zr. In fact, diffusivity parallel to 

he c-direction is generally 3-5 times larger than diffusivity per- 

endicular to the c-direction. Though, since the diffusivities for 

he elements taken into consideration differ already by many or- 

ers of magnitude, this anisotropy can be assumed negligible for 

he general discussion. Overall, during the studied autoclave expo- 

ures, interstitial diffusing elements as Fe had the chance to move 

uite freely in the zirconium substrate and can be assumed to have 

eached the most energetically favourable configuration. Cr, charac- 

erised by a mixed diffusion mechanism, has a significantly lower 

iffusion rate, but considering the calculated bulk diffusion length 

f around 10 μm, plus the proximity of the Zr nanocrystalline layer 

ith the Cr/Zr interface, it would be reasonable to assume that Cr 

rom the coating could penetrate into the Zr substrate for about 

0-20 μm. On the other hand, the diffusion length of Zr atoms is 

horter than a unit cell so that Zr has to be considered practically 

rozen into place. Even considering grain boundary diffusion it is 

ifficult to imagine long-range diffusion of Zr at this temperature. 

s a result, Zr diffusion would represent the main limiting factor 

or any diffusive processes such as phase nucleation or transforma- 

ion. 

The high mobility of Fe would explain how the measured Zr-Cr- 

e phase has formed. The Fe content in the OPZ is relatively low 

t around 0.4 at.%, and most of it is normally tied in secondary 

hase particles (SPPs) rather than being distributed in the matrix. 

enerally, SPPs are not expected to dissolve at operating tempera- 

ure. The exposure to operating temperature in autoclave can trig- 

er the movement of the Fe from the SPPs but with no other mod- 

fication of the system, the diffusing Fe atoms would be captured 

gain by another SPP. As shown in the previous work [16] , in as-

abricated CS-Cr coated OPZ claddings, small amounts of Cr from 

he CS coating were found diffusing along grain boundaries into 

he OPZ substrate for distances of about 10 0-20 0 nm. The presence 

f this Cr, segregated along grain boundaries in the substrate adja- 

ent to the coating, plus the high density of grain boundaries due 

o the presence of a nanocrystalline layer in the same region, could 

ave produced a network of surfaces able to capture the diffusing 

e atoms. In conclusion, the diffusion of Cr into the substrate dur- 

ng deposition of the coating, additional diffusion of Cr into the 

ubstrate during autoclave exposure, and the exceptional freedom 

f movement for the Fe atoms in Zr during autoclave need to be 

onsidered in order to explain the formation of the Zr-Cr-Fe phase. 

he main consequence of this phenomenon on the cladding mate- 

ial could be a slow size reduction of the Fe-rich SPPs used in the 

PZ alloy to improve mechanical properties. The slow dissolution 

f the SPPs would go in favour of the formation of a network of 

r-Cr-Fe phase nucleating and growing approximately in the same 

egions where Cr from the coating manage to reach. Despite the 

alculated Cr diffusion length of about 8 μm, Cr and the Zr-Cr-Fe 

hase could be found exclusively at Zr grain boundaries adjacent 

o the Cr/Zr interface (100 – 200 nm distance). Grain boundaries 

urther away contained only small amounts of Fe and no Cr at all, 

imilar to grain boundaries of as-fabricated OPZ. This result sug- 

ests that, despite the theoretical possibility of Cr diffusion into 

he substrate, all the diffusing Cr reacts with Zr forming nuclei of 

rCr 2 Laves phase at the very Cr/Zr interface or reacts with Fe and 

r at the grain boundaries near the Cr/Zr interface forming the Zr- 

r-Fe phase. In both cases, it seems like Cr does not manage to 

enetrate the substrate beyond the 100 – 200 nm depth. 

.2.2. Thermal recrystallization 

Recrystallization in OPZ is usually not expected for tempera- 

ures around the operating condition. The autoclave testing was 

erformed at 415 °C, higher than the actual PWR operating tem- 
9 
erature of around 325 °C. The higher temperature is meant to 

peed up all oxidation and diffusive processes so as to simulate 

he equivalent of longer times at actual operating temperature, but 

t could also have triggered recrystallization in OPZ cladding. Re- 

rystallization is a thermally activated process [ 38 , 39 ] and if the

hreshold temperature lays in the 325-415 °C range, recrystalliza- 

ion would become visible in the autoclave tested material while 

till not being possible during operation. The heat treatments gen- 

rally used on OPZ claddings in the final step of production are 

he following: (a) stress relieve annealing (2h at 465 °C), (b) par- 

ial recrystallization (2h at 500 °C), or (c) recrystallization (2.5h at 

95 °C) [ 25 , 40 ]. It is possible then, that 90 days at 415 °C could have

roduced the degree of recrystallization measured in the bulk of 

he exposed OPZ cladding as if it was a lower temperature, longer 

ime heat treatment [41] , rendering this phenomenon not too rel- 

vant for the real case scenario. What makes this result interest- 

ng, though, is the comparison with the 10-20 μm region where 

lmost no recrystallization has taken place instead. The driving 

orce behind recrystallization is the stored energy from deforma- 

ion. An heavily deformed material will tend to evolve towards 

 more relieved microstructure by creating new stress-free zones 

hrough recrystallization. Surface energy can also play a role, many 

mall grains have much higher surface density than few large 

rains. Larger grains are energetically favourable and, if allowed, 

 nanocrystalline system will tend towards larger grains. For these 

easons, because the nanocrystalline region produced by the ap- 

lication of the CS coating suffered higher degrees of deforma- 

ion, it should have experienced the largest amount of recrystal- 

ization. In the presented experiments the opposite seems to hap- 

en. In the bulk of the substrate, far from the Cr/Zr interface, large 

rains grow at the expense of smaller ones through Ostwald ripen- 

ng [ 42 , 43 ]. While in the nanocrystalline layer and in the 10-20 μm

egion depleted of large grains, not much recrystallization could be 

een. Competition between grains of similar size could be creating 

 metastable equilibrium that might explain the relatively low de- 

ree of recrystallization seen in this region [44] . 

.2.3. Chemical evolution of the intermixed bonding region 

Cr and Zr can form the intermetallic Laves phase ZrCr 2 . The for- 

ation of such phase has been repeatedly reported for high tem- 

erature exposed Cr-coated zirconium claddings [ 9 , 17 , 45 ] and does

ot surprise when temperatures in the range of 80 0-120 0 °C are in- 

olved. What is interesting about the results shown in Fig. 8 and 

ig. 9 is that nucleation of this phase looks possible even at 415 °C. 

s is possible to see in Fig. 8 b, small particles of Laves phase can

e found uniformly distributed along the Cr/Zr interface, which 

ould suggest that is a wide spread event. The presence of nu- 

lei of this phase reduces the energy barrier for further growth of 

he intermetallic phase. The growth of this phase could potentially 

e possible even during operation causing gradual changes in the 

ature of the IBR and in the Cr/Zr interface properties. The limit- 

ng factor for the growth of this phase would mostly be the dif- 

usion of Zr. Even if Cr could potentially reach the interface quite 

asily to drive growth, diffusion of Zr at PWR operating temper- 

ture is almost none, which strongly limits the allowed growth 

ate of this phase. For the same reason, almost no diffusion of 

r into the Cr-coating is measured. ZrCr 2 is a brittle phase and 

ts presence could potentially cause an embrittlement of the Cr/Zr 

nterface. Nonetheless, no spallation of the coating or significant 

mbrittlement of the Cr/Zr interface is reported for exposures at 

igher temperature [ 9 , 17 , 45 ]. In these conditions the ZrCr 2 layer

an grow to thicknesses of a few microns but it seems to produce 

o significant effects on the Cr/Zr interface properties beyond local 

ncrease in hardness. Hence, the effects of a few nuclei (50 nm in 

iameter) sparsely distributed along the Cr/Zr interface should not 

roduce significant changes in the interface properties. Irradiation 
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ould have two opposite effects on these particles. Irradiation is 

nown to dissolve the Laves phase SPPs that are distributed by de- 

ign in the matrix of many Zr-alloys. On the other hand, irradiation 

romotes diffusion and could speed up the Laves phase nucleation 

nd growth process at the Cr/Zr interface [46–48] . In order to de- 

ermine which of the two phenomena would prevail under irradi- 

tion, an in-depth study of irradiated material is needed. 

. Conclusions 

The studied CS-Cr coating has provided good protection from 

ater oxidation at 415 °C over a period of 90 days in PWR water 

hemistry. The resulting oxide scale is composed of chromia and 

ts thickness ranges between 80 nm and 100 nm. Even where the 

ubstrate is partially exposed to water due to the presence of a 

ap in the coating, no spallation or other detrimental effect on the 

verall cladding or coating occur. ZrCr 2 Laves phase is reported to 

ucleate sparsely in the intermixed bonding region that is found 

t the Cr/Zr interface. This can be considered a consequence of 

he autoclave exposure. The presence of these nuclei (less than 

0 nm in size) reduces the energy barrier for the formation and 

rowth of ZrCr 2 at the interface, still diffusion of Zr remains the 

ain limiting factor. Thermal recrystallization has taken place in 

he exposed material. The 1-2μm nanocrystalline layer has coars- 

ned slightly and a small degree of recrystallization has been ob- 

erved in the region of the substrate adjacent to the coating (10- 

0 μm distance from the coating). The competition between small 

rains of similar sizes is deemed responsible for the lack of recrys- 

allization in this region. Recrystallization in the coating and at the 

oating/substrate interface could be beneficial because of the im- 

rovement provided to the ductility of the coating, but the changes 

n the microstructure that occurred during autoclave exposure are 

robably too small to produce a significant change in mechani- 

al properties. Overall, only very small changes are observed in 

he coated cladding chemistry and microstructure after exposure 

o simulated operating conditions. This, combined with the pro- 

ided improvement in corrosion resistance, indicate that Cr-coated 

laddings are well suited for operation under normal PWR condi- 

ions. Characterization of material exposed at similar temperature 

or longer times could shed some light on the kinetics of the differ- 

nt phenomena observed. Moreover, detailed studies of Cr-coated 

irconium claddings exposed to simulated accident conditions are 

rucial in assessing the extent of protectiveness offered by the Cr- 

oating in a severe accident scenario. 
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