
HAL Id: hal-04446231
https://ensta-bretagne.hal.science/hal-04446231

Submitted on 22 Jul 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License

Mechanical behavior of a chromium coating on a
zirconium alloy substrate at room temperature

Duc Vinh Nguyen, Matthieu Le Saux, Lionel Gélébart, Jean-Christophe
Brachet, Jean-Philippe Bonthonneau, Arnaud Courcelle, Raphaelle Guillou,

Elodie Rouesne, Stephane Urvoy

To cite this version:
Duc Vinh Nguyen, Matthieu Le Saux, Lionel Gélébart, Jean-Christophe Brachet, Jean-Philippe Bon-
thonneau, et al.. Mechanical behavior of a chromium coating on a zirconium alloy substrate at room
temperature. Journal of Nuclear Materials, 2022, 558, pp.153332. �10.1016/j.jnucmat.2021.153332�.
�hal-04446231�

https://ensta-bretagne.hal.science/hal-04446231
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr


Mechanical behavior of a chromium coating on a zirconium alloy
substrate at room temperature
Duc Vinh Nguyena, Matthieu Le Sauxa,b, Lionel Gélébarta,∗, Jean-Christophe Bracheta,
Jean-Philippe Bonthonneaua, Arnaud Courcellec, Raphaelle Guilloua, Elodie Rouesnea and
Stephane Urvoya

aUniversité Paris-Saclay, CEA, DES - Service de Recherches Métallurgiques Appliquées, F-91191, Gif-sur-Yvette, France
bNow at ENSTA Bretagne, UMR CNRS 6027, IRDL, F-29200, Brest, France
cUniversité Paris-Saclay, CEA, DES - Service dâĂŹEtude des Matériaux Irradiés, F-91191, Gif-sur-Yvette, France

ART ICLE INFO
Keywords:
Enhanced accident tolerant fuel claddings
Chromium coating
Cracking
Plasticity
Digital Image Correlation
Biaxial tests

ABSTRACT
The mechanical behavior of a 15 Âţm-thick chromium coating deposited on a zirconium alloy
substrate using a particular physical vapor deposition process is studied at room temperature us-
ing several experimental techniques at different scales: biaxial tests (internal pressure + axial
tension) with several stress biaxiality ratios on outer-coated tubes; in situ tensile tests in a scan-
ning electron microscope (SEM) on coated sheet samples. The cracking and plasticity of the
coating are studied using acoustic emission, digital image correlation and SEM observations.
The results show that the first channeling cracks in the coating initiate at 0.3-0.4% macroscopic
strain, when the substrate starts to yield. Under further loading, the crack density increases first
rapidly then more slowly, before reaching saturation. Plastic strain of the non-cracked coating
regions is observed, in addition to the increase of crack opening. No interface decohesion of the
coating is observed. The cracks, both transgranular and intergranular, do not penetrate signifi-
cantly into the substrate.

1. Introduction
The 2011 Fukushima Daiichi nuclear disaster raised worldwide interest in the development of enhanced accident

tolerant fuel cladding materials. The aim is to enhance the safety of light water reactors in hypothetical accidental but
also in normal operation conditions, by reducing the oxidation rate of the claddings. The claddings are currently made
of zirconium-based alloys. Besides the rather long-term concepts (e.g., SiC-SiC ceramic composite), coated Zr-based
materials are likely one of the most promising short-term solutions [1, 2].

Among different types of coatings, metallic chromium coatings appear to be themost encouraging candidates [3, 4].
It has been shown that a Cr coating thickness of a few microns to a few tens of microns, deposited on the ∼600 Âţm-
thick Zr-based alloy substrate using an optimized process, can reduce significantly the oxidation rate of the cladding
under both in-reactor normal operation (∼350ÂřC in water) and accidental conditions (steam at high temperature, i.e.
above 800ÂřC typically) [5, 6, 7, 8].

The mechanical integrity of the Cr coating is an important issue. However, industrial bulk Cr is relatively brittle
at low temperature [9]. Its Ductile-Brittle Transition Temperature (DBTT) is typically between room temperature
and 200ÂřC, depending on the material microstructure and the impurities contents in particular. On the one hand,
its brittleness can be favoured by a decrease in grain size [10] and the presence of impurities such as nitrogen and
carbon [11, 12]. On the other hand, the sensitivity to impurities is greater for recrystallized chromium [13] so that
recrystallization can reduce the ductility of chromium. Chromium can show some ductility at room temperature if
high purity is ensured [13, 14], or as a result of a plastic pre-deformation beyond the DBTT [12, 15] or with the
addition of certain chemical elements [16], which increase the density of dislocations in the material. Nevertheless,
one can expect the mechanical behavior of a thin Cr coating to be different from that of a bulk material due to specific
grain size, texture or purity, or to thin film effects [17]. As a consequence, the relatively few data available in the
literature on the mechanical behavior of bulk chromium cannot be directly transposed to the case of interest here. It is
therefore important to characterize the coating as deposited on its substrate.
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%Sn %Nb %Fe %Cr %O

Zircaloy-4 1.3 <0.005 0.22 0.11 0.13

M5Framatome <0.005 1.0 <0.01 <0.005 0.12-0.14

Table 1
Chemical composition in mass fraction of the Zircaloy-4 et M5Framatome alloys used as substrates.

Stresses are generated in the coating during deposition (residual stresses) or under external loading. When stresses
are large enough, different modes of failure may arise depending on the stress state, the quality of the interface with
the substrate and the mechanical behavior of the coating (and the substrate) [18]. Data on the mechanical behavior of
Cr coatings are very scarce in the literature [19, 20, 21]. They were obtained on coatings deposited using deposition
processes different from the one used in this paper, with different thicknesses, on different Zr-based substrates. These
data should therefore not be directly applicable to the case studied here. Moreover, under conditions of use, the
cladding tube is subjected to mechanical loadings that can be biaxial, along its axial and circumferential directions
[22, 23]. Thus, it is important to study the mechanical behavior of the coating as a function of the stress state.

In this paper, the mechanical behavior (i.e. damage, plasticity) of a ∼15 Âţm-thick coating deposited on a Zr-based
substrate using a particular physical vapor deposition-type process is experimentally investigated at room temperature.
This coating is developed in the framework of the French joint research program between CEA, Framatome and EDF.
Note that at this temperature, chromiumâĂŹs ductility is expected to be limited whereas the Zr-based alloy substrate is
ductile and shows a Young’s modulus (∼92 GPa) approximately three times smaller than chromium (∼290 GPa) [24].
The following points are investigated:

– effect of the coating on the overall mechanical behaviour of the cladding,
– coating’s failure mode (ductile or brittle) and mechanisms,
– coating’s adherence to the substrate,
– initiation and evolution of strain induced coating’s damage,
– coatingâĂŹs plasticity,
– effect of loading biaxiality.
For these purposes, biaxial tests and in situ uniaxial tensile tests in a Scanning Electron Microscope (SEM) were

carried out. They were associated with Digital Image Correlation (DIC) and Acoustic Emission (AE) measurements.
The materials and the experimental procedures used are described in Section 2. The results are presented in Section 3
and then discussed in Section 4.

2. Materials and methods
2.1. Materials

The Cr coating is deposited on the outer surface of 50 cm-long tubular cladding segments (9.5 mm outer diameter
and 0.57mm thickness) and on both surfaces of 60x14x1.2 mm3 sheet samples made of fully recrystallizedM5Framatomezirconium alloy. Only one sheet sample with a cold-worked and stress-relieved Zircaloy-4 substrate is used for the
Electron Back-Scatter Diffraction (EBSD) analysis described in Section 2.3. The chemical composition of the substrate
materials is detailed in Table 1. The substrate surface is not mechanically polished before the deposition. The coating is
deposited using an optimized hybridDirect-Current/High Power ImpulseMagnetron Sputtering (DC/HiPIMS) physical
vapor deposition (PVD) process [25]. The samples are rotated inside the vacuum chamber during the process in order
to ensure homogenous deposition. During the process, the temperature of the substrate is limited (below 250 ÂřC
typically) in order not to change its as-received properties.

After the deposition, the coating thickness is measured byX-ray fluorescence at several locations along the samples.
Sections where the coating thickness is rather homogeneous with a thickness between 15 and 18 Âţm are then cut from
the tubes for the mechanical tests. The coating thickness is quite homogeneous (+−0.5 Âţm variations) around the tube
circumference. Regarding sheet samples, the coating thickness is rather uniform between 16 and 16.5 Âţm on both
main surfaces.
D.V. Nguyen et al.: Preprint submitted to Elsevier Page 2 of 23
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(a) (b)

(c)
Figure 1: SEM images (secondary electrons) of the Cr coating surface (sheet sample): (a) parallel ridges, (b) pyramid-
shaped reliefs and (c) defect.

The morphology and the roughness of the coating surface have been investigated by SEM observation (ZEISS
Sigma HD, field emission SEM) (Fig. 1) and by contact roughness measurement (MarTalk device, 2 Âţm-radius 90Âř
probe). The surface shows memory from the substrate surface with parallel ridges oriented along the Rolling Direction
(RD) on sheets (Fig. 1a) and along the Transverse Direction (TD), i.e. the circumferential direction, on tubes. A
surface roughness Ra of 0.1+−0.02 Âţm along RD and 0.3+−0.05 Âţm along TD is measured. The surface roughness
of the coating is thus comparable to that of the non-coated substrate. Other deposition processes like cold-spray for
example [26], can lead to a surface roughness very different from the one of the substrate. At higher magnification,
the surface of the coating exhibits pyramid-like reliefs whose diameter (1-2 Âţm) is comparable to the width of the
chromium columnar grains (Fig. 1b). Thus, these reliefs can be associated with the emergence of chromium grains at
the outer surface. Furthermore, some local nodular defects (Fig. 1c) are observed in the coating. They have a size of
a few micrometers to a few tens of micrometers, and an apex a few micrometers higher than the average surface of the
coating. They result from the inhomogeneous growth of the coating likely caused by foreign microparticles during the
deposition. Their potential effect on the coating fracture is discussed in Section 3.

Before mechanical testing, the microstructure and crystallographic texture of the coating have been characterized
by EBSD analysis. Fig. 2 shows the result of an EBSD scan revealing the microstructure of the coating. The coating is
fully dense without evidence of cracks/porosity through the entire thickness or at the coating/substrate interface. The
coating microstructure is constituted of columnar grains elongated along the Normal Direction (ND). The grain width
is about a few microns near the free surface and a few hundreds of nanometers near the interface. It has been shown
that the substrate/coating interface is (semi-)coherent from a crystallographic point of view [27]. Fig. 3 displays the
pole figure constructed from EBSD analysis performed on 30x22 Âţm2 of the free surface of the Cr coating deposited
on a M5Framatome sheet sample. The Cr coating exhibits a strong [100] fiber crystallographic texture normal to the
surface. The [110] and [111] components which have been often observed for Cr coatings are not observed here likely
due to the specific deposition process and parameters [28, 29, 30].

The average residual stresses in the coating have been evaluated by X-ray diffraction performed on coated sheet
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samples on the DiffAbs (Diffraction and Absorption) beamline of the SOLEIL synchrotron (France). The analyses
were carried out in reflection mode with an energy of the X-ray beam fixed to 18.7 keV so that the penetration depth
is larger than the coating thickness. The results are thus average measurements over the whole coating thickness. As a
first approach, the internal stresses have been estimated using the sin2  method. The sin2  diagrams show a "snake-
like" pattern apparently due to the coating crystallographic texture so that only a "semi-quantitative" estimate can be
made from the fitted slope. It is beyond the scope of this paper to discuss the relevance of this approach in the present
case. Average compressive residual stresses of about 200-300 MPa are estimated in the coating. These stresses are
likely mainly related to the highly energetic deposition process (DC/HiPIMS).

Note that the coatings deposited on Zircaloy-4 and M5Framatome substrates show close microstructure, texture and
residual stresses.
2.2. Biaxial tests

Biaxial tests are performed on the coated cladding tubes using a servo-hydraulic testing machine (already used in
[31]). It consists in applying simultaneously a tensile force and an internal pressure while maintaining constant a stress
biaxiality ratio � defined as � = �zz∕��� . The mean nominal axial �zz and hoop ��� stresses are calculated as follows:

�zz =
PSi + F

S
��� = P

� − 2e
2e

where P is the internal pressure and F is the axial force. � and e are respectively the tube initial outer diameter and
thickness, measured before testing by laser-scanning (BETA LaserMike, measuring accuracy of approximately 1 Âţm).
Si and S are respectively the initial inner and solid cross section of the tube perpendicular to its axis, calculated as
follows :

Si = �(� − 2e)2∕4 S = ��2∕4 − Si

6 µm

⊗Y
(axial)

X
(circumferential)

Z (radial)

Figure 2: Inverse pole figure 2D map of the crystalline orientation relative to the tube axial direction obtained from
cross-sectional EBSD analysis in the thickness of the Cr coating deposited on the outer surface of a M5Framatome cladding
tube (35nm/pixel).

Figure 3: Pole figures constructed from EBSD analysis performed on the free surface of the Cr coating deposited on a
M5Framatome sheet sample (X: rolling direction, Y: transverse direction).
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Five different biaxiality ratios are tested: ∞ (axial tension, no pressure), 2, 1 (biaxial tension), 0.5 and 0 (circumferential
tension, no axial stress). The samples are fabricated from 12.5 mm-long tubes (Fig. 4). Two conical Zircaloy-4 endcaps
are electron beam welded at the samples extremities as part of the grip system. Pressurized oil is injected via a hole
through one of the two endcaps.

20 mm 27.5 mm

70 mm

Oil

Figure 4: Sample geometry for biaxial tests.

Nominal axial and hoop strains are calculated as follows from the axial displacement ΔL and the radial displace-
ment Δ� measured by axial and radial contact extensometers (Fig. 5) :

"zz =
ΔL
L

"�� =
Δ�
�

where L = 50 mm is the gauge length of the axial extensometer. The radial extensometer is mounted in the middle of
the sample. The tests are controlled with a constant strain rate of 2 x 10-4 s-1 applied on the axial strain in cases where
� =∞ and 2 and on the hoop strain in cases where � = 1, 0.5 and 0. Maximum applied strain is 5%.

Observed
surface

Upper grip

Lower grip

Radial
extensometer

Axial
extensometer

Axial
extensometer

AE sensor

Optical lens

Figure 5: Biaxial testing setup.

During the tests, local strain field at the Cr coating surface is measured by DIC. For this purpose, high resolution
16-bit grayscale images (1600x2160 pixels, 1.625 Âţm/pixels) of the coating surface are acquired using a low noise
camera (PCO.Edge 5.5 sCMOS) coupled with a x4 bi-telecentric lens (Opto Engineering TC4M04). The use of a
telecentric lens eliminates the dependence of magnification upon the object-lens distance. The natural contrast of the
coating surface is used. Indeed, it is sufficient for DIC and appropriate with respect to the target spatial resolution.
Furthermore, an artifical speckle may conceal the cracks underneath. The acquisition rate is 10 images per second.
The observed surface is enlighten by two halogen lamps. Fig. 6 shows a typical image. The ∼2 mm-wide central
part of the images is exploited for DIC. Indeed, due to the tabular geometry and the shiny aspect of the Cr coating,
it is impossible to obtain an even illumination of the field of view. Because this ∼2 mm width is small compared to
the tube diameter, the observed surface is nearly flat. Thus, curvature is neglected and local strains are measured by
conventional 2D DIC. The CorrelManuV code [32] is used. It relies on a local approach that consists in optimizing
the local transformations of independant small correlation domains.

A preliminary study was made to choose the optimal size of the correlation domains (subsets) and to evaluate the
measurement uncertainties. It consists in acquiring images of the surface of a specimen placed in the test configuration
D.V. Nguyen et al.: Preprint submitted to Elsevier Page 5 of 23
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by applying a rigid body motion of a few hundred pixels. In this case, zero correlation coefficients and zero strains are
expected. The results showed that a size of 30x30 pixels (∼32x32 Âţm2) (Fig. 7) offers the best compromise between
precision and spatial resolution of the measurement. Zero-order transformations (pure translations) are used for DIC.
This choice is acceptable since the measured strains (<2%) and the size of the correlation domains are small. Finally, a
bilinear interpolation is chosen. This interpolation method seems to reduce the amplitude of systematic errors related
to the sub-pixel part of the displacements (maximum at 0.2 and 0.8 pixels) [33].

Only the images acquired during the first 100 seconds of the tests, during which the maximum strain remains less
than ∼1-2%, are exploited, to ensure that the error due to the variation of the distance between the sample surface and
the lens remains low (the lens field depth is 0.1 mm). This strain level proves to be sufficient for the objectives of the
study insofar as cracking saturation occurs before, as shown in the following. The error on average strain is estimated
to be about 0.01%.

Beside DIC, coating cracking is also detected by AE measurement. For this, an AE acquisition system (Vallen
AMSY-6) connected to a sensor (VS700-D) and a +34 dB pre-amplifier are used. The sensor is mounted on the upper
grip (Fig. 5). Acoustic burst signals whose amplitude exceeds a certain threshold are recorded during the tests, as
well as the energy of each recorded event. The threshold (65 dB) is determined as 6-10 dB higher than the maximum
acoustic amplitude measured during the same tests performed on uncoated tubes so that all recorded burst signals can
be related to coating cracking. To confirm this, experiments performed on uncoated specimens did not exhibit any
acoustic emission during the tests.

After testing, the specimens are observed using a 3D optical microscope (KEYENCE VHX-2000F series) at x400
magnification. To statistically evaluate crack density, images covering a large area are recorded so that a sufficient
number of cracks is captured. For biaxiality ratios of∞, 2 and 1, images of 620x10000 Âţm2 are recorded, by scanning
the surface of the tube along its axial direction at two opposite azimuths. For biaxiality ratios of 0 and 0.5, a rotation
system is set up to observe the sample surface over a complete circumference, on zones of 830 Âţm in width. The
average crack density is calculated as the ratio between the total length of the observed cracks and the area of the
observed surface (measured in the deformed configuration).

In addition, in order to observe the interface between the coating and the substrate, and the possible propagation
of cracks in the substrate, the tested tubes are carefully cut using a diamond wire then cold resin mounted. In order to
preserve the coating state during polishing, a nickel layer is deposited on the coating surface before mounting.

A
x
ia
l
d
ir
ec
ti
on

O

4,75 mm

12◦

2
mm

Optical axis

(a)

(b)

(c)

Figure 6: (a) Typical image acquired during biaxial tests, (b) grayscale histogram of the exploited zone (inside red frame
in Fig. (a)) and (c) illustration of the observed surface relative to the tube geometry.

2.3. In situ tensile test in SEM
In situ tensile tests are performed on dog bone samples (Fig. 8) cut from coated plates by wire electrical discharge

machining. Overheating and impact on coating surface are reduced as much as possible during the machining process.
In order to enhance the contrast for DIC, two 100x100 Âţm2 micro-grids made of organometallic compounds of Pt
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Initial configuration Deformed configuration

32 µm

32 µm

Figure 7: Typical subsets used for DIC for biaxial tests in the initial configuration and for 2% mean axial strain (only one
subset out of four is shown).

(grid nÂř1) and of W (grid nÂř2) are deposited on the coating surface by Focused Ion Beam (FIB) using a FEI
HeliosNanoLab 650 SEM. The grids have a step size of ∼1 Âţm and a line thickness of ∼300 nm.

The tests are carried out at room temperature inside a SEM equipped with a tungsten filament (JSM-IT300 JEOL),
using a micro tensile testing machine (Proxima model from microMECHA, 3 kN load cell). A small preload (50N) is
applied after sample mounting to garantee proper alignment. The loading is applied by controlled displacement with
a constant rate of 2 Âţm/s corresponding approximately to a strain rate of 10-4 s-1. The tests are interrupted (zero
displacement increment) 10 times at different loading levels in order to capture the initiation and evolution of coating
cracking via SEM observation.

TD

RD

(a) (b)

Figure 8: (a) Sample geometry (1.2 mm-thick) for the in situ tensile test in SEM (unit: mm) and (b) sample mounted.

The observations are made with an accelerating voltage of 20 kV. A working distance of 17.2 mm is chosen, so that
the sample surface is relatively close to the electron gun to have a good resolution, while avoiding any collision with
the testing device. The opening of the diaphragm and the beam current are chosen by trying to minimize the spurious
strains measured by DIC on two images of the grid 1, following a rigid body motion of the stage (and the specimen).

At each interruption, crack density is evaluated over a length of 4 mm along the loading direction located between
two existing defects on the coating. A high magnification (x22000) SEM image of each counted crack is taken at the
centerline of the sample width at each interruption for crack opening measurement. The lips of the cracks are detected
by locating an abrupt change in the gray level on a line parallel to the loading direction (Fig. 9). Crack opening is
measured with an uncertainty of ∼150 nm. The opening of each crack and the corresponding uncertainty are derived
from measurements made on 10 equidistant lines (spaced 0.4 Âţm apart) in each image.

The mean nominal stress is determined from the ratio between the applied force and the initial gauge section of
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1 µm

1 µm

Figure 9: Illustration of crack opening measurement from SEM images in secondary electron mode at x22000 magnification
(the measurement uncertainty is illustrated by the vertical dashed lines on the right figure).

Grid n°1 Grid n°2 No grid

Reference
state

Deformed
state

1 µm

Figure 10: Typical subsets used for DIC for in situ tensile test in SEM, in the reference and deformed configurations, in
grid 1, grid 2 and no grid regions.

the specimen (coating thickness included). The macroscopic strain is indirectly calculated by supposing that all the
plastic displacement evaluated from the force-displacement curve originates from the plastic strain of the specimen
gauge length. More precisely, it is calculated by adding the elastic strain, calculated from the nominal stress and the
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known YoungâĂŹs modulus of the Zr alloy substrate (as shown later, the coating does not have a significant effect
on the global elastic stiffness of the coated material), and the plastic strain, calculated as the ratio between the plastic
displacement and the specimen initial gauge length.

The local strain in the Cr coating is measured by DIC. For this, high resolution 8-bits SEM images (5120x3840
pixels, ∼31 nm/pixels) of the coating surface are acquired in Secondary Electrons (SE) mode before loading and at
each interruption. The sample surface altitude is adjusted after each test interruption and before images capture so that
the working distance where the images are in focus remains constant (17.2 mm). It is to eliminate artifact in strain
measurement induced bymagnification change. Fig. 10 shows typical subsets used for DIC. Subsets are centered on the
grid junctions (1 Âţm step). A parametric study has been performed to optimize the parameters used for DIC. For that
purpose, images were taken before and after having applied a rigid translation of ∼20 Âţm (∼700 pixels). It emerges
that a 30x30 pixels (∼1x1 Âţm2) subset size offers the best compromise between accuracy of the measurement and
spatial resolution. Furthermore, the smallest errors are obtained when using a bilinear interpolation. In addition to the
images of the microgrids, images of the natural coating surface without any microgrid (which show enough contrast)
are recorded. In this case, the subsets (30x30 pixels) are positioned regularly side by side. On average, the level of
error in strain measurement by DIC is smaller and less variable where micro-grids have been deposited. The standard
deviation on strain obtained after applying the rigid translation is 1.1-1.3% with micro-grids and 1.1-2.9% without.

In order to study the cracking mechanisms, the fracture surface of the coating in the necked region of the specimen
after complete failure is observed. In addition, in order to relate crack propagation to the coating microstructure,
an EBSD study is carried out in the vicinity of narrow-open channeling cracks (< 100 nm) in a chromium coating
deposited on a cold-worked and stress-relieved Zircaloy-4 substrate, cracked during an in situ tensile test in SEM. The
EBSD analysis is performed using a field emission SEM (ZEISS Sigma HD) directly on the surface of the coating,
without any surface preparation which could have changed the state of the rather thin material. Despite non-negligible
surface roughness, an indexing rate of about 70% is reached. The EBSD analysis is done in the vicinity of eight ∼20
Âţm-long cracks.

3. Results
3.1. Coating cracking as a function of stress biaxiality

Fig. 11 shows the nominal stress-strain curves obtained for the reference uncoated and the Cr-coated tubes from
biaxial tests (the stress values are normalized for the sake of confidentiality). It is shown that the 15-18 Âţm-thick Cr
coating has little effect on the macroscopic response of the tubes at room temperature. Cracking of the coating is not
visible on the macroscopic response.

The cracks in the coating are visualized by DIC through bands of localization on strain maps as shown in Fig. 12 for
the case of axial tension. Each crack appears instantaneously between consecutive images (separated by 0.1 seconds).
The evolution of crack density (obtained by dividing the total crack length by the observed area) as a function of
the applied strain (up to ∼1-2%, after, the surface moves out of the field depth) determined from these strain fields
is shown in Fig. 11. Using this method, the crack density is only measured within a relatively small surface (< 2x3
mm2) compared to the sample dimension. More global information is obtained using AE. The normalized cumulated
acoustic energy captured during the tests is also shown in Fig. 11.

The two approaches (DIC and AE) provide rather consistent results. The Cr coating starts to crack approximately
when the substrate starts to yield macroscopically. After the onset of cracking, a sharp increase in crack density is
observed. The strain-induced crack densification is then progressively slower until saturation after which no additional
crack forms with increasing load.

Table 2 reports the crack onset strains determined along the tube axial and hoop directions for all tested biaxiality
ratios. It is shown that the crack onset strain is significantly higher in the case of hoop tension (� = 0) than in the case
of axial tension (� =∞).

Fig. 13 shows the crack pattern in the coating as observed after testing. Cracks in the coating tend to propagate in
a direction normal to the direction of the maximum principal stress applied to the tubes: in the case of biaxiality ratios
equal to ∞ and 2, the cracks propagate in the hoop direction; in the case of biaxiality ratios of 0 and 0.5, the cracks
propagate rather along the axial direction, although they are slightly inclined and branched in the case of 0.5 biaxiality
ratio. In the case of equi-biaxial stress state, cracks propagate in different directions or follow a non-straight trajectory
resulting in a mud-crack pattern.

For biaxiality ratios of∞, 2 and 0, the cracks are not branched and generally parallel to each other. Fig. 14 shows
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a) α =
σzz
σθθ

= ∞ b) α =
σzz
σθθ

= 2

c) α =
σzz
σθθ

= 1 d) α =
σzz
σθθ

=
1

2

e) σzz =
σzz
σθθ

= 0

Figure 11: Crack densification determined via DIC and AE in relation to the macroscopic nominal stress-strain curves from
biaxial tests on coated (and uncoated) M5Framatome cladding tubes, for stress biaxiality ratios of a) ∞, b) 2, c) 1, d) 0.5
and e) 0. The difference of elastic stiffness observed for stress biaxiality ratios of 1, 0.5 and 0 is due to the indentation of
radial extensometers into the tube surface making the measurement incorrect.

histograms of the width of the uncracked regions between cracks at saturation. The size of the uncracked regions at
saturation is highly variable for a given sample: the largest regions are about 5-6 times greater than the smallest ones.

In terms of crack length, on the one hand, cracks propagate rather freely in the tube axial direction in the case of
hoop tension. Their length usually reaches several centimeters. On the other hand, in the case of axial tension and
biaxiality ratio of 2, cracks propagating in the hoop direction rarely cover a complete circumference of the tube. Fig. 15
shows the results of a statistical study on the length of the observed cracks. The length of the cracks is expressed by
their angle of propagation according to the tube circumference. In terms of number of cracks, most cracks propagate
up to 90Âř around the tube axis. Only a few cracks propagate beyond a full circumference. In terms of cumulative
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εzz = 0.39% εzz = 0.46% εzz = 0.52%

εzz = 0.62% εzz = 0.63% εzz = 0.74%

εzz = 0.94% εzz = 1.10% εzz = 1.25%

Figure 12: Local (Green-Lagrange) strain map in the tube axial (vertical) direction mesured by DIC at different loading
levels on a coated M5Framatome tube subjected to axial tension. Cracks are located by arrows, black and shorter when the
crack was already present in the previous step, red and longer when it is new. The average strain values measured in the
region of interest are given below the color maps.

length, these cracks propagating over more than one circumference represent a fairly large proportion. Moreover, these
long cracks show a helix-shape propagation with a pitch of about 30-100 Âţm, equivalent to an inclination of 0.05 to
0.2Âř with respect to the circumferential direction.

Interactions between the cracks and the few defects in the coating are observed: the crack may cross, propagate
under, deviate around or stop at the defect, depending on the case, as shown in Fig. 16.
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�
Axial strain Hoop strain Axial stress Hoop stress Crack density

(%) (%) (MPa) (MPa) (1/mm)
∞ 0.39± 0.01 −0.11± 0.01 1115± 38 −74± 38 8.5
2 0.34± 0.01 0.06± 0.01 1076± 38 441± 38 10.6
1 0.32± 0, 01 0.26± 0.01 1150± 38 1007± 38 18.6
0.5 0, 07± 0.01 0.33± 0.01 435± 38 1053± 38 11.2
0 −0.21± 0.01 0.48± 0.01 −318± 38 1322± 38 5.3

Table 2
Axial and hoop strains and stresses in the Cr coating at the onset of cracking and crack density at saturation for all tested
biaxiality ratios (stresses include initial residual stresses and they are estimated assuming plane stress condition and that
the coating remains elastic before cracking).

200 µm 200 µm 200 µm 200 µm 200 µm

Hoop direction

σzz σzz

σθθ

σzz

σθθ
σzz

σθθ σθθ

a) α = ∞ a) α = 2 a) α = 1 a) α = 0.5 a) α = 0

Figure 13: Crack patterns in the coating observed after testing using a 3D optical microscope. Cracks are highlighted in
red.

It is observed that the crack density is rather uniform over a 40 mm-long zone in the center of the tubes, where the
hoop strain is rather homogeneous according to laser-scanning measurements of the outer diameter performed after
testing along the tube axis. The crack density at saturation determined from the observations made over large surfaces
are reported in Table 2. The crack density at saturation is greater in the case of axial tension than in the case of hoop
tension. The crack density is greater for biaxial loading, in particular in the case of equi-biaxial loading.

Fig. 17 displays the cross-sectional observation of cracks in the coating thickness. Channeling cracks (propagation
directions parallel to the coating/substrate interface) propagate through the whole thickness of the coating but do
not significantly penetrate into the substrate (for the ∼5% maximum macroscopic strain levels applied during the
expriments). No debonding of the coating is observed.
3.2. Coating plasticity and cracking on a microscopic scale

Fig. 18a shows the force-displacement curves obtained during in situ tensile tests performed in SEM at room
temperature on uncoated and Cr-coated M5Framatome samples. The tensile test on the Cr-coated sample was interrupted
multiple times. Stress relaxation is observed during the interruptions. The test on the uncoated samples has not been
interrupted. Nevertheless, the responses of the coated and uncoated specimens are relatively similar. The difference
observed is not a priori due to the presence of the coating (as demonstrated in Fig. 11) but rather to the multiple
interruptions. Fig. 18b displays conventional macroscopic stresses and strains at each interruption in the gauge length
of the sample (15 mm). The last interruption is at about 6% of macroscopic strain.

At each interruption, channeling cracks across the specimen width are observed in the coating (Fig. 19a). These
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a) α = ∞ b) α = 2

c) α = 0

Figure 14: Histogram of the sizes of uncracked regions at saturation for different biaxiality ratios (the mean value and
values at 95% of the fitted three-parameter Weibull distribution are represented by red vertical lines).

Figure 15: Histogram of the length, expressed in propagation angle, of cracks in the coating propagating in the tube hoop
direction during axial tensile test.

cracks initiate from microcracks at the edges of the sample which stem from the machining process. The evolution
of crack density as a function of applied strain is shown in Fig. 19b. Only cracks propagated beyond the centerline
of the sample width are counted. Those remaining short and confined at the edges are excluded. The microcracks
observed at the edges of the specimen prior to the test tend to propagate during the test. However, only some of
them completely cross the specimen width. Thus, the density of cracks is greater at the specimen edges than in the
middle of the specimen, which is more representative of the case of a coating on a tube (without singularity). In
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a) b)

c) d)

50 µm 50 µm

50 µm 50 µm

Figure 16: Interaction between cracks and defects in the coating: (a) crossing, (b) propagatation under, (c) deviation
around and (d) stopping.

addition, the defects observed in the coating (Fig. 1c) are not crack initiation sites. In some cases, they even stop crack
propagation. Incipient cracking of the coating is observed at applied macroscopic strain of about 0.4%. The crack
density then strongly increases with applied strain between 0.4% and 1%. Very few new cracks are detected after 1%
of macroscopic strain. The crack density at saturation is 9-10 mm-1.

Fig. 20 shows the measured opening of a crack set systematically analyzed after each test interruption. The same
curve color was attributed in Fig. 20a to a crack set newly observed after test interruption at a given applied strain.
Those observed before and at the fifth interruption are all assigned the blue color. The initial crack opening is about
200 nm. Then, the cracks open regularly with increasing applied strain. At about 6% of macroscopic strain, the crack
opening is about 3 Âţm. On average, the strain induced crack opening evolution remains about the same regardless
of the macroscopic strain at which the cracks appear (i.e. the slopes are very similar). The few cracks observed after
cracking saturation at larger applied strain remain less opened compared to the others and contribute little to the overall
crack opening.

The contribution of crack opening to macroscopic strain is shown in Fig. 20b. The strain associated with crack
opening is defined as the ratio between the sum of the crack openings and the length along which the cracks are
measured. It is found that crack opening and intrinsic deformation of the coating both account for approximately 50%
of the applied strain. In other words, at 6% of macroscopic strain, the mean strain in the loading direction of the
remaining uncracked coating is about 3%.

The local strains measured by DIC on the coating are shown in Fig. 21. A pattern of strain heterogeneity is clearly
observed consisting of localization bands oriented at 45Âř with respect to the loading direction. The band length is
about 40 Âţm. The band width is in the order of the Cr grain size. This pattern appears from the onset of macroscopic
plasticity and remains unchanged with the increasing applied strain.

To visualize the strain distribution between two cracks, the remaining uncracked portion of the coating is divided
into strips parallel to the cracks. The mean strain within these strips is then calculated (from DIC measurements).
D.V. Nguyen et al.: Preprint submitted to Elsevier Page 14 of 23
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Figure 17: Cross-sectional observation of cracks in the coatings after tests on M5Framatome coated tubes at different stress
biaxiality ratios.

10 interruptions

(a) (b)
Figure 18: (a) Force-displacement curves obtained during in situ tensile tests performed on uncoated and coated
M5Framatome sheet samples, (b) conventional stress and macroscopic strain at each interruption during the test performed
on the coated sample.

The results are shown in Fig. 21 as strain profile according to the relative position to the cracks for different loading
levels. First, it is clear that the coating region near the cracks is less deformed. The coating strain is maximal at mid-
length between cracks and its maximum value depends on the distance between cracks. The uncracked coating is less
deformed if the intercrack distance is smaller. Second, the uncracked coating is progressively loaded after the cracking
saturation, along with the increase of crack opening. At the meso-scale, the coating strain can reach 6% at mid-distance
between the cracks, in the order of the applied macroscopic strain. It is even higher locally at a finer scale, up to 10%.

Fig. 22 shows orientation maps of the Cr coating around cracks derived by EBSD. It is found that channeling
cracks, or at least their emergence on the coating outer surface, are both intergranular and transgranular in comparable
proportions. Fig. 23 shows the misorientation angle between neighboring grains on the two sides of intergranular
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Figure 19: (a) Crack pattern highlighted in red, (b) evolution of crack density as a function of the macroscopic strain
during the in situ tensile test inside SEM performed on a coated M5Framatome sheet sample (comparison to the crack density
measured during an axial tensile test on a coated tube).

(a) (b)
Figure 20: (a) Evolution of the opening of each crack and (b) contribution of crack opening to the macroscopic strain
during the in situ tensile test inside SEM on a coated M5Framatome sheet sample.

cracks measured from EBSD data. Intergranular cracks propagate preferentially along grain boundaries with a large
angle of disorientation, greater than 20Âř.

Fig. 24 shows the fractography of the coating in the necked region after the total failure of the specimen. Features
associated with brittle failures with both cleavage and intergranular decohesion are observed. At higher magnification,
the fracture surface exhibits traces of dislocation slip.

4. Discussion
It is shown in Section 3 that there is a minor difference between the uncoated and coated material regarding the

macroscopic mechanical behavior. This is consistent with the results reported in [34] for a 5-8 Âţm-thick chromium
coating deposited by cathodic arc evaporation on a Zr1Nb substrate.

The defects are not considered as preferential sites for crack initiation as many defects in the coating are not con-
nected to any crack. Moreover, detachment of some growth defects which are on crack propagation path is observed,
due to the relatively weak cohesion of the defects with the rest of the coating. This phenomenon can contribute to
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Figure 21: Map of local strain along the loading (horizontal) direction measured by DIC on the Cr coating (sheet sample,
M5Framatome substrate) at 6% of macroscopic strain and profile of strain along the loading direction between two cracks
at different loading levels.

Loading direction

[001] [011]

[1̄11]

Figure 22: Inverse pole figure EBSD maps (35 nm/pixel) on the two sides of channeling cracks (thick black line) in the
coating on a Zircaloy-4 plate sample subjected to uniaxial tension. The color represents the in-plane (loading) direction
within the crystal system.

stress relaxation near the crack tip and slow down crack propagation.
Crack onset strains of 0.39% and 0.4% have been measured along the loading direction in the case of axial tension

on tube and on plate sample, respectively. A crack onset strain of 0.48% has been obtained along the loading direction
in the case of hoop tension on tube. These values are comparable to those reported in the litterature for other Cr
coatings, despite difference in substrate, coating thickness and deposition method: 0.41% for a 10 Âţm-thick coating,
deposited on a recrystallized Zircaloy-4 sheet substrate using a multi-arc ion plating technique, loaded under uniaxial
tension [19]; 0.35-0.45% for a 30-45 Âţm-thick coating deposited by cold spraying on a Zr-based alloy (not specified)
tested under 4-point bending and expansion due to compression, generating a predominantly circumferential loading
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Figure 23: Histogram of misorientation angles between neighboring grains obtained by EBSD on the two sides of inter-
granular cracks in the coating on a Zircaloy-4 sheet sample subjected to uniaxial tension.

Slip planes

Figure 24: SEM images of fracture surfaces of the Cr coating in the necked region of a M5Framatome plate sample failed
under in situ uniaxial tension in SEM.

of the tube [20].
The results show that the loading biaxiality has an effect on strains/stresses in the coating at the crack onset. The

principal stresses in the coating at the crack onset can be estimated by supposing that the coating remains in the elastic
regime before cracking and assuming plane stress condition. AYoung’s modulus of 290GPa and a Poisson’s coefficient
of 0.22 [9, 24] are considered. The compressive residual stresses of a few hundred MPa in average in the coating are
not taken into account so that the stress values reported include the initial residual stresses. The formula used are given
in Appendix. The results are reported in Table 2. It is observed that the Cr coating starts to crack when its maximum
principal stress exceeds a certain value of about 1100 MPa, except for the case of hoop tension (� = 0) where the
critical value is a little higher. This difference could be related to a difference in residual stresses in the two in-plane
directions.

The evolution of crack density as function of applied strain is rather similar for the axial tensile test on tube and the
tensile test on plate sample (Fig. 19b), despite a different geometry (sheet vs. tube) and a different substrate thickness
(0.57 mm coated on one side for tube samples vs. 1.1 mm coated on two sides for the sheet sample). In addition,
the loading direction is parallel to the rolling direction for the tube whereas it is perpendicular for the plate sample.
Thus, the plastic anisotropy of the Zr alloy substrate seems to have negligible effect on the strained-induced crack
densification in the coating. Higher crack onset strain and lower crack density at saturation are observed for axial
tension than for hoop tension on tubes. In addition, in the case of equi-biaxial stress state on coated tube, cracks which
propagate in the hoop direction are rather long and straight as these cracks, as shown by DIC, initiate first and are
able to propagate freely without interaction with other cracks before being connected at larger applied strain by shorter
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cracks. The plastic anisotropy of the substrate alone can not explain this difference. The fact that the Cr coating is
more resistant to formation of axial cracks than of hoop cracks can be related to a geometrical effect (the curvature of
the tube) or to non-equibiaxial residual stresses in the coating.

In the case of axial tension and biaxiality ratio of 2 on tubes, the long cracks which propagate over more than half of
the tube circumference are probably the first cracks that propagate in the coating in such a way that their propagation is
not influenced by other cracks. At larger applied strain, cracks probably tend to stop propagating when they approach
another crack nearby, due to stress relaxation in the coating in the presence of pre-existing cracks. Likewise, the
absence of narrower uncracked regions is expected to be the consequence of interactions between adjacent cracks.

The high level of strain of the Cr coating measured both directly by DIC and indirectly from the crack opening
show that, after having cracked in a rather brittle manner, the coating deforms plastically after cracking saturation. The
traces of dislocation slip planes observed in the coating’s fracture surface also show that Cr grains are able to deform
plastically to some extent at room temperature. The strain localization bands observed at the surface of the coating are
probably imposed by plastic strain localisation in the Zr-based substrate [35]. This plastic strain of the substrate is also
indicated by the relatively blunt tips of the cracks in the coating observed on sample cross-sections.

5. Conclusions
Biaxial tests (internal pressure + axial tension) with several biaxiality ratios and in situ tensile tests in SEM were

performed at room temperature on ∼0.57 mm-thick tube and ∼1.2 mm-thick sheet samples made of M5Framatome (Zr-based) with a∼15 Âţm-thick coating deposited using a particular PVD-type process. The coating cracking was studied
using high resolution DIC, AE measurement, optical microscopy and SEM observation. The Cr coating has minor
effect on the macroscopic mechanical behavior of the coated material. Channeling cracks propagate in the coating
at about 0.4% macroscopic strain under uniaxial loading. The crack onset strain depends on stress biaxiality. The
Cr coating starts to crack approximately at the beginning of substrate plastic yielding. When the maximum principal
stress component in the coating exceeds about 1075 ± 75 MPa, cracks initiate and propagate preferentially in the
orthogonal direction, from which the compressive residual stresses in the coating of typically a few hundred MPa
should be subtracted to estimate the intrinsic mean critical stress. The cracks propagate through the thickness of the
coating but do not penetrate into the substrate. The crack density increases rapidly after the first cracks appear but
reaches saturation after a few percent of applied strain. The Cr coating first cracks in a rather brittle manner and then
exhibits plastic deformation. Good adherence between the coating and the substrate is demonstrated.

The first perspective to this work would be to go further in the interpretation of the results obtained, in particular to
explain the saturation of coating cracking and to study the influences of residual stresses, plastic strain of the substrate
and plasticity of the coating on cracking. This could be done through numerical simulation. Then, the methodology
developed here could be applied to study the behavior of the coating when the cladding is loaded at higher temperatures,
especially at the cladding in-service temperature (∼ 350ÂřC). In this range of temperature, the Cr coating exhibits more
plasticity and thus higher ductility. Moreover, the effect of heat treatment and of irradiation, that should change the
materials state, is worth being considered.
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Appendix
The following formula are used to calculate the principal stresses in the coating at the crack onset (written in the

cylindrical coordinate system), where E and � are respectively the Young’s modulus and the Poisson’s coefficient of
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