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Highlights

Highlights:

e Asimple analytical method has been developed to characterize residual stress.

e The analytical method is versatile and suitable for thick, thin, mono or multilayers.

e The method was successfully applied to coatings deposited by Physical Vapour
Deposition involving a High Power Impulsed Magnetron Sputtering and sol-gel.

e Coatings studied are interesting for anticorrosion applications.

o Links were made between residual stress and the structure of the coatings.
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Abstract

This paper develops a simple and versatile analytical method for characterizing residual
stress associated with the deposition of thick, thin, single and multilayer coatings. This study is
of great importance, since the generation of residual stress can lead to the formation of
significant defects in the coating. To illustrate the effectiveness of our analytical method, two
different processes were characterized. The coatings formed are intended for anti-corrosion
applications. The first is a Physical Vapour Deposition (PVD) involving a High Power Impulsed
Magnetron Sputtering, the second is a sol-gel process. The approach is based on the optical
recording of the curvature of a thin substrate, followed by its assessment using a fit of the
digitalized image by a parametric model. The results provide experimental data on the
development of stress during deposition. Both coatings studied have a low level of residual
stress, which explains why they are flawless and which is interesting for the targeted anti-
corrosion application. For the PVD coating, it was possible to link the development of the stress

to the evolution of the film structure during growth. For the sol-gel process, the study of the
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stress allowed us to highlight the drying reaction mechanisms involved during the sol-gel

transition and their influence on the gel structure.

Keywords: Residual stress, Multilayer-coating, Physical Vapor Deposition; High
Power Impulsed Magnetron Sputtering, Sol-gel, Process monitoring,
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1 Introduction:

The development of residual stress related to thin film deposition is widely documented
in literature. Such stress depends on many variables related to the process and materials used.
In some cases, they may reach the tensile strength of the bulk material [1]. Studying the transient
mechanical state of samples during manufacturing often explains the origin of a certain number
of defects such as buckling, delamination [2] or cracking [3]. It is also possible to characterize
the residual stress level of the interface within a multilayer system [4] or explain, with
mechanical consideration, the evolution of the coating microstructure [5,6]. Depending on the

applications, several approaches were proposed to characterize the magnitude of stress level.

X-ray diffraction is an effective method for quantifying the level of residual stress in
only crystalline materials [7]. This approach is based on the use of inter-reticular distance as a
strain gauge and on the shift of the diffraction peak of a chosen plane when it is affected by
stress. However, this method is dependent on the penetration of X-rays into the material, which

can complicate the analysis of thick and multilayer films.

The equation introduced by Stoney [8] is also often used. In this case, the measurement
is based on determining the radius of curvature of a sample before and after the deposition. This
model requires several hypotheses, not always fulfilled in the literature: the thickness of the
deposited layer is required to be much smaller than that of the substrate, the substrate and the
coating are both homogeneous and isotropic, the curvature resulting from the stress is uniform,
the longitudinal dimensions of the system (layer(s) and substrate) are much greater than its
thickness. If these requirements are met, we can calculate the average stress in the layer thus

(equation ((1)):
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With or the average stress in the layer, Es and vs respectively the Young's modulus and
Poisson's ratio of the substrate, ts and t the thicknesses of the substrate and the layer, and R:
and Ro the curvature radii of the sample measured experimentally after and before the
deposition. This method does not enable the estimation of the stress profile through the
thickness of the coating. However, this information can be important. In fact, a slightly curved
sample will have a low average residual stress, but this can be linked to two contributions that
counterbalance each other: one in traction and the other in compression. The non-homogeneity
of coatings along the thickness has been reported for example in Djouadi et al.[9]. In this study,
the dynamic stress profile during the deposition of boron nitride films was performed. Results
showed an increase in stress in the first hexagonal layer, followed by a stress relaxation as the

cubic phase appeared.

These two methods are the most widely reported, although other techniques have been
developed in order to overcome some limitations. For example, the incremental hole-drilling or
layer-by-layer ion erosion methods can be used to plot the stress profile in the thickness of the
coating [10]. Another, more direct method is the use of grazing incidence X-rays diffraction
[11], but this technique is not suitable for amorphous materials. Finally, when the measurement
of the radius of curvature cannot be performed and the use of a destructive method poses no
problem, indentation of the coating may be a solution [12]. This indirect method still requires
an analytical model. However, none of these conventionally used methods makes it possible to

retrieve or to extract the stress profile in multilayer coatings, deposited on thick substrate.

In this article, a simple and versatile analytical method suitable for thin (<1 um) or thick
film and multilayer or monolayer coating was carried out to characterize the stress occurring in
a film prepared by a Physical VVapor Deposition (PVD) and a chemical process (sol-gel). These

4
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coatings aim to be used as surface treatment of steel before the application of anti-corrosion
paint. They are intended to increase the barrier effect, on the one hand, and to improve the
adhesion of the paint film, on the other hand. The final goal of these treatments is to increase
the durability of the entire system in order to limit the maintenance phases. A precise
characterization of these surface treatments is necessary to assess their relevance. As explained
above, stress plays a key role in the coating durability. Since stress is mainly developed during
the manufacturing stage, this study focused on the evolution of stress during the process. Stoney
or XRD methods are not relevant to assess stress in these films because the PVD coating is
multilayered, the gel is thick and not crystallized respectively. Therefore, we developed an
alternative method based on the assessment of curvature and its modeling through an analytical

method.

Thus, using an optical measurement of the sample curvature, an analytical model was
developed to assess the stress field induced in each layer. It is based on the prediction of residual
thermal stress level in multilayer coating systems [13]. Here we propose to introduce in the
analytical model a fictive (numerical) temperature difference to have access to the residual
stress. By implementing this analytical method, we could establish that the incorporation of an
intermediate layer limited the interface residual stress and therefore the interface loading [4].
In this study, this analytical method was applied to assess the evolution of residual stress
occurring during High-Power Impulse Magnetron Sputtering (HiPIMS) and sol-gel processes.
The validity and quality of the results are discussed with the literature and previous results
based on other characterization techniques [14]. This provides experimental data on the

development of stress related to sol-gel and HiPIMS deposition processes.
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2 Method:

2.1 Deposition of coatings
2.1.1 Substrate Preparation

Low carbon cold-rolled steel sheets (30 pm thick) were cut to produce rectangular
substrates: 20 mm long and 2 mm wide. This geometry was chosen to get a measurable
curvature due to stress development. The sample must be sufficiently thin and long enough to
have a measurable (sufficiently large) curvature. A strip-shaped geometry (smaller width than
length) leads to unidirectional curvature. This curvature is large enough to be evaluated by
stereomicrography. Substrates were cleaned in an ultrasonic bath for 10 min in ethanol before
PVD process to remove organic species. For the sol-gel process, they were cleaned with a dilute

phosphoric acid solution, rinsed with warm water (60°C) and dried with compressed air.

2.1.2 Nickel and Nickel Oxide Deposition

Table 1: Deposition parameters for the PVD process in High-Power Impulse Magnetron Sputtering (HiPIMS) mode.

Step No. 1 2 3
Material Ni Ni NiO
Step duration 20 min 20 min 20 min
Substrate to target distance 80 mm
Diameter / thickness of the target 75/3 mm
Target purity Ni 99.9 %
Residual pressure <110°Pa
Temperature Room
temperature
Frequency 1 kHz
HiPIMS alimentation Pulse width 30 ps
Power supply 300 W
Bias voltage for step 1 - 600 V
Bias voltage for steps 2 and 3 -50V
Argon flow 10 sccm
Oxygen flow for step 3 5sccm
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Working pressure for steps 1 and 2 0.4 Pa

Working pressure for step3 0.6 Pa

Thin films were grown in a PVD system with HIPIMS (High Power Impulsed Magnetron
Sputtering) power supply. All these protocols have been described elsewhere [4,15]. The
process includes three steps, which lead to the following stacking:
Substrate/nickel/nickel/nickel oxide. The first sputtering step improves the adhesion between
the substrate and coatings. Applying a high bias voltage to the substrate creates an interface
mixing thanks to ionic implantation. This step also decreases the amount of surface defects by
ionic peening. During the second step, a dense nickel layer [16] is deposited to minimize the
oxidation of iron by preventing the diffusion of corrosive species. The last nickel oxide layer is
an electronic insulating barrier [17]. The nickel oxide was obtained with an oxygen flow rate of
5 sccm that increased the working pressure from 0.4 Pa to 0.6 Pa. The coating was maintained
at room temperature for at least one hour before characterization. All the deposition parameters

are summarized in Table 1.

2.1.3 Siloxane Surface Treatment

The surface treatment used is a hybrid organic-inorganic gel deposited before painting.
Condensation reaction between hydroxyl groups present on the surface of the metal and
hydrolyzed precursors creates covalent bonds between the substrate and the gel that promotes
adhesion. The organic part of the gel reacts with paint primer to form chemical bonds that

increases adhesion between gel and paint.

Glycidyl 3- (trimethoxysilyl) propyl ether (GLYMO), zirconium (1V) tetra-1-propoxide

(ZrTPO) were stirred in hydroalcoholic solution for one hour to create the sol. This solution
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was sprayed to the surface and dried in laboratory conditions (temperature of 22°C and relative

humidity of 50%) as described previously [14].

During the sol drying, as well as during PVD process, stress is appearing. Without control,
it could lead to defects or failures in the coating. This would be disastrous for the anti-corrosive
application. To this end, stress evolution was monitored. Thus, substrate curvatures were

measured and an analytical model presented in the next session was applied.

2.2 Stress characterization
2.2.1 Introduction

Experimental Analytical Model
=
v

‘ Residual Stress ‘ ‘ Residual Stress ‘

- = — 1

‘ Minitnisation : (Kexp —Knod?

Residual Stress Calculation
— — Optical measurement

Fig. 1. Flow chart linking the measurement of curvature with the analytical method of calculating the residual stress,
with Kexp: experimental curvature (green dotted box) and Kmod: analytical model curvature (orange dotted box).

The thermomechanical model introduced by Zhang et al. [13] calculates the residual
stress associated with the application of a temperature difference on systems composed by a
thin substrate and multilayered coating. Due to the different material parameters, this
temperature difference causes a curvature of the sample linked to the creation of thermal

residual stress.

In this study, coatings were deposited at room temperature. Thermal stress is considered
to be negligible. The curvatures measured experimentally are therefore associated only with the

growth process.
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Thus, as a refinement of Zhang’s model, a fictive (numerical) temperature difference was
adjusted in the model to reproduce the experimental curvature (Fig. 1). Then the residual stress
was calculated in each layer thanks to the analytical model detailed in the following part. This
one requires the material parameters and the experimental curvature as input data and allows
the numerical temperature difference as variables to be fitted. Intermediately the experimental

curvature, Kexp is fitted to the analytical model curvature, Kmod by least-square minimization.

2.2.2 Analytical Model

When a temperature difference is applied, substrate and coating are strained. The thermal
strain as AT and ai AT appear in the substrate (noted with a s index) and in the layers (noted
with an i index) of the coating which is composed of n layers. To satisfy the conditions of
continuity at the interfaces, thermal stress field is generated, which induces the curvature of the
coating/substrate system. The relationships between strain and stress can be expressed using

Hooke's law and the balance of forces and moments, as explained elsewhere [13].

Finally, the residual stress can be expressed by equation (2) for the layers i and for the
substrate s. The term Kmod(z+d) corresponds to the strain due to the induced bending &(Kmod).
To calculate this strain the position of the neutral axis ¢ must be determined according to
equation (3). The strain due to thermal expansion &' are detailed in equations (4) and (5). The

sample curvature Kmod is oObtained using equation (6).

015(2) = Ey (€ + Kmoa (2 + 6))

5= Ets® — Yy Et;(Qhi_q +t;)
2(Ets + X1, EL;)

)

@)
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In the equations above, Kmod (M™) represents the sample curvature, z (m) the position in
the sample relative to the interface between the substrate and the first layer, 6 (m) the position
of the neutral axis, t (m) the thickness of the layer, h (m) the distance between layer i and the
substrate. o (°C™?) represents the coefficient of thermal expansion, ' the thermal strain, E (Pa)
the Young's modulus, k the number layer (from 1 to n) and AT (°C) the adjusted numerical

temperature difference.

Equations (2) to (6) are used to calculate the development of residual stress during the
sol-gel transition or during the growth of the nickel and nickel oxide layers. They are calculated
for different heights z in the substrate and in each layer(s). Depending on the thickness, the
interval between two successive heights is adapted in order to keep a number of calculation

points equal to 50.

2.2.3 Materials Parameters

The nickel and nickel oxide coating thickness were determined by profilometry on a
control sample with a contact Dektak 8 Bruker profilometer. The gel thickness was measured
after drying by analyzing the sample section using a Zeiss EVO 40 Scanning Electron
Microscope operating at 20 kV. From this final thickness, the variation during the sol-gel

transition was calculated from gravimetric monitoring given that the relationship between mass

10
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and volume variation is proportional. This hypothesis is consistent with the observations of

Brinker and Scherer carried out on sols in acidic catalysis [18].

The elastic modules were measured by tensile tests for the steel thin sheet and by nano-
indentation (Fischerscope ® HM2000 nanoindenter) for all the materials using Oliver and Pharr
method [19]. The Poisson coefficients as well as the thermal expansion coefficients were
extracted from the literature [20-24]. The measured parameters are consistent with those of
various literature publications. In particular, Dominguez-Rodriguez and Castaing [20] reported
a modulus of elasticity for single crystals of nickel oxide identical to the present ones (31.2
GPa). Furthermore, the elastic modulus of steel measured by uniaxial tensile test is identical to
that measured by micro-indentation (182 GPa). All the used parameters are summarized in

Table 2 and were considered to be constant during the process in a first approximation.

Table 2 : Material parameters for substrate and for each layer. ) Commonly used values.

Steel Ni NiO Sol-gel
Elastic modules E [GPa] 182 335 31.2 4.7
Poisson Coefficients | v [ 030 0,3[21] 0,3[21] 0.5[22]

1310 | 17100 | 1.110°
°[24] °[21] ‘(23]

Thermal expansion

°C*t 50
coefficients * [°’C | 1110

2.3 Experimental setups
2.3.1 PVD process characterization

The study focused on both the origin of the residual stress as well as on the relationship
they have with the polycrystalline microstructure of the film. In order to track the evolution of
the residual stress of the coating during deposition, 11 different samples were deposited for
durations ranging from 5 to 60 min. The curvature of the 11 samples was determined by image

processing of the cross section using ImageJ software [25]. The trace of the cross-section is

11
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recovered in an x, y frame (with x and y representing vertical and horizontal positions) as a set
of (x,y) data denoted sample displacement field. These data were plotted and they are then fitted
using a second-degree polynomial. The curvature of the cross-section, Kexp, is calculated thanks

to the equation (7). Where y”and y” are the first and second derivatives of y, respectively.

II|

ly

=+ 2 v

Finally, the analytical model curvature Kmod, described in equation (6), is adjusted to match
the experimental curvature Kexp, by least-square minimization with the numerical temperature
difference, AT, as variable. The average stress level was calculated from the overall curvature
generated by the deposit and the material parameters of the different layers, as input data. The
incremental stress was also calculated according to the equation used by Abadias [26] to follow
the instant evolution of stress. This incremental stress is representative of the change due to the
last deposition layer produced or to the relaxation of the underlying film. The relationship
between average stress & and in-plane stress at height z from the substrate o, (z) is given by

the equation (8), with t the coating thickness.

1 [t
0==— oxx(2)dz (8)
tr Jo

The stress evolution as a function of time is calculated from equation (9). The first term
corresponds to the addition of a new layer with a stress of oxx(tf). The second part of the equation
is linked to a change in the film already deposited (stress relaxation for example). By assuming

that the stress of the deposited layer does not change with time, this term can be disregarded.

12
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dz 9)

dot dt b 00,y (2)
f _ _f XX
a =Wy +f0 at

The incremental stress is then calculated by deriving, with respect to the deposit
thickness, the product of the average stress and the deposit thickness (product called
stressxthickness) (equation (10)). The stressxthickness evolution is often presented in the
literature as a function of the coating thickness. In case the stressxthickness is linearly
dependent upon the coating thickness, this type of graph enables the extraction of the

incremental stress which is equal to the slope of the plot.

d(5t
Oue(t) = Ezatff ) (10)

In this study, the stressxthickness product is only calculated for PVD coating. In fact,
for the sol-gel process stress is not linked to a growth mechanism but to drying-crosslinking

reactions.

2.3.2 Sol-Gel Process Characterization

Equations (2) to (6) were used to calculate the development of residual stress during the
sol-gel transition. One end of the sample was fixed vertically to a support, to allow the substrate
to bend. A cross-sectional view of the thin steel sheet was recorded prior to the deposition, in
order to assess the initial substrate curvature. Then, the sol was applied and a cross-sectional
view was imaged every 15 seconds, throughout the sol drying process (about 1 hour). Finally,

the evolution of the stress during drying was assessed following image processing.

13
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3 Results and Discussion :

3.1 PVD Process Monitoring
3.1.1 Average stress and microstructure evolution

,é-. 0.00 . + Experimental 1810.2 g

[0 Model =
E.0014 118100 G
> 2
< : -1809.8 ©
= -0.02+ E
2 -1809.6 ©
(=% o
5 0.031 18094 &
5 s
2004 ‘ ‘ . 1809.2 o

0 5 10 15 20

Longitudinal position x (mm)

Fig. 2. Example of experimental displacement field (triangles) representing the cross section of the sample after 5 min
of deposition. Corresponding experimental radius of curvature (cross) in comparison with the model (square).

Figure 2 shows the sample displacement field after 5 min of PVD deposition (red
triangles). By applying a numerical temperature difference of about -3327°C the experimental
curvature (blue squares) is identical to the experimental curvature. This temperature difference
is much higher than the real temperature of the sample. For example, C. Reinhard et al. or Lin
et al. [27,28] have shown that the temperature does not exceed 400°C with a polarization of
- 200 V (a more energetic condition inducing a higher temperature). In our study, the real

thermal stresses can thus be neglected with respect to the stresses generated by the process.

From the experimental curvature as a function of the deposition time and adjustment of

equations (2) to (6), the average stress is determined.

14
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Fig. 3. Average stress level in each layer of the sample after PVD process, black squares: steel substrate, blue triangles:
first step of nickel deposition, green triangle: second step of nickel deposition, pink circles: third step of nickel oxide
deposition.

Fig. 3 shows the level of residual stress in the entire sample for a deposition time of
60 min corresponding to a thickness of approximately 1 um. Overall, this calculated stress in
the coating is relatively low. Hence, no cracking or peeling was observed. They do not exceed
133 MPa in compression in the nickel layer deposited in steps 1 and 2 and 12 MPa in tension
in the substrate. In case of a nickel layer being peeled off from its substrate, Zhuk et al. [29]
measured a residual stress of around 2 GPa. Additionally, compressive stress exceeding the
order of GPa for flawless nickel oxide films have already been measured [30]. Subsequently,
the stress calculated in the substrate has been disregarded since it remains much lower than the
stress measured in the layers of nickel and nickel oxide. The maximum value measured does
not exceed 14 MPa in the steel when it reaches values close to 500 MPa during the deposition
of the nickel layer, as can be seen in Fig. 4.

In order to validate our analytical method, the average stress in the overall coating (Ni
+ NiO) was calculated and compared to the value obtained using the Stoney equation. The
analytical model has been therefore extended from a plane deformation state for the strip-
shaped geometry of our samples, to a plane stress state closer to the conditions necessary for
the use of the Stoney equation (substrate deformation according to Kirshhoff's plate theory).
Thus, the elastic modulus has been multiplied by the ratio 1/(1-v) in equations (2) to (6), as
mentioned by Zhang et al. [13]. By doing so, the average stress reaches: -66.2 MPa in the nickel

15
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layer and -190.4 MPa in the nickel oxide layer. The average of the stress in the entire coating

was then calculated according to equation (11) from the thicknesses: of the nickel layer tni, of

the nickel oxide layer tnio and of the average stress: in the nickel layer oni and in the nickel

oxide layer onio.

Oni X tyi + Onio X tyio
tni t tyio

Ocoating =

(11)

The use of this formula is justified because the calculated stress is homogeneous within

each layer (Fig. 3). The stress thus calculated is approximately 125.6 MPa, versus 125.8 MPa

using the Stoney equation. There is therefore a good correlation between these two models,

which validates our analytical method. The latter has the advantage to give access to the stress

level in each layer as well as allowing us to better take into account the strip shape of our sample

by considering a state of plane deformation. All the results are therefore presented considering

a plane strain state.

Deposit time {min)

. (1)8_ Stress (MPa)
£ 0.8- 500
=2 0.7 400
w 0.6 Nio | [ 300
$ 0.5 =ql
£ 044 100
S 0.3 0
= 0.2 100
= 0.1 Ni Ni | [ -200
0.0 | ‘ - =300
0 10 20 30 40 50 60 -288

Fig. 4. Thickness and stress level evolution during PVD process, red: positive stress (tensile stress), blue: negative stress

(compressive stress).

Fig. 4 shows the stress level in the different layers of the coating as a function of the

deposition time. It is plotted from the stress calculated for the 11 samples by considering a

16
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linear evolution of the stress between two adjacent measurement points. As a reminder, for the
whole process (lasting 1h), each deposition step lasts 20 min. The first layer of deposited nickel
measures approximately 290 nm, the second layer of nickel approximately 220 nm and the last
layer of nickel oxide approximately 470 nm. The final coating has a thickness close to 1 pum.
During growth, the stress changes greatly. Initially in compression (see Fig. 3 blue color top
left-hand-side), the film goes through a tensile state (red color middle) before returning to a
compression state. This behavior is conventionally encountered for thin metallic films prepared
under energetic conditions [26,31-36]. It can be linked to the microstructural evolution of the

coating.

Initially the film is in compression, due to the formation of independent islands on the
substrate surface. The stress increases (in absolute value) as these islands grow, due to surface
forces similar to the Laplace pressure as explained by Cammarata et al. [31] or Magnfalt [32].
The curved surfaces cause a pressure difference between the inside and the outside of the
material, which depends on the surface tension of the material and the curvature of the islands.
These crystallites would therefore have a smaller lattice parameter than the bulk. However, they
are fixed to the substrate when they grow, the lattice parameter cannot change to reach the value
of the bulk. As the deformation is counteracted, a compressive stress appears in the coating.
The more the size of the island increases, the more the stress increases before reaching a

maximum and going into a traction state after 12 min.

The transition from a compressive to a tensile stress state is almost instantaneous. This
phenomenon is conventionally explained by the formation of grain boundaries between islands,
when the latter are close enough to exert on each other a force of attraction. This phenomenon
was described as a "zipping process" by Hoffman [37]. Thus, the adjacent islands would come
in contact to form a new grain boundary, as long as the increase in the deformation energy is

less than the decrease in the interfacial energy. The compression deformation caused by the
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joint would cause tension stress to appear in the coating due to the adhesion forces of the coating
on the substrate. This phenomenon occurs in our study when the nickel crystallites reach a size
of approximately 130 nm after approximately 12 min. In the literature, no critical value
associated to this phenomenon could be found for a Ni coating deposited by HiPIMS on a steel
substrate. However, crystallite sizes ranging from a few tens of nanometers [32,33] to a few
micrometers in case of electrodeposited Ni coating [38], are reported to trigger the transition
from compression to tension. Chason et al. obtained a crystallite size of around 10 pum thanks
to a silicon-based substrate made up of three layers (Ti, Au and photoresist layer). Therefore,
with a critical value of ~130 nm, our results for this type of material are consistent with the

literature.

After 12 min of deposition, the stress decrease during the rest of the process (end of step
1, step 2 and step 3) to return to a state of traction after approximately 35 min. This reduction
in the observed stress can be attributed to the energetic deposition mode (HiPIMS power
supply) which causes the appearance of incremental stress in compression. The origin of these
has been the subject of numerous studies [34,39,40]. Overall, they are associated with a
densification of the material linked to an atomic peening phenomenon. Following a succession
of atom collisions in the coating called "knock-on mechanisms,” atoms are inserted at the grain
boundaries, which causes the material to expand. However, the lateral dimensions of the film
are fixed by those of the substrate. As the layer is not free, compression stress appears in the

film.

Therefore, by monitoring the average stress, it is possible to plot the evolution of the
microstructure during deposition. The results obtained are in agreement with the literature.
Initially in compression, the stress evolves through a tensile state following the creation of grain

boundaries for crystallite sizes of around 130 nm. Then, the average stress decreases following
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the incorporation of atoms at these grain boundaries, which causes incremental compressive

stress. In order to assess the level of this stress, Fig. 5 has been plotted.

3.1.2 Stressxthickness evolution
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Fig. 5. Stressxthickness evolution versus coating thickness, incremental stress corresponding to the slope of the trace,
green dotted line: nickel layer (second step), brown dotted line with brown circle: nickel oxide layer (third step), black
dotted line with black squares: nickel layer.

Fig. 5 shows the stressxthickness evolution as a function of the coating thickness.
Discontinuities are visible between each stage. These are represented by dotted vertical lines.
They can be explained by the relaxation of the incremental stress when the process is
interrupted. Indeed, between step 1 and step 2, on the one hand, and step 2 and step 3, on the
other hand, a shutter is placed between the source and the sample. During this operation the
new plasma parameters are adjusted so that the plasma is at steady state before restarting the
deposition. During this time, part of the atoms inserted at the grain boundaries have time to
diffuse towards the surface. These atoms are responsible for the incremental stress in
compression. So, from one step to the following one, when atoms diffuse towards the outside

of the boundaries, as already reported and explained in the literature [26,35,41-44], the

associated relaxation phenomenon induces an increase in the average stress.
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During step 1, the process is not in a steady state. The coating is not continuous and the
evolution of the stressxthickness product with time is not linear, therefore the incremental stress
cannot be extracted. During steps 2 and 3, the evolution of the product is linear with the
thickness, which allows us to calculate the incremental stress linked to the deposition of the

layers of nickel and nickel oxide.

This stress reaches approximately -1.3 GPa for the deposition of nickel, during step 2 of
the process. For electro-deposited nickel Hearn and Floro [45] found, by varying their deposit
conditions, incremental stress ranging from 131 MPa to -50 MPa. Furthermore, Hoffman and
Thornton [46] found a value of 0.3 GPa for nickel deposited by PVD magnetron. Finally,
Magnfalt et al.[47] obtained for Mo coatings deposited in HiPIMS stress up to 2 GPa. The value

of -1.3 GPa calculated in our study therefore seems consistent with regard to the literature.

The incremental stress reaches approximately - 406 MPa for the nickel oxide layer. This
generates an incremental stress of - 5 MPa in the underlying nickel layer. For the nickel oxide
deposition, Keraudy et al. [30] found a positive incremental stress. Indeed, in their study, when
the coating thickness increases the average residual stress becomes less compressive. This result
is not in agreement with Fig. 5. However, their study was carried out on a different substrate,
without substrate polarization and in Direct Current (DC). Actually, HiPIMS mode involves
the presence of energetic species in the plasma that creates a denser layer than in DC [17]. These
species might lead to the development of incremental compressive stress. No study has been
found on the influence of one layer deposition on a previous one. Therefore, the present
analytical method advantageously enables us to decompose the average stress in the form of

contribution linked to the deposition of each layer.

All the results seem to be consistent with regard to the literature as well as provide

experimental data on the deposition of multilayer coating in HIPIMS mode. The phenomena

20



involved, conventionally observed during the growth of a PVD deposit, explain the low level
of average stress at the end of the process. They would be linked to the superposition of tensile
stress and compressive stress leading to a flawless coating. This result is critical for the
anticorrosive application since damages in this multilayer surface treatment would lead to paint
debonding and/or failure. So the analytical model is adapted to the characterization of metallic
thin film formation, it is also adapted to the characterization of a chemical process, such as sol-

gel route, as shown in the following section.
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3.2 Sol-Gel Process Monitoring
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Fig. 6. Stress levels in the substrate and in the gel after sol-gel process (60 min of drying time), black square: steel
substrate, blue circles: gel.

Fig. 6 is an example of the result obtained during monitoring of a sol drying, here for
60 minutes. The stress calculated in the coating is relatively low, since it ranges from 3 MPa to
5 MPa. It is homogeneous in the coating thickness and reaches approximately 4 MPa. In the
same way as for the PVD process, the average stress calculated from the Stoney equation and
from the analytical model by considering a state of plane strain are equivalent (around 5 MPa).
The analytical model proposed herein is therefore also suitable for the characterization of

coating deposited by a chemical process.

The adhesion between the coating and the substrate can be evaluated by the stress
difference at the interface 4o (40 = ocoating - Osubstrat). This stress difference is around 9 MPa,
which seems relatively low and explains the good adhesion of the coating. Thereafter the
average stress of the coating was plotted as a function of the drying time and the thickness, Fig.

7 (a).
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Fig. 7. Coating parameter evolutions during drying: (a) thickness and stress level evolution, (b) stress and normalized
Si-O-Si bonds fraction evolution according to Hatte et al. [14].

This figure depicts the evolution of the stress calculated from the analytical model, as a
function of the time after sol deposition and coating thickness. Initially, the sol is in a liquid
state, the sample curvature is close to infinity, so the stress is very low. After 20 min the stress
increases very quickly, before stabilizing at a value close to 4 MPa after 36 min. The gel gets
its final thickness and the stress is stable after 60 min. The sudden change observed after 20 min
is due to the transition from the liquid state to the gel state. In this case, the sol-gel transition
would therefore lie between 20 and 36 min. This value is consistent with the time found in our
previous study [14] via the Dynamic Vapor Sorption test (i.e. 30 min at 22 ° C and 50% relative

humidity).

Fig. 7 (b) shows the evolution of the normalized Si-O-Si bonds fraction and coating
stress after sol deposition. The infrared band at 1100 cm™ was integrated and divided by the
total integrated intensity of the spectrum as explained and detailed in our previous work. The

three stages of the drying process identified have been superimposed in Fig. 7 (a) and (b).

During stage |, the stress is very low, which is consistent with a sol in the liquid state
and a loss of mass linked to the evaporation of the solvents. The normalized intensity of Si-O-
Si bonds observed by infrared spectrometry during the previous study is low, which implies

that the inorganic network is not yet formed.
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Then, during stage Il, drying occurs by evaporation of solvent(s) through a porous
medium. During this stage the stress begins to develop slowly following the start of the
formation of the inorganic network. At the same time, a slow increase in the normalized
intensity of Si-O-Si bonds was observed. After 18 minutes, the increase in stress accelerates.
This is correlated with the sudden increase in the normalized intensity of Si-O-Si bonds
attributed to the formation of the inorganic network. The stress comes therefore mainly from a

chemical origin and is linked to the condensation reactions in the gel.

During stage 11, after 30 minutes, the stress is relatively stable, as is the normalized
intensity of the Si-O-Si bonds. The network is therefore already constituted, but the thickness
of the coating continues to decrease. These results indicate a drying of the solvents in vapor

phase through the network.

From Fig. 7 (a) we infer that the gel formation occurs before the coating has completely
dried. This is a mechanism called (“gel-before-dry phenomenon™) in the literature [5]. The
solvents were removed slowly enough for the condensation and crosslinking reactions to occur
before drying (stage Il). The coating obtained in this way is more condensed and isotropic, as
explained by Cairncross et al. [5]. It is thus more rigid and thicker, since part of the solvents is

encapsulated in the coating during crosslinking.

This study therefore highlights the drying mechanism. This is dependent on ambient
conditions of temperature and relative humidity, as highlighted by X-Ray photoelectron
spectrometry measurements [14]. In laboratory conditions (22°C and 50% relative humidity),
drying lasts 36 minutes leading to a low stressed gel suitable for anticorrosive applications.
Depending on the intended application, temperature and relative humidity could be chosen in
order to obtain a more or less condensed and therefore more or less stressed coating. This

analytical method of process monitoring by stress measurements therefore provides an
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understanding of the mechanisms involved during the sol-gel transition. This information can

be used to develop this solution for the intended application.
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4 Conclusion

In the present study, the evolution of residual stress linked to the PVD and sol-gel processes
was investigated thanks to a versatile analytical method. This is based on an optical
measurement of the curvature of films growing on thin substrates. Then this experimental data
together with the material mechanical parameters are introduced as input data in an analytical
model allowing to extract the residual stress. In addition to the average residual stress in the
coating, and more importantly the stress in each layer for multi-layer coatings are also
accessible. In the case of PVD deposition, the proposed methodology allows us to assess the
level of the incremental stress related to the last layer deposited. All the results were validated

by comparing them to values calculated from Stoney's equation and the literature.

The study also provides results regarding the level of residual stress in sol-gel and PVD
deposited films, highlighting the versatility of the analytical method used. For the PVD coating,
it was possible to relate the development of the stress to the evolution of the film structure
during growth. For the sol-gel process, the study of the stress allowed highlighting the
mechanisms involved during the sol-gel transition and their influence on the gel structure. Both
surface treatments have a low level of residual stress, which explains why they are flawless and

which is interesting for the targeted anti-corrosion application.

Finally, this analytical method could be used in the future as a development tool to monitor
the stress at interfaces and hence further optimize the process to limit the formation of defects

in coatings and interlayers.
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