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Abstract: Due to new environmental regulations, hexavalent chromium electrolytes can no longer be
used for thick, hard chromium plating. In response to this industrial and environmental challenge,
trivalent chromium electrolyte plating has been developed. In this paper, we propose a study of
the adhesion of Cr!ll coatings based on the implementation of numerical models in comparison
with an identified experimental scenario. The aim is to dissociate the influence of coating and
substrate behaviours from the adhesion work by describing the intrinsic damage of the chromium
layer and the coating—substrate interface. Two types of cracking were studied: transverse cracking
and delamination. For the former, the crack density was higher for Cr'! than for CrV! and increased
with deformation and coating thickness. Microtensile tests with scanning electron microscopy (SEM)
observations allowed us to highlight the cracking process in the coating (transverse cracking) and
at the coating—substrate interface (delamination). The numerical simulation of the test allowed us
to estimate a damage-initiation threshold normal stress of 1900 MPa, which occurred at an average
applied strain of 2.5%. Delamination of the coating was complete at an average strain of 13.6% and
an interfacial normal stress of 2600 MPa.

Keywords: coatings; trivalent chromium bath; hard chromium; tensile stress; adherence

1. Introduction

Since the implementation of the European REACH directive (Registration, Evaluation,
Authorisation of Chemicals products), which aims to ban chromium trioxide-based baths,
the search for an alternative solution has become a substantial scientific, industrial and
environmental challenge. Several lines of research are currently underway to replace
hexavalent chromium plating [1-3]. An analysis of these different alternatives highlights
two possible development paths:

- Developing and implementing new processes involving a “product/process” tech-
nological breakthrough. This is particularly the case for dry processes such as physi-
cal/chemical vapor deposition (PVD-CVD) and high-velocity oxygen fuel (HVOF).

- The implementation of processes without a tangible technological breakthrough. This
is the case for electrolytic processes, which are intended to meet the need to treat parts
with complex geometries, mainly where an internal surface is difficult to access.

The development of coatings from trivalent chromium electrolytes is a promising
alternative. The coatings obtained are generally studied from the point of view of their
performance characteristics, but their intrinsic properties remain largely unknown. The de-
velopment of trivalent chromium coatings is still under development. There is no consensus
in the literature on the electrolyte composition, with many formulations used by different
authors [4-7]. The formation of chromium coatings from trivalent chromium electrolytes
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results in coatings with lower crystallinity and hardness. In addition, their thickness is
small: much less than 100 um [7]. Their different growth mode explains these main dif-
ferences between coatings developed from Cr'! or CrV! ions. The mechanisms involved
in reducing trivalent chromium differ from those of hexavalent chromium. Hoare et al.
showed that the reduction of Cr¥! ions proceeds in several steps: Cr¥!—Cr' - CrlI - Cr?,
catalysed by the HSOy ion [8,9]. In an aqueous solution, Cr' forms a stable [Cr(H,0)g]**
complex, implying a different reduction mechanism from that in CrV! solutions. Therefore,
the use of trivalent chromium solutions requires the introduction of a complexing agent
into the electrolyte, such as formate (HCOO™) [10], oxalate (HOOC-COO™) [11], acetate
(CoH30,) [12], glycinate (CoH4NO3) [13] or even carbamate (CO,NHy) [14]. Trivalent
chromium coatings contain more dissolved gases (oxygen, nitrogen and hydrogen) than
hexavalent coatings [15]. The presence of carbon is a strong characteristic of trivalent
coatings. It will be significant for the microstructural and mechanical properties of the
coatings before and after heat treatment.

The trivalent chromium coatings studied are almost systematically amorphous or
nanocrystalline [7,15-20], rendering their characterisation even more complex. Bikulcius
measures crystallite sizes in the nanometre range [21]. A broad diffraction peak is observed
for a diffraction angle close to 45° (Cu anticathode, Ak = 1.54 A). Tsai highlights the role
of carbon in the crystallographic structure of these coatings. The author states that the
coatings have a hexagonal structure at a carbon content of 1 wt.% and are amorphous at
a carbon content of 3.3 wt.% [22]. Liang et al. show that a crystalline layer can also be
obtained from a sulphate electrolyte if the current density is low [23].

Trivalent chromium coatings generally have a lower crack density than hexavalent
chromium coatings. However, many cracks run through the entire coating thickness, a
phenomenon known as macrocracking. Bikulcius shows that adding additives to the
electrolyte reduces the deepening of cracks [21]. The density and size of the cracks decrease
with bath temperature [24]. Mahdavi believes that damage results from the inherent
brittleness of the amorphous structures [25] and a large amount of hydrogen absorbed
at the cathode, which creates internal stresses [26]. The initiation of cracks at the origin
of decohesions and their propagation kinetics in the thickness of the layers as a function
of the deformation imposed by the substrate have not been determined. To access this
information, we have developed local in situ measurements under scanning electron
microscopy (SEM). SEM allows for the better detection of cracks by coupling the different
observation modes offered by this instrument: secondary or backscattered electron. Two
types of complementary observations were, thus, developed: front-view observations,
which allowed us to follow the kinetics of damage by chromium cracking during the tensile
test, and cross-sectional observations, which allowed us to identify more precisely the
initiation and propagation of cracks in the thickness of the coatings.

To establish a quantitative criterion characteristic of the adhesion of chromium coat-
ings, we propose to implement tools to dissociate the influence of “external factors” from
the adhesion work during a tensile test. In the literature, the quantification of the adhesion
of hard coatings on soft substrates is classically determined by analytical models based
on works by Agrawal and Raj [27-30]. However, chromium’s damage mechanisms are
far from these models” fundamental assumptions. Contrary to the cases studied in the
literature, hard chromium is fundamentally cracked, which complicates the determination
of the strain generating the first transverse cracks. Moreover, these models are based
on delamination of the layer when the crack density is at its maximum. Other authors
propose studying different systems’ bond strength using finite element modelling [31-41].
In particular, Zhu et al. propose a numerical model to jointly simulate initiation and
propagation of surface-emerging cracks and coating-substrate interfacial cracks using a
cohesive zone approach [42]. More recently, Jiang et al. investigated the tensile behaviour
of a zirconium alloy coated with a chromium layer deposited by multi-arc ion plating [39].
The authors could determine a minimum interfacial fracture toughness by modelling the
coating—substrate interface.
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In this paper, we propose a study of the adhesion of chromium coatings based on the
implementation of numerical models compared to an identified experimental scenario. The
aim is to dissociate the influence of the coating and substrate behaviour (plasticity and
toughness) from the adhesion work by describing the intrinsic damage of the chromium
layer and the coating—substrate interface.

2. Materials and Methods
2.1. Coating Deposition

The coatings were performed by direct electrodeposition on a one-millimetre-thick low-
alloyed (1.6747) steel substrate (heat-treated to obtain ultimate tensile strength between 1080
and 1230 MPa) [43]. Trivalent chromium was electrodeposited in electrolytes containing
trivalent chromium salt (CrCl; H,O), glycine, sodium chloride (NaCl) and aluminium
chlorohydrate (AICl; 6H,0). The pH of the solution varied between 0 and 2. The coatings
were prepared in 85-litre tanks. All coatings were produced at a deposition rate of approx.
one micrometre per minute. After processing, all coatings were furnace-degassed at 190 °C
for 3 h to limit hydrogen embrittlement. The postprocessed trivalent chromium coating no
longer contained hydrogen but only traces of carbon [30,43]. Heat treatments at 300 and
700 °C were performed for one hour in a conventional Nabertherm N 30/85HA forced-
convection furnace without gas shielding. The surface of trivalent chromium coatings
showed a network of surface cracks (Figure 1). Multiple cracks distributed throughout the
coating and cracks crossing the entire coating thickness were observed in the cross-section.
The thickness of the coating was 51 & 1 um. The intrinsic properties of these trivalent
chromium coatings as a function of their microstructure were explained in a previous article.
Trivalent chromium deposits exhibit elastofragile behaviour. Their stiffnesses vary from
182 to 211 GPa, respectively, depending on their structure, which is mainly amorphous
in the raw state and crystalline after post-treatment at 300 °C. Their low toughness in the
raw state (1.37 £ 0.13 MPa,/m) has been attributed to their high interstitial carbon content,
destabilising the crystalline structure.

\\ . °
N .\\\; \ s -/—
EEFEE R -
=
- 500 um || o " substrate 50 um

Figure 1. Front view and sectional view of the coatings. A higher magnification observation of the
cracks present in the framed zone is also given.

2.2. Coating Characterisation

In situ microtensile tests in a scanning electron microscope (ZEISS EVO HD 15, Paris,
France) were designed and performed according to the surface preparation, the electrode-
position conditions and post-heat treatments. A Deben Microtest 5000 W tensile stage
(GATAN, Le Port-Marly, France) was used (Figure 2a). The sample geometry is detailed in
Figure 2b. The tested length was 14 mm, with a 3 mm wide and 1 mm thick cross-section.
The tested length was sized to allow the maximum displacement of the jaws to attain
fracture of the steel substrate. The crosshead speed was chosen according to ISO standard
NF EN 6892-1 and was set to 0.5 mm.min !
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Figure 2. (a) Microtensile test installed on the stage of the scanning electron microscope; (b) geometry
of the tensile specimens; observation of the samples, (c) front view and (d) sectional view; blue areas
stand for coating. The arrow indicates the direction of observation.

To analyse the cracking damage mode of coatings, observations were conducted either
on the top surface of the specimens (top view, Figure 2c) or on the edge of samples (sectional
view, Figure 2d). Surface observation of the coating during the tensile test allowed a large
area to be observed. This provided an adequate crack count statistic, which is primarily of
interest for quantifying adhesion from analytical models. However, as mentioned above,
this method does not allow direct observation of the coating—substrate interface. When
observing the surface, delamination of the coating was detected when the surface crack
was stabilised. However, the delamination mechanisms may be progressive rather than
simultaneous and cannot be identified by this observation. Thus, we chose to develop
a complementary test, allowing the simultaneous observation of the whole thickness of
the chromium coating and its interface with substrate. In this way, it was possible to
characterise the evolution of damage in the thickness of the coating and at the interface
during the tensile test.

In the broadest sense (initiation and propagation), the evolution of cracks in the
coatings during the test was quantified using SEM observations in the backscattered
electron mode. Interruptions in the test were allowed to integrate the images properly.
During these interruptions, a slight relaxation of the specimen was predicted to occur for a
short time (Figure 3). Therefore, a 30 s dwell time was defined to allow the force applied to
the specimen to stabilise before an SEM image was recorded. The test was interrupted every
0.25 or 0.5 mm of displacement. The area of interest observed by SEM imaging represented
a surface area of 7 mm? (magnification x100) for surface analysis and 0.077 mm? for
section analysis (magnification x1000) (Figure 1). A crack count along the tensile axis
was performed for each image acquired using the intercept method. For the front-view
observations, the number of cracks given as a function of the influence parameters was
determined by taking the average intersections between three lines drawn per image and
the cracks. In addition, continuous video recording of the SEM scan allowed the initiation
of layer delamination in real time. The evolution of transverse layer damage (cracking
orthogonal to the top surface) and interface damage (loss of adhesion) was followed for
the cross-sectional observations during the tensile test. Three magnifications were used
for each test, namely %250, x1000 and x2500. A secondary electron (SE) and backscatter
electron (BSD) image was taken for each magnification. The contrast and brightness of the
images were optimised to improve the grey-level distribution in the image correlation area
for the SE images and to help observation of cracks for the backscattered electron images.
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Figure 3. Tensile test on a coated sample; (a) typical force-displacement curves, showing some load
drops during dwell times; (b,c) load versus time curves showing the relaxation phenomena.

2.3. Methodology for the Numerical Simulation of the Tensile Adhesion Test

In the tensile adhesion test, the work the two adherents dissipate during their de-
formation and the relaxations generated by chromium damage (cracking) needed to be
considered. From a numerical point of view, the first phenomenon can be correctly mod-
elled by choosing rheological models adapted to the coating and the substrate. The second
can be described by fracture mechanics or damage models such as the virtual crack closure
technique (VCCT), extended finite element method (XFEM), cohesive zones, etc. In this
work, the crack propagation will be considered through the implementation of cohesive
zone models (CZM), which allow the translation of the loss of properties of a stressed
interface. The numerical integration of these models will be carried out by using cohesive
elements for the crack initiation/propagation within the chromium layer (vertical crack).
In the case of delamination of the coating, i.e., when a crack propagates at the interface
between the chromium layer and the substrate (horizontal cracking), we have chosen to
use cohesive surfaces. They allow better management of the interfaces, especially when we
do not want to assign a thickness to them. The behaviour of adhesive surfaces and cohesive
elements is similar. In both cases, the damage is modelled by a traction—separation law [44].

When analysing the delamination of a coating from a discontinuity, i.e., a normal
crack in the layer, it appears that the propagation mode is usually mixed and in varying
proportions depending on the geometric configuration of the system and the distance from
the crack tip to the free edge [44,45]. The combination of modes I and II is considered by
implementing an initiation criterion and a mixed propagation criterion. The Benzeggagh—
Kenane criterion [46] is typically used when the critical shear failure energies in the two
plane directions are identical. The parameter # that drives the mixed mode during the
damage evolution phase is often set to 1. Since we do not have a test that allows us to
independently determine the initiation stress of mode I and mode II, these stresses are
assumed to be equal.

The parameters of the cohesive zone behaviour model for the simulation were eval-
uated by fitting a tensile test observed in a transverse view. The chosen experimental
condition corresponded to chromium plating using Cr formulation under standard con-
ditions. This condition showed adhesive failure at a local strain of 13.4%, corresponding
to the average of all strains along the tensile axis determined by digital image correlation.
This event determined the threshold stress for “cohesive surface damage” (chQ). Since no
experimental test was available to decide on the total energy required to break the cohesive
surfaces, this value was equal to chromium’s intrinsic toughness.

The damage-initiation stress parameters for surfaces and cohesive elements were
recalibrated by a trial-and-error method to match the experimental and simulated substrate
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deformation. For cohesive surfaces, failure was considered to occur when at least 80% of
the surface was delaminated.

The numerical model developed was a two-dimensional model of the same size as the
experimental observations, i.e., 240 um by 320 um. The layer thickness was 70 um, and the
test was strain-driven by controlling the displacement of the right edge of the modelled
substrate (Figure 4). The model was simplified for the geometric description of the cracks.
The cracks were straight and regularly spaced. The initial through-crack was modelled
by splitting the nodes into the lines representing the cracks. The spacing between initial
cracks was 80 um. Cracks not yet open in the chromium coating were modelled by placing
cohesive elements of type COH2D4 (Abaqus/CAE 2021). These elements had a width
of 0.5 um and a length of 1 um. By experimental observations, the distance between the
cohesive zones and the initial cracks was 40 pm. Therefore, the initial spacing between
each crack was 80 um. The bond between the coating and the substrate was modelled
by a cohesive surface (here, the line in red (Figure 4)). The mesh was created outside the
cohesive areas using planar 4-node quadrilateral plane stress elements CPS4. The size of
the elements in the coating was 1 x 1 pm. Refinement was performed in the substrate to
limit the model’s size and, thus, the computational time. The complete model consisted of
26,000 elements.

Through-crack

Cr Cohesive surface

Steel |»

Y

L )

Figure 4. Construction of the numerical model; mesh and boundary conditions of the 2D model of
the tensile test of coated specimens. The substrate is blue, the chromium coating is grey and the green
lines show pre-existing cracks.

The behaviour of the 1.6747 substrate was of the elastoplastic type, considering non-
linear isotropic strain hardening. Tensile tests were performed for the characterisation.
Young’s modulus was 210 GPa, and the yield strength was 800 MPa. The strain-hardening
model was defined by considering all points of the rational stress—strain curve. Poisson’s
ratio was assumed to be 0.33.

The chromium layer was of the elastic—fragile type. The parameters describing its
behaviour were derived from the determination of the intrinsic properties of the coating
presented in [43]. Young’'s measured modulus was 180 GPa, and the yield strength was
5 GPa. Poisson’s ratio was assumed to be 0.21. The intrinsic cracking of the layer was
modelled by cohesive zones whose behaviour was described by a threshold stress and
a mode I degradation energy. In the absence of precise information, the mode I fracture
energy was determined from the intrinsic chromium toughness K;c = 1.37 MPa+/m and
the classical equation (Kjc = \/EGc/(1 — v?)) in the same manner as Sebastiani et al. [47].
The mode I fracture energy was then Gc = 10 J.m 2.

3. Results
3.1. Damage Mechanism of Hexavalent Chromium Reference Coatings

The evolution of cracking during the tensile test was compared between the deposition
of hexavalent chromium CrV! and that of trivalent chromium Cr'!. The typical evolution of
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chromium cracking during the tensile test is shown in Figure 5. Four stages of cracking can

be defined:

- The initial state, corresponding to the density of cracks in the coating before loading;

- Initiation, corresponding to the appearance of additional cracks perpendicular to the
tensile axis;

- Crack propagation, corresponding to the evolution of the crack rate during the test
(always perpendicular to the tensile axis);

- Stabilisation, which indicates the end of the crack density evolution.

S8 . a
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=
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Figure 5. Evolution of Cr''! (a~e) and Cr"! (f-j) chromium coatings cracking during the tensile test at
different characteristic steps. SE microscopy. An observation of the cracking, at higher magnification,
of the framed zone is also given for each level of deformation.
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In both cases, an increase in crack density was effectively observed from the first
stages of substrate deformation. This density then increased as the imposed deformation
increased until it stabilised (Figure 6). Hexavalent chromium reached its maximum crack
density between 2 and 4% strain, while trivalent chromium stabilised at around 7%. The
minimum crack spacing (A), the length between each crack when the maximum cracking
rate is reached, also differed between these coatings. Hexavalent chromium stabilised at
a A value of 60 um, while trivalent chromium stabilised at a A value of around 30 pum.
This difference could be attributed to the differences in intrinsic mechanical properties
between these two types of coatings. Indeed, Cr'! coating has been shown to exhibit
brittle behaviour with much lower toughness than hexavalent chromium, with values of
1.37 MPa,/m and more than 5 MPa,/m, respectively [43].

120
100

80

VA

\{\l\. crv
T 1

60 —1

-

40
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Mean distance between cracks A (um)
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10 15
Substrate strain (%)

Figure 6. Evolution of crack distance of Cr'l' and Cr¥! coatings during the tensile test.

3.2. Damage Mechanism of Trivalent Chromium Coatings

The crack evolution was characterised by different thicknesses of trivalent chromium
coatings developed under the same conditions (Figure 7). Only the deposition time was
varied to obtain coatings of different thicknesses. Regardless of the thickness of the coatings,
the crack density increased with the applied strain rate. However, it was evident that the
crack density varied with the thickness of the coatings for a given strain rate.

120
E
= 100
1
2
8 80
5
c
o
E 60
s 100 um
el
(]
g 40 50 um
g
T 20 T ~— 10 pm
g —
(]
2
0 2 4 6 8

Substrate strain (%)

Figure 7. Evolution of the cracking of Cr'!! trivalent chromium coatings during the tensile test as a
function of the coating thickness.
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The initial crack density was highly dependent on the thickness of the coating. The
crack density of the 10 pm thick coating was 3.5 times greater than the 50 um thick one,
while it was five times greater for the 100 um coating. However, the increasing strain
imposed by the substrate during the test tended to reduce these differences. A significant
increase in crack density was observed for the 100 um coating, in contrast to the 10 pm
coating, which evolved very little. The crack evolution of the 50 um coating was intermedi-
ate between that of the other two coatings. Therefore, the cohesion of chromium is strongly
influenced by its thickness.

3.3. Damage Mechanism of Trivalent Chromium Coatings Post-Heat Treatment

The influence of the post-heat treatment on the evolution of surface cracking of
chromium during the tensile test was also characterised. For this purpose, three post-
heat-treatment temperatures (300, 500 and 700 °C for 1 h) were studied and compared with
the average curves obtained without heat treatment under standard conditions. The results
are shown in Figure 8. The crack density for a 7% substrate strain decreased slightly with
increasing heat-treatment temperature. The evolution of the crack rate seemed to follow
the same tendency, regardless of the condition tested for strains between 1 and 7%. On
the other hand, in the early stages of deformation, the specimens subjected to post-heat
treatment at 300 and 700 °C showed a stable crack density (up to 0.7% substrate strain).

70

T 100 2
= *300°C % z
< 90
N £500°C % = 60
S £ =
s 80 +700°C £
Q w o
€ 70 | %190°C 26
T 60
e L 45
§ 50 0 i 2
© Substrate strain (%)
B 40
T
L
S

20

0 2 4 6 8

Substrate strain (%)

Figure 8. Evolution of cracking during tensile testing of Cr'll trivalent chromium coatings as a
function of post-heat-treatment temperature.

The authors’ previous work shows that the application of heat treatment reduces
the level of residual stresses in these coatings, where they can vary from 479 MPa for
untreated amorphous samples to low compressive stresses after 1 h at 700 °C [48]. Therefore,
the stresses in the layer are lower than for the degassed specimens. A more significant
deformation of the substrate would consequently be necessary to reach the same stress level
in the coating and, thus, cause its cracking. This could partly explain this phenomenon. In
addition, they also show that chromium crystallisation occurs at temperatures between 250
and 300 °C. Microstructural rearrangements are, therefore, expected, and in particular, we
were able to show a significant gain in the intrinsic toughness of chromium toughness from
1.37 to 2, for example, for a treatment at 300 °C [49]. This could also contribute to delaying
the damage of the layer during these first levels of substrate deformation. However, this
“delay” in damage was not observed for the specimen treated at 500 °C. Nevertheless,
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a slight increase in crack density was observed for the first few strains. In this case, we
assume that the carbide precipitation leading to the hardness peak could accentuate the
brittleness of the coating. This would not allow it to accommodate the deformations.

3.4. Study of the Evolution of Cracking in the Thickness of Coatings

First, to link the observations conducted on the surface and in the slice, tests were
performed by tilting the specimen in the SEM by 50°. This orientation of the specimen
allowed simultaneous observation of the cracks on the surface and in the thickness of
the coating. Figure 9 shows a sequence of observations obtained by scanning electron
microscopy as a function of the deformation imposed. These observations, obtained by
scanning electron microscopy, were carried out in the same zone to follow crack initiation
and propagation as a function of the imposed deformation level. The same area was
observed for two magnifications (x150 and x750) for each deformation level. Several
conclusions can be drawn. First, these observations confirm that the cracks initiated and
propagated mainly in the direction perpendicular to the tensile stress direction. On the
other hand, pre-existing cracks appeared to play a role in crack initiation during the tensile
test. Only transversely oriented precracks developed or joined during the tensile test
(Figure 9: blue arrow). The large precracks, which initially extended through the thickness
of the coating, continued to grow as a function of the imposed substrate deformation
(Figure 9: yellow arrow). Finally, the cracks parallel to the load widened only after the
specimen had been stressed (Figure 9: orange arrow).

T

é) N
y
/@

2

Figure 9. Illustration of the cracking evolution observed in a 50°-tilted view for two magnifications
(x150 and x750): Cr'f coating, steel substrate. SEM microscopy. Yellow, blue and orange arrows
indicates pre-existing cracks with different behavior (see text).
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Further tests allowed us to determine the crack propagation through the thickness
of the coatings. A sequence of SEM micrographs taken from the specimen section during
the tensile test is shown in Figure 10. Cracking began at an initial crack near the interface
and propagated toward the coating surface (Figure 10: blue arrows). A selection of initial
precracks occurred. Initial cracks close to a crack propagating toward the surface were
‘stable’ up to a given level of strain (Figure 10: yellow and orange arrows). They could
also create a new through-thickness crack and, thus, reduce the mean crack gap previously
measured at the surface (Figure 10).

1 2 3
Displacement (mm)

| i | Foell

Figure 10. Illustration of the typical evolution of a crack during the tensile test observed in cross-
sectional view: Cr'!l coating; steel substrate. Backscattered electron microscopy.

To confirm the mechanism involved in crack propagation through the coatings’ thick-
ness, a quantification of crack density as a function of distance from the interface was
performed. For each test, the crack density was measured for three positions from the
coating/substrate interface: a first reading just under the top surface, a second at half-
thickness and, finally, a reading just above the interface (Figure 11). The crack density was
minimal near the substrate/coating interface and increased toward the top surface. The
average spacing between cracks was approximately 20 microns at mid-depth and 10 to
15 microns near the interface. These averaged values, which are very close, changed little
as a function of the imposed strain. The situation was quite different for cracks located near
the top surface of the coatings. For the latter, the initial average distance was higher than
100 microns and decreased to 40 microns for an imposed substrate strain greater than 6%.
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Figure 11. Cross-sectional and front-view cracking evolution for a 100 pm thick CrB trivalent
chromium coating on 1.6747 substrate.

These changes in crack density across the thickness of the coatings confirmed the
crack injtiation and propagation patterns previously observed under tensile loading. The
strain imposed on the coating by the substrate appeared to “activate” the propagation of
some pre-existing cracks near the interface. Their number depended on the average strain
rate of the substrate. To understand why only a few cracks among all those present at
the interface propagated, local strain measurements of the substrate were performed by
image correlation.

Figure 12 shows the typical evolution of the substrate strain during the tensile test. The
use of natural speckles on the 1.6747 alloy allowed the use of image correlation at different
magnifications. At x2500 magnification, the spatial strain resolution (Rse) was lower,
allowing a more localised description of the strain distribution. During the tensile test,
shear bands were observed in the plasticity region. They manifested as strain concentrations
in the form of bands oriented approximately 45° to the tensile axis in the substrate.

The slip bands rejoined at the open cracks near the chromium-substrate interface.
Strain appeared localised only in the shear bands, relaxing the surrounding areas. The
result was a considerable heterogeneity of strain along the interface. We show that the
uniaxial tensile test does not allow the imposition of a homogeneous substrate strain in the
plasticity domain of this type of substrate.

This heterogeneity of the substrate strain hypothetically explains the saturation phe-
nomenon of the surface crack rate observed in the previous paragraphs. Indeed, despite
the increase in the strain in the homogeneous plasticity domain of the substrate and the
absence of chromium adhesion losses, we observed a stabilisation of the surface crack
density for both hexavalent and trivalent chromium.

Therefore, we can hypothesise that when the substrate enters the plasticity domain,
stress concentrations are located at the interface at the level of the cracks. These concen-
trations will select the activation of slip bands near the interface. The high strains near
the cracks with stress concentrations will cause the cracks to open at the intersection of
the bands. As the tensile test continues, new cracks open under the stress imposed by the
substrate strain at the interface. Eventually, the stresses concentrate only in the shear bands,
relaxing the surrounding material and preventing new cracks from opening. As a result,
the deformation is concentrated only in the shear bands, causing the cracks to widen and
stopping the propagation of the surrounding cracks.
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Figure 12. Strain fields in the substrate near the interface along the tensile axis. Magnification x 1000
(Rse 7.3 um) and %2500 (Rse 2 um).

3.5. Estimation of a Numerical Adhesion Criterion

The cross-sectional view configuration was used to develop a 2D numerical model of
the test. This configuration is advantageous because it allows simultaneous observation
of the interface and the evolution of the crack in the chromium. Therefore, it was used
as a comparative experimental scenario to evaluate interface delamination. The front-
view configuration was used to define the cracking rate in the chromium layer, as this
configuration provides better statistics.

The results of the recalibration of the numerical model parameters are presented in
Figure 13. These results were compared with the experimental observations carried out on
the cross-section by scanning electron microscopy. In the initial state, the level of residual
stresses led to the failure of the first node of the cohesive surface at the crack tip (Figure 13).
This was due to locally generated stress concentrations. As the test proceeded, new crack
initiation was observed at a substrate strain of approximately 2.5%. The stress level (in
mode I) at the onset of cohesive element damage (cracking in chromium) was recalculated
from this event. A threshold stress of 1900 MPa was determined. The generated cracks
propagated from the interface to the surface by experimental observations. For a strain of
6.6% applied to the substrate, 50% of the chromium-steel interface was fractured, and the
cracks propagated 81% within the thickness of the coating. Finally, for a strain of 13.4%
imposed on the substrate, 80% of the chrome-steel interface was fractured. We considered
the interface failure to be complete at this point. This second event allowed us to reset the
stress that initiated the first cohesive surface damage to a value of 2600 MPa.
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Figure 13. Comparison of experimental and numerical simulation results (stresses are expressed
in TPa).

4. Conclusions

This work is placed in the general context of developing chromium-plating processes
using Cr' ions instead of CrV! ions, which will soon be banned by the European REACH
directive. Based on experimental and numerical studies, this paper presents a study of the
adhesion of Cr'!! coatings on a steel substrate. We developed local in situ measurements by
means of SEM. The initiation of cracks at the origin of decohesions and their propagation
kinetics in the thickness of the layers as a function of the strain imposed by the substrate
were determined. Front-view observations allowed us to follow the kinetics of chromium
cracking damage during the tensile test. The crack density was higher for Cr'!! than for CrV!.
In both cases, it increased with the strain and stabilised at a value of 7% for the former and
2 to 4% for the latter. The intercrack space was then 30 and 40 um, respectively. The density
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of the cracks at the beginning and after loading depended on the thickness of the coating
and was higher the thinner the coating became. The cross-sectional observations allowed
us to identify more precisely the initiation and propagation of cracks in the thickness of the
coatings. The observations allowed us to specify the respective roles of the different pre-
existing cracks in the damage kinetics. An important role was played by the pre-existing
cracks located at the substrate-layer interface. We have also shown that the presence of
cracks favoured the localisation of plastic shear bands in the substrate, which, in turn,
favoured the opening of certain cracks. The numerical simulation of the test allowed us to
estimate a damage-initiation threshold stress of 1900 MPa, which occurred at an average
applied strain of 2.5%. The delamination of the layer was complete at an average strain of
13.6% and a threshold stress of 2600 MPa.
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