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General Introduction

This work falls within the framework of the European Interreg project "Alt Ctrl Trans" (ALTernative
au Chrome TRi et hexavalent pour le secteur du TRANSport et de la TRANSformation), co-financed
by the ERDF, initiated in January 2019 (http://www.altctrltrans.eu/fr/accueil/#project). Interreg
France-Wallonie-Vlaanderen is one of Interreg programs that aims to promote new projects between
France and Belgium. It aims to co-operate researchers and business people from Hauts-de-France and
Grand Est in France, Wallonia, West, and East Flanders in Belgium. One hundred and seventy million
euros are provided for the projects in different themes such as research and innovation, the competition
of small and medium-sized companies, heritage, natural resources and risk management, and social
cohesion, health, training, and employment. The Alt Ctrl Trans Interreg project lies in the research and

innovation theme.

The objective is to develop and promote viable and effective alternatives to hard chromium coatings,
also called hexavalent chromium (Cr-VI), for the transport and processing industries. Protection of
tools and components (to be used in automobile and aerospace industry, for example) by coatings is
used to enhance their performance and service life [1]. Coatings made from chromium VI are used
because of their easy-to-depose process and their excellent mechanical properties, especially in
tribology [2]. However, chromium VI is classified as CMR (Carcinogenic Mutagenic Reprotoxic)
because of its very high toxicity during its manufacturing due to the use of Cr®" solutions. It leads to
liver damage, pulmonary congestion and causes skin irritation resulting in ulcer formation [3]. The
newest research shows that Cr-VI is also neurotoxic [4].This is why, European directives imposed by
REACH (Registration, Evaluation, Authorisation and Restriction of Chemicals) drastically reduced

the use of hexavalent chromium and aim to totally eliminate its use by 2024.

To date, Cr-VI is sometimes replaced by chromium trioxide (Cr-III) because of Cr** ions are non-
toxic under certain concentration. Some researches believed that Cr-III has similar or even better
mechanical properties in some certain perspectives than Cr-VI, for example the anti-wear and

corrosion performance [5][6]. Unfortunately, it is difficult to obtain a thick and uniform chromium
10
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film from Cr-1II plating bath. At the same time, this type of deposit has a "brittle" character with
through cracks and the presence of carbon and oxygen atoms which make it more sensitive to corrosion

than Cr-VI [7].Thus, this type of coating cannot be used in corrosive environments.

NiW may be a good replacement for Cr-VI, and that is why this work focuses on comparing the
properties between these two materials. NiW electro-deposition can provide us materials with good
corrosion and wear resistance, and it is environmental friendly as well [8][9]. Electro-deposition is an

economic and simple way at the same time.

In order to compare the mechanical behavior of coatings, indentation tests have been performed.
Indentation is a fast and reliable test. It allows a local solicitation, at small loads and forces, particularly
well adapted for coated systems. When indenting a material, there will be a permanent shape change
when a force is applied, and the hardness can be defined as the plastic resistance during this process.
Since hardness is related to some other mechanical properties like strength, ductility and fatigue
resistance, hardness measurement can be used in industry as a fast and relatively cheap material quality
control method. Nowadays it is known that material hardness is a multifunctional physical property

depending on a large number of internal and external factors.

X-ray diffraction test is a powerful technique which is non-destructive, and works most effectively
with materials that are wholly, or partly, crystalline. This method bases on the Bragg’s law to get the
information of the materials’ structures. By collecting the diffracted X-rays, sample’s structure can be

analyzed. It is convenient to determine the orientation of the crystals.

In chapter I, the main theories and method used in this work will be presented. The main idea is
focused on the mechanical properties, for example hardness and elastic modulus, and explore the
methods for structures and crack analysis. For the mechanical properties, the indentation test is
displayed and the differences between macro, micro and nano indentation are discussed. Besides,
different models are applied to take into account the indentation size effect, tip defect and substrate
effect. While the samples’ structures are mainly observed by the X-rays diffraction test. Many cracks
are generated on the coatings surface by different experimental approaches: indentation, tensile test,

11
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scratch test, and several analysis ways are presented as well.

In chapter II, the indentation tests which focus on the mechanical properties are discussed. The work
aims to investigate electroplated NiW coatings obtained under different process conditions and
compare to the Cr-VI as a reference. Regarding the roughness of the surface, we proposed to apply
classical indentation test in micro scale to characterize the mechanical properties of the samples. Tests
are applied on both top surfaces and cross-sections and results are discussed. In the analysis, both tip
defect and indentation size effect are taken into account. Furthermore, the micro instrumented

indentation tests are carried out for the comparison of hardness and the investigation of elastic modulus.

In chapter III, the main idea is to explore the information of the structures by the X-rays diffraction
tests. Firstly, the comparison is made between our samples with the standard peaks of Cr-VI and NiW
to know the preferred orientation. It is also interesting to know if the temperature has an influence on
the preferred orientation and stress inside the coatings by both ex-situ and in-situ experiments.
Additionally, the cracks on the surface generated by indentation, scratch and tensile tests are presented

and discussed. This information can help to compare the toughness and adhesion of the coatings.
In chapter 1V, it is a general conclusion and perspective for further work.
During the thesis, this work was presented every six months on the Comac of the Interreg.
Besides, we attended and made a presentation on the conference:
S.Lu et al., Characterization of the Ni-W coating as a replacement for chrome VI. In Lorient; 2021.
There is a publication as well:

S. Lu et al., “Vickers hardness of NiW coating as a potential replacement for Cr-VI: A methodology
to consider size effect and tip defect in classical microindentation,” Surf. Coatings Technol., vol. 447,

no. August, p. 128812, 2022, doi: 10.1016/j.surfcoat.2022.128812.

12
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Chapter 1. Background

This thesis will compare NiW and Cr-VI coatings in several different perspectives, mainly in
mechanical properties. There are many kinds of ways to compare the mechanical properties among
several materials, including indentation test, X-ray diffraction test, scratch test and tensile test etc. In

this chapter, we will mainly discuss the theoretical background.

1.1 Indentation test

Indentation test could be simply described: a tip, or indenter, of known shape and mechanical
properties is pressed against a material to be analyzed. This load, or force, is also known. When the
load is applied by a dead weight, we talk about classical indentation or hardness test. After the removal
of the load and the withdrawal of the tip, the residual imprint is measured and, according to different
definitions, a hardness can be calculated. On the other hand, when the load is progressively applied
and removed with an electro-mechanical system for example, force and penetration depth of the tip
are continuously recorded, we talk about instrumented indentation (IIT). The collected data give the
so-called load-displacement curve. This curve is then processed following models, and mechanical
properties, such as hardness, H, and Young’s modulus, E, could be extracted from the shape of the
curve. As a general definition, hardness is calculated as the ratio of the applied load over the area of

the imprint. The latter one has various definitions depending on the scale considered.

There are three scales classically defined in indentation: macro, micro and nano scales, coming from
ISO 14577-1:2015 (Table I-1) [10]. The indenter could be with a shape of a ball, pyramid, or cone.
Each shape of the indenter has its specifical name as respectively: Brinell or Meyer; Vickers, Knoop
or Berkovich; and Rockwell. The hardness is correlated with the plastic deformation of the surface or
the penetration depth of the indenter (h), under a given load (F), and within a specific period of time

[11].

The hardness of a solid material can be defined as a measure of its resistance to a permanent shape

change when a force is applied. Besides indentation test, the deformation can be produced by different
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methods, like scratching, cutting, mechanical wear, or bending. In metals, ceramics, and most of

polymers, the hardness is related to the plastic deformation of the surface.

Table I-1. Scales of indentation (ISO 14577-1:2015).

Macro Micro Nano
F (load) 2N <F <30kN F<2N \
h (depth) \ h>0.2 um h<0.2 um

1.1.1 Macro- and micro-indentation test

There are many different kinds of indentation test such as Meyer test, Brinell test, Vickers test. Their

differences mainly lie in the shape of the tip and the definition of the imprint area.

(a) (b)

Figure I-1. (a)Brinell macro-indentation test and (b) Vickers macro-indentation test [11], with

their actual surface areas Acrespectively.

Brinell test is commonly considered as the first modern indentation test: a sphere, of known diameter,
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is pressed against the material to be tested and after the full withdrawal of the sphere, the diameter of
the residual imprint is measured (Figure I-1(a)). Then, the hardness is defined as the ratio between the
applied load and the real imprint area. Later, in 1908, Meyer test is proposed by Prof. Eugene Meyer
in Germany. This test is experimentally the same as Brinell but the hardness is defined here as the ratio
of the applied load over the projected area. Comparing to the Brinell test, Meyer test is less sensitive
to the applied load. An empirical equation was also deduced between the Load F and the diameter of

the imprint d, which is known as Meyer’s law:
F=kd" (I-1)

Where k is a constant of proportionality. The exponent n, which is also named Meyer index, depends
on the state of work hardening of the material, but it is independent with the diameter D of the ball
indenter. The constant n commonly is 2 for fully strain hardened materials while it is 2.5 for fully
annealed materials [12]. The Meyer hardness number (MHN) is expressed by the relationship between

the indentation load F and the projected area A, of the indentation:

MHN = — = —
Ap td?

(1-2)

The sensitivity to applied load of Brinell test leads to the development of Vickers indenter, which is
a four-sided pyramid with an angle of 136° at its summit (Figure I-2). Thus, following the same
experimental protocol as Brinell test and the same hardness definition, hardness is constant whatever

the load applied. And both of them can be carried out in macro scale as well as micro scale.

Figure 1-2. Schematic of Vickers indenter.

In indentation test, the use of different area will give out different result of mechanical properties.
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The most common known are actual area (Ac) and projected area (4p). Projected area is the two
dimensional area measurement of a three-dimensional object by projecting its shape on the surface of

specimen plane. The difference between them are shown as Figure 1-3 for a Brinell test.

Actual area

oz

Projected area

Figure 1-3. Schematic of actual area and projected area.

Schematic and imprint of Brinell test is shown in Figure I-1(a) , where the actual area is represented
after unloading. In this test, a ball of diameter D (mm) is used to indent the material through the
application of a load F' (kN). The diameter d (mm) of the residual imprint on the surface is measured
with an optical microscope, and the Brinell hardness number (BHN) is then calculated as the load

divided by the actual area 4. of the curved surface of the impression:

F 2F
BHN = A_c = nD(D_— -2 (1-3)

Schematic and resulting imprint of Vickers hardness test is shown in Figure I-1(b). The Vickers
hardness value, HV, can be calculated using the load L and the actual surface area of the impression

Ac [13]:

HY = £ =26 1367 (1-4)
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where F is measured in kgf and d (mm) is equal to the average length of the diagonals measured

from corner to opposite corner on the residual impression in the specimen surface.

The use of indentation forces below 1 kgf (~ 10 N) with the Vickers test was first evaluated in 1932
at the National Physical Laboratory in the UK [14]. Vickers tests are one of the most common
indentation tests and they can be carried out at different scales of measurement [15]. In classical
indentation test, the residual imprint is observed after the withdrawal of the indenter. For Vickers
indenter, a square is observed at the indented surface and the two indent diagonals are measured in
order to calculate the average indent diagonal value, d, as previously mentioned. The Vickers hardness
is defined as the ratio between the maximum indentation force, F, and the actual area, i.e. the surface

of the four sides of the truncated pyramid. The Eq. I-4 can be express here as:
F
HV = 1.8544 — (1-5)

Where HV is the Vickers Hardness Number expressed in kgf/mm? when the indentation force, F, is
in kgf and the indent diagonal, d, in mm. In the following, the Vickers Hardness will be expressed in

GPa by multiplying the value by 10.

Besides most common Brinell and Vickers tests, there are also some other kinds of indenters that
can be used for these tests, for instance, the three-sided Berkovich (Figure 1-4) or the four-sided

diamond-based Knoop indenters (Figure I-5).

The area of the residual imprint left by a Berkovich of Vickers indenter is calculated from a
geometrical point of view. The Vickers indenter, which has four faces, has usually a defect at its apex.
During the manufacturing of such a shape, it is very difficult to make converging the four sides in only
one point. That is why the summit of the pyramid is often a line, instead of a unique point. This defect
leads to a bad evaluation of the area when considering an ideal geometry for calculation. Berkovich
indenter has only three faces and they converge to one point. Due to this reason, Berkovich indenter

has lower tip defect than Vickers and is commonly used for small penetration depth test [16].
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Figure 1-4. Schematic of Berkovich indenter.

The geometry of a Knoop indenter is an extended pyramid with the length to width ratio being 7:1
and respective face angles are 172 degrees for the long edge and 130 degrees for the short edge [17].
The Knoop indenter is used particularly for very brittle materials or thin sheets, where only a small
indentation may be made for testing purposes. Meanwhile it applies a low load (often 100g). This

indenter is also commonly used in the adhesion test applied on the interface between a substrate and

its coating.
Knoop Vicker
< d > «—d—>
d=305h J'h d=7h
—_— T

Figure I-5. Comparison of Knoop and Vickers micro-indenter [11].

The Knoop hardness (KHN) is defined as the ratio of the applied load F (kgf) divided by the

projected area Ap of the indent [17]:

F 2F F
KHN = — = 5 - = 14.24— -
Ap (:lz[cotuz'5 tan%] az (1-6)

where d is the length of the longest diagonal (mm).

In macro and micro scales, we can also commonly find the Rockwell test.
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Rockwell test [18] determines the hardness by comparing the difference between the depth of
penetration of an indenter under a large load and the penetration made by a smaller preload. The
determination of the Rockwell hardness (HR) of a material involves the application of a minor load Fo
of 10 kgf (~98.1N) followed by a major one F1 (Figure 1-6). According to the load used in Rockwell
test, it is usually applied in only macro scale test than previous mentioned methods. Firstly, use the
minor load to determine the zero position. Then, apply the major load and remove while maintain the

minor load. Rockwell hardness expresses as:
HR = N —500h (1-7)

where h (in mm) is the difference of the two penetration depths. The value of N depends on the

indenter: 100 for spheroconical indenters and 130 for ball.

F, FotF, F,

b H .¢'.-s.'{§i_ '\,,-, ] ek )
; 120X i S A o
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234
YLl

r
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Figure 1-6. Principle of the macroindentation Rockwell test [11].

Eq. I-7 establishes that the penetration depth and hardness are inversely proportional. In this test, there
is no need for residual imprint observation and measurement. There are several F1loads: 60, 100, and
150 kgf (1 kgf ~ 9.8 N), and several ball diameters: 1/2, 1/4, 1/8, and 1/16 inch (1 inch ~ 2.52 cm) that
can be used, so the operator should use letters to specify the value of loading and indenter size (scales
A, B,C,D,E,F,G H,K, L, M,P,R, S, and V), and the most used are explained in Table I-2. Therefore,
the correct notation for a Rockwell hardness value is HR followed by the scale (e.g., 62 HRC) where
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C is the letter for the scale used. The spheroconical indenter used in some of the scales (also known as

Brale indenter) is made with a diamond of 120° + 0.35° included angle. The tip of the diamond is

spherical with a mean radius of 0.200 + 0.010 mm. The main international standards for Rockwell tests

are 1SO 6508-1 [19] and ASTM E18 [20] for metallic materials, and ISO 2039-2 [21] for plastics.
Table 1-2. Main Rockwell scales [11].

Scale Name Indenter Load (kgf)

A HRA 120°diamond spheroconical 60

B HRB 1/16-inch diameter (1.58mm) steel sphere 100
C HRC 120°diamond spheroconical 150
D HRD 120°diamond spheroconical 100
E HRE 1/8-inch diameter (3.17mm) steel sphere 100
F HRF 1/16-inch diameter (1.58mm) steel sphere 60

G HRG 1/16-inch diameter (1.58mm) steel sphere 150

1.1.2 Instrumented indentation

In nano-indentation test, the indenter is pushed into the surface of the specimen producing both
elastic and plastic deformation of the material as it is the case for all indentation tests. As we discuss

before, the indentation in nano scale is with lower load and indent depth.

Different from the classical indentation, during an instrumented indentation test the depth is
monitored throughout the experiment by means of a displacement sensor. For classical test, the key
point is the diagonal of the residual imprint. While for instrumented test, the load-displacement curve

should be analyzed.

During the nano-indentation process (Figure 1-7), the indenter will penetrate the sample until a
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predetermined maximum load Lmax is reached (for load-controlled system), where the corresponding
maximal penetration depth is hmax. When the indenter is withdrawn from the sample, the displacement
is also continuously monitored until the zero load is reached, while a final penetration depth hr can be
measured. The slope at the beginning of unloading, denoted as S = dF/dh, is called the elastic contact

stiffness. This process is called instrumented indentation test.

(C) . Experiment data

Load F (mN)

(b) Residual impression o L i

0 1000 2000 3000 4000 5000 hmax 600

Depth h (nm)

Figure I-7. (&) The instrumented indentation test at maximum load Fmax; (b) The residual impression

after the indentation test [11];(c) the load-unload curve during instrumented indentation test.

The hardness H of the material is calculated by:

H = Imax (1-8)

Apml

where Apmi is the projected area of contact at the maximum load (as Figure I-7(a)). In Figure I-7(b)
and (c), the impression and curve after the test are shown. Because of the very small scale of the nano-
indentation test, the area cannot be simply observed by an optical microscope. It exists others solutions
for observation at such small scale: Atomic Force Microscope (AFM), Scanning Electron Microscope
(SEM)... But these technics need to make a lot of manipulation with the sample, which is time
consuming and not adapted for systematical analysis. Considering this issue, some models have been
proposed to analyze the load-displacement curve and extract mechanical properties (hardness, H, and

Young’s modulus, E, for instance).
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Oliver and Pharr developed a method to calculate H and E from the indentation load—displacement
data, without measurement of the deformed area with a microscope [22]. For method, the contact
stiffness should be determined. But for beginning of unloading part, the experimental data will be
influenced by the creep of the materials and the thermal drift. The penetration depth will be over
measured leading to an inaccurate slope. So, Oliver and Pharr propose to fit the unloading curve from

40% to 98% with the power-law relation:
F=ph—h)™ (1-9)

where £ and m are empirically determined fitting parameters and hr is the residual penetration depth

we mentioned before, which is also determined from the curve fit.

They find out the contact stiffness S by differentiating the unloading curve fit, and evaluating the

result at h = hmax. It gives:

d -
S = G n=tmax = BM(Amax — hy)™ (1-10)

The model of Oliver and Pharr assume an elastic sink-in of the surface surrounding the contact of

the indenter (as shown in Fig. 8(a)). Thus, the amount of sink-in /s can be given as follow:
hy = €Fpnax/S (I-11)

where ¢ is the geometry factor which depends on the geometry of the indenter. For Berkovich

indenters as an example, ¢ is 0.75. The contact depth hc is estimated according to:
he = hmax — hs = hnax — €Fnax/S (|-12)
If we have an ideal Berkovich indenter, the contact area (Ac) is simply the cross-section of a pyramid
and by geometrical consideration is expressed as [23]:

Ac = 3V3tan?(Dhi = 24.56h; (1-13)

where a is the angle of the Berkovich indenter, and the value is 142.3°. Then we can calculate the
contact area by Eq. I-13.
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As proposed by equation 1-8, the calculation of hardness depends on the projected contact area
determination. Since the geometry of the tip is known, by simple relation it is easy to determine the
projected contact area knowing the penetration depth. Unfortunately, a real tip can slightly differ from
an ideal one. This could be due to the manufacturing process and mainly to the blunting during its use.
For the last one, this is changing with time, meaning the real shape of the tip evolves. The difference
between the ideal tip and the real one is called tip defect and should be regularly calibrated. If the
indenter displacement is larger than 200 nm during the indentation test, Troyon and Huang [24]

proposed to take into account the tip defect in the expression of the contact area as follow:
A. = 24.56(h, + hp)? (1-14)

Where hy is the truncation length of the tip defect, 24.56 is the coefficient for a perfect Berkovich

pyramid.

There is still another problem: the contact depth he. The deformation of the surrounding surface,
sinking-in or piling-up, which will cause different contact depth with the same maximum depth as

shown in Figure 1-8.

Nes

Piling-up | Sinking-in

Figure 1-8. Representation of piling-up and sinking-in during an instrumented indentation test

[25].
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Several methods are proposed by various authors. For sinking-in situation, Oliver and Pharr [22]
calculate the contact depth h., by the function of the maximum indentation depth (hmax), the
corresponding maximum load (Fmax) and the elastic unloading stiffness (S) as the Eq. (1-10). And the
¢ 1s a geometry constant from the indenter. For conical punch & = 0.72, while for sphere indenter and

flat punch indenter, ¢ = 0.75 and 1.00 respectively.
For piling-up situation, Loubet et al. [26] suggest to write the contact depth, h,, by following:
hep = a(hmax — Fnax/S) (1-15)
Where « is a constant equal to 1.2.

Combining the Eq. I-14, two new equations can be deduced for the sinking-in and piling-up contact

area respectively (A¢s and Agp):

Acs = 24.56(Rqx — 2% + hy)? (1-16)
Acp = 245602 (hynay — 2 + hy)? (1-17)

1.1.3 Corrections for indentation test

For mechanical applications, the mechanical properties of the coating/substrate couple must be well
determined. Within this objective, classical and/or instrumented indentation tests are reliable and fast
techniques to get information about mechanical properties of the materials, especially for hardness
[11]. However, it is well-known that the most efficient method developed these last decades is
instrumented indentation at a nanoscale which allows a local determination of the mechanical
properties. This is particularly appreciated in the case of thin coating analysis in which the hardness of
the coating is directly accessible by the test under some depth restriction. However, nanoindentation
is very sensitive to the roughness of the material surface. Indeed, the determination of the contact depth
is a key parameter for mechanical properties evaluation. If the surface is very rough, small heights
variation on the surface will affect the measure of penetration depth, resulting in a poor estimation of

contact depth hc. This is more critical for nanoindentation where roughness is not negligible in front
24



Research on NiW coatings as a promising replacement for Cr-VI: indentation and X-ray diffraction investigations

of shallow depths. For the studied coatings, nanoindentation is revealed as a non-efficient technique
to characterize the two coatings without previous surface polishing. On the other hand, it is clear that
a surface preparation can affect in a relatively great extent the mechanical properties, for example, by

relaxing the residual stresses eventually present into the coating or work harden the close surface.

The major factors which influence the result of indentation are different from microscale to
nanoscale [27]. In classical indentation the Indentation Size Effect (ISE) is a common phenomenon
resulting in a hardness-indentation force dependence. Usually, hardness tends to increase as the indent
size decreases, this phenomenon being amplified at very small scales. The second one to pay attention
to is the influence of the tip defect. It is well-known in instrumented indentation and taken into account
by introducing it into the computation of the contact area function. Unfortunately, this is not the case
in classical microindentation where the tip defect is always neglected. Indeed, Benarioua et al. [28]
have shown a great influence of the indenter tip defect on the hardness of DLC thin films determined
by classical tests. The main problem in practice is that both indentation size effect and tip defect
interact together in the hardness computation and it is often impossible to separate these two
contributions. A focus on this aspect is proposed in this work by considering several relationships
developed for the ISE analysis. Among them to be cited, Meyer [12] (in 1908) firstly mentioned this
phenomenon, but the proposed model is not useful because it does not allow to give a hardness number
representative of the hardness of the material, namely macrohardness. That is why it is often preferred
the models of Li and Bradt [29], Bull and Page [23], and Nix and Gao [30] who propose to represent
the indentation force or the hardness as a function of the indent diagonal. We will demonstrate here
that these three models are incompatible from a mathematical point of view. However, and
independently of this contradiction, the different models were applied and discussed in order to select

the most appropriate model able to represent the experimental data for the tested coated samples.

As mentioned before, there are several models to correct the ISE. These three models are divided
into two groups. Firstly, Li and Bradt [29] and Bull and Page [23] propose to describe the indentation

force as a function of the indent diagonal. Li and Bradt propose the following relationship:
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F=A,.d+A,. d? (1-18)

Where A1 and A; are coefficients related to the indentation size effect and to the material hardness,

respectively. A1 is expressed in N/um and Az in N/um?.

According to Li and Bradt [29] and after introducing Eq. I-18 into Eq. I-5, the Vickers hardness can
be expressed as a function of the indent diagonal by introducing a macrohardness term, HVo, and a

parameter connected to the indentation size effect, dig, as follows:

o _ 44 ;
v = 1+ (1-19)

Where HVy is the Vickers macrohardness (= 1,8544.A»). dis corresponds to a characteristic scale
distance connected to the ISE (=A1/A»). Unfortunately, this last value is not yet well-identified and not

clearly associated to a physical significance.
For Bull and Page [23], the relationship is a specific polynomial law expressed as follows:
F= A3. (d + dBp)Z (1-20)

Where A3 is a constant that depends on the material, and dgp a distance that, for the authors,
represents the size effect or a shift due to the zero contact point between the indenter and the surface

of the material.

In the same way than that applied for Li and Bradt’s model, by introducing Eq. I-20 into the general

Eq. I-5, the following Vickers hardness relationship is obtained:

HV

W= (14 %)’ (1-21)

d
Where the macrohardness HVy equals A3 multiplied by 1.8544.

The second group of ISE models is based on the Strain Gradient Plasticity theory (SGP theory)
proposed by Nix and Gao [30]. It is based on a concept of geometrically necessary dislocations,
assuming that indentation deformation is accommodated by dislocations, interfering with permanent
changes in the contact area. The model of Nix and Gao expresses the hardness as a function of the
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indent diagonal and a macro hardness term as follows:
2

HV dxe
— ) =14+ =
(HV0> T

It can be also written as:

HV _ dne .
i K (1-22)

dng is related to the dislocation density as defined by the Nix and Gao in the strain gradient plasticity

theory.

As it can be seen clearly here, it is obvious when comparing Eq. I-19 related to the model of Li and
Bradt [29], Eq. I-21 related to the model of Bull and Page [23] to Eq. [-22 related to the model of Nix
and Gao [30], that there is a mathematical incompatibility. Indeed, the different equations show a linear
variation of the hardness as a function of the reciprocal indentation diagonal for Li and Bradt’s model
[29] whereas it is the square root of the hardness for Bull and Page’s model [23] and the square of the

hardness for the Nix and Gao’s model [30].

In addition to ISE and tip defect aspects, when indentation is performed on a coated sample, the
substrate could contribute to the measured hardness (commonly called composite hardness), depending
on the coating thickness and the mechanical properties of both the coating and the substrate. It is
usually admitted that for a hard material deposited on a soft substrate, as soon as the indentation depth
is higher than approximately 10% of the coating thickness, the substrate interferes into the hardness
measurement [31]. In this case, some models are required to separate the contribution of the substrate
from the apparent hardness measurement. Note that the rule of 10% could be also transposed in
classical test knowing that the indent diagonal is about seven times the indentation depth for a Vickers
indenter. Among many models, Jonsson and Hogmark [32] is the earliest one and is a reference for
many other researchers. Chicot ef al. [33] and Puchi-Cabrera [34] tried to solve the problem by the

geometry analysis. While Korsunsky ef al. [35] proposed an approach considering the energy aspect.
Following the methodology validated on the pseudo massive materials, Jonsson and Hogmark [32]
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proposed their model. This model is applied on the corrected indentation data taking into account the

influence of the tip defect. The general expression is given for the Vickers hardness by [32]:

2
HV; = HV + (ZT“ - (%) ) (HVp — HVS) (1-23)

From Eq. [-23, it is possible to extract the coating hardness as follows:
(HVc—HVs)

Ct (ct\?
(@)

This model expresses the composite hardness, HV ¢, corresponding to the measured hardness, as a

HVp = HVg + (I-24)

function of the substrate hardness, HVs, and the coating hardness, HVF, through a coefficient
representing the part of the film involved into the composite hardness measurement. This coefficient
is related to the indent diagonal, d, and the coating thickness, ¢, as well as a coefficient, C, which can
take two values, 0.5 or 1, depending on the mechanical behavior of the coating, brittle or ductile,

respectively.

The model from Chicot and Lesage [33] based on the theory from Burnett and Rickerby [36] in
which they consider the volumes of the plastic deformation zones, Vr and Vs respectively in the film

and in the substrate:
He = E Hp + 2 Hg (1-25)

Where V =Vr + Vs and H. is the composite hardness from experiments, while Hr and Hg are

the hardness of the thin film and the substrate respectively.

Generally, it is assumed that the plastic zone has a hemispherical shape and that the size of the
hemispherical plastic zone is related to the size of the Vickers imprint diagonal. According to Lawn

[37], this leads to:
d E;
b= (H—i)l/zcot1/3€ (I-26)

Where b; is the plastic zone radius, d is the indentation diagonal, & is the indenter semi-angle and

equal to 74° (in the case of a Vickers indenter), E; is the Young’s modulus and H; the hardness of the
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tested material. This equation bases on the hypothesis of continuity between the coating and the

substrate. Under some assumption of the geometry [33], the composite hardness may be written:

3 3 1 1
1 2 1 2 = =
He =>tana§ fiy <1 — 2 tan3§ ﬂ) Hs +>tan'/3¢ = [(?) Hy — (?) Hg] (1-27)
dEZ dE2 s F

With # the thickness of the coating. This method is usually preferred when the Young’s modulus E

is convenient to get.

Korsunsky et al. [35] proposed a new idea to calculate the film hardness (HF) by the work of the

indentation. The total energy (W,,;) required to produce an indentation of depth 4 is given by:

h Hh3
Wiot = fo Fnax dx = Fr Ws + W (1-28)

Where Fuax is the maximum load, H is the measured hardness and i is a parameter describing the

indenter geometry, S and F subscripts stand for substrate and film respectively.

In case of fracture-dominated coating and case of plastic-dominated coating, and simplify the model
and for the ease of fitting at the same time, we have the equation to present the composite hardness

(Hc) by the substrate hardness (Hs) and coatings’ hardness (HF) [38]:

Hp—Hg

HC = HS + 1+kp2

(1-29)

Where the fitting parameters Hg, Hp and k are determined by fitting to the experimental variation
of H. with B, where [ = §/t denotes the indentation depth normalized with respect to the coating
thickness and has been termed the relative indentation depth. In the case of the cracked coating, the
constant k& should be proportional to thickness, whereas in the case of the plastically-deformation
coating, k should be almost independent of the thickness. Korsunsky’s model gives out good result

when there are enough experiments point to make the fitting.
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1.2 Measurement of residual stress

1.2.1 X-ray diffraction test

Residual stress, which is the stress in the materials after the manufacturing process, will cause
deformation inside samples or can affect the response of the material to external mechanical
solicitations during service of the coated material. X-ray diffraction (XRD) is a non-destructive
technique than can be used to determine thickness, lattice parameters, residual stresses, micro strain,
composition and defects in the microstructure of a material [39]. When the microstructures deformed,
which means they contain residual stress, are characterized, the X-ray microbeam diffraction technique
will be applied. This technique was first developed by Hirsch [40] and was applied to the study of the

deformed microstructure of various metals.

In general, the XRD technique is mainly expected to observe the variations of residual stress in the
coatings, especially before and after heat treatments. XRD test can help us to have some information
about the change of microstructure and preferred orientation in the materials during the heat treatment

[41] [42] [43].

X-ray diffraction involves probing a crystal with X-ray radiation having a wavelength (1) close to
the interradicular spacing (d), as shown in Figure I-9. The lightening angle between incoming rays and
crystallographic planes is denoted . Usually, X-rays are generated by accelerating electrons towards
a metal target in a vacuum tube. This produces a radiation spectrum from which the bright, specific
wavelength can be selected. The wavelength 4 depends on the material of X-rays generating tube. Cu,

which is among the most common targets, produces a wavelength A=1.5406 A.

These X-rays are scattered by the electron cloud surrounding every atom in the crystal. According
to the Bragg’s law, when two rays are diffracted on two parallel planes, the path difference is equal to
(2d sin@) and constructive interference will occur when this path is equal to nA (where n is an integer).

Bragg’s law can be expressed as:

nd = 2d sinf (I-30)
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The crystal acts as a 3D diffraction grid, so that as the sample and/or the detector are moved relative
to the incident beam, a 3D array of diffraction maxima can be investigated. Each set of crystal planes
will produce a diffraction spot, with the positions and shapes of the diffraction spots being inversely
related to the spacings of the crystal planes and size of the crystallites. The diffraction angle 28 is

measured during the diffraction experiment.

incident S diffracted
A beam

Figure 1-9. Schematic of x-ray diffraction: the conditions required for Bragg's law [44].

Practically, several mechanical and geometrical configurations can be used. For polycrystalline
materials or powders, set-ups using two circle goniometers are widely used. In the 0-20 set-up, the
source is fixed, and the sample and detector simultaneously rotate by an angle 0 (resp 20) relative to
the incident beam. In this case, the light collected by the detector is diffracted by the planes lying
parallel to the surface of the specimen. This makes the technique sensitive to the orientation of the

crystallites, whether it is random or not will affect the peak intensities in the diffraction diagram.

Usually, the laboratory equipment will contain a goniometer. With the goniometer, it is possible to
move the X-ray source or the sample and the detector relative to each other in a very precise way. In
common, the distance between the specimens and the detector will be control as a constant for all the
6 angle, which is known as Bragg-Brentano geometry. Two major basic types of goniometers are

widely used: 6/8 goniometers, where the specimen will be fixed as Figure I-10 (a) when the X-ray
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source and the detector moves; another one 6/26 goniometer is on the contrary, for which the X-ray

source is fixed while the specimen and detector are moving as Figure I-10 (b).

S
Detector (®) tg”s"'_ ~ Detector

‘\\
2]
...-—’/ ‘x_Jr%

source : — 0

Fixed sample

, N
"\ 20

-

S: scanning speed S: scanning speed

Figure I-10. Principle of (a) 6/8 goniometers and (b) of 6/20 goniometers [45].

The lattice deformation in a crystalline material can produce different effects on the XRD peaks.
The deformation can be uniform, resulting in first order residual stresses, or nonuniform, resulting in
second and third order residual stresses (micro-deformations) [46]. Uniform deformation is
homogeneous over many grains, resulting in the angular position of the XRD peak being slightly
shifted according to the Bragg’s law, as can be seen in Figure I-11(b). Figure I-11(a) is the specimen
with non-deformed crystallographic structure, while (b) and (c) are the uniform deformation and non-
uniform deformation respectively. At this scale, we speak about macro residual stresses. Non-uniform
deformation is homogeneous over small domains, such as a part of a grain, and broadening of the XRD

peak is observed due to increasing density in the dislocation network.

If the standard value of @ for experimental samples is known, a comparison between the standard
and the experimental values can be made. Then the macro residual stress in the sample, which will
cause a change in the lattice spacing (stress), can be determined as Figure 1-11 (b). In another case
(Figure 1-11(c)) FWHM (Full Width at Half Maximum) method can be applied to monitor the micro

stress, which will be introduced later.
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Figure I-11. Effects of lattice deformation on XRD peaks for (a) non-deformed crystallographic
structure, (b) uniform deformation (macrostresses), and (c) non-uniform deformation

(microdeformations)[46].

XRD peaks can help us to get information to calculate independently macroscopic stresses, by
evaluation the shift of the peaks, and micro deformations, by analysis of peak broadening. The shift of
the XRD peak allows the measurement of the elastic deformation of the crystal lattice space, while the
peak broadening results from the decreasing of the crystallized size. Since the peak analysis can give
us information on the structure and properties of the materials, several methods for line profile analyses

are presented as follow.

Warren- Averbach method

Warren and Averbach [47][48] proposed the first theory for the broadening of the diffraction peaks,
in which it was assumed that the broadening is caused by size effect and strain effect. If the measured
planes are from the same family, for example {100}, {200}, the size and strain effects can be separated,

as the size contribution not dependent of L and the strain coefficient is dependent of the order.

After obtaining the peaks by convolution, the discrete Fourier transform is performed to obtain the
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natural logarithm of the normalized intensity expressed as:
MA(gpi, L) = InAS(L) — 2n% g3, L? < €% > (I-31)

Where A is the Fourier coefficients of total intensity, g is the reflection vector of each plane, L=nas

is the Fourier varible and < &2 > is the mean square strain dependent on diffraction vector.

The WA plot can be constructed by plotting function A5(L). The tangent at L=0 results in the area-

weighted mean column length according to:

<t >grea= —mi— (1-32)

- o0
area fo dat

Where V¢ is the volume of columns perpendicular to {Akl} planes, and day is the cross-section of

columns of length ¢.

The size and strain components can be determined to be isotropic when < &€ > and <t > are
equal for a pair of harmonic reflections; nevertheless, if the values are different, the material is
anisotropic. The line shape is directly established by the column length distribution in the domains
perpendicular to the planes according to Bertaut’s theory, which depends on the mean size, size

distribution and shape of the coherent diffraction domains [49].

Scherrer’s equation and W-H plot method (FWHM)

Besides the methods mentioned previously, there is another one named full width at half maximum
(FWHM), which is a very common and convenient method. It is a qualitative or semiquantitative

method of analysis of peak broadening [50]. This method is based on the Scherrer’s equation [51]:

kA

- Bcos6 (1-33)

Where 4 is the wavelength of the X-ray source, @ is the diffraction angle and the B is FWHM
which is expressed in radians. k; is the Scherrer’s constant, which depends on the crystal structure and

varies from 0.62 to 2.08, and mostly it is used as 0.94 [52][53].

Scherrer’s equation is a rough estimation of the average size D (crystallite size). But it does not
34



Research on NiW coatings as a promising replacement for Cr-VI: indentation and X-ray diffraction investigations

consider the micro strain effect. Williamson and Hall [54] also proposed a method to get the anisotropy
information in broadening. They made the assumption that both size and strain broadened profiles are
Lorentzian. In XRD data, the total broadening [ of the peaks is due to the combine effect of

crystallites size Bp and micro strain f,:

Br = Bp + B¢ (1-34)

From Scherrer’s equation (Eq. 1-33), the S, can be expressed as:

Bp = % (I-35)
And the broadening due to strain can be expressed as:
Be = 4stanb (I-36)
The deduced formula would be:
Br = D’;Zig + 4etand (1-37)
After some simply deduction, Eq. I-37 can be written as:
prcosO = 1%1 + £(4sin0) (I-38)

The crystallites size D can be given by plotting the curve with f7c0s0 versus 4sin@, where the
slope is the strain € and intercept is %. This method can be applied when every peak of the material

1s known.

1.2.2 Laser Ultrasonic

Laser ultrasonic, using laser for the generation and detection of ultrasound, is a newly developed
non-destructive technique for the measurement of the stress according to the acoustoelastic effect
(the influence of structure or stress on the ultrasonic wave) [55][56][57]. Among nondestructive
methods, ultrasonic method are the most often applied for stress evaluation because the

acoustoelastic effect in materials is well studied theoretically and experimentally, equations of the
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acoustoelastic effect are derived analytically as well [58].

Stress fields can be analyzed using ultrasonic waves because the stresses within a material change
the characteristics of the wave (velocity, attenuation) [59]. Ultrasonic evaluation of the residual
stress is based on the acoustoelastic theory. The main effect of stress on the propagation of ultrasonic
wave is the variation in propagation velocity. Generally speaking, the relative change in the velocity
caused by stress is proportional to the latter. The proportionality coefficient is called the
acoustoelastic coefficient, which depends on the second and third order elastic constants, and also
on the acoustic wave propagation and stress directions [60]. Here the final relationship between
velocity and stress is given directly and there are only two directions (x and z) of stresses taken into
account [61], because the isotropic symmetric assumption. When the displacement due to the
propagation of surface wave is infinitesimal, then the relative variation of the propagation velocity

can be expressed in terms of static stresses as explain in Eq. I-39 and 1-40:

B %V = g 5+ K,0, (1-39)

Vo Vo

22 =20 = K0, + Kyoy (1-40)
0 Vo

Where vy and v, (m/s) are the surface wave velocities in the presence of (ox, 6;) residual stresses
along the x and z directions, respectively; vo is the surface wave velocity in the material without stress;
ox and a; are the principal stress (MPa); K1 and K> are the acoustoelastic coefficients of the surface
wave (MPa?). The material is assumed to be an isotropic symmetry, thus, the acoustoelastic
coefficients only depend on the surface wave propagation and stress directions. The value of these

acoustoelastic coefficients is obtained experimentally.

In order to solve principal stress by Eq. I-39 and 1-40, the coefficients K; and K> must be determined
in advance. The constants K; and K> can be determined by a calibration process: a uniaxial known
stress field is applied and the corresponding surface wave velocity is measured. When the specimens

are in the state of uniaxial stress, Eq. I-39 and 1-40 can be simplified as [60]:
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e _ 0 _ g g (1-41)

Vo Vo

2z _ %% kg, (I-42)

Vo Vo

Obviously from Eq. I-41 and 1-42, for a definite pre-stress, if the velocity of surface waves is
measured parallel and vertically to the stress direction, we can get the acoustoelastic coefficients K

and Ko, respectively.

1.3 Cracks formation as indicator of toughness and adhesion

Besides the main idea that use indentation test and XRD to identify the mechanical properties of the
coated samples, there are some other aspect interesting to be explored, the toughness and interfacial

adhesion for instance.

Tensile test is a widely used and very convenient way to collect information about mechanical
properties of bulk materials, for example the ultimate tensile strength, breaking strength and maximum
elongation. In this work, this method will also be applied to the coated samples. Scratch test and
indentation test can make some cracks on the specimens whose density can help to compare the
toughness and adhesion among different coatings. Besides, the Rockwell adhesion test can directly tell

us the interfacial tenacity is good enough or not, especially for thin coated samples.

In this part, this work is going to explore the mechanical properties from approaches which can give

out different length, shape and density of cracks.

1.3.1 Tensile test

Tensile test is one of the common methods to measure the mechanical properties of bulk material.
Recently, the tensile testing is also becoming increasingly common in determining the mechanical
properties of materials used in aircraft structural components, bridge support sections, machine

components, etc. [62]. But in this work, the adhesion of the coating to the substrate material can be
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determined using simple tensile testing of coated flat metal. The method is simple but powerful and
there is direct relevance to film fracture resistance and decohesion, giving important clues about the

adhesion behaviors [63][64].

In tensile test, the engineering stress can be calculated by assuming the section of the sample remains

constant throughout the whole experiment:

F
o= (1-43)
And engineering strain is given by:
g = ko (1-44)
Lo

Where Lo is the initial length and L is the length under load, So presents the initial sectional area, F

1s the force.

As section is not a constant during the test in the elasto-plastic zone when the yield stress is exceeded,

true stress o; and true strain &, are defined following the real evolution of the shape of the specimen:

o =c(1+¢) (1-45)
eg=In(1+¢) (I-46)

According to the Hollomon law [65]:
o = Ke{™ (I-47)

Where K and m are constants determined by the materials. K is the strength coefficient and m is the

strain-hardening exponent. According to this model, the mechanical behavior of substrate could be

described [65].

When the coated samples are considered, the information of the substrate is important. Because the
coating shares the same strain with the substrate under it. If everything is clear for the substrate, it will

be much easier to analysis the coatings’ mechanical behaviors.
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For the coated specimens, the stress-strain curve is shown in Figure I-12. In Figure I-12, there should

be onset of cracking area and debonding area which could be observed on the corresponding specimens.

250 T T T
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Debonding

50 .

)) I ! L !
0 0.02 0.04 0.06 0.08 0.1
Strain, ¢

Figure 1-12. Tipical stress-strain curve of tensile test. The shaded boxes indicate the general area

corresponding to the onset of film cracking and debonding [66].

One limit of classical tensile test is the fact that if you want to have access to the evolutions of the
decohesion between the substrate and the coating, you must machine different width of sample. To
avoid this, Millet and lost [67] proposed a trapezoidal shape as shown in Figure I-13. Due to this
special shape, the stress is relative to the width of the specimen which also represent different location
on the surface during the tensile test with homogenous loading. In this way, only one sample can give
out the behaviors of the material under different stresses and easily get the fracture stress. Using the
Hollomon law (Eq. 1-47) with a rectangular specimen of the substrate, it is therefore possible to

determine the strain at each point of the specimen if the section and the load are defined.
With this test, it is possible to obtain the tenacity of the coating and the interfacial tenacity, using
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the energy of crack of the coating and the total energy of interfacial rupture. With this shape of
specimens, the apparition of the cracks can be defined, and it is then possible to have access of the
number of cracks to define the density of cracks, the distance between each of them. Then with the
localization of the first cracks, it is therefore possible to have access to real stress and know at which
stress value cracks appear and see if there is a good or bad adhesion between the substrate and the
coating.

Zone used to
observe

Figure I-13. Shape and dimensions of coated tensile test specimen [67].

During the tensile test on this trapezoidal specimen, the cracks supposed to appear firstly at the
thinnest part of the shape. The highest crack density should be at this point as well, due to there is
higher stress than other positions on this specimen. And with the increasing of the width and section,
the crack density will decrease or even the crack will not appear close to the broad end of the sample.

The qualitative analysis among different samples can be done by this method.

Y. Leterrier [68] observed that the crack density varied from the small strain to high strain as the
curve shown in Figure I-14. Figure I-14 presents the three stages of the coating cracks under uniaxial
loading. Stage I: at a critical strain (&) the sample starts cracking perpendicular to the solicitation;
stage II: at a higher strain, mid-point cracking begins and transverse fragment buckling initiates; stage
III: above a certain strain, the crack density becomes a constant, there are no more new cracks formed

and the crack density reaches saturation.
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Figure I-14. Schematic of crack density varying with increasing strain [68].

This theory make it possible to calculate the interfacial shear strength (IFSS), which characterizes
the practical adhesion of the coating layer in the mechanical sense, through the measured critical strain

(&crir ) and crack density at saturation (CDsar) [68]:
IFSS = 1.337t.E &¢ritCDsqt (1-48)

Where #. and E. are the thickness and elastic modulus of the coating.

1.3.2 Scratch test

Adhesion is a very important property of a coating. And scratch test provide a simple and reliable
method to assess the adhesion of thin hard coatings [69][70]. A classical configuration of the test is a
diamond stylus scratching the coated surface under an increasing load until some well-defined failure
occurs at a load which is often termed the critical load, L.. Many different types of failures can be
observed, including coating detachment, through-thickness cracking and plastic deformation or
cracking in the coating or substrate. Due to the several different failure modes occur at the same time,
the results of the test is difficult to interpret [71]. The failure modes observed in the scratch test depend
on many factors and are most easily characterized in terms of the hardness of both substrate and coating

(Figure I-15). For example, a very hard substrate with a very hard coating, there suppose be bulk
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fracture during the scratch test. And in most common situation, it is a hard coating with a soft substrate,

and it supposed to have interfacial failure of through-thickness fracture when scratching.

Bulk
Fracture

Interfacial

Failure

Plastic

Deformation

Substrate hardness, I

Through-thickness

Fracture

Coating hardness, H,

Figure 1-15. The various scratch test failure modes which dominate as a function of coating and

substrate hardness (Hcand Hs, respectively) [71].

There are some intrinsic and extrinsic parameters which will affect the measurement of critical load
during the scratch test (Table I-3). Many of these intrinsic factors are instrument-specific and require
a careful calibration approach if results are to be compared between instruments. While the extrinsic
parameters need to be estimated before the analysis of the scratch test such as coating thickness and
substrate hardness. These parameters, together with the residual stress in the coating and the Young’s
modulus, are an important requirement for the models of the failure mode used to generate interfacial

fracture toughness. There are thus four requirements for a quantitative scratch adhesion test [71]:

1) An adhesion-related failure mode;

2) A well-defined failure mechanism;
3) A method to identify that adhesion failure has occurred, where it is located and the size of the
failure;

4) A method of determining the stresses which cause failure.
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Table 1-3. Intrinsic and extrinsic factors in the scratch test.

Intrinsic Extrinsic

Loading rate [69],[72] Substrate properties (hardness, elastic modulus) [72]

Scratching speed [69],[72] Coating properties (thickness, hardness, modulus,

residual stress) [72]
Indenter tip radius [69] Friction coefficient [73]
Indenter wear Surface roughness [72]

Machine stiffness/design

1.3.3 Indentation crack length method

Indentation aims to investigate the mechanical properties of materials. Oliver and Pharr [22] have
found that for a certain type of indenter, there was a simple relationship between contact area, contact
stiffness and Young’s modulus. Residual stress affects the material’s hardness that can be investigated

by indentation tests. Thus, deducing the residual stress from indentation test is a feasible way.

Residual stresses can be determined by means of indentation tests if the stress-free state of the
material is known. R. Moharrami ef al. [74] calculate the residual stress from yield stress, and H. Liu
et al. [75] get it by hardness and contact area. Both of them refer to the same model from S. Suresh et
al. [76] who have verified this method by comparing the results with finite element predictions as well

as nano-indentation experimental results.

Some brittle materials are prone to exhibit cracks formation and propagation around the contact
between the indenter and the surface. It will be a convenient method to get residual stress because it is
easy to get the crack length from direct observation, as Figure [-16(a) shows. In the case of specimens

(8 wt% yttria partially stabilized zirconia coating) tested at high temperatures (over 400°C), Z. Qu et
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al. [77] propose to measure residual stresses using the indentation test with the stress intensity factor

calculated from the cracks generated by the indenter.

Figure I-16. (a) Specimen surface after indentation and (b) Label the three crack length [77)].

Considering the residual stresses in the coating [78][79], based on the principle of superposition,

the total stress intensity factor K, can be given by Eq. 1-49.

Ky = xP/c*? + 4ot/ — (20,t)/ (V) (1-49)

For equilibrium fracture conditions, the cracks extend when K; reaches a critical value, Kic

(fracture toughness). Eq. 1-49 can then be rewritten as:

P/c?? = (Kic — 4ot/Nm) /x + ((20,:6) | (V)72 (1-50)

All the parameters are listed below:

Ky is the total stress intensity factor/ Kic is under the equilibrium fracture conditions (N/m¥?);
x=0(E/H)Y2 | § is the geometric factor;(d = 0.036 for a cube corner indenter [77], 6 = 0.015 for
Vickers indenter from W.G. Mao et al. [78]);

E is the Young's modulus (Pa);

H is the hardness (Pa);

P is peak indentation load (N);

c is the average crack length (m) from the three labeled cracks in Figure 1-16(b);
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or IS the average stress in the coating (Pa);

t is the thickness of the coating (m).
A linear relationship is found between the ratio P/c¥2 and c™2. Here, (20,t)/(xvm) and (K¢ —

40,+/t/\m)/x denote the slope and intercept of Eq. 1-50, respectively. Then, residual stress and
fracture toughness can be determined by the values of slope and intercept, respectively. Residual stress

can be calculated from the result of the experiments.

1.3.4 Rockwell adhesion test

The well-known Rockwell C indentation test is prescribed by the VDI 3198 norm, as a destructive
quality test for coated compounds. This method is also known as Daimler-Benz test or VDI adhesion
test. It uses a Rockwell “C”-type diamond cone indenter with an applied load of 150 kg. The Rockwell
adhesion test is influenced by the substrate hardness and the coating thickness. Therefore the minimum
substrate hardness should be 54 HRC and the maximum coating thickness that can be accurately tested
is 5 um. This method is a qualitative test but not a quantitative one, so it is usually used for comparing

different materials.

The principle of this method is presented in the upper right part of Figure I-17. A conical diamond
indenter penetrates into the surface of a coated compound, thus inducing massive plastic deformation
to the substrate and fracture of the coating. The 1/10th rule must be accomplished, and therefore the
overall specimen thickness must be at least 10 times greater than the indentation depth. The type and
the volume of the coating failure zone, exhibit in a first sight the film adhesion and secondly its
brittleness. The coated specimen may be adequately evaluated, by means of conventional optical
microscopy. However, the specific quality control method becomes significantly more effective, when

scanning electron microscopy and spectroscopy are utilized [80].
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Figure 1-17. The principle of the VDI 3198 indentation test [80].
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Chapter Il. Indentation test

2.1 Preparation of the samples

For deposition process, the selected substrate is a very common steel in industry, ST37, whatever
the coating. Its composition is listed below in Table II-1. ST37 is also known as S235JRG2C: “S” is
for Structural Steel; “235” refers to the minimum yield strength value (MPa) for a thickness < 16mm;
“JR” means the impact energy value is 27 J at room temperature; “G2” is a subdivided quality grade;

“C” means the steel is suitable for cold drawing. In the present work, the substrate will be written ST37.

Table I1-1. Chemical composition in weight percent of ST37 steel [81].
Elements C Si Mn P S Cr Ni

w.% 0.11 0.03 0.56  0.007 0.005 0.07 0.03

The NiW and Cr-VI coatings are obtained by electroplating. For NiW, the bath is composed by 0.06
mol/L nickel sulfamate (Ni(SO3NH>)2), 0.5 mol/L tri-sodium citrate dehydrated (Na3;Ce¢Hs0O7-2H20),
0.14mol/L disodium tungstate dehydrated (Na;WO4:2H>0), 0.5 mol/L ammonium chloride (NH4CI)
and 1g/L dodecyl sulfate sodium salt (surfactant). Anode is platine-titanium and the deposition rate is
0.61pum/min at a current density of 2 A/dm? and 0.28um/min at SA/dm?, respectively named NiW-2A
and NiW-5A in the following. The temperature is set at 65 °C while the pH is in the range of 8 to 8.5
by adding NH4OH. For the Cr-VI bath, there are chromic acid 250 g/L, trivalent chromium 1-3 g/L,
and the ratio of sulphate/chromic acid is 1.0-1.4%. Anode is lead-tin alloy and the deposition rate is
0.84 pm/min at a 40A/dm’current density. The temperature is set at 55 °C. The parameters were chosen
according to the chemical composition and the morphology of the deposits: for NiW-2A it is found a

homogeneous structures in surface while for NiW-5A it is cauliflower structure (Figure 11-1).
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Figure 11-1. The surface structure of NiW-2A and NiW-5A observed by SEM.

Before electroplating, the steel substrates ST37 were degreased cathodically with alkaline
commercial solution ATF Systoclean at 40 °C, 3 A/dm? for 3 min. In a second step, they were rinsed
in demineralized water, activated in H2SO4 solution (10% volume fraction) at room temperature for 1
min and finally rinsed again in demineralized water and immediately immersed in the plating bath.
The size of both NiW-2A and NiW-5A specimens are 30 mm x 30 mm square and the coating is about
10 um of thickness. While for Cr-VI, it is a larger plate which is 11 cm x 11 c¢m, and the thickness is
around 100 pm. Before the indentation experiments, the Cr-VI specimen is cut into smaller pieces in
order to get the appropriate size for the different tests. Figure II-2 shows us the size of Cr-VI and NiW
coated specimens. Both Cr-VI and NiW coating will be investigated by indentation and X-ray

diffraction tests.
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(b)

30mm

Figure I1-2. (a) NiW coated specimens; (b) Cr-VI coated specimens.

Indentation test is strongly affected by the surface roughness. As a rule of thumb, to avoid too much
influence of roughness, the penetration depth should be at least 20 times the roughness [82]. Knowing
the roughness of the surface can help to find out the most suitable indentation scale. So, the surface
morphology was investigated by contact profilometer KLA Tencor P16+ to investigate the roughness
on the samples. Figure II-3 shows the surface morphology of the coated samples investigated on a 1
mm X | mm area. A closer analysis reveals some particles having several tens of micrometers large
and peak height around 27.6 pm for Cr-VI, 12.0 um for NiW-2A and 10.9 um for NiW-5A. The
roughness Sa equals 2.7 um for Cr-VI, 1.6 um for NiW-2A while it is 1.3 um for NiW-5A. It is also

observed that Cr-VI surface is much rougher than both NiW coatings.
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Figure I1-3. Surface topography of (a) Cr-VI, (b) NiW-54 and (c) NiW-2A4 coatings.

Following the rule of thumb, that penetration depth should be at least 20 times the roughness,
concerning Cr-VI coatings the penetration depth should be larger than 500 um, more than 5 times the
total thickness of the coating. At these depths, the influence of coating is low and, even with the use
of multilayer models, the uncertainty of coating hardness determination will be high. That why we
chose to carry out indentation tests on a cross-section perpendicularly to the normal surface to observe
possible anisotropy. The specimens were embedded by hot mounting into the Multifast resin by the
device CitoPress 1 (Struers, Denmark). The cross-section is mechanically polished from 100 up to

4000 grades and the final step is with silica slurry on a polishing cloth (Figure 1I-4).
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Figure 11-4. Samples prepared for indentation test.
In this work, both classical and instrumented indentation tests are applied. All the results come from
the two devices: Duramin (classical indentation) and CSM 2-107 (instrumented indentation) presented

on Figure II-5.

The micro scale classical indentation instrument is Duramin (Denmark). The load range for Duramin
is from 0.1 to 20 N containing 9 different loads. For each load, 10 tests will be realized and then take
the average diagonals of the residual imprint in order to reduce the error. For the maximum load applied
in the tests, the maximum diagonal is less than 200 um, so the distances between each two imprints
will be larger than 1mm (5 times larger than the diagonal) during the tests to neglect the influence of

the plastic zone below the indent.

The micro instrumented indentation device is a CSM 2-107 (Switzerland). In this instrument, the
load range is from 0.05 to 30 N, and during the test, the maximum load was set from 200nN to 10N.
The load resolution of the instrument is equal to 100uN and the maximum displacement allowed by

the machine is up to 100pum while the resolution is 0.3 nm.
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(b) |

Figure I1-5. The devices used for indentation test (a) Duramin and (b) CSM 2-107.

2.2 Results and discussion

2.2.1 Classical indentation test

To get rid of the high influence from surface roughness we suggest applying indentation test in the

microindentation domain by classical indentation test.

The results of the classical indentation tests performed on the top surface of the ST37 substrate, the

Cr-VI and NiW coatings as well as on a cross-section of the Cr-VI coating are collected in Table I1-2.

In the first step, we are going to explain results from ST37 and Cr-VI. In second step, we will discuss

about the mechanical properties of the Ni-W coatings.
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Table II-2. Indentation data of classical tests obtained on the ST37 substrate, Cr-VI and NiW
coatings, i.e. indentation force in N, indent diagonal in um and its standard deviation for each applied

force and each tested materials.

Indentation force

0.2 0.5 1 2 3 5 10 20
(Fin N)
ST37, 17.3 25.6 36.5 53.7 66.0 85.1 121.9 173.2
Top surface +1.7 1.4 +1.6 +1.2 2.1 2.2 +1.8 +7.7
Cr-VI, 7.0 10.0 14.2 20.2 24.7 31.9 45.5

cross-section 10.1 +0.2 +0.2 +0.2 +0.3 +0.2 +0.3

Cr-VI, 7.1 10.2 14.6 20.9 25.7 39.3 64.1 106.6
Top surface +0.2 +0.4 0.7 +0.5 +1.5 4.2 +7.7 +3.7
NiW_2A, 9.4 13.8 21.8 354 46.4 67.9 105.1 153.2
Top surface +0.3 +0.4 +1.4 +0.5 +1.9 +1.6 +1.5 +3.3
NiW_5A, 8.8 12.9 21.3 33.8 43.1 64.6 102.0 150.3
Top surface +0.6 +0.5 +0.7 +1.6 +1.0 +1.9 +3.2 +4.3

a) Indentation size effect (ISE)

The results of the classical indentation tests performed on the top surface of the bare ST37 substrate,
the Cr-VI and NiW coatings as well as on the cross-section of the Cr-VI coating are collected in 7able
11-2. Different conclusions can be drawn from the lecture of this table. First, we have presented the
standard deviation corresponding to 10 indentation tests performed at each indentation force. As a

result, the standard deviation is always lower than approximately 5 % of the indenter diagonal.

On the base on the hardness variations observed for the substrate, the cross-section on the Cr-VI
coating and on the top surface for the indentation forces lower than 3 N, we can analyze the hardness-
force dependence variation through an indentation size effect approach (ISE). Figure II-6 represents

the Vickers hardness (HV) variation as a function of the indentation force for ST37, Cr-VI in cross and
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top sections.

For the indentation measurement on a cross-section of the Cr-VI coating, the maximum indentation
force applied is 10 N and the corresponding indent diagonal is close to the coating thickness, thus
indicating that the measurement could be influenced both by the resin and the substrate. Thus, the
indentation force of 20 N, leading to even larger diagonals, cannot be logically applied. Furthermore,
by comparing the two series of indentation performed on the cross-section and on the top surface of
Cr-VI coating, it is clearly visible that for the indentation force less than 3 N, the indent diagonals are
more or less similar. For forces above 3 N, the indent diagonal obtained on the top surface is higher
than 35 microns. It is noticeable that this last value corresponds to an indentation depth of around 5
microns (h = d/7) indicating that the indenter displacement exceeds 10 % of the coating thickness
(equal to 50 microns) [31]. Consequently, for the higher forces, the model of Jonsson and Hogmark
should be applied to extract the hardness of the coating, and contrarily for the lowest forces, the

measured hardness corresponds to that on the coating only.

20
1.8

16

HV (GPa)

12 de ¢ o }

1.0
0 5 10 15 20

Indentation force (F in N)
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Figure 11-6. Vickers hardness variation as a function of the indentation force for a) the ST37 steel
used as the substrate, b) on a cross-section of the Cr-VI coating and c) on the top surface of the Cr-VI

coating.

As it can be seen on Figure I1-6 and as expected by the indentation size effect (ISE) on the hardness
variation, it is found that the hardness increases when the indentation force decreases. It is also noted
that the Vickers hardness is rather constant for indentation forces higher than approximately 2 N for
all the tested samples. In addition, it is noticeable that the standard deviation is higher for the hardness
measurements performed on the top surface of the Cr-VI coating compared to the ones obtained on a
cross-section. This difference is due to the fact that the top surface is rougher compared to the polished

cross-section, thus showing the influence of the roughness on the hardness measurements.

Now, in order to quantify ISE, we apply equations I-19, I-21 and I-22 related to the models of Li
and Bradt [29], Bull and Page [23] and Nix and Gao [30], respectively. Figure II-7 shows that all the

models applied to the experimental data can be adequately represented by a straight line.
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on the ST37 steel as substrate, the cross-section of the Cr-Vi coating and on the top surface of the Cr-

VI coating with indentation force lower than 3 N.

All the models have been fitted by a linear regression (y = a + b*x) and the corresponding parameters

a and b are collected in Table II-3. From the fitting coefficients, we extracted the Vickers

macrohardness HVo and the characteristic scale length, di, according to the model concerned. The

values obtained are listed in 7able 1I-3. The main observation which can be done from this table is that

the Vickers macrohardness are found to be independent on the model applied. The macrohardness of

the ST37 steel is around 1.17 GPa. For the Cr-VI coating, we obtained 8 GPa and 8.5 GPa on the top

surface and on the cross-section, respectively. This apparent difference can have several origins. One

possible origin could be the anisotropy between the two directions of hardness measurement due, for
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example, to the presence of a residual stress state or to the growth direction of the layer. Another one
could result from the polishing process. Indeed, we must note that no specific surface preparation is
performed on the top surface whereas a necessary cutting and polishing is required for the preparation
of the cross-section. In any case, it is impossible to attribute the slight difference to one origin rather

than the other.

Table 1I-3. Linear regression parameters (v = a + b*x), Vickers macrohardness HVy and the
characteristic scale length d; according to the model of Li and Bradt, Bull and Page and Nix and Gao

obtained for the ST37 substrate, the cross-section and the top surface of the Cr-VI coating.

ST37 Cr-VI Cr-VI
Models Parameters steel Cross- Top
section surface
, a (GPa) 1.17 8.56 8.02
HV=a+ q b (GPa*um) 6.11 6.06 7.45
Hv diy R 0.97 0.97 0.98
<H_vo =1+ T) HV, (GPa) 1.17 8.56 8.02
dig (um) 5.22 0.71 0.97
a (GPa%d) 1.08 2.92 2.84
vos = g+ 2 (Gll)’ao's*um) 2.65 1.07 1.21
(ﬂ _ (1 N @)2) R’ 0.97 0.97 0.96
HV, d HV, (GPa) 1.17 8.53 8.07
dgp (um) 2.45 0.37 0.44

a (GPa?) 1.35 72.55 63.98

HVZ = a +§ b (GPa¥*um) 16.27 113.95 128.98
HVA2 dne R 0.97 0.98 0.98
<(H_vo> =1 +T) HV, (GPa) 1.16 8.52 8.00
dne (um) 12.05 2.01 2.02

Concerning the characteristic scale lengths whatever the models, it is difficult at this step of this
study to address a specific physical meaning to each parameter. In order to separate a possible influence
of the indenter tip defect, an observation by scanning electronic microscope has been done at very high

magnifications. Figure II-8 shows a global view of the indenter tip (Figure 1I-8a) and an enlargement
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(Figure I1-8b) to highlight the blunt of the indenter tip.

Figure I1-8.SEM observation of the Vickers indenter used in classical indentation test: (a) the

main view of whole Vickers indenter and (b) the focus of the tip defect part.

Usually, the tip defect is associated with the slight deviation from a perfect geometry of the indenter,
due to its inevitable bluntness depending on its frequency of use. This tip defect can be defined in two
ways, one considers the radius of the rounded tip and the second one the distance between the ideal tip
and the actual rounded one as indicated in Figure II-8b. Note that if the pyramidal indenter is
assimilated to an equivalent conical indenter having a half-angle at the tip of y equals to 70.3°, it exists
a relationship between the radius of the rounded indenter tip, Rsumns, and the indenter tip defect hjp as

follows [83]:

hy, = Rotune * (g = 1) (I1-1)

In practice, the two approaches are both rightly applicable. However in this work and within the
objective to compare with parameters involved in the ISE models, we prefer the notion of indenter tip
defect, hp, which allows comparing its value to a depth whereas the radius is a geometrical parameter

of the indenter.

At very high magnifications on SEM observations, we have estimated the tip defect length around

50 and 60 nm. For the following, we will consider a mean value of 55 nm.
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Now regarding the values of the characteristic scale lengths, it is difficult to compare these values
because the distances in 7able II-3 are given equivalently to an indent diagonal. Consequently, we
suggest to transpose the tip defect length as an equivalent diagonal by multiplying its value by 7
according to the geometry and the angles of the Vickers pyramid. Following this statement, we obtain
a value close to 0.4 um which can be compared to the value of dgp resulting from the application of
the model of Bull and Page [23]. It is also interesting to note that even if Bull and Page attribute this
value of dgp by a shift at the zero-contact, numerous authors such as Saka and Tanaka [84] suggest to
calculate the hardness by taking into account the tip defect in instrumented indentation, here it is also
applied to classical test as follows:

F
H= 26.43 (h+hp)2 (I1-2)

Where h; is the tip defect length.

From this equation, we can express the indentation force as a function of the indenter displacement

as follows:
F = 26.43 H (h + hy)? (I1-3)
Which is equivalent to Eq. [-20 proposed by Bull and Page when replacing the indentation depth, A,
by the indent diagonal, d, with the ratio of 7. In this case, Eq. II-3 becomes:

_H
T 1,8544

(d + dy)? (11-4)

Consequently, we suggest rediscussing the indentation size effect after recalculation of all the

indentation data taking into account the indentation size effect with rewriting Eq. 11-4 as follows:

HV = 1.8544 ﬁ (I1-5)

Where dp equals 7hpso dp = 0.4 pm.

Figure II-9 presents the models applied to the corrected values of the Vickers hardness (Eq. II-5)

which considers the influence of the tip defect.
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Figure I1-9. Application of the models of Li and Bradt (a), Bull and Page (b) and Nix and Gao (c)
on the ST37 steel as substrate, on the cross-section and on the top surface of the Cr-VI coating with

indentation force lower than 3 N.

As it can be seen for the Cr-VI coating, both on the top surface and on the cross-section, the hardness
is relatively constant thus indicating that the indentation size effect comes only from the influence of
the tip defect. Independently of that for validation, we have extracted from a linear fitting the corrected
values for the Vickers macrohardness and the characteristic scale lengths which are collected in Table

11-4.
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Table 11-4. Linear regression parameters (v = a + b*x), Vickers macrohardness HVy and the
characteristic scale length d; according to the model of Li and Bradt, Bull and Page and Nix and Gao
obtained for the ST37 substrate, for the cross-section and the top surface of the Cr-VI coating applied

to the corrected hardness values.

T3 Cr-VI Cr-VI
Models Parameters steel Cross- Top
section surface

, a (GPa) 1.18 8.53 8.03

HV=a+ q b (GPa*um) 4.76 -0.64 0.73

v i R? 0.95 0.37 0.30
(H_Vo =1+ T) HV, (GPa) 1.18 8.53 8.03
dug (um) 4.03 -0.08 0.09

a (GPa"?) 1.09 2.92 2.83

sl o ) 2.11 0.17 0.12

( HY (1 N @)2) R? 0.95 0.65 0.24
HVo d HV, (GPa) 1.19 8.53 8.01
dgp (um) -0.06 0.04 1.94

a (GPa?) 1.37 72.86 64.48

HV? = a +§ b (GPa**pum) 12.59 -11.96 11.51
Y i R? 0.96 0.41 0.30
<(H_vo) =1 +T) HV, (GPa) 1.17 8.54 8.03
dye (1m) 9.19 -0.16 0.18

It is remarkable that the Vickers macrohardness values are not affected by the correction of the
indenter tip defect, but this is not the case for the distances. For the coating, both on the cross-section
and on the top surface, the values of the distances have been drastically reduced. If some parameters
take negative values, this is due to the fact that the correction of the indenter tip defect is 0.4 um which
must be compared to dgp according to the model of Bull and Page, higher than 0.37 and lower than
0.44 shown in Table II-3 for the cross-section and the top surface, respectively. In fact, we can
reasonably consider that the Vickers hardness is constant both on the cross-section and on the top

surface of the Cr-VI coating.
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However, it is not the case for the ST37 steel substrate where a non-zero value is obtained for dgp.
It is generally admitted that the hard materials are not affected by the indentation size effect, which is
verified here, but for metallic materials, ISE can be observed and attributed to a work hardening
generated during the surface preparation of the sample. Nevertheless, even if we admit a possible ISE
for metallic materials, it is very difficult here to consider one ISE model rather than another. They are
all able to adequately represent the indentation force versus the indent diagonal for the models of the

first group, and the hardness variation versus the reciprocal indent diagonal for the model of the second

group.

b) Substrate effect

For the Cr-VI coating, it will be not reasonable to apply the model only on three data points because
the results greatly depend on the number of experimental data. That is why only the two NiW coatings

will be analyzed with the model of Jonsson and Hogmark.

In a second step, to analyze the hardness variation observed for the two NiW coatings, NiW-2A and
NiW-5A, we have recalculated the experimental data by applying Eq. II-5 in order to drastically reduce,
even eliminate, the influence of the tip defect. The results of NiW-2A and NiW-5A are shown in Table
II-2. We can also reasonably admit that the coating hardness has a constant value. To separate the
contribution of the substrate in the hardness measurement, we selected the model of Jonsson and
Hogmark [32] which presents the advantage, compared to the others available in literature, to be
applicable with only few points which is usually the case in classical microindentation. This model
expresses the composite hardness, Hc, corresponding to the measured hardness, as a function of the
substrate hardness, Hs, and the coating hardness, HF, through a coefficient representing the part of the
film involved into the composite hardness measurement. This coefficient is related to the indent
diagonal, d, and the coating thickness, #, as well as a coefficient, C, which can take two values, 0.5 or
1, depending on the mechanical behavior of the coating, brittle or ductile, respectively. The general

expression is given for the Vickers hardness by:
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. 1\ 2
HV. = HVs + (% - (%) ).(HvF — HVy) (11-6)

From Eq. II-6, it is possible to extract the coating hardness as follows:
(HVc—HVs)

ct (Cct\?
ey

Consequently, there are two possibilities to apply the model of Jonsson and Hogmark [32]. One is

HVp = HVs + (11-7)

the use of Eq. II-7 when the Vickers hardness of the substrate is known and when the value to the
constant C is attributed basing on the mechanical behavior of the coating. Nevertheless, some authors
like Tost et al. [85] suggest keeping this parameter free in order to better fit the experimental data and
to discuss about the mechanical behavior of the coating accordingly to the value taken by C. These

authors suppose that there exists a hybrid or intermediate mechanical behavior.

These two methodologies will be applied on the experimental data to the two NiW coatings for
which all hardness measurements are affected by the substrate when applying the simple rule of 10%.
Indeed, starting from this assumption, the substrate should interfere as soon as the indenter
displacement is higher than 10 % of the coating thickness which is equal to 10 pm, i.e. 1 pm
corresponding to an indent diagonal of 7 um. For NiW coatings, all the indent diagonals are higher
than this limit value. Figure II-10 presents the film hardness determined point by point (white and
black circles) when the constant C of the model is fixed to 0.5 and 1 depending on the mechanical
behavior of the material which is a priori not known, i.e. brittle and ductile respectively. When the
constant C is considered as a free-parameter as suggested by lost et al. [85], the experimental Vickers
hardness (black squares) is then fitted by the model of Jonsson and Hogmark, thus leading to the black

solid curve.
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Figure 11-10. Application of the model of Jonsson and Hogmark to the Vickers hardness obtained
on the NiW coating a) 2A and b) 54 by fixing the constant C equals to 0.5 and 1 and by keeping

constant C as a free-parameter (black solid line).

In Figure II-10, the black squares represent the experimental Vickers hardness measured on the top
surface of the NiW coatings taking into account the correction of the indenter tip defect by applying
Eq. II-7. As said here before, two material behaviors could be considered as possible to apply the model
of Jonsson and Hogmark. The black and white circles result from the application of Eq. II-7 of the
model by fixing the constant C equal to 1 or 0.5, respectively. That is to say, by assuming that the

mechanical behavior of the coating is ductile or brittle, respectively. This calculation is obtained one
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point by point. It is noticeable on Figure II-10 that the value of constant C has a great influence on the
Vickers hardness of the coating, a ratio varying between 1.2 and 2 depending on the reciprocal
indentation depth is found between the two series of coating hardness. The Vickers hardness thus
obtained for the coating resulting from the application of the Jonsson and Hogmark model to one point
after another by fixing the value of the constant C can be represented by a linear variation as a function
of the reciprocal indent diagonal as shown in Figure II-10 whatever the value of the constant C.
Consequently, the film Vickers hardness is fitted by a linear regression according to the model of Bull
and Page [23]. The values obtained for the Vickers macrohardness of the coating and of the

characteristic scale length dgp are collected in Table II-5.

Table I1-5. Vickers macrohardness HVFy and the characteristic scale length dy obtained for the
NiW coatings according to the model of Bull and Page applied to the film hardness variation obtained

by the application of the model of Jonsson and Hogmark.

NiW coating NiW coating

Constant C Parameters
2A 5A
co1 HVF, (GPa) 4.55 4.99
dgp (m) 1.67 1.75
HVF, (GPa) 8.14 9.09
C=0.5
dBP (‘le) ']65 ']79

It is interesting to note that the Vickers macrohardness of the NiW-5A coating obtained with the
constant C equal 0.5 is close to 1.8 times more than that obtained when the constant C is equal to 1.
The problem here is that no physical meaning can help us to select one constant value rather than the
other because no cracks are visible around the indent. On the other hand, we can notice that the
characteristic scale lengths seem to be independent on the deposition conditions and have opposite
values when considering C equal to 1 and 0.5. It should be added that a negative value has no physical
meaning that could indicate that the constant C equal 1 should be more appropriate to calculate the
Vickers hardness of the coatings, confirming also that the hardness of the NiW coating has a constant

value.
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In order to validly discuss on the value that the constant C has to be given, we suggest keeping this
parameter free as suggested by lost ez al. [85]. In order to do so, we use the solver of Excel to determine
the value of the constant C and the Vickers macrohardness of the coating. Following this approach, we
suppose that the Vickers hardness of the coating should have a constant value, as indicated here above
and as this was obtained for the Cr-VI coating. The black solid curve in Figure II-10 fitting the
experimental Vickers hardness represents the application of the Jonsson and Hogmark model when the
constant C is a free-parameter. Following this procedure, we obtained the values collected in Table II-

6.

Table 11-6. Vickers macrohardness HVFy and the constant C obtained for the NiW coatings.

NiW coating NiW coating

Parameter
2A 5A
HVF
(GPa) 0 4.38 5.0
C 1.07 1.0

A main result from this approach is that the constant C values obtained for both NiW coatings are
found very close to 1 thus confirming the assumption made before. Note that for the NiW-5A coating,
the Vickers macrohardness indicated in 7able II-5 and Table II-6 are the same since the constant C is
equal to 1. The difference obtained for the NiW-2A coating results from the difference in the constant
C, 1.07 in Table 1I-6 while it is 1 in Table II-5. Finally, we can conclude that the Vickers macrohardness
of the NiW coating under the conditions 2A has a hardness number of 4.4 GPa whereas it is slightly

higher for the other condition of deposition, i.e. 5 GPa.

2.2.2 Instrumented indentation test

Besides the classical test, the instrumented indentation test also applied for the Cr-V1 specimen on
the cross-section surface. This test can help us to make the comparison between classical and
instrumented tests. Instrumented test can give out the result of E (Young’s modulus) as well.

The first step is to consider the contact area of the test, while there is tip defect influence[86][87]:
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JA. = (Vatany) - [he + hy <1 — exp |2 :—;]5>] (11-8)

Where vmtani is a constant due to the shape of indenter, for Vickers, it is 24.5; h. is the contact
depth from results in nm which is known by Eq. I-12 in Chapter I; A5 is the effective truncation length
of the indenter tip, which can be determined by the microscopic observation and equals 350 nm in this

work.

In instrumented indentation test, the machine compliance should be considered. Because the force
not only applied on the samples, but also on the parts of the measuring machine. The compliance will

lead to higher indentation depth than real and turns out a lower hardness and elastic modulus [88].

In some cases, the frame compliance of the instrument will be corrected by the device automatically
using a constant value determined once forever. But compliance is not always a constant and differs
from one material to another one. In this work, the CSM device used for instrumented indentation has
no automatic correction for compliance. So, in the analysis, compliance must be considered. From the
relationship between contact area and the reciprocal of slope S, the compliance of device Crcan be
calculated by the relationship between 1/S and 1/(Ac"?). Both Chicot et al. [86] and Ullner ef al. [89]
proposed their own relationship .And another method is a classical one which calculate the compliance
from the 1/8 and the root of maximum load F [22]. These three methods are shown in Figure I1-11 and
the result of compliance are list in 7able II-7, where Csp, Csuv and Cyp are the compliance calculated by

the three methods.
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Figure II-11. Three methods to calculate the compliance of device: relationship between slope S

and contact area suggested by (a) Chicot et al., (b) Ullner et al. and (c) relationship between slope S

and maximum load.

After comparing Chicot et al. and Ullner ef al. models, as shown in Figure II-11 a and b, they give
out very close result in analysis (as Table II-7 shows), so here will only presented the results from

Chicot et al. method.

Table II-7. The calculated compliance value of two models.

Model Chicot et al. Cp Ullner et al. Cru Classical Crp
Compliance value 0.0702 0.0647 0.0408
(nm/mN)
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Figure I1-12. The difference among raw experimental curve and corrected curves by two models.

In Figure II-12, it can be found that there is obviously difference before and after the correction by

the compliance.

And once the compliance Cris determined, the indentation depth Ac.r and the slope of the load-depth

curve S. can be corrected as well:

hicor =hi — Cf - P (11-9)
1 1
S 5 Y (II-10)

From the corrected curve and result, the reduced modulus Er can be calculated [89]:

_ VTS cor
b = et (I-11)

According to the standard ISO74577[10], the instrumented indentation modulus Ejr can be

calculated as:

_1-vd) | a-vd)
ET_ Eir + Ej

(11-12)
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This equation can be also expressed as:

Er=(1-vd)E - (I1-13)

Ej

Where vy is the Poisson’s ratio of the material here is 0.21 [90], v; and E; is the Poisson’s ratio and
the elastic modulus of the indenter respectively. In our work, the indenter is made by diamond whose

Poisson’s ratio is 0.07 and elastic modulus is 1140 GPa.

The contact depth A, from the experiment can get correct by the compliance as well:

Fmax
h¢.cor = hmax.cor —0.75—— (II-14)

cor

Where hccor means the corrected contact depth while Amax.cor is the maximum depth during the test

which is already corrected.

So the instrumented hardness and Martens hardness could be Eq. II-15 and Eq. II-16 respectively:

Hyp = —omax (1I-15)

B 24.5xh% cor

Hy = ——mex (II-16)

T 26.43%h2qx.cor

All the result are given in the Table II-8 with different maximum load. In Figure 11-13 and II-14, the
hardness and elastic modulus still have a slope after the correction with tip defect. The dash lines are

the average value calculated from Table II-8.

Table 11-8. The result of hardness and elastic modulus of Cr-VI from instrumented indentation.

Maximum Load (mN) E: (GPa) Eir (GPa) Hir (GPa) Hwm (GPa)
5000 245.39 297.17 9.82 7.14
2900 253.50 309.78 10.84 7.75
1960 249.91 304.17 11.22 7.92
980 246.26 298.51 11.01 7.88
490 270.32 336.68 12.45 8.71
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245 246.40 298.73 11.60 7.99
Standard deviation 9 15 0.9 0.5
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Average value 252 308 11.2 7.9
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Figure 11-13. Instrumented hardness and Martens hardness of Cr-VI coating. The dash lines are

the average value of Hir and Hw.
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Figure 11-14. Elastic modulus Eir of the Cr-VI coating. The dash line is the average value.

From the final result, the instrumented hardness H;r = 11.2 + 0.9 GPa, while the Martens

hardness Hy; = 7.9 + 0.5 GPa. The instrumented elastic modulus is also determined, E;r = 308 +
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15 GPa.

It is mentioned in previous section that the Vickers hardness is calculated by Eq. I-5 in chapter I.
And the Martens hardness is calculated by Eq. 1I-16. It is interesting to noting that, with Vickers

indenter, the maximum indentation depth Am. and the indent diagonal d can be converted by:

d
hmax = 7 (II-17)

Thus, at maximum load, d could be replaced by 7hma and we could get:

1.8544F F
HV = = 2
(7h)? 26.43h%,qx

= Hy (11-18)

Eq. (II-18) shows the Martens hardness is comparable with Vickers hardness, which gave out by the
classical indentation test, in mathematic. In previous section, the Vickers hardness of Cr-VI is 8.03

GPa and 8.53 GPa on the top surface and cross section surface respectively.

2.3 Conclusions

Indentation test is a very common and fast way to get the mechanical properties like hardness for
our materials. The first choice would have been nano indentation. But unfortunately, due to the
roughness of the coated samples, it is very hard to get accurate information from such surfaces. The

work goes to the classical and micro scale indentation test.

From the result of the classical and micro indentation test, we find a phenomenon that hardness
tends to increase as the indent size decreases at small scales, which is well-known as indentation size
effect. In order to get rid of this effect, several models are applied and compared, and finally it turns
out that on the top surface of Cr-VI, the hardness is around 8 GPa, while on the cross-section is around

8.5 GPa.

For Cr-VI coating, when indenting on the top surface, we only consider the first three data points to
ensure that the indenter displacement will not exceed 10% of the coating thickness [31]. These data
points are under very low load and far from the substrate. When indenting on the cross-section, there

is no necessary to consider the influence from the substrate under the coating. But for NiW-2A and
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NiW-5A coating, it is important to take into account the effect of the substrate.

The model of Jonsson and Hogmark is applied for NiW-2A and NiW-5A to remove the substrate
effect. In this work, the constant C in Jonsson and Hogmark model is discussed. The constant C is
fixed to 0.5 and 1 depending on the mechanical behavior of the material which is a priori not known,
i.e. brittle and ductile respectively. We take C as a free parameter and try to find the best constant for
NiW coatings. It turns out very close to the value 1. Finally, it is found out that the hardness of the

NiW-2A coating is 4.4 GPa, while it is 5 GPa for NiW-5A.

For a further study, the instrumented indentation test is also applied for the Cr-VI coating on the
cross-section. This can help us to get more information like elastic modulus and make the comparison
between classical test and instrumented test. The compliance of the instrument has been fully discussed
in previous section. And after comparing several models, the method proposed by Chicot et al. [86] is
applied for our samples. The tip defect is also considered when correcting the value of hardness. Finally,
the instrumented hardness is H;r = 11.2 + 0.9 GPa, the Martens hardness is Hy, = 7.9 + 0.5 GPa,

and the instrumented elastic modulus is E;; = 308 + 15 GPa.

74



Research on NiW coatings as a promising replacement for Cr-VI: indentation and X-ray diffraction investigations

Chapter I11. Structures and cracks formation

In this chapter, the aim is to explore the information about the material’s structure and surface
morphology. X-ray diffraction can reveal the residual stress in the as-coated or heat-treated material.
The specimens for X-ray diffraction test (XRD), tensile test and scratch test use the same ST37 steel
substrate as before. For the cracks formation are investigated by indentation, scratch and tensile tests
to evaluate the adhesion and toughness. These experiments are the main methods used to characterize

the samples in this work.

3.1 XRD characterization

3.1.1 Specimen preparation and device

Room temperature XRD experiments are realized by the MiniFlex 600 (Japan) (Figure 111-1(a)),
equipped with 0-20 set-up, using Cu wavelength radiation (1=1.5406 A). These experiments were
performed on as-coated and heat-treated specimens. The Cr-VI here is used as a reference in the test.
Firstly, there are three groups of NiW coatings with varying W content, and then they are heat-treated.
After that, there are NiW-2A and NiW-5A, which is also mentioned in chapter II with approximately
same W content but different deposition parameters. For different groups of NiW coating, they are

listed in Table III-1 and the electroplating conditions are the same as before. More details can be found

in Appendix I.
Table Il1-1. The information of three groups of NiW in XRD test.
Tungsten percentage
Groups Electroplating current
W/(W+Ni)
NiW C+ 16.3 at% 5A/dm?
NiW G 2.7 at% 8A/dm?

NiW C- 9.6 at% 10A/dm?
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The heat treatment tests were applied for the samples in order to observe the stress releasing with
different temperatures. And then, these samples can be compared with the original specimens to know
the residual stress [41][43]. Further experiments of in-situ XRD were realized by X’pert HTK 1200
(England) (Figure I1I-1(b)) which means the temperature can be controlled during the X-ray diffraction
test, and more details will be given later for the choice of the temperatures. Several advantages of the
XRD in-situ under temperature can be highlighted: (i) there is no cooling down, thus avoiding any
evolution of the material after heat treatment; (ii) the evolution of residual stress and microstructure
are continuously monitored with temperature and not only at a few steps; (iii) the same sample is
studied at different temperatures, no questions could come from natural discrepancy or heterogeneity

of the material.

(b)

Figure I111-1. (a) The XRD test device MiniFlex 600 (Japan), and (b) The in-situ XRD device
X’pert HTK 1200 (England).

The coatings, including Cr-VI, NiW-2A, NiW-5A are around 10 to 12 pum thick and the specimens

are about 2 cm x 3cm.

Before the in-situ XRD test, the specimens need to be cut into small pieces around 1cm x 1em and
it is necessary to measure the parallelism of the specimens in order to ensure the specimens are flat

enough for the test. It is easy to understand that if the value of parallelism is too important the
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measurement of the angle 26 will be false, and then the discussion on the variations of the peaks. The
parallelism tests are carried out for specimen NiW-2A and NiW-5A by the Coordinate Measuring
Machines (CMM) UPMC-carat.

Figure I1I-2 shows how to measure the parallelism, and the radius of the red sphere used to detect is
2mm (Figure II1-2a). In Figure I1I-2 (b) presents an example about the during the test: the measurement
of parallelism was defined in a square around 1mmx1mm, each point is a test point for the device, but

the lines are just a graphical representation of the surface and not the path of the probe.

(b)

\J—// x - 3 T
Foimts d' 12.0026) 2.45151 1.0133%

angle
2765735 2.99151 1.02096
37.85726 4.94975 1.0247%
Sim 42.00264 8.59975 1.00915
— Max 0.01441 7.85735 3.11007 1.04328
=01 Min 0.00000 2.0026) 2.99151 1,01335

Figure I11-2. (a)The reference shape and surface (front surface is reference) and (b) the

measurement of the parallelism.
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The parallelism is defined like the maximum distance, between the points and the reference plane,
minus the minimum distance. We selected two definitions for the reference plane. Gauss analysis uses

the least squares method, whereas PlanExterne is a tangential plane defined by the outermost points.

Table II1-2. The parallelism of two NiW specimens regarding the two definitions.

Samples Gauss PlanExterne
NiW-2A 21 ym 28 um
NiW-5A 42 pym 63 um

For both definitions (shown in Table II1-2), the parallelism of the coatings is small enough (smaller

than 100 um) to carry out the in-situ XRD test.

3.1.2 Results and discussion

The first part of the X-ray diffraction test is done by the MiniFlex 600 and the specimens are Cr-VI

and NiW coatings.

For Cr-VI coating, the highest temperature was selected as 600 °C in order to observe the
modification of the inner stress and structure but, to follow their evolutions, two steps are added
between room and maximal temperatures. So the final temperatures were set as 200 °C, 400 °C and

600 °C.

Firstly, the XRD test was applied to the Cr-VI coatings. Figure III-3 shows the result: the maximum
height of peak diffraction increases with temperature; this can be linked to the internal stress reduction.
Besides, with the temperature from room temperature to 200 °C, the increase of the height and the
decrease of the width is not significant. But when the temperature reaches 400 °C and 600 °C, the
peaks’ height increases a lot which means more stress are released by the heat treatment. On the other
hand, in the standard graph of Cr (Figure I1I-4), the highest peak (260 = 44.5°) shall be the one which
corresponds to the {110} diffraction family plane. The experimental graphs do not exactly correspond

to the standard one, in terms of peak diffraction angles, we predict that there is a very strong preferred
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orientation in the samples because as it can be noted on Figure III-3 the main peak, for the several
level of temperature, focus at 260 = 81.6°, which is not the same peak as the standard. For the stress
releasing, it could be caused by the removing of the dislocations or the recrystallization as mentioned
in chapter I. But from the result, the preferred orientation never changes with the increasing of

temperature. So even there is recrystallization, the grains always keep the same orientation.
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Figure I11-3. The XRD result of Cr-VI after different temperature heat treatment.
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Figure I11-4. The standard peaks of Cr (From the data base: The materials project [91]).

Besides Cr-VI specimens, the three groups of NiW are also investigated by XRD. For NiW coatings,

there are three different groups of samples: C+, G and C-.

For the NiW coatings, the choice of the temperatures of heat treatments were based on the
exploration of the phase diagram of Ni-W. In this series of experiments, the atom percentage of W
varies between 2.7 and 16.3 at%. As we can see on the Figure III-5, the elevation of temperature

induces modifications in the microstructure, only in the 16.3 at% specimen.
The 2 others (2.7 at% and 9.6 at%) remain under the form of FCC A1 phase;
For the specimen with 16.3 at%:
- between room temperature to around 400 K (127 °C) the phases are FCC_A1+NiW(S);

- between 400 K and some 1200 K (between 100°C and 900°C) there is a mixture of

FCC_A1+NisW(s);
- above 1200 K (900°C), there is only FCC_A1 phase;
- for temperature higher than 1800 K (1527 °C), the material melts.
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Figure I11-5: The phases diagram of Ni-W system (From the database FactSage [92]).

For group G and C-, the phases are always FCC_A1 when the temperature is under 1000°C. But for
NiW samples which have a composition between 12 and 17.5at% in tungsten atom percentage (that
means NiW-2A, NiW-5A and group C+), when temperature is increased, phase transformations are
occurring for 300°C and between 500 and 900°C. Finally, we choose the three limit temperatures (300,
500 and 900°C) plus an arbitrary intermediate temperature in the last interval (700°C). All the NiW

groups have experienced heat treatment test with several different temperatures and last for 1h.

The Figure I1I-6 shows the results of NiW diffraction. The bottom curves in the three graphs are
obtained at room temperature. And the following curves are at 300 °C, 500 °C, 700 °C and 900 °C

respectively.
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Figure I11-6. Three groups of NiW coating (C+, G and C-) XRD results.

From the Figure III-6, it can be seen that the heat treatment can help to release the stress inside the
coatings as the same situation as Cr-VI coating. All the Figures III-6 show that there are only peaks of
FCC-A1 phase. Additionally, at room temperature or in a relatively low temperature of heat treatment,
the intensities of peaks are very low, for instance for FCC-A1l at room temperature of group C-.
Additionally, the group G has a stronger preferred orientation on the peak {220} than the other two
groups. As the same as Cr-VI coating, the heat treatment enables to increase the crystallite size, and

here the starting temperature of stress releasing is around 500 °C for all groups of NiW coatings.
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Figure III-7. Lattice parameters of NiW group C+, C- and G as a function of temperature.

In Figure III-7, the different symbols present the lattice parameters computed by the experiments
results. The shadow area with colors shows the possible value of lattice parameters in different
temperatures, and we can conclude that: group C+ and G has the largest and smallest lattice parameters
respectively. It is due to the decreasing concentration of tungsten which has much larger size than the

nickel atom.

Till now, all the specimens have been heated to the given temperature and then cooled down to room
temperature. In this condition, we wonder at which temperature the stress start to decrease and if there
is anything happening during the heating, especially from 500 °C to 900 °C. In the in-situ XRD, one

specimen can be tested for different temperatures of heating and cooling.

During in-situ XRD the temperature is fully controlled. The specimens are NiW-2A and NiW-5A.
The heating profile on Figure III-8 is proposed: five temperature steps (300, 500, 700 and 900°C as

previously selected) with a dwelling time of one hour each and a heating time of one hour between
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each step, whatever the temperature increase. The dwelling time are here to see the modification of the

structure with time. During the cooling, one step of 1h was realized at 500°C and 300°C with a cooling

of one hour between each step.
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Figure 111-8. The steps and corresponding temperatures of the in-situ XRD test.
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Figure I11-9. The in-situ XRD results of (a)NiW-2A and (b)NiW-5A4 with different temperature.

The Figure II1-9 gives out the in-situ XRD results of NiW-2A and NiW-5A. It can be seen that the
preferred orientation is quite different from NiW-2A to NiW-5A. There is no peak {220} for NiW-2A
which means it has similar orientation with pure Ni. And there are small peaks that cannot be observed
by previous tests. By comparing the standard peaks of Ni4W and Ni6W6C (Figure I1I-10), and also
considering other authors observation [93], these peaks may belong to the Ni6W6C phase, and they
can be seen here due to the higher power of the radiation in these tests than the former one. Besides,
there seems not peaks corresponding to the Ni4W phase, they are possible to be masked by or merged

to the FCC Ni peaks.
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Figure I11-10. The standard peaks of (a) Ni4W and (b) Ni6oW6C (From the data base: The

materials project [94)).
As mentioned in chapter I, full width at half maximum (FWHM) is a very common and convenient
method to analyze peak broadening. This method is based on the Scherrer’s equation [51]:

kA
- Lcos6

(1I-1)

Where D is the crystallite size, 4 is the wavelength of the X-ray source, in this work it is a copper
tube and selected wavelengthis A = 1.5406 A. @ is the diffraction angle and the B is FWHM which
is expressed in radians, these two parameters can be determined by peak diffraction analysis. & is the
Scherrer’s constant, which depends on the crystal structure and varies from 0.62 to 2.08, and mostly it

is used as 0.94 [52][53].

The variation of the crystallite size D can be plotted as the Figure III-11 shows. From Table III-3,

the steps and the condition of temperature are mentioned.
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Figure III-11. The Crystallite size of NiW-2A4 and NiW-5A4 with the temperature varies. (Steps are

explained in Table I1I-3.)

Combining the corresponding temperature and the crystallite size, the re-crystallization starts from
around 500 °C and it is almost done when it comes to 700 °C. After that, even after cooling at a lower
temperature, the crystallite size remains the same. For NiW-2A, there is only one peak shown on the
result, but for NiW-5A, the second peak appears after the temperature 500 °C. Because these two NiW
coatings has different current density during electroplating, the preferred orientation seems to be
influenced by the current density of deposition for electroplated coatings. In Figure III-11, the curve
only presents the first peak of both NiW material. When the temperature is higher than 700 °C, the
average crystallite size is 32.50 nm for NiW-2A, while for NiW-5A are 38.20 nm and 33.58 nm for the

first peak and second peak respectively.
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Table I11-3. The steps during in-situ XRD test.

Steps Conditions

1 Room temperature
2 300 °C

3 500 °C

4 700 °C

5 900 °C

6 500 °C cooling
7 700 °C cooling
8 Room temperature

In this work, we want to confirm the final result of crystallite size with the metallographic
observation of the grain size (see Appendix II). But the experiments cannot give a good result due to

the galvanic coupling.

3.2 Cracks analysis

3.2.1 Specimen and device

In the cracks analysis tests, four samples, Cr-VI, NiW-2A, NiW-5A and pure Ni coatings, are tested
under tensile test (Instron, USA) and scratch test (TriboTechnic, France). The devices are presented in

the Figure III-12 (a) and (b).
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(b) |

Figure I11-12. (a) Tensile test: Instron and (b) Scratch test: Millennium 200.

As mentioned in previous sections, the samples for scratch tests need thin coatings in order to get
reliable results. So the coatings, including Cr-VI, NiW-2A, NiW-5A and pure Ni, are around 10 to 12
um thick. For scratch test, the size of specimens is around 2 cm X 3cm. And for tensile test, the

specimens’ shape and size are as shown in chapter 1.

And for indentation crack length test, only the Cr-VI samples are experimented, whose thickness is

around 100 um which is also used in chapter II.

3.2.2 Results and discussion

As mentioned in chapter I, the indentation crack length test is designed to know the toughness and
adhesion of the coatings. The main idea is to calculated the average crack length which origin from
the imprint. In common, this method is applied when the cracks generated are almost straight lines. In
order to make the comparisons among the coatings, the Cr-VI specimens are firstly applied to this

method. Figure 111-13 shows three indents at different loads: 200N, 300Nand 500N. The surface of the
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coating with Cr-VI has a cauliflower structure. Resulting cracks are circular, almost centered on the
indentation axis. Unfortunately, that network of cracks cannot be analyzed with aforementioned

models, which described straight cracks.

To analyze the evolution of the crack, we propose to divide the indented surface into 8 sections,
where the primary axes correspond at the end of the square of the imprint. Each section corresponding
to 45° and plot a circle to contain all the residual imprint area after the indentation as red lines as shown
in Figure 111-13 (b). In this way, the number of cracks in every section could be counted. For the
different loads, the cracks numbers are slightly different. But the number of cracks in all sections are
similar. This can give us the information that the Cr-VI coating is isotropic. Besides the cracks number,
the radius of circumscribed circle for the imprints and the outermost circular cracks are measured
(Figure III-13 (c)), with details are listed in Table I1I-4. From Table I1I-4, the percentage of outermost
cracks/imprint is decreasing with the load from 177% at 200 N to 116% at SOON. The decrease of this
percentage can be explained by the fact that there is a higher influence of the substrate for the higher
load, and it can be possible that the secondary cracks cannot join together to create a primary crack.

More images of other loads can be found in Appendix III.
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(b) =

200N-1

Figure I11-13. Schematics for one of the 200N imprints of (a) the bare cracks, (b) the determination

of isotropic and (c) the measurements of the imprint and outermost crack radius.

Table I11-4. Radius of the imprints and the outermost cracks for every load.

Loads 200N 300N 500N
Number of the test 1 2 3 4 1 2 3 4 1 2
Imprints radius pm 174 178 193 183 | 282 266 237 277 | 402 391

Average 182 265.5 396.5
Outermost radius pm 315 328 316 331 | 402 389 394 386 | 467 450

Average 322.5 392.75 458.5
Outermost/imprints  1.81 1.84 1.64 181 | 143 146 166 139 | 1.16 1.15

Average 1.77 1.49 1.16
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Since it is almost impossible to compare the length here in our test, and there is problem of subjective
for the counting of cracks, this method is not really suitable for Cr-VI in this work. So we plan some

further experiments of scratch test and tensile test to get some information of the surface from cracks.

The scratch tests are performed with a Rockwell C type tip with 200 um radius and made by diamond.
All the samples are scratched with a progressive load. Since all the coatings are around 10 pum thick,
the maximum loads are set as 50 N while the initial loads start from O N. For every specimen, there
will be three scratches in a proper interval to avoid interactions between tests, and every scratch will
be 15 mm long. Loading speed is 50 N/min whereas the scratch speed is 15 mm/min, which means

every test will take 1 minute. The scratches are shown as Figure 111-14.

Figure 111-14 shows an example of Cr-VI, NiW-2A, NiW-5A and pure Ni coatings respectively. In
Figure 111-14, the black curve is the friction force during the scratches, while the orange curve is the
acoustic emission. From the result, the critical loads are at the positions around 3 mm away from the
beginning of the scratch, since almost every coating shows a suddenly increase of the friction force in
the graph. In addition, the acoustic emission curves give the information that there is something
different at 9 mm. That is why there are two high magnification pictures which present the locations
of 3 mm and 9 mm in Figure I1I-14. For the 3 mm position, it is almost the beginning of the scratches.
There is nothing special observed even with a very high magnification. At the 9 mm, the acoustic
emission decrease and then goes to stable. But same as 3 mm position, they are the same with the
positions before and after this point. We have to be aware that there is almost no signal of acoustic
emission from pure Ni specimen. This is due to the very good ductility of Ni. Though for Ni, the 9 mm

position picture is still presented in Figure I11-14 (d) to compare with others.

93



Research on NiW coatings as a promising replacement for Cr-VI: indentation and X-ray diffraction investigations

(a) 575

475

375

275

Friction Force (N)

175

75

Position (mm)

e Lt RS

LirmeT

(b) 575

475

375
A_A r -

Friction Force (N)
~N
i
w

175

75

Position (mm)

94



Research on NiW coatings as a promising replacement for Cr-VI: indentation and X-ray diffraction investigations

(C) 1175

975

775

57.5

Friction Force (N)

Friction Force (N)

NFTe N

Figure I11-14. Scratches of (a) Cr-VI, (b) NiW-2A4, (c) NiW-54 and (d) pure Ni coatings.
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From every test, the critical load is determined with checking the corresponding position on the
surface with microscope on the Millennium 200 (Keyence, Japan). Because scratch test is a qualitative
test, so compare the critical load is important. Every single test, there will be 2 or 3 critical loads and

locations recorded and then the average will be calculated to be the final value.

For these possible critical loads from the scratch test, they are listed in Table I1I-5. And all the
corresponding positions on the specimens’ surface are checked. No difference before or after the
critical positions on the scratched area can be observed with the microscope. Probably meaning that
there are no “critical” changes in the mechanisms of deformation of the coating. For further
investigations, we recommend to reduce the thickness of coatings in order to emphasis critical loads

and material behavior changes.

Table 1II-S Critical loads of four different coatings.

Cr-VI NiW-2A NiW-5A Ni
1.29 1.88 1.76 2.84

Critical
load 1 (N) 3.12 1.44 2.81 2.28
5.46 2.48 1.86 2.28
Average 3.29 1.93 2.14 2.47
5.88 2.13 2.27 4.37

Critical
load 2 (N) 6.95 1.95 3.06 3.56
5.46 2.33 2.88 3.06
Average 6.10 2.14 2.74 3.66
5.46 2.39 3.54 2.84

Critical
2.4 2. 2.7
load 3 (N) ! 6 30 o
\ 3.25 3.14 3.82
Average 5.46 2.70 2.99 3.15

Since the indentation crack length method and scratch test cannot give out satisfied result, we
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arrange to carry out the tensile test. In tensile test, as mentioned in chapter I, the trapezoidal shape for

coated steel was applied.

The mechanical behavior of the ST37 steel substrate need to be fully characterized first. For this,
tensile test samples have been prepared following standard ISO 6892-1 (Figure II1-15). 3 samples have
been prepared with cutting and no specific surface preparation, as it is used for deposition process. The

tests have been performed at speed of 20 mm/min until the specimens are broken.

Figure I11-15. Substrate specimens before (top) and after (bottom) the tensile test.

As mentioned previously, and according to the Hollomon’s law, the samples which share the same

substrate will have the same relationship between true stress and strain.

During the tensile tests, the initial length of extensometer which used to measure the displacement
of our specimens is 5 cm. And all the prepared substrate samples are 2.5 cm width. The thickness of

the substrate was measured equal to 0.8 mm for each sample.
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Figure I11-16. Typical tensile test for bare ST37.

The tensile curve is shown as Figure III-16. From the previous analysis (in chapter I), the elastic
modulus can be calculated as E= 184 GPa. Hollomon equation [65] can be applied after the elastic
zone and before the necking, where the relation between the true stress @, and true strain &, is given

by Eq. [-47:
o = Ke
It can be written as:
Ino, = InK + mlng, (II1-2)

So we can plot the linear relation between Inog; and Ineg; to find out the constant K and exponent

m for our substrate. In our work they are K = 434.4 MPaand m = 0.2368.

After it is clear for the substrate, the tensile tests are carried out at a constant displacement speed of
10mm/min for the coated samples. In this test, if critical stress and position are determined, the strain
could be known by Hollomon relationship. So it is possible to know the strain and stress where the
first crack generated (critical position) during the test in different coatings, and which coating has the
highest toughness behavior is also known. The maximum displacements are set as 4 mm for NiW-2A

and NiW-5A coatings, while they are set as 5 mm and 6 mm for Cr-VI and pure Ni coatings. Different
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displacements have been selected in order to observe cracks on the surface sample and to avoid the

final rupture of the specimen.

When the experiments finish, the specimens is scanned by the optical confocal microscope (Keyence,
Japan). With the microscope, we can get where is the position when specimen starts to generate cracks
and the corresponding width. Since both the thickness of the coating and the sections are known for
all samples, the true stress and the true strain when the cracks appear are known. And also, by
comparing the cracking stress, which material has the best adhesion situation will be clear among the

four different coatings. The images of result shown as from Figures I1I-17 to I1I-20.

For the different coatings, the location and width of the cracks starting point are different, that means
the adhesion of the coating is different on the substrate, but at the broadest end there is no crack for all
the samples. As it can show in Figure I1I-17, Cr-VI coating has some very slight cracks before the test,
while the cracks grow much larger, and some oriented new cracks are generated during the test. Both
NiW coatings has some flakes, which represents the decohesion, at the thinnest position of the sample,
they can be clearly seen in the Figure III-18 (b) and III-19 (b). The pure Ni coating (Figure I11-20)
shows no cracks even though the displacement is already large enough to break the specimen. And
except the pure Ni coating, Cr-VI and both NiW coatings show the cracks network as expected: there

is highest density of cracks at the thinnest part of the specimens.
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Figure 11I-17. Cr-VI coated specimen under microscope in different location: (a) the broadest

part; (b) the critical position (c) the middle part and (d) the thinnest part.

iddle and
critical position

Figure I11-18. NilW-24 coated specimen under microscope in different location: (a) the broadest
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part; (b) the middle and critical position (c) the thinnest part.

Figure III-19. NiW-54 coated specimen under microscope in different location: (a) the broadest

part; (b) the middle part (c) the critical position and (d) the thinnest part.

vvvvv

Figure I11-20. Specimen pure Ni coated before and after tensile test.

From the images of microscope, it is easy to find out that Cr-VI coating’s behavior differs from NiW
coatings. The most important is to determine the location where cracks appear on surface (critical
position) and measure the corresponding width. The section of the location can be calculated by the

thickness of the specimens and the corresponding width on the surface. The loads for the experiments
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are known. So the stress can be calculate as Table I11-6.

Table I11-6. The result of tensile test for four coatings

Thickness Width at ) Engineering
critical position Section Load Stress
Coatings  Coating+substrate P So (Mm?) F(N)
e (mm) b (mm) ’ F/So (MPa)
Cr-VI 0.8112 18.04 14.65 3905 266.5
NiW-2A 0.810 16.42 13.30 3947 296.7
NiW-5A 0.810 15.72 12.73 4068 319.5
Ni 0.810 \ \ 3863 \

As the Hollomon constant are known for the steel substrate, in the homogenous elasto-plastic zone,
the true strains of the substrate during the tensile tests are known if the stress is well defined. So, the

Table I1I-7 gives out the true critical strain and critical stress when the cracks initiate.

Table I11-7. The critical stress and strain for coatings starting to crack.

True critical stress True critical strain

Coatings
Ocrie (MPa) Ecrit
Cr-VI 266 0.12
NiW-2A 234 0.19
NiW-5A 252 0.27

In Table I1I-7, the true critical strain is named é&crir which is at the crack starting position mentioned
in chapter 1. Figure I1I-21 and Figure 11I-22 show us the higher magnification of cracks on the surface
at the critical position and the thinnest part for NiW-2A and NiW-5A respectively. By adjusting the
scale of the surface, 6 lines with the length of 2000 um are draw as standard to count the cracks. The

lines are always draw to avoid the flakes.
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Figure I11-21. Schematic about counting cracks of NiW-24 (a) the critical position and (b) the

thinnest part.
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Figure I11-22. Schematic about counting cracks of NiW-5A. (a) the critical position and (b) the
thinnest part.
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Table III-8. The number of cracks for critical position and thinnest position of NiW-24 and NiW-

54 coatings.

Number of NiWw-2A NiW-5A

the lines
Critical position Thinnest position Critical position Thinnest position

1 3 10 3 8
2 4 12 2 9
3 3 11 3 6
4 5 12 4 11
5 3 12 5 8
6 4 13 5 6
Average 3.7 11.7 3.7 8.0

In Table III-8, more details about the number of cracks are listed (counted by Figure I1I-21 and III-

22). From this information, the crack density CD can be calculated [95]:
Cn
CD=(1+¢) — (II1-3)

Here cx 1s the number of cracks, m is the number of the lines and / is the length of the lines.

For NiW-2A, the crack density is CD=0.367 mm™' at the crack starting position (gcir), wWhile for

NiW-5A it is CD=0.349 mm'".

But the tendency of the crack density is still unknown in this work. The next step is to explore this
part and it is also the preparation for calculating the interfacial shear strength (IFSS). After this first
set of experiments to test the feasibility of IFSS evaluation, only NiW samples are prone to crack as

predicted by the model. For further investigation, only these two samples are in-deep analyzed.
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Figure 111-23. The tendency of CD (crack density) with strain.

Figure 11I-23 shows the evolution of crack density (CD) with engineering strain (equation II1-3). In
this graph, for both NiW-2A and NiW-5A, the saturation points are not clearly reached. Further

experiments and more information are necessary for calculating interfacial shear strength.

Since the pure Ni shows no cracks until it is broken, we cannot consider the fracture stress and strain
of it. We can consider a good cohesion between the substrate and the coating, that means the coating
deformation follows the deformation of the substrate before broke. Pure Ni coating has the best
adhesion, which is due to its high ductility, but it is too soft to protect the substrate because the Vickers
hardness is around 0.63 GPa [96], meanwhile the hardness is around 4.4 GPa and 5.0 GPa for NiW-

2A and NiW-5A respectively in this work.

For the other three coatings, Cr-VI coating is very hard but when the strain goes to 12%, this kind
of coatings are going to be damaged. In this perspective, Cr-VI seems more fragile than NiW coatings.

And the cracks are too irregular to make a further analysis. NiW-2A has close properties with NiW-
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5A, since they are made by the same composition and very similar electroplating conditions except the
current (details are mentioned in Chapter II). NiW-5A has a better toughness behavior and the stress

starting to crack is around 252 GPa while strain is 27% as can be seen in Table III-7.

3.3 Conclusions

In this section, two protocols of XRD test are applied to different coatings. The corresponding

coatings and experiments are listed in Appendix I.

For the first protocol of the XRD test, Cr-VI is used as a benchmark and a preferred orientation is
observed for this coating. There are 200 °C, 400 °C and 600 °C heat treatments applied to Cr-VI in
order to know the influence of temperature on our coatings structure and on the inner stress. From this
test, it is found that the heat treatment indeed helps to release the stress inside the coating and it may
be due to the removing of the dislocations or the recrystallization. But it should be noticed as well that

the preferred orientation of Cr-VI does not change, at least under 600 °C.

After we got an idea about the influence from increasing of temperature, new tests for NiW groups
are planned. The three groups of C+, G and C- of NiW contain different percentage of tungsten and
the electroplating current density is not the same either. In this way, the influence of the tungsten
content with different temperatures can be investigated. According to the phases diagram of NiW, the
test temperature are selected as room temperature, 300 °C, 500 °C, 700 °C and 900 °C. The result
shows us again that the heat treatment help to release the stress. Besides the lattice parameters are
calculated during the tests, which indicate that a higher percent of tungsten (group C+) leads to a larger

lattice parameter due to the larger size of tungsten atoms than nickel atoms.

Then the in-situ XRD are realized for the NiW-2A and NiW-5A, which are compared and discussed
in chapter II. In this test, the specimens are scanned with X-rays during the heat-treatment under
vacuum. Indentation tests reported in chapter II give out similar hardness for both NiW coatings (2A
and 5A), but here, they have different preferred orientations. This test proved the result of the previous
ex-situ XRD test and give the crystallite size of NiW-2A at 32.50 nm while NiW-5A is at 38.20 nm

and 33.58 nm for the two preferred orientations (peaks) after the full relaxation of stress above 700 °C.
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The crystallite size increases after the heat treatment, which also means the stress released after the

heat.

After the phases and structures exploration, the crack analysis research by indentation crack length

method, scratch test and tensile test are carried out.

The indentation crack length method and scratch test do not give reliable results due to the material

properties and thickness of our coatings respectively.

In tensile test, the substrate ST37 is fully characterized and its behavior’s law is established. Then,
Cr-VI, NiW-2A, NiW-5A and pure Ni coatings deposited on trapezoidal ST37 substrate are tested. The
pure Ni coating has a good ductility, which causes no cracks on the surface until the specimen break.
So, we cannot analyze it. For other three coatings, we focus on the position of starting of cracks. By
the analysis, the Cr-VI can bear the highest stress before cracking but at a low strain. Comparing to

NiW-2A, NiW-5A has a higher stress and strain when it starts to crack.

Besides, the crack density of NiW-2A and NiW-5A is calculated as well, while it is impossible for
Cr-VIbecause the expected crack network does not generate on Cr-VI and the model cannot be applied.

As general overview, NiW-5A is slightly better than NiW-2A on adhesion and interfacial toughness.
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Chapter IV. General conclusion and perspectives

In this work, the main aim is to compare the electroplating coatings of Cr-VI and different NiW in
mechanical properties and structures. Theoretical background and former studies are presented in
chapter 1. The indentation tests are applied for the mechanical properties while XRD tests are for
structures revealing. Furthermore, the cracks formation analysis is done for the information of adhesion

and toughness behaviors.

In chapter II, for the indentation part, this work focus on the hardness comparison among Cr-VI,
NiW-2A and NiW-5A. At the very beginning of the work, the nano-indentation was planned, but due
to high roughness on coating surface results are not reliable. A transformation of the surface (by
polishing for example) is not suitable due to potential defects introduce in the material (stress release,
work hardening...). This is the main reason that this work is carried out the indentation test in micro
scale to avoid detrimental influence of roughness. In addition, the substrate will be used in the industry

without any transformation of the surface.

Firstly, we tried to characterize the Cr-VI coating from both the top surface and the cross-section
surface. In this step, attention is paid on the ISE and three models are compared: Bull and Page, Li and
Bradt and Nix and Gao models. For the tested samples, all the models work well and give out clear
results. But we have no criteria to select which one is the best in our work. After that, the tip defect is
taken into account as well. The tip defect can be determined by two methods, but in order to compare
with parameters involved in the ISE models, we select the notion of indenter tip defect hp. After the
tip defect applied into correction, the ISE value of three models will be very close to zero. But for Bull
& Page and Nix & Gao models give out negative value which has no physical meaning. This is due to
the over correction of ISE and tip defect. Finally, it turns out the similar result: on the top surface of

Cr-VI, the hardness is around 8.0 GPa while on cross section it is 8.5 GPa.

Before the study on the NiW coating, we have to be clear that on the Cr-VI top surface, only three

data points are selected which corresponding to a very low indenter displacement (less than 10% of
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the thickness). This makes that the substrate has very small or no influence when we test our samples.
But for NiW coatings, the indenter displacement is much larger and the thickness is less than Cr-VI.
So, the substrate influence during the test must be considered. Owing to the situation of the experiments
and known information of the materials, Jonsson and Hogmark model is applied to correct it. The
constant C, which represent the brittle or ductile properties of samples, in the model is fully discussed
as well. When constant C equals or is very close to 1, the results are more reliable than the value 0.5.
Finally, it is found out that the hardness of the NiW-2A coating is 4.4 GPa, while it is 5.0 GPa for NiW-
SA.

Following the classical test, the instrumented indentation tests are also applied on the Cr-VI cross-
section surface. By this test, the Young’s modulus and hardness are researched. The compliance
influence and some models are discussed in chapter II. Besides, the tip defect is also considered when
analysis the hardness and modulus. This test gives the information: the instrumented hardness H;r =
11.2 + 0.9 GPa, the Martens hardness Hy; = 7.9 + 0.5 GPa, and instrumented elastic modulus is

EIT = 308 i 15 GPa

In a further study, if a smother surface of the coatings can be prepared, the nano indentation test is
strongly recommended to apply on the samples. And the NiW could be electroplated by more different
current density in order to observe the influence of this condition on the hardness. Additionally, the

tungsten content of the coating could be another interesting variable for experiments.

In the structure and cracks formation chapter, the work mainly focuses on the XRD test and the

tensile test.

Before the test, the metallic etching and grain size observation are made. Though because of the
galvanic coupling, only the substrates are etched deeper and deeper, and there is no change for the

coatings. So, the XRD will be the main method for us to get information of the structures.

Firstly, the Cr-VI coatings with different temperatures of heat treatment are tested. These test for Cr-
VI conclude that the heat treatment can influence the inner stress of coatings but does not change the

preferred orientations.
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Then three groups of NiW coating are subjected to heat treatments according to the phases diagram
and analyzed by X-rays diffraction. It is interesting to figure out the range of the lattice parameters of
every group of the NiW and we make it clear that this is influence by the content of the tungsten atoms.
It makes sense that when there are more large atoms (tungsten), the lattice parameter increases. Then
the in-situ XRD are realized for the NiW-2A and NiW-5A. From this test, the crystallite size of both
NiW after fully heated, which means fully release of the inner stress, is calculated: for NiW-2A is 32.50

nm and for NiW-5A the corresponding peak is 38.20 nm.

In the crack formation part, the main attention is paid to analyze different type of cracks. Indentation
crack length method is interesting and convenient way to analyze the toughness and elastic modulus.
But the precondition of this method is that the samples can generate regular cracks (line cracks) to be
measured. In our situation, there are only circular cracks which do not fit the theory mentioned in
chapter 1. For the scratch test, it can provide information by comparing the critical load during
scratching. From both the load curve and the image of the scratch on the surface, it is very difficult to
determine where is the critical loads and critical positions. This problem is due to the coatings’

thickness. And for the Rockwell adhesion test, the same problem obstructs us to get a good result.

We introduce a characterization by tensile test. The steel substrate ST37 is firstly characterized and
its behavior’s law is established. When this information is known, we need the critical stress to make
it easier to compare the different coatings. A trapezoid shape of the samples is applied, in which with

only one test, several states of stress/strain can be revealed.

Among all the coatings, pure Ni has no cracks until it is broken, which is because of the good
ductility. Cr-VI coating seems the hardest one in our work, but it will start cracking at a low strain. For
the two NiW coatings, the NiW-5A has slightly higher critical strain than NiW-2A. In general, NiW-

5A has the best adhesion and the surface toughness behaviors.

In a further study, a proper (thinner) thickness of coatings for the scratch test should be applied. And
for the NiW-2A and NiW-5A coatings, since there are regular cracks, the crack density at the saturation
can be found and the interfacial shear stress can be calculated as well. More quantitative comparison
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can be made between them.

Besides, the corrosion properties comparison between NiW and Cr-VI is also an interesting
perspective. The corrosion resistance of NiW coatings was related to three main factors: 1) tungsten
content, 2) volume of grain boundaries which may act as potential sites for corrosion reactions, and 3)
the crystallographic texture of coatings [97]. So from the result of XRD in this work and a better
experiment of metallic etching method, there shall be more new and interesting conclusions. Our
colleagues who work on this part get the information that NiW-5A has better corrosion resistance than

other Cr-VI replacement.

To put in a nutshell, until now, there is few chances to find one single replacement for Cr-VI to meet
all the needs in the various field of applications. If the users are looking for a good wear resistance
(high hardness), NiW coatings may not be a perfect replacement whereas NiB coating could be a
possible choice. NiB coating developed in this project by other partners has very similar hardness with
Cr-VI and after heat treatment, this value could be even higher. But when we pursue a high corrosion

resistance with modest wear resistance, NiW will work very well.
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Appendix I. Samples in this work

Table A-1. The samples used in this work for different experiments. The mainly differences are

presented in the ‘Features’ column.

In-
: Classical | Inst ted | Tensile | Scratch
Coating Features ' assw? r.ls rume1.1 ed | rD ity ensile | Scratc
indentation | indentation test test
XRD
Electroplated by
40 A/dm?
2A/dm?
NiW- m
W/(WNi)=12- X X X % X
2A
17%at
. 5A/dm?
Ni1W- .
sA W/(WHNi)=12- X X X X <
17%at
g 10A/dm>
<
NiW C- T& W/(W+Ni)=9.6%at %
=
8 | Heat treatment’
m
5A/dm?
Niw W/(W+Ni)=16.3%at -
C+
Heat treatment”
8A/dm?
NiW G W/(W+Ni)=2.7%at <
Heat treatment”
Pure Ni % X

“The heat treatments are applied under the temperatures of 300°C, 500°C, 700°C, 900°C.
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Appendix I1. Metallic etching and grain size observation

The inner structure of a metal is made up of individual crystalline areas known as ‘grains’. The
structure, size and orientation of these grains result from the material composition (alloy) and the way
the material is made (e.g. forging, casting or additive manufacturing). The grains are formed from the
molten material when it solidifies, interact with one another and with other ingredients, like phases

and contaminations. Typically, the grain structure is adapted to the technical application.

Grain size and orientation and other structural characteristics are directly linked to the mechanical
and technological properties of these materials. Structural characteristics also depend on subsequent

external influences. These influences include:
a) Chemical influences (e.g. corrosion);
b) Chemical and/or physical influences (e.g. heat treatment processes);

c¢) Mechanical influences (e.g. following the forming processes, such as forging, rolling, bending,

etc.).

In this work, the NiW and Cr-VI coatings are supposed to be observed by this method. All the
specimens are cut and cold mounted in epoxy resin. Then the prepared specimens and resin are ground
on grade 220 SiC using water as a lubricant. They are then polished on different cloths with diamond
paste of size 6 pm, 3 um and 1 um. Fine polishing is then performed with alumina suspension of size

0.25 um. The well-prepared specimens are shown as Figure A-1.

114



Research on NiW coatings as a promising replacement for Cr-VI: indentation and X-ray diffraction investigations

Figure A-1. An example of the well-prepared metallic etching specimens.

Without etching, it was possible to observe the cross-sectional thickness of the various coatings, and

to document the presence of cracks.

Etching was performed in order to reveal the grain structure of the coatings. Nital (4% nitric acid in
ethanol) was used, with increasing amounts of nitric acid (up to 20%) and hydrofluoric acid additions

(up to 5%), at a controlled temperature of 50°C.

The experiment time is selected as 1 min, 3 min, 5 min and 10 min, in order to observe the etching
process. But unfortunately, the coatings didn’t react with etchants. Only the substrate was more and
more deeply etched. This was attributed to galvanic coupling. In the next step of this test, if we want

to observe the etching of the coating, the separating of the substrate and coating is necessary.

115



Research on NiW coatings as a promising replacement for Cr-VI: indentation and X-ray diffraction investigations

Appendix I11. Images of the indentation cracks’ radius

200N-2

Figure A-2. Schematics for the 2nd 200N imprints of (a) the bare cracks, (b) the determination of
isotropic and (c) the measurements of the imprint and outermost crack radius.

This part is as a complement for the scratch test in the manuscript in order to show more details.
This part is as a complement for the scratch test in the manuscript. From Figure A-2 to A-5 are the
pictures for 200N, 300N and 500N respectively. All the figures include a bare crack without any
analysis (a); a schematic to show how to count cracks around the imprints (b) and a schematic to show

how to measure the radius.
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300N-1

Figure A-3. Schematics for the 1st 300N imprints of (a) the bare cracks, (b) the determination of
isotropic and (c) the measurements of the imprint and outermost crack radius.

300N-2

Figure A-4. Schematics for the 2nd 300N imprints of (a) the bare cracks, (b) the determination of
isotropic and (c) the measurements of the imprint and outermost crack radius.
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500N-1

Figure A-5. Schematics for the Ist 500N imprints of (a) the bare cracks, (b) the determination of
isotropic and (c) the measurements of the imprint and outermost crack radius.
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Abstract

Hard chrome coatings (Cr-VI) are obtained from Cr®" solutions that are CMR (Carcinogenic,
Mutagenic and Reprotoxic). Their use is strongly limited by UE regulations and will be completely
forbidden in the next coming years. Current alternatives do not have such high versatility as hard
chrome coatings. This study aims to compare some alternatives based on electroplated NiW (nickel
tungsten) coating, regarding their mechanical properties. Firstly, coatings are investigated by means
of indentation at a microscale, including classical and instrumented tests, performed on top surface
and cross-section. A full processing protocol is proposed to take into account tip defect, indentation
size effect and contribution of the substrate. The hardness of Cr-VI is found to be 8.0 and 8.5 GPa on
top surface and cross-section respectively. It is almost two times higher than these of NiW coatings
obtained with two different current density, namely 4.4 and 5.0 GPa. Microstructure of both Cr-VI and
NiW coatings are explored by ex-situ and in-situ under temperature X-ray diffraction tests. In addition
to the growth of crystallites with temperature, XRD reveals a decrease of the residual stress inside the
coatings. Adhesion and toughness of coatings are investigated by several experimental approaches
(indentation, tensile test, scratch test). NiW coatings electroplated with the highest current density have
a better adhesion and toughness behaviors than NiW with lower current density and Cr-VI.

Key words: thin film, Indentation, X-ray diffraction, cracks analysis

Résume

Les revétements de chrome dur (Cr-V1) sont obtenus a partir de solutions contenant du Cr®*, elles
sont CMR (Cancérogene, Mutagéne et Reprotoxique). Leur utilisation est fortement limitée par la
réglementation européenne et sera totalement interdite dans les années a venir. Les alternatives
actuelles ne sont pas aussi polyvalentes que les revétements en chrome dur. Cette étude compare, du
point de vue de leurs propriétés mécaniques, certaines alternatives basees sur des revétements Niw
(au nickel-tungsténe) obtenus par voie €électrolytique. Tout d'abord, les revétements sont étudiés par
indentation a échelle microscopique, incluant des tests classiques et instrumentes, effectués sur la
surface originelle et la section transversale. Un protocole d’analyse est proposé pour prendre en compte
le défaut de pointe, I'effet de taille en indentation et la contribution du substrat. La dureté du Cr-V1 est
respectivement de 8,0 et 8,5 GPa sur la surface originelle et la section transversale. Elle est presque
deux fois supérieure a celles des revétements NiW obtenus avec deux densités de courant différentes,
a savoir 4,4 et 5,0 GPa. La microstructure des revétements Cr-V1 et NiW est explorée par des tests de
DRX (diffraction de rayons X) ex-situ puis in-situ sous température. En plus de la croissance des taille
de grains avec la température, la DRX révéle une réduction des contraintes résiduelles dans les
revétements. L’adhérence et la ténacité des revétements sont étudiées par plusieurs approches
expérimentales (indentation, essai de traction, rayure). Les revétements NiW électrodéposés avec la
densité de courant la plus élevée ont de meilleurs comportements d’adhérence et de ténacité que les
NiW avec une densité de courant plus faible et que le Cr-VI.

Mots clés: Film mince, Indentation, Diffraction des rayons X, Analyse des fissures
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