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Abstract 
 

Title: Development of multicycle indentation to study solid, coated and heterogeneous materials.  

 

 

Abstract: The assessment of mechanical properties of materials by instrumented indentation tests 

(IIT) have been widely performed in last years. The objective of this work is to develop a methodology 

to analyze the mechanical behavior of materials from the data obtained by a continuous multicycle 

indentation test at the microscale of loads so as to limit the problems associated with the 

heterogeneity of the materials and to increase the amount of data for the study of thick coatings that 

only nanoscale analysis does not provide in the case of heterogeneous coatings. To validate our 

approach, it was study the hardness and the elastic modulus of homogeneous bulk materials (carbon 

steels), heterogeneous dense coating (hydroxyapatite), and a two-layers coating material (Nickel-

Phosphorus). The study of homogeneous bulk materials allowed us, first, to validate the methodology. 

It is also proposed a model to estimate the hardness and elastic modulus of hydroxyapatite coatings 

considering the compaction of the material during the indentation process. Second, it is proposed to 

associate the hardness and elastic modulus to the volume fraction of crystallinity. Finally, from the 

multicycle indentation tests performed on the electroless Ni-P bilayer coating, a new approach is 

advanced to assess the elastic modulus of each layer from the expression of the reciprocal of the 

experimental contact stiffness as function of the contact area originally proposed by Tricoteaux for a 

monolayer system, but now linked to a multilayer model based on the weight function suggested by 

Korsunsky. 

 

 

 

 

Keywords: multicycle indentation test, mechanical properties, heterogeneous and coated materials.  
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Résumé 
 

Titre : Développement de l'indentation multicyclique à l'étude des matériaux massifs, revêtus et 

hétérogènes. 

 

Résumé : L'évaluation des propriétés mécaniques des matériaux par essais d’indentation 

instrumentée (IIT) a été largement étudiée ces dernières années. L'objectif de ce travail est de 

développer une méthodologie pour analyser le comportement mécanique des matériaux à partir des 

données obtenues par indentation multicyclique à une échelle microscopique de manière à limiter les 

problèmes liés à l’hétérogénéité des matériaux et à augmenter le nombre de données pour l’étude 

des revêtements épais que seule l’analyse nanométrique ne permet pas de fournir dans le cas de 

revêtements hétérogènes. Pour valider notre approche, nous étudions la dureté et le module 

d'élasticité de matériaux massifs homogènes (aciers au carbone), de revêtement épais hétérogène 

(hydroxyapatite), et de revêtement bicouche (Nickel-Phosphore). L’étude des matériaux massifs 

homogènes nous a permis, tout d’abord, de valider la méthodologie. Nous proposons également un 

modèle pour estimer la dureté et le module d’élasticité des revêtements d’hydroxyapatite en 

considérant la compaction du matériau pendant l’indentation. D’autre part, nous proposons de relier 

la dureté et le module d'élasticité à la fraction volumique de cristallinité. Enfin, à partir de l’indentation 

multicyclique effectuée sur le revêtement Ni-P bicouche, nous proposons un modèle pour évaluer le 

module d'élasticité de chaque couche à partir de l’expression de l'inverse de la raideur expérimentale 

de contact en fonction de l’aire de contact proposée initialement pour un monocouche par Tricoteaux 

que nous couplons également à une approche multicouche basée sur le modèle de Korsunsky.  
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Nomenclature 
 

𝑎, contact radius between the indenter and surface during indentation 

𝑎1, parameter of the proportional specimen resistance model 

𝑎2, parameter of the proportional specimen resistance model 

𝛼, geometric correction factor of the contact area suggested by Bec et al. 

𝛼1, fitting parameter from the Antunes et al.’s model 

𝛼2, fitting parameter from the Doerner and Nix ‘s model 

𝛼3, fitting parameter from the Menčík et al.’s model 

𝛼4, fitting parameter from the second Menčík et al.’s model 

𝐴, theoretical contact area 

𝐴C, projected contact area 

𝐴m, true contact area 

𝑎F, film volume fraction contributing with composite hardness or elastic modulus 

𝑎P, volume fraction of the porous zone contributing with the composite hardness  

𝛽, geometric correction factor 

𝐵, geometric coefficient from the contact area function advanced by Troyon and Huang 

𝐶, compliance of the sample 

𝐶f, frame compliance of the instrument 

𝐶i, fitting parameters from the contact area function advanced by Oliver and Pharr ( 𝑖 = 1, ⋯ ,8) 

𝐶T, total compliance of the system 

Δ, ratio of the final depth and the maximum indentation depth 

𝛥L−B, Li and Bradt’s parameter to quantify the indentation size effect  

𝛿, indentation depth (ℎ) to film thickness ratio (𝑡) 

𝑑, indenter diagonal from a Vickers’s impression 

𝐸, elastic modulus of sample 

𝐸𝑎, elastic modulus from the amorphous phase of the material 

𝐸𝐶𝑟, elastic modulus from the crystalline phase of the material 

𝐸𝐶, composite elastic modulus from a substrate-film system 

𝐸𝐹, elastic modulus of a film 

𝐸i, elastic modulus of a diamond indenter 

𝐸R, reduced modulus of the sample 

𝐸RF, reduced modulus of the film on a coated material 

𝐸RC, reduced composite modulus from film-substrate material 



~ xvi ~ Nomenclature 
 

Ph.D. Thesis presented by Alberto MEJIAS 
 

𝐸RS, reduced modulus of the substrate from a coated material 

𝐸𝑆, elastic modulus of a substrate 

휀, geometric factor depending on the indenter shape 

𝑓1, weight function from Antunes et al. ’s model 

𝑓2, weight function from Doerner and Nix’s model 

𝑓3, weight function from Menčík et al. ’s model  

𝑓4, weight function from the second model by Menčík et al.  

𝑓𝑛, weight function from the model by Korsunsky et al. 

Φ, weight function from Gao et al.’s model  

𝛾, correction factor depending on material proposed by Hay et al. 

𝜑, parameter of the model advanced by Janzen 

𝜑1, factor contribution from phase 1 to the mechanical property of the material 

𝜑2, factor contribution from phase 2 to the mechanical property of the material 

𝐻, hardness of sample 

𝐻0, macrohardness 

𝐻𝑎, amorphous phase hardness 

𝐻𝐶, composite hardness from a substrate-film system 

𝐻𝐶𝑟, crystalline phase hardness 

𝐻D, hardness of densified layer coating 

𝐻𝐹, hardness of a film from a coated material 

𝐻𝐿𝑆𝐹, hardness length-scale factor 

𝐻𝐼𝑇, hardness from instrumented indentation test 

𝐻𝑀, Martens hardness 

𝐻𝑀0, Martens macrohardness 

𝐻P, hardness of porous layer coating 

𝐻𝑆, hardness of a substrate from a coated material 

ℎ, actual indentation depth 

ℎ0, indentation depth corrected by the blunt defect of the indenter tip 

ℎ∗, characteristic scale-length which characterizes the indentation size effect 

ℎb, tip defect dimension 

ℎ𝐶, contact indentation depth 

ℎf, final indentation depth 

ℎi, translation in depth to replace the zero shift of the load from Chicot et al.’s model 

ℎmax, maximum indentation depth 

ℎmeas, indentation depth registered by the instrument 
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ℎT, theoretical plastic penetration depth from Bec et al.’s model 

𝜆, parameter from the models advanced by Hill, Budianski and Mossotti-Clausius 

𝐾, factor depending on material in the power law advanced by Oliver and Pharr 

𝑘𝐻, adjustable parameter from the Humbert et al.’s model 

𝑘𝑘, fitting parameter from the Korkunsky et al.’s model 

𝑘JH, fitting parameter Jönsson and Hogmark’s model 

𝑘𝑃, fitting parameter from Puchi-Cabrera’s model 

𝜅, fitting parameter from the model presented in this work 

𝑚, exponent depending on material in the power law advanced by Oliver and Pharr 

𝑚𝑝, exponent from advanced by Puchi-Cabrera’s model 

𝜓, semi-angle of the conical indenter equivalent to a pyramidal one 

𝑃, load on sample 

𝑃0, deviation load from Chicot et al. ’s model 

𝑃max, maximum load applied on sample 

𝑆, experimental contact stiffness 

𝑆𝐶, composite contact stiffness 

𝑆𝑆, contact stiffness from the substrate 

𝑆F, contact stiffness from the film 

𝑡F, thickness of the film 

𝜐, Poisson’s coefficient of the material specimen 

𝜐i, Poisson’s coefficient of the diamond indenter 

𝜉, the semi-angle between the two opposite faces of a pyramidal indenter 

𝜒, mixing parameter from Halpin–Tsai's model 

𝑋𝐶𝑟, crystallinity volume fraction  

𝑌1, mechanical property of phase 1 of a composite material 

𝑌2, mechanical property of phase 2 of a composite material 

𝑌𝐶, mechanical property of a composite material 
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General Introduction 
 

Instrumented indentation tests have been extensively implemented in the assessment of several 

mechanical properties of materials. Many difficulties have been overcome in the assessment of 

mechanical properties by using this technique. As result of the increasing interest in this field, the 

development of models to describe the variations of mechanical properties by instrumented 

indentation have been proposed in last decades. From microscale to nanoscale, and more recently 

ultra-nanoscale, these tests have been implemented to compute the mechanical response of bulk and 

coating materials to evaluate its application in different industrial fields. With the aim of contribute to 

this important field of the science the objective of this work is to develop a methodology to analyze 

and to interpret the data provided from a continuous multicycle indentation tests at the microscale of 

loads to overcome the difficulties inherent to the heterogeneities of materials or the thickness 

measurement of coated systems where the indentation tests at a nanoscale range of loads could not 

provide enough information to describe the variations of mechanical properties, i.e. hardness and 

elastic modulus, as function of an increasing loading or deeper displacement of the indenter. With this 

objective, this work has been divided in three chapters, the first one concerns the literature summary 

supporting the present developed research, the second indicates the materials and experiments 

executed into this investigation, and finally, the third chapter where the results of the applied 

methodology are shown and discussed according with the considered materials under analysis.  

 

The chapter I is presented to the reader to establish the state of the art into the indentation field, this 

first chapter is dedicated to explain the basis of the data analysis acquired and recorded by the 

indentation instruments at microscale and nanoscale ranges. A review of relations between the 

applied load on sample and the displacements of the indenter into the surface obtained by the 

instrument is presented. Moreover, concerning the data treatment, the notion of the frame 

compliance is developed to take into account the deflection occurring into the specimen-instrument 

system. The load-displacement curve acquired by the instrumented indentation tests is presented and 

described. Additionally, the possible mechanical responses of the material surface beneath the 

indenter are expounded to be taken into account on the estimation of the contact area. Considering 

this contact area between the indenter and the specimen surface, one of the most important 

parameters to evaluate, some models to estimate it are explained and physically interpreted. Then, 

previous investigations to compute hardness and elastic modulus are detailed. The data treatment 

regarding the phenomena occurring throughout the indentation test are showed and explained. The 

continuous multicycle protocol and continuous stiffness measurement mode are presented to use 
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them in the determination of mechanical properties from more complex systems and test settings such 

as film-substrate or heterogeneous systems.  

 

The second chapter presents to the reader the material specimens and the characteristic of 

indentation experimentations developed in this research. Concerning the materials, three general sort 

are analyzed such as homogeneous, heterogeneous, and coated materials. The description of surface 

preparation or condition of samples surfaces is detailed to be after considered into the data analysis 

from the load-displacement curves. The general functionality of the instrument is explained and the 

differences between the two scales of measurement is point out. The presented experimental design 

is based on the available material specimens so as to evaluate their mechanical properties by 

submitting them to a continuous multicycle test at microscale range to estimate the influence of load-

unload sequences into the mechanical response of the material. 

 

Finally, in chapter III, the results and discussion are presented to the reader. With the aim to contribute 

to the progress of this important field a different methodology by using a continuous multicycle 

indentation test is developed and analyzed to be implemented in different sorts of materials, from 

homogenous to heterogeneous materials, and from bulk to coated materials. The results of the present 

work are divided in three parts: the first part stands for a homogenous material, in this case 

represented by the carbon steel samples; the second, by considering the analysis over heterogeneous 

materials exemplified by the hydroxyapatite coatings; and, the third one, which involves the analysis 

performed on film-substrate systems typified by Ni-P electroless coatings specimens. Along this 

chapter, the results are displayed and discussed to ponder the influence of the load-unloading 

sequences into the assessment of their mechanical properties, i.e. hardness and elastic modulus, when 

this samples are submitted to continuous multicycle tests. The analysis of the results commences for 

the carbon steel samples (first part) to be extend after to examine a heterogeneous material 

represented by the hydroxyapatite coatings samples (second part), and afterwards, to be implemented 

to bilayer Ni-P coatings specimens (third part). The acquired data is submitted to corrections due to 

the compliance frame of the instrument, blunt defect of the indenter tip, and the deformation of the 

material beneath the indenter governed by the Poisson’s coefficient of the material. According  with 

the existing background, the response of the material around the indenter is computed to describe the 

contact area between the indenter and the surface of the sample. The obtained data from carbon steel 

samples is computed to evaluate the comportment of the elastic modulus as function of the maximum 

indentation depth reaches at each cycle of the loading-unloading sequences. Afterwards, the second 

part pretends to ponder the methodology applied to heterogeneous materials, mechanical properties 

of solution precursor plasma sprayed hydroxyapatite (SPPS-HA) coatings are studied using the 



 General Introduction  ~ 3 ~ 
 

Ph.D. Thesis presented by Alberto MEJIAS 
 

continuous multicycle indentation test. The mechanical properties are determined by means of 

indentation experiments in the microscale range of loads to limit the influence of the heterogeneities 

of the microstructure as well as the roughness over the surface of the coating for which the effects are 

predominant at the nanoscale range of loads. The third part is developed with the aim of extend the 

analysis of multicycle indentation tests beyond bulk materials, and they are also implemented to a 

coated system. A bilayer Ni-P coating system is evaluated when it is submitted to CSM at a 

nanoindentation range and continuous multicycle indentation at a microindentation range. Physical 

models to study multilayer systems are applied to calculate the hardness and elastic modulus behavior 

of each layer from the electroless Ni-P coatings deposited on carbon steel plates. 

 

It should be point out that this work has been developed as results of the continuous research in the 

instrumented indentation field which is sustained by previous publications in reviews and congress.  

 

Publications at international reviews of Rank A: 

1. Mejias A, Candidato RT, Chicot D, Pawlowski L. Mechanical properties by instrumented 

indentation of solution precursor plasma sprayed hydroxyapatite coatings: Analysis of 

microstructural effect, Surface and Coatings Technology, Volume 298, 25 July 2016, Pages 93-

102 

2. Benarioua Y, Mejias A, Roudet F, Iost A, Chicot D, Hardness-load modelling applied to 

multilayer galvanized coatings. Surface Engineering, Volume 32, Issue 3, Pages 194-200, 2016. 

3. Nogning Kamta P, Mejias A, Roudet F, Louis G, Touzin M, Chicot D, Creep indentation analysis 

of T22 and T91 chromium based steels. Materials Science and engineering A, Volume 652, 

Pages 315-324, 15 January 2016. 

4. Yetna Njock M, Chicot D, Ndjaka JM, Lesage J, Decoopman X, Roudet F, Mejias A. A criterion 

to identify sinking-in and piling-up in indentation of materials. International Journal of 

Mechanical Sciences, Volume 90, Pages 145-150, January 2015. 

 

Publication at National review: 

1. Yetna N’Jock M, Chicot D, Ndjaka JM, Lesage J, Decoopman X, Roudet F, Mejias A, A simple 

criterion to identify the deformation mode in indentation. Matériaux & Techniques, Volume 

103, 603 - 8 pages, 2015 

 

Congress communications: 

1. Sokołowski P, Mejias A, Chicot D, Musalek R, Nylen P, Pawłowski L. The evaluation of 

mechanical properties of suspension plasma sprayed zirconia coatings having various 
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microstructures. International Thermal Spraying Conference and Exposition, ITSC 2016, 

Shanghai, China, (10-12 May 2016). 

2. Mejias A, Chicot D, Decoopman X, Montagne A, Roudet F, Iost A. Multi-scale approach of the 

instrumented indentation technique on the fracture toughness estimation. Indentation 2014, 

10-12 décembre 2014, INSTITUT CHARLES SADRON, Strasbourg -France. 
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Chapter I: LITERATURE SUMMARY 
 

I.1. INTRODUCTION 

 

By means of instrumented indentation tests (IIT) the mechanical properties of materials, such as elastic 

modulus [1, 2] , hardness [1, 3], fracture toughness [4, 5], among others can be assessed [6, 7, 8, 9]. 

The development of models to describe the mechanical behavior and variations of mechanical 

properties of materials have been studied in last decades [1, 2, 10, 11]. In order to establish the state 

of the art in this field, this first chapter is devoted to explain the basis of the analysis of the data 

acquired and recorded by microindentation and nanoindentation instruments. As it will be explained, 

the examination of the relation between loads and displacements obtained by the instrumented 

indentation tests is not so obvious, and the selection of the path to evaluate this data will depend of 

numerous variables and concerns, starting from the compliance of the specimen-instrument system 

passing through the examination of the mechanical response of the material surface beneath the 

indenter, until mechanical phenomena such as diffusion, porosity or microcracks present in the 

material. First all, the description of the load-displacement curve is carried out with the purpose of 

settle into the source of the data to be analyzed. The contact area between the indenter and the 

specimen surface, one of the most important parameters to evaluate, is defined and some of the 

models to estimate it are explained and physically interpreted. Immediately, the approaches advanced 

in earlier investigations to obtain the hardness and elastic modulus are explained. Afterwards, the 

improvements to take into account for the data treatment are explained in detail with the view to 

understand and consider all phenomena taking place in the surface of the sample during the course of 

the indentation test. To extent the evaluation of mechanical properties to complex systems and test 

settings, the continuous multicycle protocol and continuous stiffness measurement mode are 

described to use them in the determination of properties from film-substrate or heterogeneous 

systems by considering the phenomena occurring in the indentation test under this kind of condition. 

Among these phenomena, the concept of the indentation size effect is developed to realize that 

hardness value depends on multiples factors, and above all on the magnitude of loads applied on its 

computation. Additionally, models to calculate the contribution of every single layer or substrate from 

a multilayer coating system to the composite hardness or composite elastic modulus are carefully 

explained to be applied to multilayer coating systems. 
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I.2. THE LOAD-DISPLACEMENT CURVE 

 

I.2.1. Classical instrumented indentation test 

 

From instrumented indentation tests (IIT) mechanical properties of material, such as hardness and 

elastic modulus, can be assessed from small specimens using the experimental data acquired of loads 

and depths of penetration from tests [1, 2, 3]. From an overall point of view, a representative test 

consists in initiate an increasing loading on a material surface from zero to a maximum predefined 

force and then from the latest back to zero, as it is illustrated in Figure I.2-1.  
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Figure I.2-1. Load-unload cycle from a standard instrumented indentation test. 

 

Depending on the testing material a plastic deformation can take place and, at the time, a residual 

impression from the indenter is left into the surface of the specimen, for example, as it can be observed 

in Figure I.2-2. Using optical techniques, it is possible to estimate the size of the residual impression of 

the indenter, or, also called the projected contact area, marked by the indenter into the surface. 

However, well-knowing the geometry of the indenter and the maximum depth of penetration, it is 

possible to estimate the contact area between the indenter and the surface at the maximum load, 

from which the hardness of the material can be computed. Following with the experimentation 

enlightenment, afterwards the maximum load is applied on surface, immediately, the load on the 

indenter is withdrawn and the surface of the material tries to recover to its initial position but it is not 

usually allowed owing to the plastic deformation occurring in the course of the indentation test [12]. 

Considering the estimation of the elastic modulus of the material under study, normally, the initial 

portion of the unloading part of the curve is analyzed where a small portion of this elastic recovery is 

registered as a result of the relaxation of the elastic strain occurring within the material [12]. Figure 
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I.2-3 illustrates the profile of load-displacement curve obtained by a standard instrumented 

indentation test. 

 

 
Figure I.2-2. SEM micrograph from the residual impression left by a Berkovich indenter on a hydroxyapatite 

coating sample. 
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Figure I.2-3. Profile from load-displacement curve recorded from a standard instrumented indentation test. 

 

In next sections, the methodology to analyze the data acquired by the instrumented indentation test 

to compute the elastic modulus and hardness will be explained taking into account and applying the 

corrections terms and factors to the experimental values obtained from these tests. It is important to 
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realize that the methodology to be described ahead relies on the hypothesis that an elastic-plastic 

loading is followed by an elastic unloading with no plastic deformation taking place on the unloading 

part of the indentation process [12]. Normally, the reduced elastic modulus (𝐸𝑅) estimated by 

indentation test is related directly proportional to the slope of the unloading curve at the maximum 

load, i.e. the slope at maximum indentation depth (
𝑑𝑃

𝑑ℎ
)|
ℎ=ℎmax

, and inversely proportional to the 

projected contact area (𝐴C), as it is expressed in the following relation: 

 

𝐸𝑅 =
1

2

√𝜋

√𝐴C
(
𝑑𝑃

𝑑ℎ
)|
ℎ=ℎmax

 
(I.2-1) 

 

Meanwhile, the hardness 𝐻𝐼𝑇 (which stands for instrument hardness) can be assessed from the 

maximum indentation load (𝑃max) divided by the projected contact area (𝐴C), mathematically denoted 

by: 

 

𝐻𝐼𝑇 =
𝑃max
𝐴C

     
(I.2-2) 

 

Oliver and Pharr [1] proposed from Eq. (I.2-1) the evaluation of the reduced elastic modulus of a 

material calculated from the unloading part of the load-displacement curve rewriting it into the 

resulting equation: 

 

𝐸R =
√𝜋

2

1

√𝐴C

1

𝐶
 (I.2-3) 

  

Where the parameter 𝐶 denotes the compliance of the sample to be examined. The reduced elastic 

modulus (𝐸R) comprises the elastic properties from the specimen and the indenter as function of their 

elastic moduli and Poisson’s coefficients defined by: 

 

1

𝐸R
=
1− 𝜐2

𝐸
+
1− 𝜐i

2

𝐸i
 (I.2-4) 

 

Where the elastic modulus for a diamond indenter (𝐸i) and the Poisson’s coefficient (𝑣i) are equal to 

1140 GPa and 0.07, respectively [13]. The contact area (𝐴C) is then calculated as a function of the 

experimental indentation contact depth (ℎC), and the geometric shape of the indenter, e.g. when a 

perfect Berkovich indenter is used, it can be expressed in the subsequent equation: 
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𝐴𝐶 = 24.5ℎC
2 (I.2-5) 

 

Where the experimental indentation contact depth (ℎC) is evaluated as function of the maximum force 

applied (𝑃max) on the surface, the maximal indentation depth (ℎmax) and the experimental contact 

stiffness (𝑆) as it showing next [1]: 

 

ℎ𝑐 = ℎmax − 휀
𝑃max

𝑆
 (I.2-6) 

 

The coefficient  휀 is a geometric factor depending on the geometric nature of the indenter. In the event 

that a flat punch indenter is used then 휀 = 1, for a conical indenter is utilized 휀 = 0.72 and if a spherical 

or paraboloid indenter is adopted for the study then 휀 = 0.75 instead [1]. The compliance factor (𝐶) 

in Eq. (I.2-3) derives from the reciprocal of the experimental contact stiffness (1/𝑆) determined from 

the slope of the upper portion of the unloading data at the maximum load from the load-displacement 

curve at the maximum indentation depth (illustrated in Figure I.2-3) as it is expressed in the next 

relation: 

 

𝐶 =
1

𝑆
= (

𝑑ℎ

𝑑𝑃
)|
ℎ=ℎmax

 (I.2-7) 

 

From the work realized by Oliver and Pharr [1], the unloading part of the curve can be modelled by 

means of a power law represented by: 

 

𝑃 = 𝐾(ℎ − ℎf)
𝑚 (I.2-8) 

 

where 𝐾 and 𝑚 are material depending constants estimated by a regression of a least square analysis, 

and ℎf is the residual or final indentation depth left by the indenter into the surface after the total 

withdrawal of the indenter. 

 

For the fitting procedure corresponding to the unloading data from the load-displacement curve to the 

Eq. (I.2-8), only the data ranging between 40% and 98% of the maximum load is recommended to use 

in order to avoid possible incidence of the data at the unstable beginning of the unloading part at the 

maximum load and just before the unloading process be completed [1, 14]; according to this 

consideration, from Eqs. (I.2-7) and (I.2-8), it is possible to write the compliance factor as coming: 
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𝐶 =
1

𝑆
=

1

𝑚𝐾(ℎmax −ℎ𝑓)
𝑚−1 (I.2-9) 

 

By regarding the Eq. (I.2-3), the estimation of the reduced elastic modulus (𝐸R) relies on the accuracy 

of the definition and assessment of the projected contact area (𝐴C). The evaluation of this one will 

depend above all on the mechanical response of the surface around the indenter. 

 

Some deviations from the classic load-unload test can be performed by instrumented indentation 

tests. In this way, partial unloadings, multicycle loading-unloading sequences, superimpose a harmonic 

frequency to the nominal value of the force, and change the dwell time at the maximum load can be 

set to study the behavior of the mechanical properties of the material. Moreover, the form of the load-

displacement curve can indicate additional information about the phenomena related to the 

mechanical response of the material under indentation that permits the identification of non-linear 

occurrences such as cracking, chipping, delamination of films or phase transformations [12]. 

 

I.2.2. Multicycle protocol tests. 

 

Concerning the instrumented indentation tests, there are many possibilities to study the mechanical 

behavior under different conditions. One of them, it is the possibility to establish a continuous 

multicycle protocol. In this case, the test involves sequences of loading and unloading into the surface 

of the sample. Normally, the increasing loading can be done continuously or by little increments as 

illustrated in Figure I.2-4. If the study implicates the measurement of changes in elastic modulus and 

hardness with the indentation depth, then partials unloading could be set contributing to the 

acquisition of the measurement of the contact stiffness (
𝑑𝑃

𝑑ℎ
= 𝑆) at one and all the cycles of the 

continuous multicycle test.  

 

When the continuous multicycle protocol has to be defined, the instrument could be framed into load 

or depth control depending on the aim of the analysis. In the same way, the software controlling the 

instrument generally allows to customize the dwell time at each load increasing cycle at the maximum 

load preset. This period of holding at each cycle permits to become stable the couple instrument-

sample before the unloading takes place. In other cases, the dwell time could be set with the purpose 

to measure creep within the material or the thermal drift of the instrument. The number of cycles, the 

load increase (ΔP), and the dwell time at the maximum and minimum load of every cycle could be 

defined by means of the indentation software. Additionally, in some instruments the acquirement of 
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the stiffness of the contact, between the indenter and the surface, can be done superimposing a 

harmonic load signal that is added to the nominally increasing load [1, 12], and it is named as a 

continuous measurements of the contact stiffness. 

 

 

Figure I.2-4. Profile of the load-displacement curve from an indentation test running a multicycle procol. 
 

I.2.3. Continuous stiffness measurement (CSM) test. 

 

The continuous stiffness measurement (CSM) mode lets to measure the contact stiffness during the 

loading path of a standard indentation test. To achieve this objective, a harmonic load signal is 

superimposed and added to the nominally increasing load, as can be observed in Figure I.2-5. The 

displacement response of the indenter on the material at the excitation frequency and the phase angle 

between the two are measured continuously as a function of depth. Solving for the in-phase and out-

of-phase portions of the response results in an explicit determination of the contact stiffness (𝑆) as a 

continuous function of the depth [1, 15, 16]. 

 

Oliver and Pharr [1] showed that a continuous and immediate change in the contact stiffness 

throughout unloading its correlated to a change in the contact area, this affirmation was based on the 

fact that carrying out an indentation experiment using a Berkovich indenter over a sample of an 

electropolished tungsten at very low loads, e.g. 0.5 mN and less, it was shown that a purely elastic 

deformation occurred, it means, that the impression into the surface fully recovers afterward the 

complete unloading of the indenter, and furthermore, there was a superposition on the plot of the 

loading and unloading parts of the curves. Consequently, both contact area and contact stiffness were 

directly correlated and their increase or/and decrease were proportionally according to relationships 
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that depend on the geometric shape of the indenter. As a primary conclusion of this fact, it was settle 

that changes in values of the stiffness of the contact are associated with variations in values of contact 

area when an instrumented indentation test is performed. 
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Figure I.2-5. Representative scheme of the continuous stiffness measurements (CSM) mode. 
 

According with the Eqs. (I.2-1) a relationship between the contact stiffness and the indentation depth 

can be established for homogeneous and heterogeneous materials, if the non-uniformity of the 

material change with the depth. When a perfect Berkovich indenter is used, for example, the projected 

contact area (𝐴C) can be expressed as a function of the indentation contact depth (ℎC) as it was shown 

in Eq. (I.2-5). By replacing Eqs. (I.2-5) and (I.2-7)  into Eq. (I.2-1), it is obtained the subsequent relation: 

 

𝑆 = 2√
24.5

𝜋
𝐸𝑅ℎ𝑐 (I.2-10) 

 

It can be concluded from Eq. (I.2-10), that for a homogeneous material with a constant elastic modulus 

(𝐸), the reduced modulus (𝐸R) is also constant, and according with the Eq. (I.2-10) the contact stiffness 

(𝑆) is directly proportional to the contact depth (ℎC). For a heterogeneous material, if its elastic 

modulus (𝐸) varies with the penetration depth, the reduced modulus (𝐸R) will vary with the 

indentation depth too, and consequently, there will not be a linear relation between the contact 

stiffness (𝑆) and the contact indentation depth (ℎC). 
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To calculate the projected contact area (𝐴C), it is necessary to estimate the value of the contact 

indentation depth (ℎC) and to well-know the dimensions of the indenter. The value of ℎC is computed 

by the analysis of the load-displacement curve, and this analysis takes into account the deformation of 

the material around the indenter and the blunt defect at the tip of the indenter as it will be detailed in 

the subsequent sections. 

 

I.3. CONTACT AREA FUNCTION 

 

I.3.1. Oliver and Pharr’s contact area function [1] 
 

Normally, the diamond indenters are not perfect pyramidal or conical solids, indeed a blunt at the 

indenter tip is present on them and this blunt defect must take it into account on the estimation of the 

contact area between the indenter and the material surface. The contact area function 𝐴C= f(ℎC) 

proposed by Oliver and Pharr [1, 17] is estimated using a function obtained from experimental contact 

depths (ℎC) of several indentation tests at different loads with the intention to capture different 

residual impression sizes from the indenter. Then, the contact area function is described by the 

succeeding expression  

 

𝐴𝐶 = 𝐶0ℎ𝑐
2 + 𝐶1ℎ𝑐+ 𝐶2ℎ𝑐

1
2 + ⋯+ 𝐶8ℎ𝑐

1
128 (I.3-1) 

 

Where the coefficients 𝐶1 trhough 𝐶8 are constants to be determined by a non-linear regression 

analysis from the experimental data of the contact area (𝐴C) as a function of the indentation contact 

depth (ℎC). Eq. (I.3-1) was suggested in the investigation carry out by their authors [1] owing to its 

ability to fit the data over the range of depths but not for any physical meaning of each term of the 

defined expression [17]. It was demonstrated that this function describes a large number of indenter 

geometries [17]. Regarding this contact area function, the first term is used to describe a perfect 

pyramidal or cone indenter only (e.g., 𝐶0 = 24.5 for a Berkovich indenter) and by using the first two 

terms could also define a hyperboloid of revolution, a tip-rounded cone or a pyramidal indenter with 

a vertical constant semi-angle at a large distance from the tip of the indenter [17] . Moreover, the last 

terms describe the deviations from a perfect shape above all due to the blunt defect of the indenter 

tip. Nevertheless, it must be careful about the data range where the contact area is defined, in others 

words, it is recommended to apply the function in the same range of contact depths used into the non-

linear regression analysis, in order to avoid to extrapolate data due to such function may be highly 

inaccurate out of the experimental depth range set to fit the data to the Eq. (I.3-1). 
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On the other hand, some other researchers have proposed functions to model the contact area 

between the indenter and the surface of the sample, including fitting parameters with physical 

meanings [18, 19] as the indenter tip radius and the slope of the indenter equivalent cone. Among 

these functions, there are the ones developed by Gong et al. [20] and Troyon and Huang [21]. In these 

approaches, the distance between the ideal indenter shape and the rounded tip of the blunted 

indenter (ℎb) is simply added to the measured indentation depth which will correspond to the 

corrected indentation depth. 

 

I.3.2. Troyon et Huang’s contact area description [21]  

 

Troyon and Huang [22] demonstrated that the contact area function is not constant for a given material 

and an indenter type, however it depends on the size of the blunt defect (ℎb) of the indenter tip and 

also on the deformation of the surface of the material around the indenter during the indentation test. 

 

The description of the contact area as a function of the contact indentation depth (ℎC), and taking into 

account the defect of the blunted indenter tip (ℎb), is based on the assumption that the indenter can 

be model by a rigid cone with a vertical semi-angle 𝜓 and a spherical cap of radius 𝑅, also described 

by others authors [20, 23, 24], as it is exhibit in Figure I.3-1.  

 

R

hb

y 

 

Figure I.3-1. Rigid cone with a vertical semi-angle 𝜓 and a spherical cap of radius 𝑅 modelling the blunt defect 

of the indenter tip. 
 

Troyon and Huang proposed a contact area function defined by the next expression: 

 

𝐴C = 𝜋tan
2(𝜓)(ℎC+ℎb)

2 = 𝐵(ℎC+ℎb)
2 (I.3-2) 
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 Where 𝐵 is a geometric factor equals to 𝜋 tan2(𝜓), and ℎb represents the blunt tip defect and its 

physical meaning has been illustrated in Figure I.3-1. This contact area function relies on the work 

previously developed of Shih et al. [25] who demonstrated that experimental data could fit very well 

the analytical expression of the cross-section area of the triangular-base pyramidal indenter trimmed 

with a spherical crown. Indeed, by means of a finite element analysis, was verified that an axisymmetric 

punch with a spherical cap and with a vertical semi-angle 𝜓 giving the same cross-section area as the 

pyramidal indenter permits also to fit the experimental data. For the case of the Berkovich indenter, 

the contact area function proposed by Troyon and Huang [22] models it as a cone truncated by a 

sphere cap, as long as the indentation depth is larger than the depth at which the spherical crown 

touches the edge of the pyramid. 

 

Based in the work of Troyon and Huang [21] , Chicot et al. [26] by using a scanning electronic 

microscope at very high level of enlargement to visualize the indenter tip determined accurately the 

tip defect dimension ℎb. As a consequence, the actual indentation depth (ℎ0) is calculated by adding 

the blunt tip defect to the measured depth given by the instrument as it follows: 

 

ℎ0 = ℎmeas+ℎb (I.3-3) 

 

where ℎmeas is the measured depth given by the instrument and ℎ0 stands for the displacement 

corrected by the defect of the indenter tip. 

 

I.3.3. Chicot et al.’s contact area function [27] 

 

In order to assess the contact area between the indenter and the specimen surface, Chicot et al. [27] 

proposed a model that permits to determine the contact area function related to the representative 

truncation length (ℎb) of the indenter tip defect. The principal advantage of this model is that avoid 

the calibration procedure from the data obtained by indentation test in CSM mode (described in 

foregoing section) that is related to the estimation of some fitting parameters included in the contact 

area function proposed by Oliver and Pharr [1] and also for others authors as Hermann et al. [28, 29], 

Thurn and Cook [18], Troyon and Huang [21], Franco et al. [30], Bei et al. [31], and Antunes et al. [32]. 

 

Following the reasoning of the work advanced by Antunes et al. [32] and Berla et al. [19], the contact 

area function proposed by Chicot et al. [27] is given by: 
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𝐴C = (√𝜋tan𝜓)
2
[ℎC+ℎb(1 − exp (−2

ℎC
ℎb
))

3
2⁄

]

2

 (I.3-4) 

 

Where 𝜓 represents the effective vertical semi-angle of a conical indenter equivalent to a 

pyramidal one, ℎC is the contact indentation depth and ℎb  is the effective truncation length 

or blunt defect of the indenter tip which can be determined by a non-linear regression analysis 

or with the assistance of microscopic observations. 

 

According to the results obtained from the test over a fused silica sample to estimate the contact area, 

and afterwards tested on a TiHfCN thin film, the computation of the contact area and the mechanical 

properties of the thin film agreed with those obtained using Oliver and Pharr's contact area function 

(Eq. (I.3-1)), and even much better than applying other existing models, by employing merely the same 

indenter tip defect parameter (ℎb). Furthermore, the authors advanced that the contact area can be 

easily calibrated for large-depth data, from CSM mode indentation tests and also in the range of 

microindentation tests, by neglecting the displacements lower than 200 nm, which overcomes the 

restraint of the range of contact depths. Nevertheless, for smallest depth, around less than 50 nm, the 

contact area function produces a deviation in the assessment of the elastic modulus nearby 5%, that 

was reported by the authors. 

 

The analysis of the mechanical properties, i.e. hardness and elastic modulus, rests principally on the 

computation of the projected contact area 𝐴C, however, the estimation of the properties will also 

depend on others physical phenomena related to the indentation process, and they must be taken into 

account to describe the mechanical response of the tested material. 

  

I.4. DATA CORRECTION FROM INSTRUMENTED INDENTATION TESTS 

 

I.4.1. Frame compliance of the instrument 

 

Bearing in mind the Eq. (I.2-3), the compliance factor 𝐶 of the sample is obtained from the expression 

𝐶T = 𝐶 +𝐶f, where 𝐶T is the total compliance and 𝐶f is the frame compliance of the instrument. The 

assessment of the total compliance term, 𝐶T, which is the reciprocal of the experimental contact 

stiffness (1/𝑆), is determined from the slope of the unloading part of the load-displacement curve at 

the maximum indentation depth, as it was pointed out in the previous section in Eq. (I.2-9). To estimate 

the value of 𝐶f, generally, well-known calibration samples are used. Nevertheless, the frame 
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compliance of the instrument does not have a constant value, as it has been demonstrated by Chicot 

et al. [33] and Fischer-Cripps [14], this value depends on material and mounting system. With the aim 

of evaluate the frame compliance of the instrument, it has been proposed [1, 14, 33] that 𝐶f should be 

calculated for each indentation test series from the graphic representation of the total compliance (𝐶T) 

versus the square root of the reciprocal contact area (1/√𝐴C) related by the equation given below: 

 

𝐶T = 𝐶f+
√𝜋

2𝐸R
√
1

𝐴C
 (I.4-1) 

 

According to this equation, the relation between 𝐶T and √1/𝐴𝐶 should be normally linear as it is 

illustrated in Figure I.4-1, where the intercept of the plot with the axis of ordinates corresponds to the 

frame compliance of the instrument (𝐶f) and the reduced modulus (𝐸R) can be calculated from the 

slope term.  

 

 

Figure I.4-1. Total compliance (𝐶T) versus the reciprocal of the square root of the contact area (1/√𝐴C ) from 

the data acquired by IIT over a carbon steel sample. 

 

Regarding the indentation data depths obtained from the instrument, they should be corrected due to 

the elastic deflection of the instrument that occurs through the indentation test and, hereafter, the 

measured indentation depth has incorporated this deflection. The deflection can be generally 

characterized as a function of an applied load over a spring by modelling a linear relation between 

them [1]. Afterwards, to compute this correction, the product of the compliance term (𝐶f) deduce from 
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Eq. (I.4-1) and the load (𝑃) is calculated. Lastly, the equation to express the corrected indentation 

depth (ℎ) from the instrumented indentation tests can be written in the following form: 

 

ℎ = ℎ0 − 𝐶f ∙ 𝑃 = ℎmeas+ ℎb− 𝐶f ∙ 𝑃 (I.4-2) 

 

where the ℎmeas is the indentation depth registered by the instrument, 𝐶f is the frame compliance 

term, 𝑃 is the load applied on sample and ℎb represents the blunt defect of the indenter tip. All 

correction factors and terms defined along this and in the succeeding section must be taken into 

account, to obtain a computation more refined of the mechanical properties to be estimated from the 

tested material samples. 

 

I.4.2. Geometric correction factor 
 

Regarding the fact that the elastic modulus is overestimated using Eq. (I.2-3), additionally, a geometric 

correction factor 𝛽 is introduced into it by taking into account that the instrumented indentation tests 

are performed with non-axisymmetric indenters and comprising large plastic deformation owing to 

the pyramidal geometry of indenters [34, 17, 35, 36, 37]. Considering this approach, the Eq. (I.2-3) is 

rewritten as follows: 

 

𝐸R =
1

𝛽

√𝜋

2

1

√𝐴C

1

𝐶
 (I.4-3) 

 

Reviewing into the literature, several values have been proposed for the correction factor 𝛽. Oliver 

and Pharr [17] proposed values between 1.0226 and 1.085 for a Berkovich indenter. Moreover, 

according with the assumption of each one, King [38] proposed a value 𝛽 = 1.012 for a Vickers 

indenter, while Dao et al. [39] suggested a value of 1.07, and others previous investigations that stated 

a value for indenters with circular geometries based on 2D simulations without considering the friction 

phenomenon [17, 35, 36, 37]. Lately, using a 3D simulation and considering the friction between the 

specimen and the indenter for a large number of materials with different elastic moduli and work 

hardening coefficients, Antunes et al. [34] demonstrated that a mean value of 1.05 can be replaced in 

Eq. (I.4-3) to estimate correctly the elastic modulus independently of the material to be inspected.  
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I.4.3. Material correction factor 

 

In the same order and regarding the estimation of the contact area, Hay et al. [40] suggested a 

correction factor 𝛾 to explain the overestimation of the elastic modulus obtained by the Eq. (I.2-3) on 

the basis that the assumptions on the boundary conditions in Sneddon’s solution ignored the radial 

displacement occurring into the material surface during the indentation process, assuming that the 

deformed surface within the region of contact between the indenter and surface has consequently the 

same shape of a rigid indenter, following this proposal Eq. (I.2-3) is rewritten below: 

 

𝐸R =
1

𝛽𝛾

√𝜋

2

1

√𝐴C

1

𝐶
 (I.4-4) 

   

Taking into account the correction factor 𝛾 proposed by Hay et al. [40] the profile of the deformed 

surface is considered slightly curved, differing from a perfect rigid cone, and it only depends on the 

material Poisson’s ratio (𝜐). Figure I.4-2 shows the difference between the two considerations. When 

using a conical indenter, the correction factor 𝛾 suggested by Hay et al. is defined by: 

 

𝛾 = 𝜋

𝜋
4
+ 0.1548cot(𝜓)

1− 2𝜐
4(1− 𝜐)

𝜋
2
− 0.8312cot(𝜓)

1− 2𝜐
4(1− 𝜐)

 (I.4-5) 

 

where 𝜓 = 70.3° corresponds to the vertical semi-angle of a conical indenter with an equivalent area 

of a pyramidal one, i.e. 𝜋tan2(𝜓) = 4tan2(𝜉), where 𝜉 is the vertical semi-angle between the two 

opposite faces of a pyramidal indenter. 

 

Deformed surface  

considered as rigid indenter

Deformed surface  

considered slightly curved

Indenter Indenter

 

Figure I.4-2. Deformed surface considering it as the same that a rigid cone (left) or sligtly curved instead (right). 
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I.5. DEFORMATION MODE AROUND THE RESIDUAL IMPRESSION 

 

The definition of the contact depth (ℎC) will depend of the assumption of the behavior on the periphery 

of the indenter, i.e. phenomena of sink-in or pile-up. According to the methodology proposed by Oliver 

and Pharr [1] the suggested contact area describes a sink-in phenomenon on the residual impression 

of the indenter that can model the indentation imprint of a flat elastic half-space by rigid punches [17]. 

Nevertheless, when the pile-up phenomenon is present below the indenter in some elastic-plastic 

materials, the Oliver and Pharr’s model is not able to estimate the mechanical properties of the 

material, because in this case the influence of pile-up is neglected in the analysis and the computed 

contact area is underestimated, thus the elastic modulus and hardness could be overestimated. Figure 

I.5-1 illustrates the difference between the estimation on the indentation contact depth (ℎC) 

considering the sink-in instead of the pile-up phenomenon, and consequently on the computation of 

the contact area between the indenter and the material surface. 

 

Pile-up 

phenomenonIndenter

Sink-in 

phenomenon

h
c

h
c

 

Figure I.5-1. Shematic representation of sink-in and pile-up phenomena around the indenter. 
 

Considering the influence of pile-up occurring in some materials and also the blunting of the indenter 

tip, Bec et al. [11] proposed a method to estimate the actual contact area that takes into account the 

tip defect of the indenter and the plastic deformation around it. According with its reasoning, the 

theoretical contact area 𝐴 is recalculated by a geometric correction factor 𝛼2. In this way, the 

correction was applied by the authors to all depths considering the coefficient 𝛼 as a constant, it 

means, that the coefficient remains constant in spite of the increasing of the plastic penetration depth. 

For a Berkovich indenter, the contact area 𝐴 and its projection 𝐴C are related to the theoretical plastic 

penetration depth, i.e.  𝐴 = 26,99ℎT
2 and 𝐴𝐶 = 24,5ℎT

2, in both cases ℎT is defined as the theoretical 

plastic penetration depth, and it is obtained as the intersect to the axis of the abscises of the tangent 

to the upper unloading part at the maximum load of the load-displacement curve, expressed by the 

following expression: 
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ℎT = ℎmax−
𝑃max

𝑆
 (I.5-1) 

 

Based on topographic images obtained from a surface force instrument showing a plastic pile-up 

phenomenon around the indenter, and verifying that the true projected area was bigger than the 

theoretical or geometric area, the coefficient 𝛼 was proposed to model the increase of the contact 

area owing this physical phenomenon. Considering this proposal, when pile-up phenomenon is present 

on the material the projected contact area between a perfect Berkovich indenter and the material is 

expressed by: 

 

𝐴C = 24.5𝛼
2(ℎT+ ℎb)

2 (I.5-2) 

 

Where ℎb represents the dimension of the tip defect. According to Bec et al. [11] the value of the 

constant 𝛼 equals to 1.2. This correction factor of the contact area allows to consider the pile-up effect 

and thus improve the estimation of the projected contact area to avoid the overestimation of 

mechanical properties, i.e. hardness and elastic modulus of materials. Depending on the range of 

measurements the tip round defect have a significant influence in the calculation of the contact area, 

above all for the smaller indentation depths.  

 

Accordingly, Yetna et al. [41] proposed a criterion defined as the ratio of residual indentation depth to 

the maximum indentation depth at maximum load, which is able to identify the mode of deformation 

around the indenter. Based on the work realized by Giannakopoulos and Suresh [42], Yetna et al.’s 

approach defines the parameter ∆ as the ratio of the final indentation depth (ℎf) to the corrected 

maximum indentation depth (ℎmax) ratio calculated using Eq.  (I.4-2), as it follows: 

 

Δ =
ℎf

ℎmax
 (I.5-3) 

 

where ℎf is one of the fitting parameters obtained from the Eq. (I.2-8): 

 

𝑃 = 𝐾(ℎ − ℎf)
𝑚  

 

After testing several types of materials apparently with pile-up and sink-in phenomena using Vickers 

and Berkovich indenters, it was concluded that for materials for which this ratio ∆ was higher than 0.83 

the pile-up phenomenon prevailed while it was the presence of sink-in more important when this ratio 

was lower than 0.83. The criterion Δ was proposed with the aim of identify the deformation mode of 
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the material beneath the indenter, i.e. sink-in or pile-up phenomenon, without any other additional 

observation techniques or measurements than the indentation data from the instrumented 

indentation tests. 

 

I.6. INDENTATION SIZE EFFECT 
 

When indentation tests are analyzed, it is well-known that computed hardness values will depend on 

the applied load (it means that hardness increases or decreases as a function of the load), it could be 

independent of the load or it could present complex fluctuations as function of the applied loads [3]. 

The description of hardness as function of the load scale has been studied for more than one hundred 

years, and a lot of relationships have been proposed to represent this load dependency of hardness. 

The influence of the charge is noticeable above all when low loads are applied on surface layers with 

different material properties between them. Nevertheless, as soon as the indentation depth increases 

on coating samples, the substrate dominates the hardness response and eventually there will not be 

change in hardness values when load increases. The load dependency of microhardness is known as 

the Indentation Size Effect (ISE). Cheng and Cheng [43] have discussed this phenomenon relating it 

with several causes such as work hardening, roughness, pile-up or sink-in phenomena, shape of the 

indenter, surface energy, dissimilarities in composition and crystal anisotropy. Among the models 

describing the indentation size effect (ISE), the Li and Bradt’s model [44] and Nix and Gao’s [45] model 

are probably the most applied ones.  

 

I.6.1. Li and Bradt’s Model [44] 
 

According to the literature relative to microhardness values [44, 46, 47, 48, 49], it can be stated that 

the indentation size effect could be described commencing the modeling of the loading part of the 

load-displacement curve by the next relation between the applied load and the diagonal of the indent 

when a Vickers indenter is implemented: 

 

𝑃 = 𝑎1𝑑+ 𝑎2𝑑
2 (I.6-1) 

 

This mathematical model outlines the load as a function of the diagonal of the impression of a Vickers 

indenter. In Eq. (I.6-1) the constant 𝑎1 symbolizes the load dependence of hardness. Previous 

investigations attributed the term 𝑎1𝑑 to the specimen surface energy, the deformed surface layer, 

and indenter edges acting as plastic hinges [48, 49, 50, 51]. The Proportional Specimen Resistance 

(PSR) model developed by Li and Bradt [44] relates the constants 𝑎1 and 𝑎2 of Eq. (I.6-1) to the elastic 

http://www.sciencedirect.com/science/article/pii/S025405840200086X?np=y#FD12
http://www.sciencedirect.com/science/article/pii/S025405840200086X?np=y#FD12
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and plastic properties of the material, respectively. Indeed, they submitted that constant 𝑎1 is a 

composition of the elastic resistances of the sample and the friction resistance occurring in the 

interface indenter-specimen. By rearranging Eq. (I.6-1) in the following form: 

 

𝑃

𝑑
= 𝑎1+ 𝑎2𝑑 (I.6-2) 

 

Allows to estimate the values of the constants 𝑎1 and 𝑎2 from the plot of  
𝑃

𝑑
 versus 𝑑. Sangwal et al. 

[52] additionally demonstrated a linear relationship between 𝑎1 and 𝑎2, particularly, for some cobalt-

based alloys specimens, but this depends on the nature of the material.  

 

Based in the Proportional Specimen Resistance (PSR) model suggested by Li and Bradt [44], the model 

proposed by Sheng et al. [53] attempts to separate the influence of the roughness of the indentation 

size effect. According with this suggestion, the applied load is written as a function of the indentation 

depth according to the polynomial representing the Proportional Specimen Resistance (PSR) model 

defined by: 

 

𝑃 = 𝐶0ℎ+ 𝐶1ℎ
2 (I.6-3) 

 

Where the two constant 𝐶0 and 𝐶1 depend on the material properties and ℎ represents the indentation 

depth. From this polynomial, the corresponding plot of 
𝑃

ℎ
 versus ℎ must be characterized by a straight 

line, where 𝐶0 is the intercept with the axis of ordinate and 𝐶1 is its slope.   

 

Alternatively, the Martens Hardness (𝐻𝑀) according to its definition can be written as it is indicated 

below: 

 

𝐻𝑀 =
𝑃m

26.43ℎm
2 (I.6-4) 

 

Afterwards, by taking into account the Eq. (I.6-3), this expression can be defined as a function of two 

constants, 𝐶0 and 𝐶1, as it follows: 

 

𝐻𝑀 = 𝐻𝑀0+ 
𝛥L−B
ℎ

 (I.6-5) 
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where 𝐻𝑀0 is called the Martens macrohardness, and its equals to 𝐶1/26.43 and, 𝛥L−B quantifies the 

indentation size effect and can be assessed as the ratio 𝐶0/26.43, relating the proportional specimen 

resistance to the Martens hardness defined to describe the hardness by means of the instrumented 

indentation tests. 

 

I.6.2. Nix and Gao’s Model [45] 
 

Conversely, to explain the indentation size effect, Ma and Clarke [46] and Nix and Gao [45] introduced 

the Strain Gradient Plasticity (SGP) concept based on Taylor’s dislocation theory [54]. Furthermore, the 

Geometrically Necessary Dislocations (GND) concept suggested by Nix and Gao [45] models accurately 

the ISE behavior of crystalline materials according with the experimental law needed to advance a 

mechanism-based theory of the Strain Gradient Plasticity (SGP). Lam and Chong [55] following a similar 

reasoning, using a glassy polymer, modelled hardness-depth dependency using the SGP theory, 

differing from the one of Nix and Gao [45] in how the dislocations of the global plastic deformation 

process were separated. A similar relation to estimate a material length-scale using microhardness 

experimentations was proposed by Abu Al-Rub and Voyiadjis [56]. The advanced relationship relating 

microindentation hardness, indentation depth, macrohardness and length-scale parameters involves 

the assessment of an exponent linked to the model, which varies between 1 and 2 correspondingly to 

the suggested relations submitted by Lam and Chong [55] and Nix and Gao [45], respectively. 

 

Concerning the models developed to described the ISE, the model proposed by Nix and Gao [45] based 

on the Geometrically Necessary Dislocations underneath of the sharp indenter is well-known and 

widely employed to describe the behavior of microindentation hardness data. This relation advanced 

by Nix and Gao between the macroindentation hardness, denoted by 𝐻0, the microindentation 

hardness, noted by 𝐻, and the indentation depth, represented by ℎ, is expressed below: 

 

(
𝐻

𝐻0
)
2

= 1+ (
ℎ∗

ℎ
) (I.6-6) 

 

where 𝐻0 is, generally, called the macrohardness and corresponds to the hardness that would arise 

from the statistically stored dislocations alone, in absence of any Geometrically Necessary Dislocations. 

The displacement, ℎ∗, is the characteristic scale-length which describes the depth dependency of the 

hardness. 
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Based on the Geometrically Necessary Dislocations beneath a sharp indenter and following the same 

reasoning of the work developed by Nix and Gao [45], in the approach suggested by Chicot [10], it was 

demonstrated that the Strain Gradient Plasticity (SGP) theory represented well the nano and 

microindentation hardness data if the uniformity of the dislocation distance is taken into account. 

Description of the plastic deformation process can be given by the parameter entitled as the hardness 

length-scale factor (𝐻𝐿𝑆𝐹) equals to 𝐻0 · √ℎ
∗, where 𝐻0 is the macrohardness and ℎ∗ the characteristic 

scale-displacement deduced from the hardness-depth relation of the Strain Gradient Plasticity theory 

showed in Eq. (I.6-6). Theoretically, the 𝐻𝐿𝑆𝐹 factor is proportional to both shear modulus and Burger’s 

vector, depending on the dislocation distance. In order to agree the results obtained in the two scales 

of measurement, i.e. nano and microindentation, the hardness length-scale factor (𝐻𝐿𝑆𝐹) suggested by 

Chicot [10], corresponds to the square root of the slope of the straight line resulting when the square 

of the nano or microhardness is plotted versus the reciprocal of the indentation depth, where both are 

related as it follows: 

 

𝐻2 = 𝐻0
2+

𝐻𝐿𝑆𝐹
2

ℎ
 (I.6-7) 

 

where 𝐻0 is the macrohardness, 𝐻𝐿𝑆𝐹 is the hardness length-scale factor, 𝐻 is the nano or 

microhardness, and ℎ represents the indentation depth. The value of 𝐻𝐿𝑆𝐹 provides a description of 

the plastic deformation resistance of the material analyzed. 

 

On the other hand, the Strain Gradient Plasticity (SGP) model of the Nix and Gao’s proposal [45] to 

analyze the indentation size effect, is extended by Chicot [10] who suggested that the Martens 

hardness (𝐻𝑀) could be written as function of indentation depth (ℎ) by the following expression: 

 

𝐻𝑀2 = 𝐻𝑀0
2 + 

𝐻𝐿𝑆𝐹
2

ℎ
 (I.6-8) 

 

where 𝐻𝐿𝑆𝐹 is the same hardness length-scale factor already defined by Chicot [10]. 

 

It is important to point out that the hardness length-scale factor (𝐻𝐿𝑆𝐹) is noted in MPa·m1/2, and it is 

comparable to toughness. Regarding the surroundings where the analysis relies on, it could be 

interpreted as the plastic deformation resistance to the indentation process. In order to estimate the 

parameters mentioned earlier in Eq.(I.6-8), the experimental data obtained from the loading curve can 

be used. Based in the previous works of Bucaille et al. [57] and Cao et al. [58], Chicot et al. [59] 
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proposed a mathematical model to describe the load-displacement curve from experimentations of 

massive material defined in the following expression:  

 

𝑃 = 𝑃0+26.43(𝐻𝑀0
2+ 

𝐻𝐿𝑆𝐹
2

ℎ
)

1/2

ℎ2 (I.6-9) 

 

Where 𝑃0 denotes the deviation load, 𝐻𝑀0 describes the dynamic Martens macrohardness and 𝐻𝐿𝑆𝐹 

represents the indention size effect of the material. More recently, Chicot et al. [60] proposed a model 

to circumvent the influence of roughness and porosity on the hardness at low loads, and by readjusting 

Eq. (I.6-9) as it follows: 

 

𝑃 = 26.43(𝐻𝑀0
2+ 

𝐻𝐿𝑆𝐹
2

ℎ − ℎi
)

1/2

(ℎ − ℎi)
2 (I.6-10) 

 

Where a translation in depth (ℎi) has been introduced to replace the zero shift of the load (𝑃0). This 

model was applied on yttria-stabilized zirconia coatings, and the authors demonstrated that the 

macrohardness value found was the same by applying the Proportional Specimen Resistance (PSR) 

model or the Strain Gradient of Plasticity (SGP) model [60]. Nevertheless, the parameter related with 

the indentation size effect could not be represented accurately as a consequence of the influence of 

roughness on the indentation tests. 

 

I.7. ANALYSIS OF HETEROGENEOUS MATERIALS 

 

Nowadays various engineering materials are widely used owing to their geometrical and 

microstructural configuration including presence of different phases, roughness profile, thickness or 

porosity which could be present in these bulk or coating materials. Indeed, it should be stated that 

presence of these characteristics influence considerably the mechanical properties of the material 

under analysis.  

 

For studying the mechanical properties of such as materials, instrumented indentation tests could be 

performed at macro, micro or nanoscales. Nevertheless, when macroindentation is employed the 

heterogeneities of the material are no so obvious in the analysis of the acquired data due to that the 

heterogeneous material beneath the indenter behave as a homogeneous one considering the 

magnitude of the applied loads. On the other hand, if nanoindentation is used as an alternative to 
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characterize heterogeneous materials some difficulties must be initially overcome owing to the 

evidence of high roughness and/or porosity on the surface of the material. 

 

When discussing about heterogeneities of materials, for example, the presences of pores into this one, 

it is possible to affirm that a large dispersion on the indentation data should be expected in the analysis 

of results. Considering the appearance of the load-displacement curve, there is no doubt that it will 

depend of the relative position of the pores in the path of the displacement of the indenter, it means, 

if the porous milieu is on the top of the surface then the values of hardness will be lower than if the 

pores are at the bottom of the path of the indenter during the indentation test, which leads to be 

careful in the interpretation of the data acquired. 

 

Other interesting aspect that could arise is the condition of the surface of the studied material. 

Normally, instrumented indentation tests are performed on samples that have been polished until 

obtain a like mirror surface, nevertheless, it is certain that when this procedure is accomplished in 

advance to indentation tests, it could produce modifications on the original state of the material like 

alterations of the residual stress state, filling or plugins pores or even nucleation of cracks and work-

hardening on the surface that could modify the load-displacement curve and subsequently the 

computed values of the mechanical properties. 

 

It is important to mention that hardness values obtained by means of the load-displacement curve 

analysis could increase or decrease with respect to the variation of the microstructure through the 

thickness of the material and/or the nucleation of cracks, the densification or compression of porous 

zones, or by the collapsed voids in the surrounding of the indenter. The different microstructures that 

can be present in a material can led to composite zones due to the existence of hard phases mixed 

with soft phases. 

 

Some investigations [12, 60] have demonstrated the influence of defects located in the vicinity of the 

indenter on the estimation of mechanical properties. Thus, the presence of any kinds of defect beneath 

the indenter lead to a different profiles in the load-displacement curves that traduce them in different 

computed values of hardness or elastic modulus, for example, if the harder phase is in the beginning 

of the displacement of the indenter then the apparent hardness value determined by the standard 

load-displacement curve analysis will be greater than if the soft phase is in the outer surface of the 

material. Accordingly, the behavior of hardness values as function of  displacement should be analyzed, 

and it should not be interpreted as a single number but a value related with the heterogeneities of the 

material correlated with the displacement of the indenter. 
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Depending on the behavior of the hardness or the elastic modulus as function of indentation depths, 

a lower bound (linear mixture law) and an upper bound (harmonic mixture law) proposed by Reuss 

and Voigt, respectively, could allow to delimit the experimental values. With the aim of describe the 

elastic modulus or hardness as a function of the depth, a macroscopic model can be defined from the 

point of view of the mechanical coupling, setting a physical meaning for the adjustable parameter for 

the system. The general expression of a linear mixture law is expressed in Eq. (I.7-1) and a harmonic 

mixture law in Eq. (I.7-2): 

 

𝑌𝐶 = 𝜑1𝑌1+𝜑2𝑌2 (I.7-1) 

 

1

𝑌𝐶
=
𝜑1
𝑌1
+
𝜑2
𝑌2

 (I.7-2) 

 

Where 𝑌𝐶 is the composite property, 𝑌𝑛 represents the property of material (𝑛 = 1,2), 𝜑1 and 𝜑2 stand 

for the contribution factor to the composite mechanical property from phase 1 and 2, respectively, by 

considering that 𝜑1 +𝜑2 = 1. 

 

The models revised until now to analyze the data from the load-displacement curve show all the 

consideration to take into account in the evaluation of the elastic modulus and hardness, if a bulk 

material is under study. Nonetheless, if a coated material is examined, others physical models have to 

be applied to inspect the contribution of every single part of the system, i.e. coating layers and 

substrate, to the total composite hardness or elastic modulus values obtained in the assessment of 

mechanical properties. 

 

I.8. ANALYSIS OF FILM-SUBSTRATE SYSTEMS  
 

I.8.1. Elastic modulus from thin films 

 

When considering a coating system, i.e. a substrate coated with a film, it can be held that the 

computation of the hardness and elastic modulus is a function of the applied load on sample. Normally, 

it is noted that for lower loads, the influence on the deformation of the substrate is slight and the film-

substrate system performs more like the film, whereas for higher loads the system responds as the 

substrate instead. By studying a film-substrate system, the computed composite modulus (𝐸C) will be 

located between two limits according as the indentation depth increases, i.e. the elastic modulus of 

the film (𝐸F), for the lower loads, and the elastic modulus of the substrate (𝐸S), for higher loads. Recent 

investigations [2, 61, 62, 63] developed mathematical models to differentiate the contributions of the 
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elastic modulus of substrate (𝐸S) from the elastic modulus of the film (𝐸F) to the composite elastic 

modulus (𝐸C). 

 

The relation proposed by different authors are collected in the Table I.8-1. To express the composite 

modulus these equations are based on the contribution of the elastic modulus of the film and the 

substrate, in a series or parallel model, as a function of the indentation depth (ℎ), film thickness (𝑡F) 

and the corresponding empirical parameters. In the considered models, it is important to highlight that 

the computation of the composite elastic modulus (𝐸C) is done without considering any modification 

of the frame compliance of the instrument, and this is a very important parameter to take into account 

in order to analyze correctly the results. The approaches advanced by Antunes et al. [2] (Eq. (I.8-1)), 

Menčík et al. [62] (Eq.(I.8-3)), and Gao et al. [63] are in the basis of a linear mixture law, whereas the 

proposal suggested by Doerner and Nix [61], Menčík et al. [62] (Eq. (I.8-4)) and Antunes et al. [2] (Eq. 

(I.8-6)) are constructed from a harmonic mixture law, where the expression denoted by 𝑓𝑛 (𝑛 =

1, ⋯ ,4) represents the corresponding weight function to estimate the volume fraction of film and 

substrate contributing with the composite elastic modulus. 

 

Table I.8-1. Developed models to evaluate the contribution factor of film and substrate to composite modulus. 

|
𝐸C− 𝐸F
𝐸S−𝐸F

| = 𝑓1 = exp (−𝛼1
𝑡F
ℎ
) 

 

Antunes et al. [2] 

(I.8-1) 

|

1
𝐸C
−
1
𝐸F

1
𝐸S
−
1
𝐸F

| = 𝑓2 = exp (−𝛼2
𝑡F
ℎ
) 

 

Doerner and Nix [61] 

(I.8-2) 

|
𝐸C−𝐸S
𝐸F−𝐸S

| = 𝑓3 = exp (−𝛼3
ℎ

𝑡F
) 

 

Menčík et al. [62] 

(I.8-3) 

|

1
𝐸C
−
1
𝐸S

1
𝐸F
−
1
𝐸S

| = 𝑓4 = exp (−𝛼4
ℎ

𝑡F
) 

 

Menčík et al. [62] 

(I.8-4) 

|
𝐸C−𝐸S
𝐸F −𝐸S

| = Φ 

 

Gao et al. [63] 

(I.8-5) 

|

1
𝐸C
−
1
𝐸S

1
𝐸F
−
1
𝐸S

| = Φ 

 
Antunes et al. [2] 

(I.8-6) 

 

Above in Table I.8-1, Φ is the weight function coming from the Gao et al.’s model [63] and it is defined 

as it follows: 
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Φ =
2

𝜋
arctan (

𝑡

𝑎
)+

1

2𝜋(1 − 𝜐)
[(1− 2𝜐)

𝑡

𝑎
Ln(1 + (

𝑎

𝑡
)
2

)−
𝑎
𝑡

1+(
𝑎
𝑡
)
2] (I.8-7) 

 

where 𝑎 = ℎtan(𝜓), is the contact radius of an equivalent conical indenter at the maximum load and 

𝜓 = 70.3°, corresponding to the vertical semi-angle of the conical indenter. 

 

I.8.2. Hardness from thin films 

 

Evaluation of hardness values of a film-substrate system by monotonic instrumented indentation tests 

is not so obvious. On the one hand, by using nanoindentation tests it would be possible to obtain the 

data to compute only the hardness behavior of the film owing to the limited indentation depth reached 

by this type of instrument. On the other hand, as well as the indenter reach profounder depths 

performing microindentation tests, the data acquired is a response involving the contribution of the 

film hardness and the hardness variation taking place within the film and substrate surroundings. 

Based on these hypotheses, the models developed to analyze film hardness have to be carried out very 

carefully, in order to be able to analyze correctly the acquired data, principally due to the assumption 

that substrate hardness is independent of the indentation depth. Models to characterize multilayer 

coatings could be used too to improve the analysis and interpretation of these results. 

 

The assessment of the hardness profile from a coated material should take into account the change in 

hardness as function of indentation depth owing to the existence of diffusion or porous lay ers, for 

example. Following this reasoning, a model to evaluate the hardness behavior from the multicycle 

load-displacement curve using the instrumented indentation at the microscale range could be 

established. 

 

The advanced models to study the contribution of the film to the hardness measurement have been 

developed base on different approaches [64, 65, 66, 67]. Jönsson and Hogmark [67] proposed from a 

geometric area consideration that the film volume fraction (𝑎F) could be expressed as a function of the 

indentation depth (ℎ) – originally depending on the diagonal of a Vickers indenter (𝑑) –, the coating 

thickness (𝑡F) and a constant (𝑘JH) linked to the indentation behavior of coating material and the 

indenter geometry [67]: 

 

𝑎F = 2
𝑘JH𝑡F

ℎ
−
𝑘JH

2𝑡F
2

ℎ2
= 1 −(1−

𝑘JH𝑡F

ℎ
)

2

 (I.8-8) 
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When the indentation test is performed by using a Vickers indenter, the displacement of the indenter 

into surface can be directly connected to the indenter diagonal (𝑑) based on simple geometrical 

considerations of the Vickers indenter tip angles, i.e. ℎ = 𝑑 7⁄ . Additionally, for a Vickers indenter, the 

value of 𝑘JH equals to 0.0728 when the coating fractures, whereas 𝑘JH equals 0.1403 when the coating 

deforms plastically. When using a Berkovich indenter instead, according with the indenter geometry 

the value of 𝑘JH is 0.0915 if the coating goes to fracture, whereas 𝑘JH is 0.1746 if the coating deforms 

plastically. 

 

Alternately, the proposal suggested by Korsunsky et al. [64] is based on the indentation work related 

to the deformation energy of the two materials and involving its interface beneath the indenter, that 

it was expressed in a relation to describe the composite hardness as the sum of the contribution of the 

film and substrate hardness as follows: 

 

𝐻C = 𝐻S +
𝐻F −𝐻S
1 + 𝑘𝑘𝛿

2 (I.8-9) 

 

where 𝐻S is the substrate hardness and 𝐻F is the film hardness. The parameter 𝛿 denotes the relative 

indentation depth defined as the indentation depth (ℎ) to film thickness ratio (𝑡), i.e.  ℎ/𝑡, and the 

parameter 𝑘𝑘 is a fitting parameter of the implemented weight function. Additionally, on the basis of 

geometric considerations about the dimensions of the indenter Puchi-Cabrera [65] developed an 

expression to model the composite hardness by the following expression: 

 

𝐻C = 𝐻S + (𝐻F −𝐻S)exp [−(
𝛿

𝑘𝑃
)
𝑚𝑝

] (I.8-10) 

 

Where 𝑘𝑃 and 𝑚𝑝 are fitting parameters correlated to the capability of the film-substrate system to 

bear indentation loads. 

 

One point to highlight is that when the indentation size effect is incorporated in the analysis of the 

film-substrate system then the computed macrohardness value (𝐻0) cannot be directly comparable 

with those obtained from the direct measurements from the film using the instrumented 

nanoindentation or when it has been determined performing instrumented microindentation on the 

film-substrate system. The difference between the values could have supported in several initial 

assumptions. In the first place, the computation of hardness will be based on the definition adopted, 

it means that it could be calculated using the projected or the actual contact area. Additionally, the 
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assessment of hardness values could be different depending if the maximum indentation depth (ℎmax) 

or the contact indentation depth (ℎC) is assumed from the methodology proposed by Oliver and Pharr 

[1] to be taken into account in the evaluation, and furthermore, the indentation size effect could be 

comprised or not in the calculation of hardness, as it was explained in the earlier section.  

 

Nonetheless, whatever be the assumption to evaluate the hardness behavior of a material, the data 

acquired by the instrumented indentation tests should be corrected before applying the model, first, 

to take into account the frame compliance of the instrument to define the appropriate indentation 

depth data and after, consider the round defect at the indenter tip in the computation of the contact 

area for the assessment of hardness values. 

 

I.8.3. Elastic modulus from multilayer coating systems 
 

The assessment of the elastic modulus of composite materials is one of the properties that can be 

obtained by instrumented indentation tests. Moreover, when studying complex system like multilayer 

coatings on a bulk substrate, illustrated in Figure I.8-1, some mathematical models can be applied to 

separate the contribution of each layer of the film-substrate system to the composite elastic modulus 

evaluated from data acquired by instrumented indentation tests. As it was pointed out in previous 

section I.8.1 (see page 28) numerous models have been developed to describe the variations of the 

composite elastic modulus of a coated material to estimate the influence of the coating and substrate 

to the computed elastic modulus value by using the load-displacement curve data. For describing the 

composite elastic modulus of a coated sample with one layer, the composite elastic modulus (𝐸C) can 

be expressed, for example, as function of the elastic modulus of the film (𝐸F) and substrate (𝐸S) by a 

simple linear mixture law as it follows: 

 

𝐸C = 𝑎F𝐸F+ (1 − 𝑎F)𝐸S (I.8-11) 

 

Where 𝑎F is the volume fraction of film contributing to the composite elastic modulus.  
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Substrate

Layer 1

Layer 2

Layer N

...
 

Figure I.8-1. Multilayer coating system sheme to analyze the contribution of each layer to the composite elastic 

modulus by means of the various models advanced by Puchi-Cabrera et al. [68] 
 

Puchi-Cabrera et al. [68] proposed a description of the composite elastic modulus of multilayer coated 

systems. Taking the basis of the reasoning developed by Rahmoun et al. [69], it was established the 

extension of models describing monolayer systems to multilayer systems. Puchi-Cabrera et al. [68] 

state that the contribution of the jth layer to the composite hardness can be calculated as function of 

the effective volume fraction to discriminate the influence of every single layer of the involved coating 

in the load-displacement curve acquired by the instrumented indentation test. In first place, the 

effective volume fraction (𝑎F) of the first layer (outermost layer) should be defined. Regarding the 

Table I.8-1, it can be observed the different models and their weight function (𝑓𝑛) to compute the 

effective volume fraction of the coating contributing to the composite elastic modulus. Additionally, 

the analysis of the composite elastic modulus must incorporate the fact that the influence of the 

substrate into the composite elastic modulus when the indentation depth reach approximately 1% of 

the film thickness when a monolayer system is under consideration [70]. Extrapolating this concern to 

multilayer coating systems, it could be state that the influence of the jth layer or the substrate will take 

place when the sum of the previous layer thicknesses be greater than approximatively 1% of the 

indentation depth. To describe the variation of the composite elastic modulus on the basis of Puchi-

Cabrera et al.’s proposal [68], the weight function suggested by Antunes et al. [2] is taken as an 

example to develop the computation of the effective volume fraction of the first and subsequent 

layers. Accordingly, the general expression to compute the effective volume fraction for the first layer, 

if a linear mixture law is implemented, is given by: 
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𝑎F
(1) = { 1 if ℎ <

𝑡F
(1)

100
1 − 𝑓n otherwise

 (I.8-12) 

 

Or,  

𝑎F
(1) = {1 if ℎ <

𝑡F
(1)

100
𝑓n otherwise

 (I.8-13) 

 

If a harmonic mixture law is applied, where 𝑓n is the weight function depending on the model selected 

to perform the description of the composite elastic modulus fluctuation. As it was mentioned before, 

by taking the Antunes et al.’s model (Eq. (I.8-1)), the effective volume fraction will be established by 

the following expression: 

 

𝑎F
(1) =

{
 
 

 
 1 if ℎ <

𝑡F
(1)

100

1 − exp(−𝛼3
(1)

𝑡F
(1)

ℎ −
𝑡F
(1)

100

) otherwise

 (I.8-14) 

 

And, considering the same model, for the j th layer the expression to evaluate the volume fraction 

contributing with the computed value of the composite elastic modulus is assessed by: 

 

𝑎F
(𝑗) =

{
 
 

 
 1−∑ 𝑎F

(𝑖)
𝑗−1

𝑖=1
if ℎ<

1

100
∑ 𝑡F

(𝑖)
𝑗

𝑖=1

1 − exp(−𝛼3
(𝑗)

∑ 𝑡F
(𝑖)𝑗

𝑖=1

ℎ −
1
100

∑ 𝑡F
(𝑖)𝑗

𝑖=1

)− [1 − exp(−𝛼3
(𝑗−1)

∑ 𝑡F
(𝑖)𝑗−1

𝑖=1

ℎ −
1
100

∑ 𝑡F
(𝑖)𝑗−1

𝑖=1

)] otherwise

 (I.8-15) 

 

Where the film volume fraction 𝑎F
(𝑖) (𝑖 = 1, ⋯ ,𝑁) of each layer is determined to assess its contribution 

to the composite elastic modulus; for the j th layer, the parameter 𝛼3
(𝑗) denotes a fitting parameter to 

estimate by a non-linear least square regression analysis, and 𝑡F
(𝑗)represents its thickness. In a 

multilayer coating system with 𝑁 layers, the volume fraction of the substrate material 𝑎F
(𝑆) 

contributing with the composite elastic modulus is evaluated by: 

 

𝑎F
(𝑆) = 1 −∑𝑎F

(𝑖)

𝑁

𝑖=1

 (I.8-16) 
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In this manner the composite elastic modulus expressed in the Eq. (I.8-11) for a monolayer coated 

material can be rewritten for a multilayer coating system as follows: 

 

𝐸C = 𝑎F
(𝑆)𝐸S+∑𝑎F

(𝑖)𝐸F
(𝑖)

𝑁

𝑖=1

 (I.8-17) 

 

Implementing the Eq. (I.8-12) through (I.8-17), the composite elastic modulus as function of 

indentation depths for a multilayer coating system can be described and computed. The value of the 

elastic modulus of each coating layer, 𝐸F
(𝑖), is estimated by means of a non-linear least square fitting 

analysis, well-knowing the elastic modulus of the substrate.  

 

I.8.4. Hardness from multilayer coating systems  
 

To study the hardness of multilayer coating systems, and on the basis of the physical meaning of the 

indented area discussed by Rahmoun et al. [69], Puchi-Cabrera et al. [71] proposed to extend various 

hardness models [64, 65, 67] in order to be able to separate the contribution of each layer to the total 

composite hardness measurement. One of these models is based on the geometrical proposal 

advanced by Jönsson and Hogmark [14] which expresses the composite hardness (𝐻C) as a function of 

the film hardness (𝐻F) and the substrate hardness (𝐻S) as it follows: 

 

𝐻C = 𝑎F𝐻F+ (1− 𝑎F)𝐻S (I.8-18) 

 

Where 𝑎F is the volume fraction of the coating contributing on the composite hardness.  

 

Considering that the effective volume fraction of the coating material must fulfill that: 0 ≤ 𝑎F ≤ 1, it can 

be stated that Eq. (I.8-8) is ill-defined, since when  𝑘JH ∙ 𝑡F > ℎ then 𝑎F does not accomplish the 

condition that it should reach the unit, as it must do it. Accordingly, Rahmoun et al. [69] proposed that 

𝑎F is equal to 1 when the product (𝑘JH ∙ 𝑡𝐹) is higher than the indentation displacement ℎ. Puchi-

Cabrera et al. [71] advanced that for a multilayer coating system formed by N layers, the contribution 

of the volume fraction from the first coating layer (𝑎F
(1)) to the composite hardness is defined by: 

 

𝑎F
(1) =

{
 

 1 if 𝑘JH
(1)𝑡F

(1) > ℎ

1 −(1−
𝑘JH

(1)𝑡F
(1)

ℎ
)

2

otherwise
 (I.8-19) 
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And, for the jth layer of the multilayer coating system: 

 

𝑎F
(𝑗) =

{
 
 

 
 1 −∑ 𝑎F

(𝑖)
𝑗−1

𝑖=1
if ∑ 𝑘JH

(𝑖)𝑡F
(𝑖)

𝑗

𝑖=1
> ℎ

1 − (1 −
∑ 𝑘JH

(𝑖) 𝑡F
(𝑖)𝑗

𝑖=1

ℎ
)

2

− [1 − (1 −
∑ 𝑘JH

(𝑖)𝑡F
(𝑖)𝑗−1

𝑖=1

ℎ
)

2

] otherwise

 (I.8-20) 

 

In the Eq. (I.8-20) is observed that the contribution from the volume fraction of jth coating layer (𝑎F
(𝑗)) 

to the composite hardness is computed from the difference between the volume fraction of such layer 

and the preceding one. The fraction volume of each layer is calculated on the basis of Eq. (I.8-8), 

meaning that the volume fraction of the jth layer by means of Eq. (I.8-8) is assessed by subtracting the 

volume fractions of the previous layers. The volume fraction of the substrate material (𝑎F
(𝑆)) 

contributing with the composite hardness can be evaluated by: 

 

𝑎F
(𝑆) = 1 −∑𝑎F

(𝑖)

𝑁

𝑖=1

 (I.8-21) 

 

In this manner the composite hardness expressed in the linear mixture law presented in Eq. (I.8-18) 

can be rewritten for a multilayer coating system as it follows: 

 

𝐻C = 𝑎F
(𝑆)𝐻S+∑𝑎F

(𝑖)𝐻F
(𝑖)

𝑁

𝑖=1

 (I.8-22) 

 

By implementing from Eq. (I.8-19) through (I.8-22), the composite hardness as a function of 

indentation depths for a multilayer coating system can be modeled and computing. The hardness value 

from each coating layer, 𝐻F
(𝑖), is estimated by means of a non-linear least square regression analysis, 

and considering well-known the substrate hardness. Analogically, the film volume fraction 𝑎F
(𝑗) is 

computed to evaluate the contribution of the volume fraction of each layer to the composite hardness. 

Additionally, for the jth layer, 𝑘JH
(𝑖) denotes a value depending on the indentation behavior of the 

material and on the geometry of the indenter, 𝑡F
(𝑗)represents its thickness, and 𝐻F

(𝑗) stands for its 

hardness. 

 

To apply this model, the constant 𝑘JH must be known. 𝑘JH
(𝑖) (𝑖 = 1, ⋯ ,𝑁) in Eqs. (I.8-19) and (I.8-20) 

is a parameter only depending on the film nature, and it rests as a constant for whole film thickness. 



 Chapter I: Literature Summary ~ 37 ~ 
 

Ph.D. Thesis presented by Alberto MEJIAS 
 

In an indentation test with a Berkovich diamond indenter this constant is 0.1746 [69] when a hard film 

is plastically deformed on a soft substrate. This means that the contribution of the substrate to the 

composite hardness begins at around 17% of the normalized indentation depth instead of the 10% rule 

suggested by Bückle [72, 73]. If this value is greater, it means that substrate hardness commences to 

influence hardness computation at higher indentation depths, as it has been observed in other film-

substrate systems [74, 75]. Normally, this phenomenon occurs when the film is softer than substrate 

and thus plastic deformation can occur entirely into the soft film before the indenter tip reaches the 

film-substrate interface [69]. Chen et al. [76] demonstrated that even if the indentation depths reach 

around 50% of a soft film thickness, the composite hardness is not influenced by a harder substrate. 

On the other hand, 𝑘JH is equal to 0.0915 when indentation test is effected with a Berkovich diamond 

indenter and the coating fractures [69]. 

 

From the work presented by Benarioua et al. [77], an application of this model to the hardness of 

intermetallic compounds from galvanized steel samples were determined by applying the multilayer 

hardness model described above on classical Vickers microindentation data obtained at different 

indentation loads as it can be observed in Figure I.8-2. This figure illustrates how the model is able to 

describe and predict the hardness of each layer of the coating as function of the displacement into 

surface of the galvanized steel specimen.  

 

 

Figure I.8-2. Composite hardness variation of a multilayer coatings from a galvanized steel as a function of the 
indenter displacement into surface (for a bath immersion of 7 min). 

 

Moreover, Figure I.8-3 shows the volume fraction of each layer from the multilayer coating system to 

the composite hardness assessed by standard indentation test implemented with a Vickers indenter. 
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It can be noted from this figure that the volume fraction to contribute from the first (outermost) layer 

to the composite hardness is dominant until the displacement of the indenter into surface reaches 

approximately 20 µm when it equals to the volume fraction of the second layer contributing to the 

composite hardness. The influence of the volume fraction of substrate governs the composite hardness 

when this is greater than 65 µm. 

 

 

Figure I.8-3. Contribution of each layer and substrate to the composite hardness from the multilayer coating of 
a galvanized steel specimen. 

 

I.9. CONCLUSIONS 
 

The determination of mechanical properties, such as the elastic modulus and hardness, requires the 

treatment of a selected data derived from the load-displacement curve resulting from instrumented 

indentation tests. After the raw data is acquired, the methodology proposed by Oliver and Pharr [1] is 

widely accepted and used to assess the elastic modulus and hardness of a material by means of the 

instrumented indentation test. Following their proposal, the experimental contact stiffness (𝑆) and the 

contact indentation depth (ℎC) can be estimated to compute the elastic modulus (𝐸) and the hardness 

(𝐻) of the material, especially when sink-in phenomenon occurs at the surface around the indenter. 

One of the most important variables to estimate is the contact area 𝐴C, depending on the mechanical 

response of the surface beneath the indenter. The contact area could be defined by the expression 

suggested by Oliver and Pharr [1] if the sink-in phenomenon is predominant, by the relation developed 

by Bec et al. [11] if the pile-up phenomenon is evident, or by using the contact area function proposed 

by Chicot et al. [27]. At the same time, corrections related to the material and to the geometric 

dimensions of the indenter have to be considered. Additionally, the elastic deflection of the instrument 
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in the recorded indentation depth has to be excluded by calculating the frame compliance of the 

instrument (𝐶f) in order to obtain a corrected displacement of the indenter into the surface material. 

The defect of the rounded tip should be estimated too, particularly when analysis is achieved at low 

loads, i.e. at low displacements into surface. When material hardness is evaluated the indentation size 

effect (ISE) must to be take into account to agree the obtained values in different scales of 

measurement. Regarding the models to analyze film-substrate systems it can be noted that in these 

models it must be calculated the contributions of substrate and film to the composite elastic modulus 

and hardness values which are defined by the weight function, and consequently by the film and 

substrate volume fraction, generally expressed as the ratio of film thickness to the indentation depth 

or vice versa. 
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Chapter II: MATERIALS AND EXPERIMENTS 
 

II.1. INTRODUCTION 

 

Specimens and framework of experimentations are described in detail in this chapter. Some of the 

examined materials are considered as homogenous in microstructure and composition whereas others 

are considered as heterogeneous considering its intrinsic nature. The conditions for preparing the 

surface of samples are described for each material to be considered in the subsequent analysis of the 

data from the load-displacement curves. Then, fundaments of the instrumented indentation test are 

expounded in order to understand the later analysis to carry out with the data acquired by this 

instrument. The general functionality of the microindentation and nanoindentation instruments is 

illustrated and clarified to differentiate the two scales of measurements. And finally, the experimental 

design is presented based on the available specimens so as to evaluate their mechanical behavior by 

applying a continuous multicycle protocol to ponder the influence of the load-unload sequences into 

the properties of the material. The conditions of the continuous stiffness measurement (CSM) test and 

the continuous multicycle protocol are also exposed in this chapter. 

 

II.2. MATERIALS  

 

To achieve the aim of this work, various materials are tested and afterward analyzed. Firstly, carbon 

steel samples with dissimilar composition are utilized to determine their mechanical properties, i.e. 

elastic modulus and hardness. Secondly, mechanical behavior of hydroxyapatite coating samples (a 

heterogeneous material) are examined from load-displacement curve data obtained by instrumented 

indentation tests at microscale range running a continuous multicycle protocol, and lastly, bilayer 

coating samples of electroless Ni-P deposited on carbon steels are used to study their behavior under 

the continuous multicycle microindentation tests. 

 

II.2.1. Carbon steel samples  

 

The samples of carbon steel are adopted to estimate the elastic modulus and hardness on these 

materials by applying the continuous multicycle instrumented indentation test. The mentioned 

samples are a SAE 1020, SAE 1045 and SAE P20 carbon steels. The SAE 1020 steel (composition in wt. 

%:  0.18-0.23 C, 0.04 (max.) S, 0.04 (max.) P, 0.15-0.35 Si and 0.30-0.60 Mn) is a low carbon steel used 

commonly as structural steel. After some chemical process, it can also be employed in steel machinery 
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to manufacture rivets, screws, tubes and metallic structures. The SAE 1045 steel (composition in wt. 

%: 0.43-0.50 C, 0.04 (max.) S, 0.04 (max.) P, 0.15-0.35 Si and 0.60-0.90 Mn) is a middle carbon steel 

used to manufacture mechanical components as crankshafts, studs, bolts, clamps, agricultural 

elements and chains. The SAE P20 steel (composition in wt. %: 0.28-0.40 C, 0.05 (max.) S, 0.03 (max.) 

P, 0.20-0.80 Si, 0.60-1.50 Mn, 1.40-2.00 Cr and 0.30-1.20 Mo) is a carbon steel alloyed with chromium 

and molybdenum implemented usually in tools for plastic molds and injection machineries, tools for 

casting of non-ferrous alloys lead, tin and zinc based, and also in others machinery elements.  

 

II.2.2. Hydroxyapatite coating specimens 

 

Samples of hydroxyapatite coatings were used to study the mechanical properties of this material well-

known for its high roughness and its porous conditions, and also for their possibility to replace bone 

tissues. Regarding their applications, porous hydroxyapatite has been developed to emulate the 

porous structure of trabecular bone. Among the advantages of the porous condition are the light in 

weight and also that pores offer a faster replacement of material by bonne tissue owing to appropriate 

spaces for the ingrowth this one [78, 79]. The increasing interest to characterize the mechanical 

properties of hydroxyapatite relies on the significance of its mechanical behavior like bone and 

moreover on the vast application in biomaterials, hard tissue regeneration, and in the medicine field 

in general [80, 81, 82]. 

 

In this experimentation, the solution precursor plasma spraying of hydroxyapatite coatings was 

realized using SG-100 torch (Praxair S.T., Indianapolis, IN, USA)  mounted on 5-axis ABB IRB-6 robot 

(Zürich, Switzerland). The experiments were designed following a two-level, 24-1 plan, by varying 

solution concentrations (0.1 and 0.3 M) and their injection pressure (0.2 and 0.3 bars), spray distance 

(50 and 60 mm) and electrical power input to plasma torch (36 and 40 kW), other details are shown in 

an incoming study [83]. The calcium-phosphate solutions were injected into the plasma jet using a 

continuous stream injector. The calcium-phosphate (Ca/P) solution was prepared using calcium nitrate 

tetrahydrate (Ca(NO3)2·4H2O) and triethyl phosphite (P(OEt)3) as precursors. Triethyl phosphite was 

hydrolyzed initially using deionized water and appropriate amount of calcium nitrate solution was 

added dropwise to reach the 1.67 Ca/P stoichiometric ratio. Two different concentrations of solutions 

were used, namely high solution concentration having Ca/P ratio of [0.5 M/0.3 M] and low solution 

concentration of [0.167 M/0.100 M] Ca/P ratio. The detailed explanation of the chemistry of the 

solution and of the plasma spraying parameters used in this work is shown elsewhere [83]. In Figure 

II.2-1 SEM images illustrate the surface and the cross section of a Hydroxyapatite coating sample 

realized with a low solution concentration of [0.167 M/0.100 M] Ca/P ratio, and Figure II.2-2 shows a 
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SEM micrographics from a hydroxyapatite coating sample produced by implementing a high solution 

concentration of [0.5 M/0.3 M] Ca/P ratio. 

 

 

Figure II.2-1. SEM images of sample using a low solution concentration of Ca/P. Sample surface is showed (left) 
and its corresponding cross-section (right). 

 

 

Figure II.2-2. SEM micrographs of sample using a high concentration solution of Ca/P. The surface of the sample 

is exhibit (left) and its corresponding cross-section (right). 
 

Additionally, the thickness of coating was measured by means of SEM techniques. Table II.2-1 collects 

the mean value and the standard deviation of thickness for all samples.   

 

Table II.2-1. Film thickness from sprayed hydroxyapatite coating samples. 

 
High initial solution 

concentration 

Low initial solution 

concentration 

Sample code H-1 H-2 H-3 H-4 L-1 L-2 L-3 L-4 

Thickness (μm) 

Standard deviation (μm) 

51 

8 

48 

7 

45 

4 

47 

5 

41 

3 

43 

5 

53 

3 

49 

4 
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II.2.3. Carbon steels coated with a bilayer electroless Ni-P deposits 

 

The electroless nickel based coatings are extensively used to improve the surface properties of a base 

material, such as electrochemical behavior and hardness [84], and also it is utilized as a good catalytic 

electrode material in hydrogen evolution reaction, although it has a low electrocatalytic performance 

[85, 86]. This type of coating is used above all in electroless engineering technologies owing to its low 

cost and malleability [87, 88, 89, 90]. Recently, Shibli et al. [91] developed electroless Ni-P coatings 

reinforced with nano NiO to improve the electrocatalytic performance of this kind of coatings. On the 

one hand, the loss of the electrocatalytic activity with time suffered by the nickel coatings is overcame, 

and on the other hand, it would be an alternative material to be applied in hydrogen processes 

considered as the fuel of the future [92, 93, 94]. High performance in corrosion and wear resistance 

and electromagnetic characteristics are some others benefits showed by the electroless Ni-P alloy 

coatings, whereby the scientific researchers are interested into them [95, 96, 97]. 

 

The samples of electroless Ni-P coatings were deposited in two layers on carbon steel plates with the 

aim of analyze the behavior of the film-substrate system under continuous multicycle indentation 

tests. The electroless Ni-P deposition was effectuated by an industrial process employing a bath with 

a formulation such as 30 g/l of nickel sulphate, 30 g/l of sodium hypophosphite, 35 g/l of malic acid, 

1.5 ppm of lead sulphate, 10 g/l of succinic acid and a stabilizer. During deposition the pH was 

maintained at approximately between 4.6 and 4.8, at a mean temperature from 85 to 89°C. The 

deposition rate oscillated between 5 and 10 μm/h and the process for the two layers was carried out 

in two phases: (i) a first coating deposition applied over the substrate, afterward it was heat treated 

at 400 °C for 1 h, and (ii) a second coating effected on top of the first coating, and then it was heat 

treated for 2 h at 200 °C. The two thermal treatments provide different coating properties; first coating 

(innermost) offers a high hardness value (in the order of 900 to 1000 Vickers) with a crystalline 

metallographic structure (usually with 0% to 2% microcracks) which is highly wear resistant; while the 

second coating (outermost) of lower hardness (in the order of 550 to 650 Vickers) offers high corrosion 

resistance due to its amorphous metallographic structure (with no microcracks) which has the property 

of penetrate into microcracks of the first coating. This bilayer coating system offers simultaneously 

high wear and corrosion resistance, since once the outermost corrosion resistant coating wears off, 

the innermost coating starts to work but now with its microcracks filled with the amorphous coating, 

thus it does not allow to corrosive environment to reaches the substrate. The applied deposit had a 

phosphorous content in the order of 9 to 12% wt. and for this project, a thickness of approximately 10 

μm at each layer of the bilayer film system was expected. Nevertheless, by means of a scanning 
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electron microscopy, the total thickness of the bilayer coating system appears to be greater than 50 

μm, as it can be appreciated in Figure II.2-3.  

 

 

Figure II.2-3. SEM image from the bilayer electroless Ni-P coating deposited on a SAE 10210 carbon steel plate. 
 

Additionally, an analysis by EDS was performed with the aim of verify the presence of a diffusion layer 

between the coating and the substrate. The 2-D distribution of the elements recorded with the 

assistance of the EDS such as Fe, Ni, and P is illustrated in Figure II.2-4. The elements Ni and P are 

distributed homogeneously in the zone delimited by the coating. Additionally, Figure II.2-4 shows 

without any doubt the interface well delimited between the substrate (carbon steel) and the bilayer 

Ni-P coating. From this figure, it can be noted the absent of the Ni element into the substrate, and in 

the same way the Fe element is not present into the bilayer Ni-P electroless coating. The phosphorus 

is present into the both materials of the film-coating system. On the one hand, the high presence of 

this element in the coating is obviously expected due to its nature, and on the other hand, the 

manifestation of the P element was expected in the substrate according with the 0.04 wt. (%) of this 

element existing in its chemical composition. Furthermore, the percentage in weight of P in the bilayer 

coating was corroborated to be between 9 and 12% wt.     
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Figure II.2-4. EDS analysis performed to identify the possible diffusion process between the coating and 
hardness. Fe element is absent in the electroless Ni-P coating (left), Ni element inattentive in the substrate 

(center) and existence of P element in both substrate and coating but more important in the electroless Ni -P 

coating (right).   
 

Figure II.2-5 illustrate the scheme of the heat treatment condition of the electroless Ni-P coatings 

deposited on carbon steel plates. The carbon steel used as substrate were the SEA 1020, 1045 and P20 

described above. The bilayer electroless Ni-P coating described earlier was deposited on the three 

carbon steel samples, and additionally, electroless Ni-P monolayer coatings were deposited (in same 

conditions described earlier) on same substrates, but only submitted to one of the two heat treatment 

effected to the bilayer electroless Ni-P coating system, that were expounded previously. The bilayer 

coating system is named as “B”, the monolayer coating heat treated at 400 °C is called “I”, and the 

monolayer coating heat treated at 200 °C is labeled “O”.    

 

Steel Substrate

HT 400 °C
HT 200 ° C

Steel Substrate

HT 400 ° C
HT 400 ° C

Steel Substrate

HT 200 °C
HT 200 °C

Coating condition 
labeled « B »

Coating condition 
labeled « I »

Coating condition 
labeled « O »

 

Figure II.2-5. Scheme of the heat treatment of every single electroless Ni-P coatings deposited on the steel 

substrate plates. 
 

II.2.4. Metallography preparation and polishing 

 

The carbon steel specimens were metallography prepared starting with successive abrasive silica 

carbon papers N° 180, 220, 380, 500, 800 and 1200, and after polished mechanically by a sequential 

diamond polishing from 9, 6, 3 µm to, finally, 1 µm obtaining a final polished surface like a mirror.  
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The hydroxyapatite coating samples and the electroless Ni-P coating deposited on carbon steel plates 

were studied as received in order to not vary the original condition of the material surface, in other 

words, to avoid any modification on the remaining stresses, thickness of coatings, or residual stresses 

among others.  

  

II.3. INDENTATION EXPERIMENTS 
 

II.3.1. Fundaments of the Instrumented Indentation Test (IIT) 

 

The instrumented indentation test consists to drive in an indenter with a well-known geometric shape 

into the surface of a material to be analyzed with the aim of evaluate its mechanical properties such 

as the hardness and elastic modulus, among others. Concerning the assessment of the hardness, it can 

be done by classical tests where this one is computed by the measures obtained from the left 

impressions of the indenter into the material surface and the applied load for this purpose. In contrast, 

by means of the instrumented indentation test the analysis from load-displacement curves allows to 

compute other mechanical properties besides the hardness. To carry out the instrumented indentation 

tests, one of the variables to select is the shape of the indenter to be implemented. The geometry of 

the indenter could be spherical, conical and pyramidal which differs not only in its profile but also in 

the size of their principal characteristic dimension. The present study was performed using 

micrometric pyramidal indenters (Berkovich type) in the domain of the nanoscale and microscale range 

in order to study and evaluate the mechanical properties of materials to take into account the 

variations on their surface and on their microstructure. 

 

II.3.2. Description of instruments 

 

II.3.2.1. Microindentation Instrument CSM 2-107 

 

The microindentation instrument employed was a CSM 2–107 developed by the CSM Instrument 

manufacturer showed in Figure II.3-1. The schematic of the instrument is illustrated in Figure II.3-2. In 

this instrument, the load range varies from 0.05 to 30 N. The load resolution of the instrument equals 

to 100 µN and the maximum displacement permits by the machine is up to 100 µm, and for this 

measurement the resolution is 0.3 nm. The positioning of the loading column is established by a 

displacement sensor. The load in the loading shaft is imposed by the electromagnetic coil placed in the 

upper part of the instrument.  
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Figure II.3-1. Microhardness indenter CSM 2–107 manufactured by CSM instruments used to perform the 

instrumented indentation tests at the microscale range. 
 

Coil/Magnet assemble

Support spring

Capacitance gauge

Indenter tip

Test sample

Lateral motion stages

Load Frame
 

Figure II.3-2. Schematic of indentation instrument test at both nanoscale and microscale range. 
 

The adjustment of the load imposed on the loading column is performed by the variation of the current 

circulating through the magnetic coil. In this case, the loading column is supported by springs with a 

very low stiffness in the vertical direction and very high stiffness in the horizontal direction. A stage 

motorized following the Y-axe permits the positioning of the sample beneath the indenter. The test 



 Chapter II: Materials and Experiments  ~ 49 ~ 
 

Ph.D. Thesis presented by Alberto MEJIAS 
 

sample is fixed in the stage in order to immobilize the sample when the test is running. By means of 

an optical microscope coupled with the instrument, the residual impression can be observed or/and 

the positioning of the sample can be fixed. The test framework, in other words, the charge and 

discharge rates, the dwell time and data acquisition rate is accomplished by using the software 

installed in the computer developed by CSM. Nevertheless, the analysis and interpretation of the data 

acquired is realized using the theoretical background explained in the preceding chapter 1. 

 

II.3.3. Nanoindentation Instrument MTS XP 

 

The nanoindentation instrument utilized was a Nano Indenter XP™ developed by MTS Nano 

Instruments. The nanoindentation instrument, as well as the microindentation instrument, executes 

indentation tests by conducting a diamond indenter into the surface of a material and continuously 

recording the applied force on sample and displacement into surface data. Owing to the working range, 

this instrument is in a specially designed enclosure insulated against temperature variations, vibrations 

and acoustic noise that could be present in the laboratory.  

 

In the same way that the microindentation instrument, the loading column transmits the load to the 

indenter by passing current through an electromagnetic coil that sits within a circular magnet as 

illustrated in Figure II.3-2. Consequently, the load applied on the indenter shaft is directly proportional 

to the current passed through the electromagnetic coil. The loading shaft and the hardware of the 

nanoindentation instrument is designed as a heavy construction in order to reduce the transmission 

of mechanical vibrations and also have a very high compliance to diminish the influence of the reaction 

forces in the displacement data. The calibration of the force signal is carried out at the factory by 

balancing a series of standard weights with the indenter. For the implemented Nano Indenter XP™, 

the theoretical load resolution equals to 50 nN [98]. This instrument is operated normally as load 

controlled system, although it may be operated as a displacement-controlled system by using the 

software controlled feedback.  

 

The displacement sensing system consists of the three-plate capacitive arrangement showed in Figure 

II.3-2. All three plates are circular disks. On the one hand, the loading column is placed in the holes in 

the center of the two outside plates fixed to the head. On the other hand, the center plate is fixed to 

the indenter shaft and this one can move vertically between the others two outside plates. The position 

of the loading column within the gap is established as a function of the difference in voltage between 

the center plate and either of the two outside plates. The calibration of the displacement sensor is 
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carried out by means of laser interferometry at the manufacturer. For the used Nano Indenter XP™, 

the theoretical displacement resolution is less than 0.01 nm [98].  

 

Concerning the sample mounting, the specimens are fixed normally with wax or mounting adhesive. 

The motion stage where is placed the specimen holder has a fine resolution of positioning following 

the X and Y axes in order to allow indentations to be made in very small features such grains, interfaces 

or conductive pads in an integrated circuit [98]. To place specimens in the instrument, they should be 

relatively smooth and flat. 

 

II.3.4. The experimental design of the instrumented indentation test 

 

From a general point of view, to estimate the value of the Young’s modulus and hardness from 

samples, the microindentation experiments were carried out using the microhardness tester CSM 2-

107, described above. In this work, tests were performed using a continuous multicycle protocol, 

moreover, specific loading-unloading conditions were applied accordingly to the tested sample.   

 

A) Carbon steel samples. The carbon steel samples were tested with the microindentation instrument 

with a Berkovich indenter. The maximum loads set in the experimentation were equals to 100, 200, 

300, 400, 500, 600, 700, 800, 900 mN and 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 N. The dwell time configured at the 

maximum load of each test was equal to 15 s. At least, three indentations tests were executed for each 

load applied and the data of the load-displacement curve were collected to calculate the mechanical 

properties of the material. And after, by following a continuous multicycle protocol. The parameters 

employed to set up the tests were 100 cycles per test, and the loading and unloading rates (expressed 

in mN/min) as twice the value of the maximum load applied, to guarantee that all cycles last same 

time. Additionally, the applied maximum load at the first cycle was 1 N and the last one was 20 N, load 

to unloading was set as 20% of the maximum load at each cycle, and a dwell-time of 15 s was imposed 

at the maximum and minimum load, according to the standard indentation test procedure ASTM E92-

82 [99].  

 

The steel samples were also tested with the Nano Indenter XP™ by using a Berkovich indenter. The 

instrument was operated on the Continuous Stiffness Measurement mode (CSM) allowing the 

determination of the hardness at each data point during the indentation loading. 25 indentation tests 

were conducted randomly at the surface of the polished surface by applying the same indentation 

testing conditions. The maximum indentation depth reached by the indenter was fixed at 2000 nm and 

the strain rate was equal to 0.05 s−1. The harmonic displacement was set to be 2 nm and the frequency 
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was equal to 45 Hz. The sample was fixed on a metallic support using the heat softening glue crystal 

bond. 

 

B) Hydroxyapatite coating samples. In order to compute the value of the Young’s modulus and 

hardness from the hydroxyapatite coating samples, only microindentation tests were performed using 

the continuous multicycle protocol. In this case, the parameters employed to set up the tests were 100 

cycles per test, and loading and unloading rates (expressed in mN/min) as twice the value of the 

maximum load applied, to guarantee that all cycles last the same time. Moreover, the maximum load 

applied at first cycle was 200 mN and at the last one was 20 N, load to unloading was set as 20% of the 

maximum load at every single cycle, and a dwell-time of 15 s was imposed at the maximum and 

minimum load. 

 

C) Electroless Ni-P coating samples. The electroless Ni-P coating deposited on carbon steel plates were 

tested in the microindentation instrument implementing a Berkovich indenter also by using a 

continuous multicycle indentation test. The parameter employed for these specimens to set the 

framework test were 100 cycles per experiment, and loading and unloading rates (expressed in 

mN/min) as twice the value of the maximum load applied, to guarantee that all cycles last same time. 

Moreover, the maximum load imposed at first cycle was 1 N and in the last one was 18 N, load to 

unloading was set as 20% of the maximum load in very single cycle, and a dwell-time of 15 s was 

implemented at the maximum and minimum loads. 

 

These samples were also tested with the nanoindentation instrument with a Berkovich indenter. The 

instrument was operated on the Continuous Stiffness Measurement mode (CSM) allowing the 

determination of the hardness at each data point during the indentation loading. 25 indentation tests 

were conducted randomly at the surface of the polished surface by applying the same indentation 

testing conditions. The maximum indentation depth reached by the indenter was fixed at 2000 nm and 

the strain rate was equal to 0.05 s−1. The harmonic displacement was 2 nm and the frequency is equal 

to 45 Hz. The sample was fixed on a metallic support using the heat softening glue crystal bond. 
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Chapter III: RESULTS AND DISCUSSION 
 

Instrumented indentation tests have been widely used in last decades. Many difficulties have been 

overcome in the assessment of mechanical properties using this technique. From microindentation to 

nanoindentation, and more recently ultra nanoindentation, these tests have been applied to evaluate 

the mechanical response of bulk and coated materials to study its application on different industrial 

fields. Moreover, the estimation of mechanical properties has evolved from the evaluation of single 

crystal or homogenous materials to more complex system of composite materials. In order to 

contribute to the development of this important technique an original methodology using continuous 

multicycle indentation data is advanced and discussed to be applied in different types of materials, 

from homogenous to heterogeneous materials, and from bulk to coated materials. By applying this 

methodology, carbon steel samples (considered as a homogeneous material) are submitted to 

continuous multicycle tests at microscale range to evaluate its influence on the computation of their 

mechanical properties, i.e. hardness and elastic modulus. Additionally, with the assistance of CSM tests 

a new approach to compute the elastic modulus of materials from the experimental contact stiffness 

is advanced. 

 

So as to evaluate the mechanical properties in heterogeneous materials in a continuous load-unload 

sequence, samples of Hydroxyapatite (HA) coatings are studied and analyzed. According to the 

literature, previous investigations have been made in order to characterize mechanically this coating 

material. Nevertheless, a vast quantity of research has been developed in the nanoindentation range, 

where the surface roughness plays an important contribution to the data acquired by nanoindentation 

instruments, and in somehow the response of the material at higher and continuous load have not 

been yet completely evaluated. Considering this condition, it is expected that the values obtained by 

means of nanoindentation instruments were not able to assess an overall evaluation of coated 

material as the indenter goes deeper into the coating and interact with the presence of microdefects 

like cracks or pores. In contrast, at microscale range by executing standard instrumented indentation 

tests, it could lead to neglect the influence of the surface roughness, thickness, microcracks or 

microdefects under the indenter when the loads are applied in different points of the sample surface. 

Conversely, at nanoscale range the heterogeneities of material will show a large dispersion among the 

acquired data at each point owing to the different mechanical response as function of the 

heterogeneities into the material. Accordingly, a continuous multicycle indentation test at microscale 

range overcomes these difficulties on heterogeneous materials to evaluate their mechanical 

properties as function of the indentation depth and a new model is advanced to evaluate the influence 
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of the densification process of the porous structure of the hydroxyapatite coatings samples on 

hardness behavior. 

 

Afterward, a bilayer electroless Ni-P coatings deposited on carbon steel plates are evaluated to ponder 

the mechanical behavior of the film-substrate system under a continuous multicycle indentation test, 

accomplishing this aim by applying multilayer models to discriminate the contribution of every element 

of the system (each single layer and the substrate) to the computed composite mechanical properties. 

Finally, a different approach to evaluate the contribution of each element of the bilayer coating system 

to the composite elastic modulus is suggested.  

 

III.1. EVALUATION OF HARDNESS AND ELASTIC MODULUS OF CARBON STEEL SAMPLES BY CONTINUOUS 

MULTICYCLE INDENTATION TESTS AND CONTINUOUS STIFFNESS MEASUREMENT 

 

III.1.1. Mechanical properties evaluated by continuous multicycle indentation tests 

 

III.1.1.1. Introduction 

 

The elastic modulus and hardness from carbon steel samples are computed from the data acquired by 

a continuous instrumented indentation test. To compute these mechanical properties from carbon 

steel samples, the registered data is submitted to corrections due to the compliance frame of the 

instrument, blunt defect of the indenter tip, deformation of the material beneath the indenter 

governed by the Poisson’s coefficient of the material and also by the mechanical response of material 

surface around the indenter depending on the occurrence of pile-up or sink-in phenomena. According 

with an earlier investigation, the response of the material around the indenter is examined to refine 

the computation of the contact area between the indenter and the sample surface. The information 

base collected by continuous multicycle indentation experiments on carbon steel samples are 

computed to investigate the comportment of the hardness and elastic modulus as function of the 

maximum indentation depth reached at each cycle of the loading-unloading sequence. Additionally, 

hardness behavior from this continuous multicycle indentation test at microscale range is modeled by 

two different approaches which describe the indentation size effect on the above mentioned samples. 

Furthermore, with the aid of CSM test at nanoscale range an innovative proposition is advanced in 

order to estimate the reduced elastic modulus of the samples from the experimental contact stiffness 

recorded by the instrument. 
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III.1.1.2. Results and treatment procedure of the raw data 

 

The three carbon steel samples described in the previous chapter 2 were submitted to instrumented 

indentation tests using a continuous multicycle protocol. Figure III.1-1 and Figure III.1-2 illustrate the 

difference between a standard indentation test and a continuous multicycle indentation test. Figure 

III.1-1 illustrates standard instrumented indentation tests carried out at different maximum loads, 

from 1 N to 10 N. It can be noted from this illustration the reproducibility of tests when these ones are 

performed on the same sample and test conditions.  

 

 

Figure III.1-1. Load-displacement curve registered by standard indentation tests accomplished on a SAE 1020 

carbon steel specimen at maximum loads of 1, 3, 4, 6 and 10 N. 
 

Alternatively, Figure III.1-2 shows a representative instrumented indentation test running a continuous 

multicycle protocol. As it can be seen in this graphic, the mechanical properties of the sample can be 

assessed at each cycle of the loading-unloading sequence. Moreover, the principal advantage using 

the multicycle indentation test appears when heterogeneous materials must be evaluated because it 

allows to derive the mechanical properties at each cycle at different maximum loads from one and all 

unloading segment in the same point of application from the recorded load-displacement curve. Also, 

it can be called the attention to the difference between the analysis of standard tests and the 

continuous multicycle indentation tests. Normally, the standard tests are accomplished at different 

points in the specimen surface and certainly at different maximum loads, it means, that differences in 

roughness, microstructure, microdefects or microcracks (in heterogeneous materials) and actual 

thickness (when coatings are involved) could interfere in computing the mechanical properties or in 
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examining them when all these tests are used to determine them, for example, by applying the 

proposal described by Oliver and Pharr [1]. In contrast, a continuous multicycle indentation test allows 

the characterization of the material using the same point of application by obtaining multiple data that 

can be analyzed in order to evaluate the mechanical properties of materials under identical surface 

conditions. It must be verified that there is not an effect of the load-unload sequences on the inherent 

mechanical properties of the examined materials. 

 

 

Figure III.1-2. Load-displacement curve performed by a continuous multicycle indentation test on a steel 

sample. 
 

III.1.1.3. Assessment of the deformation mode around the indenter 

 

According with the experimental design described in chapter 2, the unloading segment of each and 

every cycle was analyzed following the methodology described by Oliver and Pharr [1], and clarified 

previously in chapter 1. From the recorded information base, values of maximum loads (𝑃max), 

maximum indentation depths (ℎmax), contact stiffness (𝑆) and the residual indentation depths (ℎf) are 

computed and condensed in the interest of evaluate the mechanical properties of the material 

samples. With the figured values of maximum indentation depths and residual indentation depths, the 

proposal suggested by Yetna et al. [100] is applied to establish the deformation mode around the 

indenter. According with this method, the ratio from the residual contact depth (ℎf) to maximum 

indentation depth (ℎmax) is calculated. Figure III.1-3 illustrates this ratio for every single cycle and as it 

can be seen it remains greater than 0.83, independently of maximum indentation depth, i.e. this 
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quotient does not depend on the applied load. Moreover, as it was advanced by the authors [100] this 

ratio depends intrinsically only on the material. 

     

 

Figure III.1-3. Representation of the ratio of ℎ𝑓  to ℎ𝑚  (∆= ℎ𝑓/ℎ𝑚𝑎𝑥 ) as function of the maximum indentation 

depth (ℎ𝑚 ) derived from every single cycle. 

 

 

Figure III.1-4. Estimation of the tip defect dimension for the utilized Berkovich indenter by means of an 

emission field SEM analysis. 

 

Once the raw data has been acquired, the correction of data must be applied. Among these 

corrections, the estimation of the blunt defect of the indenter tip is effectuated. The value of 50 nm is 

added to the recorded displacement (ℎmeas), and after it will be corrected by the frame compliance of 
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the instrument (𝐶f). Figure III.1-4 shows the estimation of the blunt defect of the indenter tip from a 

SEM micrograph performed to the handled Berkovich indenter from a previous work [101]. 

 

Once that the tip defect has been quantify and the deformation mode around the indenter is defined 

to estimate the contact area, the compliance frame of the machine (𝐶f) must be determined in order 

to correct the load-displacement curve and recalculate the reduced elastic modulus from the slope of 

the plot from the reciprocal of the experimental contact stiffness (1/𝑆) versus the reciprocal of the 

square root of contact area (1/√𝐴C). Figure III.1-5 illustrates this plot from (1/𝑆) as function of 

(1/√𝐴C). It is noticeable that the corrected data can be adjusted to a straight line with intercept at 

zero. From the slope of this straight line, the reduced elastic modulus (𝐸R) can be assessed.  

 

 

Figure III.1-5. Total compliance (𝐶𝑇), or reciprocal of the experimental contact stiffness (1/S), as function of the 

reciprocal square root of contact area (1/√𝐴𝐶 ). 

 

The methodology computed and developed along this section will be extended to the analysis of 

heterogeneous and coated materials in the upcoming sections.   

 

III.1.1.4. Study Case:  Carbon steels samples 

 

From the unloading part of the load-displacement curve the elastic modulus and hardness of the 

material is calculated. Figure III.1-6 shows the behavior of the elastic modulus as a function of the 

maximum contact depth ℎmax from one test performed on the SAE 1020 carbon steel sample. For this 

sample the elastic modulus was found to be 158 ± 4 GPa; the elastic modulus from the SAE 1045 
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specimen was equal to 179 ± 9 GPa, and from the SAE P20 sample it was obtained a value of 190 ± 9 

GPa as the elastic modulus of the sample.  

 

 

Figure III.1-6. Elastic modulus of a SAE 1020 carbon steel sample computed from a continuous multicycle 

indentation test. 

 

It can be stated that the elastic modulus remains constant for the whole test and consequently any 

important damage on the material surface could be estimated from this ductile material from the 

continuous multicycle instrumented indentation tests. Table III.1-1 collects the values assessed by 

using the data acquired by continuous multicycle indentation tests. The figured elastic moduli for the 

three carbon steel samples agree with those reported in the literature for this kind of material [102]. 

It is interesting to observe that the standard deviation from the values obtained is around of 5% which 

can be interpreted as that the estimation for this evaluated property converges. 

 

Table III.1-1. Elastic modulus computed from continuous multicycle indentation test from SAE 1020, SAE 1045, 
and SAE P20 carbon steel samples. 

Sample 
Elastic Modulus, 𝐸 

(GPa) 

SAE 1020 158 ± 4 

SAE 1045 179 ± 9 

SAE P20 190 ± 7 
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It is important to mention that values in Table III.1-1 are estimated using the correction factor 

depending on material (γ) proposed by Hay et al. [40] that is normally applied in microindentation tests 

and it could diminish the actual elastic modulus in around 10%. 

 

Another mechanical property to be valued is the material hardness. To study this property, the 

Martens hardness definition is adopted as a function of the maximum applied load (𝑃max) at each cycle 

and the true contact area (𝐴𝑚), expressed bellow: 

 

𝐻𝑀 =
𝑃max

𝐴𝑚
=

𝑃max

26.43(ℎmax +ℎb)
2 (III.1-1) 

 

Regarding in Figure III.1-7 the behavior of this mechanical property at each cycle, the comportment is 

associated to the influence of the indentation size effect (ISE). Figure III.1-7 also illustrates the 

description of the Martens hardness based in the proportional specimen resistance model proposed 

by Li and Bradt [103], as it is indicated below: 

 

𝐻𝑀 = 𝐻𝑀0+ 
𝛥L−B
ℎ

 (III.1-2) 

 

From this model the Martens macrohardness (𝐻𝑀0) was found to be between 1.60 and 2.84 GPa and 

𝛥L−B (parameter that quantifies the indentation size effect) was valued from 2.35 to 2.70 MPa∙m. 

 

 

Figure III.1-7. Martens hardness (𝐻𝑀) versus the reciprocal of the maximum indentation depth (1/ℎmax ) for the 

SAE 1045 carbon steel sample by the proportional specimen resistance model [103] applied to hardness 
computed from multicycle indentation data. 
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Conversely, the hardness tendency is analyzed also by applying the Chicot’s proposal [104] based in 

the strain gradient plasticity model suggested originally by Nix and Gao [45]. Figure III.1-8 shows the 

representation of the square of the Martens hardness (𝐻𝑀2) as a function of the inverse of the 

maximum indentation depth (1/ℎmax) and the estimation of data by applying the proposal developed 

in Chicot’s work [104] by modifying the model of Nix and Gao [45]. It is observed in this case that values 

of the Martens macrohardness (𝐻𝑀0) agrees with those ones computed by the model of Li and Bradt 

[103]. Additionally, the value of the hardness length-scale factor (𝐻𝐿𝑆𝐹) was found to be 100 MPa.m1/2. 

This value, as it was stated in previous researches, could be interpreted as a plastic deformation 

toughness of the material due to the strain gradients [104, 105, 106]. Moreover, it is possible to verify 

that the hardness length-scale factor and the depth-dependence parameter are related by the 

expression 𝐻𝐿𝑆𝐹 = 𝐻𝑀0√ℎ
∗ as it was denoted by Chicot [104]. The difference between the Martens 

macrohardness computed by applying the two models is less than 1%. Moreover, the two models are 

related as function of the hardness length-scale factor, the Martens macrohardness and the depth-

dependency parameter. The influence of each cycle on the test can be described by using the both 

model of Li et Bradt [103] or Nix and Gao [45] related by the hardness length-scale factor suggested by 

Chicot [104]. The value of the Martens macrohardness also agrees with those reported in the literature 

for this material [107, 108, 109]. Table III.1-2 collects the parameters from both models applied to the 

carbon steel samples.  

 

 

Figure III.1-8. Square of Martens hardness (𝐻𝑀2 ) versus the reciprocal of the maximum indentation depth 
(1/ℎmax )  for the SAE 1045 carbon steel sample by applying the strain gradient plasticity model to hardness 

from multicycle indentation data. 
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Table III.1-2. Hardness of carbon steel samples (mean values) described by the models of Li et Bradt [103] and 

Chicot [104] describing the indentation size effect from the continuous multicycle indentation test data. 

 Li et Bradt’s model [103] Chicot’s Model [45] 

Sample 
𝐻𝑀0 

(GPa) 

𝛥L−B 

(MPa∙m) 

𝐻𝑀0 

(GPa) 

𝐻𝐿𝑆𝐹 

(MPa∙m1/2) 

SAE 1020 2.01 2.70 2.00 110 

SAE 1045 1.60 2.35 1.58 93 

SAE P20 2.84 2.40 2.82 118 

 

III.1.2. Reduced elastic modulus from the nanoindentation experimental contact stiffness 
 

III.1.2.1. Introduction 

 

In the current section, the contact area functions proposed by Oliver and Pharr [1] and Chicot et al. 

[27] are analyzed with the aim of establish a method to improve the evaluation of the contact area 

between the material surface and the indenter by obtaining, additionally, the elastic property of the 

examined material. A non-linear least square analysis is advanced to estimate in the same computation 

process: the contact area (𝐴C) and the reduced elastic modulus of the material (𝐸R). The application 

of the advanced model is effectuated to the acquired data by nanoindentacion tests performed on 

fused silica and carbon steel samples. 

 

III.1.2.2. Models representing the contact area 

 

The contact area function is inspected for sake of establish an innovative method to assess it. To 

accomplish this objective, first, the experimental contact stiffness 𝑆 from the upper part of the 

unloading curve is related according with previous researches [110, 111] with the reduced elastic 

modulus and the contact area by the following expression: 

 

𝑆 =
𝑑𝑃

𝑑ℎ
=
2

√𝜋
𝐸𝑅√𝐴C (III.1-3) 

 

Where 𝑆 is the experimentally measured contact stiffness by the instrument, 𝐸𝑅 is the reduced 

modulus of the system (material-indenter), and 𝐴C is the area of the contact between the indenter 

and the specimen surface. From Eq. (III.1-3), it can be stated that both contact area and reduced elastic 

modulus are directly proportional to the experimental contact stiffness, in others words, if elastic 

modulus of the material is considered independent of indentation contact depth (and, consequently 

the reduced elastic modulus too) then any change in the contact stiffness relies in some variation of 



 Chapter III: Results and Discussion  ~ 63 ~ 
 

Ph.D. Thesis presented by Alberto MEJIAS 
 

the contact area, as it has been point out in previous works [1, 17, 12]. The analysis to suggest a novel 

proposal of computation of the contact area has been carried out on different materials: SAE 1020, 

SAE 1045, SAE P20 carbon steels and fused silica. 

 

As mentioned above, a further analysis of relation (III.1-3) is carry out using the contact area functions 

proposed by Oliver and Pharr [1], Troyon and Huang [21] and more recently the one proposed by 

Chicot et al. [27], additionally, incorporating the contact indentation depth suggested by Bec et al. [11] 

in order to estimate the contact area regarding the pile-up effect occurring in some materials. 

Considering the measured contact stiffness acquired by the nanoindentation instrument, a non-linear 

least square regression analysis is effected with a view to estimate both the contact area and the 

reduced elastic modulus from the achieved test, where the value of the contact stiffness (𝑆) is known 

and the reduced elastic modulus is taken as a fitting parameter as well as the different parameters of 

the contact area functions according to the following considerations: The Oliver and Pharr’s contact 

area function with the alluded eight parameters and the contact indentation depth (ℎC) defined as it 

was expressed in the Oliver and Pharr’s proposition [1] where the sink-in is considered as the expected 

mechanical response of materials under analysis; afterwards, the eight-parameters-contact-area 

function is again implemented but changing the definition of the contact indentation depth (ℎC) by the 

one proposed by Bec et al. [11] which considers the influence of the pile-up phenomenon on the 

underestimation of the contact area and, consequently, on the overestimation of the mechanical 

properties of the materials, i.e. the elastic modulus and hardness. Table III.1-3 collects the contact area 

functions to be implemented to as to perform the explained analysis above. 

 

Table III.1-3. Contact area functions advanced by Oliver and Pharr [1] and Chicot et al. [27] 

Contact area (𝐴𝐶) 

 

√𝐴C =
√24.5ℎC

2+ 𝐶1ℎC+𝐶2ℎC
1
2+⋯+ 𝐶8ℎC

1
128 (III.1-4) 

Oliver and Pharr [1] 

√𝐴C = (√𝜋tan𝜓) [ℎC+ ℎ𝑏(1 − exp (−2
ℎC
ℎ𝑏
))

3
2⁄

] (III.1-5) 

Chicot et al. [27] 

√𝐴C = (√𝜋tan𝜓)(ℎC+ℎ𝑏) (III.1-6) 

Troyon and Huang [21] 
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As it can see, the contact area functions are the one proposed by Oliver and Pharr [1], with eight fitting 

parameters (𝐶1,⋯ , 𝐶8), the one suggested by Chicot et al. [27] and the one suggested by Troyon and 

Huang [21] with only one fitting parameter. 

 

From Eq. (III.1-3), the contact stiffness is estimated using the three contact area functions, from Eqs. 

(III.1-4) to (III.1-6),  presented in Table III.1-3 and for the assessment of this contact area, and therefore 

on the mechanical properties of materials, the corresponding indentation contact depth considering 

the effect of the sink-in (Eq. (III.1-7)) [1] and the pile-up (Eq. (III.1-8)) [11] phenomena: 

 

ℎC = ℎmax− 휀
𝑃max
𝑆

 (III.1-7) 

 

ℎC = 1.2(ℎmax−
𝑃max
𝑆
) (III.1-8) 

 

III.1.2.3. Estimation of reduced modulus from the experimental contact stiffness 

 

According with the scheme of analysis presented in the earlier section, the contact area functions are 

replaced into Eq. (III.1-3). After, a non-linear least square regression analysis is achieved in order to 

assess the corresponding fitting parameters. On the one hand, using the contact area function 

proposed by Oliver and Pharr, the fitting parameter are nine, eight from the contact area function 

(𝐶1,⋯ , 𝐶8)  and the other one is the reduced elastic modulus of the system under analysis (𝐸R). On the 

other hand, applying the contact area function suggested by Chicot et al. [27] or Troyon and Huang 

[21], the fitting parameter are only two: the blunt defect of the indenter tip (ℎb) and the reduced 

elastic modulus of the system (𝐸R). 

 

When the contact area function proposed by Oliver and Pharr [1] is implemented, the non-linear least 

square fitting analysis is setting to compute not negative values for the fitting parameters of the 

contact area and the reduced elastic modulus, additionally, the first coefficient (coefficient of ℎ𝐶
2) of 

the contact area function is fixed to be equal to 24.5 to agree with the face angles defined by pyramidal 

indenter and to avoid local maxima or minima for a large depth range [17]. With this restriction the 

used fitting assures a smooth area function and a better extrapolation of data, if this last one is 

required. When the function proposed by Chicot et al. [27] and the one advanced by Troyon and Huang 

[21] are applied, the fitting parameters (the reduced modulus and the blunt defect of the indenter tip) 

are set to be not negative values. 
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III.1.2.4. Study Case: The silica  

 

The data acquired from CSM tests performed over a fused silica sample are used to compare and 

validate the values of the estimated reduced elastic modulus by applying the analysis described in the 

above section.  

 

Figure III.1-9 illustrated the comparison between the contact stiffness by replacing the models 

presented by Oliver and Pharr [1], Troyon and Huang [21], and more recently the model proposed by 

Chicot et al. [27]. It can be observed that the differences between the three models representing the 

experimental contact stiffness is not very large, indeed, the four plots are almost overlapped between 

them, considering that the computation of the contact stiffness using the Chicot et al.’s contact area 

function [27] agree with the estimation done by replacing the contact area model developed by Oliver 

and Pharr [1] or the one proposed by Troyon and Huang [21] in Eq. (III.1-3). As it can be seen, the 

Troyon and Huang’s approach [21] could be applied to perform the analysis to estimate the 

experimental contact stiffness, nevertheless, as their authors proposed, this model is normally 

evaluated when the indentation contact depths are greater than approximately 200 nm. But, the 

model presented by Chicot et al. [27] is advantaged because it can be applied in the same range of the 

former and, moreover, for lower values of contact indentation depth. 

 

 

Figure III.1-9. Comparison of the experimental contact stiffness computed from the contact area functions 

advanced by Oliver and Pharr [1], Troyon and Huang [21] and Chicot et al. [27] considering 100 < ℎmax < 1900 
nm 

 

Moreover, Figure III.1-10 shows the fraction difference on the estimation of the contact stiffness by 

using the contact area function proposed by Oliver and Pharr, Troyon and Huang, and Chicot et al. It is 
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noticeable that when using the contact area functions presented by Chicot et al. [27],  Troyon and 

Huang [21], the fraction difference for low values is greater than using the contact area function 

proposed by Oliver and Pharr [1]. Nevertheless, when the indentation contact depth is greater than 

approximately 200 nm, the estimation of the contact stiffness differs in less of 3% with respect to the 

measured contact stiffness, a lower fraction difference than the values obtained when the analysis is 

based on the Oliver and Pharr’s contact area function or in the one advanced by Troyon and Huang.  

 

 

Figure III.1-10. Fraction difference between the experimental contact stiffness and the predicted one evaluated 

from the Oliver and Pharr’ contact area function [1], the one advanced by Troyon and Huang [21] and the one 
proposed by Chicot et al. [27] considering 100 < ℎmax < 1900 nm. 

 

However, as it can be noted in Figure III.1-11 at low loads, i.e. at low indentation depths, the 

dissimilarity between the two models are remarkable. It is interesting to observe that introducing in 

Eq. (III.1-3) the model proposed by Chicot et al. [27] applied to the estimation of the contact stiffness, 

it adjusts in a better way the experimental contact stiffness than replacing the contact area function 

proposed by Oliver and Phar [1] and the approach presented by Troyon and Huang [21], in others 

words, replacing the contact area function suggested by Chicot et al. into Eq. (III.1-3) allows to obtain 

a pertinent value of the contact stiffness compared with the experimental one, and accordingly an 

appropriate value of the reduced elastic modulus of the system.  

 

Furthermore, in Figure III.1-12 is possible to observe that the difference between the estimation of the 

contact stiffness by using the three described models is approximatively more than 40% with respect 

to the measured contact stiffness when the indentation depths are lower than 10 nm approximately, 

and after both models agree with the experimental contact stiffness with a fraction difference less 

than 5%. 
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Figure III.1-11. Comparison of the contact stiffness by replacing the contact area function defined by Oliver and 
Pharr [20], Troyon and Huang [21] and Chicot et al. [27] in Eq. (III.1-3) and considering 4 < ℎmax < 50 nm. 

 

 

Figure III.1-12. Fraction difference between the experimental contact stiffness and the contact stiffness 
evaluated from the contact area functions of Oliver and Pharr [20], Troyon and Huang [21] and Chicot et al. [27] 

considering 4 < ℎmax < 50 nm. Contact stiffness models work better at depths greater than 10 nm. 
 

It is important to highlight that for the two range of analysis illustrated in Figure III.1-9 and Figure 

III.1-11, two different non-linear least square fitting procedure were accomplished. It is clear that the 

extrapolation of the data from the higher range to the lower range could result in wrong estimation of 

the elastic modulus of the material. Table III.1-4 shows the computed values by using the 

nanoindentation test from a fused silica sample and applying the fitting process with considering the 

maximum indentation depth in the range  100 < ℎmax < 1900 nm. Comparing the value of the elastic 
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modulus of the material it can be stated that the difference between the two applied models is less 

than 1%, and additionally, the values of the blunt defect of the indenter tip (ℎb) were obtained when 

the model of Chicot et al.  [27] was implemented. 

 

Table III.1-4. Elastic modulus and reduced elastic modulus of fused silica by replacing the models of contact 
area proposed by Oliver and Pharr [1], Troyon and Huang [21] and Chicot et al. [27] into Eq. (III.1-3) between 

100 < ℎmax < 1900 nm. 

 

Applying (III.1-4) 

and (III.1-7) 
Applying (III.1-5) and (III.1-7) Applying (III.1-6) and (III.1-7) 

         

 𝐸𝑅(GPa) 𝐸 (GPa) 𝐸𝑅(GPa) 𝐸 (GPa) ℎb (nm) 𝐸𝑅(GPa) 𝐸 (GPa) ℎb (nm) 

Average 70.0 67.9 70.4 68.2 30.5 70.4 68.2 30.3 

Standard 

Deviation 
0.3 0.3 0.3 0.3 1.9 0.3 0.3 1.8 

 

Conversely, when the same non-linear regression analysis is performed but using the indentation data 

in the range 4 < ℎmax < 50 nm instead, some important differences arise. Table III.1-5 shows the 

value obtained under this last condition. It can be observed that by replacing in Eq. (III.1-3) the contact 

area functions advanced by Oliver and Pharr [1] and Troyon and Huang [21], the difference on the 

estimation of the elastic modulus is greater than 50%, nevertheless, although the estimation of the 

contact stiffness by replacing the Chicot et al.‘s contact area function [27] in Eq. (III.1-3) is less than 

11% with respect to the previous estimated value. This large difference, in somehow, were expected 

above all when replacing the contact area function proposed by Oliver and Pharr owing to the absence 

of non-positive coefficients which introduce a significant accuracy error in the estimation of the 

contact area above all when the data at low loads is analyzed. Additional, it is noticeable the large 

change in the estimation of the blunt defect of the tip between the two range of analysis when the 

contact area function suggested by Troyon and Huang [21] is implemented. 

 

Furthermore, to verify the application of the model of Chicot et al. [27] by replacing it in Eq. (III.1-3) 

and to estimate the reduced elastic modulus of others specimens, three samples of carbon steels were 

used so as to compute and compare their elastic modulus by studying it when replacing the three 

models presented in Table III.1-3 into Eq. (III.1-3). 
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Table III.1-5. Elastic modulus and reduced elastic modulus of fused silica by replacing the models of contact 

area proposed by Oliver and Pharr [1], Troyon and Huang [21] and Chicot et al. [27] into Eq. (III.1-3) considering 
4 < ℎmax < 50 nm. 

 

Applying (III.1-4) 

and (III.1-7) 
Applying (III.1-5) and (III.1-7) Applying (III.1-6) and (III.1-7) 

    

 𝐸𝑅(GPa) 𝐸 (GPa) 𝐸𝑅(GPa) 𝐸 (GPa) ℎ𝑏 (nm) 𝐸𝑅(GPa) 𝐸 (GPa) ℎ𝑏 (nm) 

Average 105.4 105.6 77.2 75.5 19.2 110.0 110.8 4.0 

Standard 

Deviation 
4.7 5.2 12.0 12.9 8.9 7.3 7.9 2.8 

 

III.1.2.5. Study Case: Carbon Steels 

 

The three carbon steels described in chapter 2 are analyzed to obtain their elastic modulus by replacing 

the contact area function proposed by Oliver and Pharr [1] and Chicot et al. [27] in Eq. (III.1-3). 

Regarding the results from the samples of SAE 1020, SAE 1045 and SAE P20 showed in Table III.1-6, 

Table III.1-7 and Table III.1-8, respectively, it is interesting to note that the elastic modulus computed 

by considering the pile-up effect around the indenter is the one which can be an acceptable value from 

the elastic modulus of the three samples. When the sink-in effect is taken into account the assessed 

values of the elastic modulus tends to be overestimated. Moreover, the standard deviation computing 

the value of the elastic modulus is less than 8% and less than 15% for the estimation of the blunt defect 

of the indenter tip when the Chicot et al.’s contact area function is applied. 

 

Table III.1-6. Elastic modulus and reduced elastic modulus of SAE 1020 by replacing the contact area models 
proposed by Oliver and Pharr [1] and Chicot et al. [27] into Eq. (III.1-3) 

 Applying Eqs. 

(III.1-4) and 

(III.1-7) 

(Sink-in) 

Applying Eqs. 

(III.1-4) and 

(III.1-8) 

(Pile-up) 

Applying Eqs. (III.1-5) 

and (III.1-8) 

(Pile-up) 

Applying Eqs. (III.1-5) 

and (III.1-7) 

(Sink-in) 

 𝐸𝑅 𝐸 𝐸𝑅 𝐸 𝐸𝑅 𝐸 ℎb 𝐸𝑅 𝐸 ℎb 

 (GPa) (GPa) (GPa) (nm) (GPa) (nm) 

Average 222.9 252.0 174.8 187.7 187.7 188.4 37.9 207.4 230.5 29.9 

Standard 

Deviation 
9.3 13.2 4.4 5.6 5.6 5.6 8.0 5.3 7.2 6.6 
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Table III.1-7. Elastic modulus and reduced elastic modulus of SAE 1045 using the contact area approches 

proposed by Oliver and Pharr [1] and Chicot et al. [27] into Eq. (III.1-3) 

 Applying Eqs. 

(III.1-4) and 

(III.1-7) 

(Sink-in) 

Applying Eqs. 

(III.1-4) and 

(III.1-8) 

(Pile-up) 

Applying Eqs. (III.1-5) 

and (III.1-8) 

(Pile-up) 

Applying Eqs. (III.1-5) 

and (III.1-7) 

(Sink-in) 

 𝐸𝑅 𝐸 𝐸𝑅 𝐸 𝐸𝑅 𝐸 ℎb 𝐸𝑅 𝐸 ℎb 

 (GPa) (GPa) (GPa) (nm) (GPa) (nm) 

Average 218.3 245.6 177.2 190.8 177.9 191.7 45.4 210.5 234.7 36.1 

Standard 

Deviation 
10.3 14.2 6.5 8.3 6.2 7.9 17.8 7.4 10.1 14.5 

 

Table III.1-8. Elastic modulus and reduced elastic modulus of SAE P20 replacing the contact area functions 
proposed by Oliver and Pharr [20] and Chicot et al. [21] into Eq. (III.1-3) 

 Applying Eqs. 

(III.1-4) and 

(III.1-7) 

(Sink-in) 

Applying Eqs. 

(III.1-4) and 

(III.1-8) 

(Pile-up) 

Applying Eqs. (III.1-5) 

and (III.1-8) 

(Pile-up) 

Applying Eqs. (III.1-5) 

and (III.1-7) 

(Sink-in) 

 𝐸𝑅 𝐸 𝐸𝑅 𝐸 𝐸𝑅 𝐸 ℎb 𝐸𝑅 𝐸 ℎb 

 (GPa) (GPa) (GPa) (nm) (GPa) (nm) 

Average 226.7 257.2 202.7 224.1 195.7 214.8 28.3 225.3 255.2 24.8 

Standard 

Deviation 
5.0 7.0 3.6 4.8 5.0 6.6 5.2 4.8 6.8 6.8 

 

According to the figures presented in Table III.1-6, Table III.1-7 and Table III.1-8 the standard deviation 

of the elastic modulus of the material computed by this procedure is less than 5% when considering 

the pile-up effect, it means, when equations Eqs. (III.1-4) and (III.1-8), or Eqs. (III.1-5) and (III.1-8), are 

replaced into the Eq. (III.1-3) to estimate the contact stiffness by a non-linear regression analysis and fitting 

by means of this expression the parameters of the contact area function and the reduced elastic modulus 

of the tested material. 

 

III.1.2.6. Discussion 

 

Considering the non-linear least square analysis for the samples of fused silica and carbon steels SAE 

1020, SAE 1045 and SAE P20, it is possible to observe that the estimation of the elastic modulus 

depends principally on the definition of the contact area, but also it depends on the mode of 

deformation of the material around the indenter, i.e. phenomena of sink-in and pile-up. According 

with the results presented in Table III.1-6, Table III.1-7 and Table III.1-8 the values of the elastic 

modulus computed by replacing the Oliver and Pharr’s contact area function (used widely in the 

assessment of mechanical properties by instrumented indentation) into the explicit function of the 
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contact stiffness and considering the effect of the pile-up around the indenter, agree with those 

reported in the literature [102, 112, 7].  

 

Concerning the values of the elastic modulus from the fused silica sample, it agrees with values 

reported in several studies [1, 12, 68] . The estimation of the elastic modulus by using the contact area 

suggested by Oliver and Pharr and considering the eight-coefficients-contact-area function and the 

reduced elastic modulus as fitting parameters shows that the obtained value agrees with ones 

reported in the literature. However, the assessment of the elastic modulus of this material agrees also 

when the contact area proposed by Chicot et al. [27] is applied. When this model is used, the fitting 

parameters are the blunt defect of the indenter tip (ℎb) and the reduced elastic modulus of the system 

(𝐸R). It is relevant to highlight that the standard deviation resulting of applying the both models is less 

than 5% which demonstrates the convergence of the non-linear least square analysis when using this 

procedure. 

 

It is also interesting to note that applying the contact area function proposed by Chicot et al. [27]  the 

value of the blunt defect of the tip indenter can be estimated. When it is performed with the acquired 

data from the fused silica the value estimated equals to 30.5 ± 1.9 nm when large indentation depths 

are used to fit the data, and 19.2 ± 8.9 if the lower indentation displacements are used to perform the 

non-linear regression analysis. Concerning the estimation of this value for the others samples, the 

value is in the same order of magnitude as it is expected and the difference between them can be 

associated to the perturbation that could arise at this nanoscale range of measure. From a general 

point of view, it can be stated that the estimation of the contact stiffness by replacing the contact area 

function proposed by Chicot et al. [27] and the one suggested by Oliver and Pharr [1], into the explicit 

relation (III.1-3) is consistent, but it is necessary to discriminate the deformation mode occurring 

around the indenter, it means, the pile-up or sink-in influence must not be neglected. 

 

III.1.3. Conclusions 
 

Mechanical properties of carbon steel samples, i.e. hardness and elastic modulus, were evaluated from 

continuous multicycle indentation tests at microscale range. Concerning the values obtained at every 

single cycle, it can be affirmed that the elastic modulus remains constant as the number of cycles 

increases until 100. The damage is not obvious. Moreover, by implementing the proposition suggested 

by Yetna et al. [100], the predominant deformation mode around the indenter was found to be the 

pile-up phenomenon, by means of the parameter ∆ which remains greater than 0.83 for all continuous 

indentation tests. Accordingly, the elastic modulus of the carbon steel samples was found to be 



~ 72 ~ Chapter III: Results and Discussion 
 

Ph.D. Thesis presented by Alberto MEJIAS 
 

between 158 and 190 GPa with a standard deviation around 5%. Regarding the hardness behavior, it 

was described by applying the Li and Bradt’s model [103] and the model advanced by Chicot [104] 

when tests are performed in the microscale range. In both cases, the slight variations of the material 

hardness under the increasing loadings by continuous multicycle indentation tests were associated to 

the indentation size effect. Comparing the obtained Martens macrohardness by applying both models 

to all samples, it can be said that they agree each other with the obtained value for the materials no 

matter what model is implemented. The Martens hardness for the three carbon steel samples were 

found to be approximately between 1.6 and 2.8 GPa. 

 

On the other hand, by analyzing the data acquired by indentation tests at nanoscale range and 

examining the previous suggested models to estimate the elastic modulus from the load-displacement 

curve obtained by the CSM test, the model advanced in this work to compute the contact stiffness by 

replacing the contact area proposed by Chicot et al. [27] agrees with the one suggested by Oliver and 

Pharr [1] when they are replaced into the explicit expression of the contact stiffness. Moreover, when 

a fused silica sample is examined by this method, the two derived expressions from the approach 

overlapped practically each other if they are effected in the range of 100 < ℎmax < 1900 nm. 

Conversely, by replacing the models of the contact area and applying a non-linear least square analysis 

in the range 5 < ℎmax < 50 nm, the contact area function proposed by Chicot et al. [27] describes 

better the values of the experimental contact stiffness than the model suggested by Oliver and Pharr 

[1]. Furthermore, by effectuating this novel proposal by using the data obtained by nanoindentation 

tests from a fused silica sample and replacing the expression of the contact area function advanced by 

Chicot et al. [27], the blunt defect of the indenter tip was found to be 30.5 ± 1.9. Accordingly, by 

following this innovative procedure, the elastic moduli from carbon steel samples were computed and 

it was concluded that the deformation around the indenter (sink-in or pile-up effect) must be taken 

into account when the estimation of this elastic property is achieved. The elastic modulus from these 

carbon steel samples were found to be between 188 and 214 GPa. 

 

III.2. MECHANICAL PROPERTIES BY MULTICYCLE INDENTATION TEST FROM HETEROGENEOUS 

SAMPLES 

 

III.2.1. Introduction 

 

Mechanical properties of solution precursor plasma sprayed hydroxyapatite (SPPS-HA) coatings are 

examined using instrumented indentation tests by applying a continuous multicycle (CMC) protocol. 

The mechanical properties are determined by means of indentation experiments in the microscale 
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range in order to limit the influence of the heterogeneities of the microstructure as well as the 

roughness over the coating surface for which the effects are predominant in the nanoscale range. 

Elastic modulus and hardness of the SPPS-HA coatings are compared to the mechanical characteristics 

of HA coatings plasma sprayed using powder and suspension feedstocks. The microstructural 

influence, specifically, the role of morphology and crystallinity of the SPPS-HA coatings on mechanical 

properties is illustrated and discussed regarding the application of some models related to this aspect. 

As well, a new approach is advanced to evaluate the effect of the densification process occurring in 

the porous structure of the hydroxyapatite coating samples on hardness behavior during the 

indentation process as a function of the indentation depth. Furthermore, the results obtained from 

the models allow to predict the elastic modulus and hardness of the SPPS-HA coatings as a function of 

the crystallinity volume fraction. 

 

III.2.2. Microstructure of hydroxyapatite coating samples 
 

The process parameters influencing the morphology of coatings have a significant effect on mechanical 

properties of SPPS-HA coatings. Figure III.2-1 and Figure III.2-2 illustrate the micrographs of a 

representative sample labeled as “H-2” that it was prepared using high solution concentration where 

the microstructural features such as fine particles and agglomerated fragmented shells distributed at 

the surface of the coatings are visible (see in particular Figure III.2-2). The image at the cross-section 

of the coating shows a relatively dense and very well adhered coating (and generally, for those one 

sprayed using the high solution concentration) with the presence of some pores.  

 

 

Figure III.2-1. SEM micrograph of sample H-2 (high solution concentration) at the surface of the hydroxyapatite 
coating sample. 
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Figure III.2-2. SEM micrograph of sample H-2 (prepared with a high solution concentration) at the cross-section 

of the hydroxyapatite coating sample. 
 

Conversely, Figure III.2-3 and Figure III.2-4 show the SEM images from sample labeled “L-3” prepared 

using the low solution concentration. It can be noted that the coating has a dome-like morphology as 

viewed on the surface. The cross-section (Figure III.2-4) of this coating shows a column-like 

microstructure that can be considered as a cone-shaped defect typical for liquid feedstock spraying. 

This illustration is particularly interesting owing to the amorphous nature of sample L-3 that could 

influence significantly its mechanical properties such as its hardness. 

 

 

Figure III.2-3. SEM micrograph of sample L-3 (prepared with a low solution concentration) at the surface of the 
hydroxyapatite coating sample. 
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Figure III.2-4. SEM micrograph of sample L-3 (prepared with a low solution concentration) at the cross-section 

of the hydroxyapatite coating sample. 
 

Regarding the XRD diagram shown in Figure III.2-5, it can be established the percentage of 

crystallization of samples prepared using high and low solution concentration. From this ones, and 

plotting the diagrams corresponding to the H-2 and L-3 samples, it can be stated that the samples 

formed with the high solution concentration have a higher grade of crystallinity than the ones 

produced with the low concentration solution. 

 

 

Figure III.2-5. XRD diagram of selected coatings prepared using high concentration (H-2) and low concentration 
(L-3) of solution precursors indexed to standard diffraction file of HA. 
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III.2.3. Surface condition of hydroxyapatite coatings 

 

To take into account the surface condition of each sample into the analysis, Table II.2-1 collects the 

roughness and thickness from the hydroxyapatite coatings deposited on a stainless steel substrate. It 

can be observed from this table that the thickness of coating is around 50 μm and the su rface 

roughness is higher on the samples sprayed with a high solution concentration than the samples 

produced with a low solution concentration. 

 

Table III.2-1. Surface roughness and thickness of the sprayed Hydroxyapatite coating samples. 

 High initial solution concentration Low initial solution concentration  

Sample code H-1 H-2 H-3 H-4 L-1 L-2 L-3 L-4 

Ra (μm) 

Standard deviation 

8.8 

0.9 

8.2 

0.5 

10.9 

0.3 

8.4 

0.8 

10.9 

0.7 

10.4 

0.7 

18.1 

0.9 

15.5 

1.0 

Thickness (μm) 

Standard deviation 

51 

8 

48 

7 

45 

4 

47 

5 

41 

3 

43 

5 

53 

3 

49 

4 

 

III.2.4. Mechanical properties from continuous multicycle Indentation tests. 

 

III.2.4.1. Application of continuous multicycle indentation tests 

 

The hydroxyapatite coating samples described in chapter 2 and illustrated previously in this section 

were submitted to a continuous multicycle indentation tests. The experimentation was design to reach 

100 cycles, between the initial load for the first cycle equals to 1 N and the load of the last cycle equals 

to 20 N. The load-displacement curve from the multicycle indentation test is illustrated in Figure III.2-6. 

 

 

Figure III.2-6. Load-displacement curve from a continuous multicycle indentation tests between 1 N and 20 N 
performed on a SPPS-HA coating sample. 
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To establish the mechanical response around the indenter, Yetna et al.’s proposal [100] is 

implemented. The ratio 
ℎf
ℎmax
⁄ is compute at every single cycle of the multicycle indentation test. 

According to their authors when the parameter ∆, defined by the ratio  ∆=
ℎf

ℎmax
, is greater than 0.83 

then the pile-up effect is present into the surface around the indenter, but if ∆ is lower than 0.83 the 

sink-in phenomenon is the predominant mechanical response into the surface material around the 

indenter. Figure III.2-7 illustrates the ratio 
ℎf
ℎmax
⁄  as a function of the maximum indentation depth, 

from this plot, it can be noted that this ratio is greater than 0.83 which means that the principal 

phenomenon around the indenter is the pile-up, and consequently, the indentation contact depth is 

defined by the proposal suggested by Bec et al. [11]; it is also important to mention that this ratio 

ℎf
ℎmax
⁄  is a parameter depending on the material which defines the deformation mode of the material 

surface around the indenter.  

 

Figure III.2-7. Ratio of the residual depth to maximum indentation depth (ℎf/ℎmax ) from a SPPS-HA coating 
sample at each cycle evaluated by a continuous multicycle indentation test. 

 

III.2.4.2. Hardness assessment from continuous multicycle indentation tests 

 

Firstly, Martens hardness (HM) is considered for the evaluation of hardness of the SPPS-HA coatings. 

The Martens hardness is defined as the ratio between the maximum applied load (𝑃max) and the actual 

contact area (𝐴m) between the indenter and the material. This may be calculated by considering the 

maximum indentation depth reached by the indenter (ℎmax) in one and all cycles from the multicycle 

indentation test, and it can be expressed mathematically as follows: 

𝐻𝑀 =
𝑃max

𝐴𝑚
=

𝑃max

26.43ℎmax
2 (III.2-1) 
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In order to refine the computation of the actual contact area the indentation depth is corrected by 

adding the blunt defect of the indenter tip ℎb, and the Eq. (III.2-1) is rewritten below: 

 

𝐻𝑀 =
𝑃max

26.43(ℎmax+ ℎb)
2 (III.2-2) 

 

Moreover, being the HA coatings deposited on a harder substrate, i.e. stainless steel, the values 

obtained by microindentation tests showed the influence of heterogenic distribution of pores in the 

hardness estimation illustrated in Figure III.2-8. 

 

 

Figure III.2-8. Martens hardness computed from SPPS-HA coating samples by continuous instrumented 
indentation tests. 

 

In assessing the hardness of the porous coating at the outermost and at the innermost layer of the 

coating, it is necessary to apply a mathematical model to describe this hardness variation as a function 

of the indentation contact depths. For that, it is suggested to develop a model of a typical S-curve, as 

for example, a model based on the same principle of the one originally proposed by Jönsson and 

Hogmark [67]. This model will be constructed on a linear mixture law between two limits as follows: 

 

𝐻C = 𝑎P𝐻P + (1− 𝑎P)𝐻D (III.2-3) 

 

where 𝐻C is the composite hardness, 𝐻P is the hardness of porous (as received) coating, 𝐻D  is the 

hardness of the densified coating, and 𝑎P represents the contribution of the porous portion of the 

coating material to the computed composite hardness owing to the compression exerted by the 
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instrument beneath the indenter. To represent the S-curve behavior of the hardness as function of the 

indentation depth, it is proposed to write the volume fraction of the porous zone (𝑎P), as it follows: 

 

𝑎P = {
1 if (

𝜅

ℎ
) > 1

1− (1 −
𝜅

ℎ
)
2

otherwise
 

 

(III.2-4) 

where 𝜅 is a fitting parameter depending on the material related to the densification process occurring 

throughout the multicycle indentation process, and ℎ is the indentation depth recorded during the 

multicycle instrumented indentation test. 

 

The advanced model by applying Eqs. (III.2-3) and (III.2-4) is adopted to describe the hardness 

comportment from the hydroxyapatite coatings submitted to continuous multicycle indentation test. 

Figure III.2-9 illustrates the implemented non-linear analysis regression to predict the hardness 

behavior from the hydroxyapatite coating samples as a function of the indentation depth from samples 

H-2 (high solution concentration) and L-3 (low solution concentration). This figure also shows the 

description of experimental data by a non-linear least square analysis using the linear mixture law 

described in Eqs. (III.2-3) and (III.2-4). 

 

 

Figure III.2-9. Martens Hardness and the non-linear least square analysis using the suggested model described 
by Eqs. (III.2-3) and (III.2-4). 

 

By applying the non-linear regression analysis to the acquired data from the continuous multicycle 

indentation tests, it was possible to obtain the hardness of the coating and substrate for every single 
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test and sample. The mean value of the hardness of the SPPS-HA coatings and substrate together with 

their corresponding standard deviations are presented in Table III.2-2. The computed hardnesses from 

the porous coating based on the advanced model were between 0.04 to 0.17 GPa. The hardness of 

coatings developed by using the high solution concentration were higher compared to coatings 

prepared using a low solution concentration. 

 

Table III.2-2. Hardness of porous and dense layers from the sprayed hydroxyapatite coatings. 

Sample 

Code 

Porous 

Hardnessa 

(GPa) 

Dense 

Hardnessa 

(GPa) 

Parameter  

(m) 

Using high initial concentration of solution precursor 

H-1 0.10 ± 0.01 1.9± 0.6 27.8 ± 3.5 

H-2 0.17 ± 0.02 2.2± 0.4 23.2 ± 4.0 

H-3 0.12 ± 0.03 1.7± 0.2 24.6 ± 3.6 

H-4 0.09 ± 0.02 1.2± 0.2 42. 5 ± 3.6 

Using low initial concentration of solution precursor 

L-1 0.07 ± 0.03 1.5± 0.2 25.9 ± 2.6 

L-2 0.06 ± 0.01 1.7 ± 0.2 24.3 ± 3.9 

L-3 0.04 ± 0.01 1.5± 0.2 45.0 ± 4.1 

L-4 0.04 ± 0.00 1.9± 0.5 40.6 ± 3.4 

a Mean (± standard deviation) calculated by the model proposed by Jönsson and Hogmark.  
 

From the suggested model, applying Eqs. (III.2-3) and (III.2-4), the obtained values of the parameter  

are between 23.2 and 45.0 m, which implies that the influence of the densification of material over 

the measured hardness by instrumented indentation begins when the indenter has reached around 

50% to 85% of the measured coating thickness according to the values showed in Table III.2-2. It is 

interesting to observe the increasing value of the hardness from one cycle to another, illustrated in 

Figure III.2-9, by the phenomenon of densification occurring in this porous material during the 

multicycle indentation test. This influence is attributed to the modification of the porous network of 

HA coatings, the poor adhesion between the coating to the substrate (on the samples produced with 

a low solution concentration) as it can be seen in Figure III.2-4 and also to the fact that the very harder 

substrate of stainless steel prevents the volume displacement of the coating manifested by the pile-

up behavior and the densification of the material under the indenter as it penetrates the coating. 
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III.2.4.3. Elastic modulus from continuous multicycle instrumented tests 

 

To evaluate the elastic modulus of the material coating, the residual indentation depth to maximum 

indentation depth ratio was calculated first to determine the deformation mode according to Yetna et 

al.’s model [100]. The value of the parameter ∆ has already been illustrated in Figure III.2-7. It was 

found that for all the coatings, this ratio was greater than 0.83, which implies that the pile-up 

phenomenon was the predominant behavior occurred on the surface of the material around the 

indenter. This pile-up behavior can be endorsed to the soft nature of HA coatings on a much harder 

stainless steel substrate that constrains the plastic deformation of the coating and also due to the 

heterogeneous nature of plastic deformation of this partially amorphous coating as it has been 

described in others researches [113, 114]. To have an idea on the penetration characteristic of the 

indenter into the surface of the coatings, electron micrographs were taken on the indented part of the 

coatings. Figure III.2-10 and Figure III.2-11 show the SEM images of representative samples H-2 and L-

3, respectively, after the indentation experiment were effected. It is observed that the displaced 

deposits tend to flow-up resulting to what is called the phenomenon of pile-up. However, it is noted 

that sample L-3 was highly deformed by the indenter than sample H-2 which can be ascribed to the 

different morphological features of each coating. 

 

 

Figure III.2-10. SEM micrograph after a multicycle indentation test on the hydroxyapatite coating sample H-2 
(high solution concentration) showing the print of the indenter into the surface. 
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Figure III.2-11. SEM image after a multicycle indentation experiment on sample L-3 (low solution concentration) 
showing the residual print of the indenter into the surface. 

 

Figure III.2-12 shows the plot of the reciprocal of contact stiffness against the reciprocal of the square 

root of contact area for representative coatings prepared using high solution concentration and low 

solution concentration together with the plot of elastic modulus as a function of the indentation depth. 

It can be noted that Figure III.2-12 shows a relatively good linear relationship especially regarding the 

morphology of the tested coatings presented in Figure III.2-2 and Figure III.2-4. Based on these graphs, 

the values of the elastic modulus of the HA coatings are also calculated and presented in Table III.2-3.  

 

Table III.2-3. Elastic moduli from the sprayed hydroxyapatite coatings. 

Sample 

Code 

Elastic 

Modulus b 

(GPa) 

Sample 

Code 

Elastic 

Modulus b 

(GPa) 

Using high initial concentration of 

solution precursor 

Using low initial concentration of 

solution precursor 

H-1 12.0 ± 2.3 L-1 6.4 ± 1.2 

H-2 22.0 ± 2.7 L-2 8.6 ± 0.9 

H-3 10.0 ± 2.1 L-3 5.0 ± 0.9 

H-4 10.5 ± 2.8 L-4 6.9 ± 1.3 

b Mean (± standard deviation) assessed by multi-cycle microindentation tests (Berkovich indenter) 
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Figure III.2-12. Inverse of contact stiffness as a function of the reciprocal of the square root of contact area for 

representative samples H-2 and L-3. 
 

From the obtained results, the elastic moduli had values between 5.0 and 22.0 GPa with a standard 

deviation ranging from 12.4% to 26.3%. It should be emphasized that HA coatings sprayed using a 

solution precursor with a higher initial concentration had relatively higher elastic moduli compared to 

coatings prepared using low initial solution concentration precursor. This finding is correlated with the 

relatively dense microstructure and high crystallinity of coatings prepared using highly concentrated 

solution. On the other hand, the obtained elastic modulus values were smaller comparing to the values 

obtained using different plasma spraying process [115, 116, 117]. Figure III.2-13 shows the plot of 

elastic modulus versus the maximum indentation depth from samples H-2 and L-3 where it can be seen 

that the elastic modulus remains nearly constant for both samples as the indentation depth increases 

regardless of the thickness implying that the elastic modulus for this material does not change with 

the indentation depth. Normally, the effect of compaction should be observed on elastic properties, 

but given the magnitude of the elastic modulus, the effect is not obvious in the multicycle indentation 

tests. 
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Figure III.2-13. Elastic modulus versus the maximum indentation depth for representative samples H-2 and L-3. 

 

III.2.5. Discussion 
 

The mechanical properties of SSPS-HA coatings were investigated in relation to their microstructural 

characteristics. HA coatings prepared using high solution concentration were relatively dense and 

more crystalline compared to coatings sprayed using low solution concentration. The values of the 

elastic modulus of the coatings were between 5.0 and 22.0 GPa depending on the used solution 

concentration. The obtained values were much lower compared to that of HA coatings sprayed using 

coarse powder and also lower than that of plasma sprayed coatings using suspension. These coatings 

had elastic modulus of 53–58 GPa [118] and 16–32 GPa [117], respectively. This difference in the 

elasticity of coatings is related to the microstructural features in the coatings obtained by different 

spray processes. The SPPS process could have led to the creation of voids between each other upon 

impact onto the substrate leading to porous coating formation as observed in the scanning electron 

micrographs. Moreover, the computed Martens hardness on the surface of the coatings were between 

0.04 – 0.17 GPa which are smaller compared to the 1.9 – 4.3 GPa [119, 120] prepared using coarse HA 

powder and 0.2 – 0.5 GPa [117] for suspension plasma sprayed HA coatings. It is important to highlight 

that samples prepared with lower solution concentration of Ca/P did not exhibit any distinction on  the 

elastic modulus and hardness values as function of the crystallinity volume fraction (determined by 

using an indexing software and computer assisted). This lower hardness value is endorsed to the 

heterogeneous microstructures present in the SPPS-HA coatings that create micropores, cracks and 

weak interfaces. In the presence of this microdefects, the indenter could easily penetrate into the 

irregular shape and fine microstructures whereas when well-melted lamellae (owing the higher 
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crystallinity grade) are present splats providing better support to each other. Additionally, the 

presence of porous volume usually interferes into the indentation measurement data during the 

coating hardness evaluation. In the case of multicycle indentation tests, each cycle modifies the shape 

and distribution of the pores and finally the porosity network. Consequently, the hardness should vary 

between the hardness of the as-received porous coating toward that of the densified coating by the 

indentation process. Additionally, owing the roughness of surface and irregularities in thickness of 

coatings at the location where the indentation is performed, the coating thickness could be different 

from the mean value presented in Table II.2-1 interfering with the computation of the material 

property. 

 

Initially, it was thought that changes of hardness values versus the displacement may be attributed to 

the influence of the substrate on the hardness of the coating. Nevertheless, according to a further 

analysis this change in the hardness is above all due to the densification of the coating as the indenter 

penetrates into the material surface. In this case, the value of the “film hardness” can be interpreted 

as the hardness of porous volume and the “substrate hardness” can be interpreted as the hardness of 

the dense volume of the coating instead. According to this approach of analysis,  the values of hardness 

and elastic modulus are in agreement with those presented by He et al. [121] with a percentage of 

porosity between 33 % and 55%. Interestingly, the coatings prepared using high solution concentration 

had higher elastic modulus and hardness compared to coatings prepared using low solution 

concentration. This finding can be related to the crystallinity and morphology of coatings. Although, it 

was found that the coatings having highest crystallinity had better mechanical properties, it is however 

not conclusive that crystallinity alone directly enhances the cohesive strength of the coatings. It is more 

likely that the spray conditions, which influence the crystallinity value, might also be the same 

conditions that enhance the interlamellar cohesion and interface adhesion of the coatings. The 

micropores and weak interfaces observed in the coatings prepared using low solution concentration 

really contributed to their low hardness value. It is probable that during indentation, the indented large 

pores resulted in cracking with permanent deformation without any elastic recovery.  

 

To study the variation of the mechanical properties of the HA coatings as a function of the crystallinity 

volume fraction some models validated on semi-crystalline polymers are discussed [122, 123, 124, 

125]. Concerning the elastic modulus, the theoretical lower bound (linear mixture law) and the upper 

bound (harmonic mixture law) proposed originally by Reuss and Voigt, respectively, allow delimiting 

the experimental values. On the one hand, Okui and Sakai [126] simply proposed a harmonic 

mechanical model to relate the reciprocal of ultimate elastic modulus and the crystallinity volume 

fraction by the following proportional equation: 
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1

𝐸
=
X𝐶𝑟
𝐸𝐶𝑟

+
(1 − X𝐶𝑟)

𝐸𝑎
 (III.2-5) 

 

where 𝐸 denotes the elastic modulus and X𝐶𝑟, is the crystallinity volume fraction. 𝐸𝐶𝑟 and 𝐸𝑎 represent 

the elastic modulus of the crystalline and amorphous phases, respectively. Nonetheless, to represent 

the variation of the experimental elastic modulus between the lower and the upper bounds, the elastic 

modulus- crystallinity relationship proposed by the Halpin-Tsai’s composite theory can also be applied 

as it has been carried out by previous works [123, 127]. 

 

Janzen [128] studied further the elastic modulus and the density over more than 1 100 polyethylene 

and, as a result, an expression was proposed obtained from the methods of Hill [124], Budianski [125] 

and Mossotti-Clausius [129] in which the changes of the parameter 𝜆 as a function of the Poisson’s 

ratio, (𝜈) were negligible, thus it was estimated replacing it by a constant value. Following this 

reasoning, the equation derived by Landauer [130] and applied in the work of Janzen [128] is given by: 

 

𝐸 =
𝜑+ (𝜑2+4 𝜆𝐸𝐶𝑟𝐸𝑎)

1
2

2𝜆
 (III.2-6) 

 

where 𝜑 = 𝐸𝐶𝑟[𝑋𝐶𝑟(1+ 𝜆)− 1] + 𝐸𝑎[(1− 𝑋𝐶𝑟)(1+ 𝜆) − 1], with 𝜆 taken as a constant ( 3𝜈) as 

it was pointed out previously. It can be noticed that Eq. (III.2-6) can be used to estimate the value of 

the elastic modulus 𝐸 as a composite value from the elastic modulus of the crystalline and amorphous 

phases. 

 

The model proposed by Janzen [128] was derived from that of Halpin–Tsai's model which was also 

adopted in the works developed by Crist et al. [123] and Doyle [127]. In theory, using the amorphous 

and crystal modulus of composite materials, the called mixing parameter 𝜒 could provide a modeling 

of different materials in which elastic moduli are located between the Voigt (upper) and the Reuss 

(lower) bounds. In this sense, Humbert et al. [131] developed a model to analyze the influence of the 

crystallinity over the elastic modulus of composite materials, especially in semi-crystalline polymers, 

and set a physical meaning of the adjustable parameter or system. In order to describe the elastic 

modulus as a function of the crystallinity, the authors of this work proposed a macroscopic model from 

the point of view of the mechanical coupling. Finally, Humbert et al. [131] advanced the following 

relationship to express the elastic modulus as function of the crystallinity volume fraction (X𝐶𝑟): 

 



 Chapter III: Results and Discussion  ~ 87 ~ 
 

Ph.D. Thesis presented by Alberto MEJIAS 
 

1

𝐸
=
1

𝐸𝑎
∙

(1 − X𝐶𝑟)

𝑘𝐻 ∙ X𝐶𝑟+ (1 − X𝐶𝑟)
+
1

𝐸𝐶𝑟
∙

X𝐶𝑟

X𝐶𝑟+
(1 − X𝐶𝑟)

𝑘𝐻

 
(III.2-7) 

 

In this equation, 𝑘𝐻 is a fitting parameter from the model; when 𝑘𝐻 = 1, the obtained model is the 

lower bound and when 𝑘𝐻 =
𝐸𝐶𝑟

𝐸𝑎
, the resulting model is the upper bound. 

 

To ascertain the influence of microstructures to the elastic modulus and hardness of the coatings, the 

models developed by Janzen [128], Okui and Sakai [126] and Humbert et al. [131] were applied. The 

determination of the amorphous (considered as the soft phase) and the crystalline phases (estimated 

as the hard phase) as well as the prediction of the behavior of coating material at different crystallinity 

volume fractions were made possible using these models. The values obtained by applying the models 

concerning the variation of the elastic modulus and the hardness as a function of the crystallinity 

volume fraction is presented in Table III.2-4. 

 

Table III.2-4. Fitting parameters from the models describing the elastic modulus and hardness as function of the 
crystallinity volume fraction used (X𝐶𝑟 ) for all the SPPS-HAP coatings. 

Model Janzen [128] (1) Okui and Sakai [126] (2) Humbert et al. [131] (3) 

 Elastic modulus 

𝐸𝐶𝑟 (GPa) 41.4 41.4 41.4 

𝐸𝑎 (GPa) 6.4 9.0 6.4 

𝑘𝐻 - - 2 

 Hardness 

𝐻𝐶𝑟  (GPa) 0.29 0.60 0.40 

𝐻𝑎 (GPa) 0.07 0.07 0.07 

𝑘𝐻 - - 1.11 

(1) The fitting parameters in the model were 𝐸𝑎 , 𝐸𝐶𝑟  and 𝐻𝑎 , 𝐻𝐶𝑟 , where 𝐸 and 𝐻 denote the elastic modulus 
and hardness, respectively. 

(2) The fitting parameter in the elastic modulus model was 𝐸𝑎  whereas in the hardness model were 𝐻𝑎  and 𝐻𝐶𝑟 . 
(3) The fitting parameters in the elastic modulus model were 𝐸𝑎  and 𝑘𝐻  and in the hardness one 𝐻𝐶𝑟   and 𝑘𝐻 . 

 

Janzen’s model was used first to fit the experimental data by considering the elastic modulus of the 

amorphous phase 𝐸𝑎 and the crystalline phase 𝐸𝐶𝑟 as adjustable constants. The parameter 𝜆 was 

assumed as constant equal to 0.75 ( 3𝜈) assuming the Poisson’s ratio 𝜈 = 0.25 [121]. The values 

obtained by means of non-linear least square analysis were 𝐸𝑎 = 6.4 GPa and 𝐸𝐶𝑟 = 41.4 GPa. 

Although the elastic modulus of the material depends on the coating manufacturing procedure as well 

as on the crystallinity volume fraction and the percentage of porosity, the values described by the 
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model used were of the same order of magnitude as those reported in the literature [121, 132, 133]. 

The Okui and Sakai’s model was then tried to fit to the experimental data by taking 𝐸𝑎 and 𝐸𝐶𝑟 as fitting 

parameters using Eq. (III.2-5), but the model was not convergent. Nevertheless, by considering 𝐸𝐶𝑟 =

41.4 GPa found by the Janzen’s model and by letting the elastic modulus of the amorphous phase as 

an adjustable parameter, the value of 𝐸𝑎 = 9.0 GPa was found, being in agreement with the value 

obtained by the model of Janzen [128]. The last model implemented to predict the behavior of the 

elastic modulus versus the crystallinity volume fraction was the one derived by Humbert et al. [131]. 

Following the previous reasoning, the parameters 𝐸𝐶𝑟, 𝐸𝑎 and 𝑘𝐻 of Eq. (III.2-7) were assumed as 

adjustable parameters. However, this model also did not converge to reasonable values. Considering 

purely 𝐸𝑎 and 𝑘𝐻 as the only adjustable parameters to fit the model, the results derived from this 

expression were found to be 𝐸𝑎 = 6.4 GPa and 𝑘𝐻 = 2. 

 

Furthermore, the same mathematical models were applied to predict the hardness behavior as 

function of the crystallinity volume fraction. All the models also represent adequately the hardness-

crystallinity relationship. The computed values for the hardness of the amorphous and crystalline 

phases are 0.07 and 0.29–0.40 GPa, respectively, except for the model proposed by Okui and Sakai 

[126] which tends to overestimate the hardness of the crystalline phase as well as the elastic modulus 

of the amorphous phase. Additionally, the fitting parameter 𝑘𝐻 from the Humbert et al.’ model takes 

different values for the determination of the elastic modulus and hardness. Figure III.2-14 represent 

the models from Janzen [128], Okui and Sakai [126] and Humbert et al. [131] applied to the description 

of the elastic modulus of the SPPS-HA coatings, whereas Figure III.2-15 illustrates the hardness 

variations as a function of the crystallinity volume fraction of the hydroxyapatite coatings by 

implementing the described models advanced by Janzen [128], Okui and Sakai [126] and Humbert et 

al. [131]. It is observed that the Janzen’s model [128] described better the behavior of the elastic 

modulus as a function of the crystallinity. Conversely, the Okui and Sakai’s model differs from the 

model of Janzen and it slightly overestimated the values of the amorphous phase predicted from the 

experimental data compared to the values obtained by the others two models adopted in this work. It 

is noticeable that the values of the elastic modulus obtained experimentally for the samples studied 

by the instrumented indentation test using a continuous multicycle protocol are into the two 

boundaries (lower and upper limits) described by the Humbert et al.’s model as it was explained earlier 

above. 
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Figure III.2-14. Models describing the elastic modulus of the hydroxyapatite coating samples (specimens 

prepared with high and low solution concentration) as function of the crystallinity volume fraction. 
 

 

Figure III.2-15. Models describing the hardness of the hydroxyapatite coating specimens (samples produced 
using high and low solution concentration) versus the crystallinity volume fraction. 

 

For the description of the elastic modulus and hardness versus the crystallinity volume fraction, only 

the samples prepared using high solution concentration were taken into account since the samples 

formed with a lower solution concentration of Ca/P did not show any distinction in the elastic modulus 

and in the hardness values as a function of the crystallinity volume fraction. The average elastic 

modulus and hardness values for the low solution concentration samples were 6.7 GPa and 0.05 GPa, 

respectively. Based on Janzen’s model and considering the values obtained in Table III.2-4, considering 
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in this case the highest solution concentration studied in this research, the crystallinity volume fraction 

corresponding to the elastic modulus of a bone-like microstructure can be predicted and it should be 

between 0.56 and 0.86 according to the values of elastic modulus and hardness obtained from a bone 

in a previous work [134]. 

 

When discussing about heterogeneities of materials, in this case, presence of pore networks, it is 

possible to anticipate the existence of dispersion in the results obtained for mechanical properties of 

materials, i.e. hardness and elastic modulus. Considering the profile of the load–displacement curve, 

there is no doubt that it will depend of the relative position of the pores to the path of displacement 

of the indenter, it means, that if pores are in the top of the surface then the values of hardness will be 

lower (the load-displacement curve would tend to the right, i.e. a greater contact area 𝐴C ) than if the 

porous surrounding is in the bottom of the path of the indenter during the test (the load-displacement 

curve would tend to the left, i.e. a lower contact area 𝐴C ), which means that the interpretation of the 

data acquired should be carry out very carefully. 

 

III.2.6. Conclusions 

 

The solution precursor plasma sprayed hydroxyapatite coatings (SPPS-HA) on stainless steel substrate 

were tested by multicycle indentation test at microscale range, and mechanical properties such as 

elastic modulus and coating hardness were found. The microstructure of relatively dense coatings 

prepared using high concentration of solution precursors included fine particles and agglomerated 

fragmented shells while the coatings obtained using low solution concentration showed less dense 

microstructural features with microcracks, weak interfaces and big pores present at the cross-section 

that greatly affects their mechanical behavior. Elastic modulus and hardness of the SPPS-HA coatings 

were found to be from 5.0 GPa to 22.0 GPa and from 0.04 to 0.17 GPa, respectively. Coatings sprayed 

using a high concentrated solution had an average elastic modulus and hardness nearly two times 

greater than the less concentrated ones. A novel model is advanced to separate the contribution of 

the hardness of a porous coating from the densified one as function of the indentation depths. 

Regarding this model, the influence of the densification of the coatings on hardness measurements 

initiates between 50% to 85% of the coating thickness, according with the obtained values of the fitting 

parameter 𝜅. The sample coating having the highest crystallinity which was prepared from high 

concentration of solution has the greatest elastic modulus (22.0 GPa) and hardness (0.17 GPa) among 

all coatings. On the other hand, the studied mechanical properties of the coatings from low 

concentration of solution precursors was not significantly influenced by the crystallinity volume 

fraction having only an average hardness and elastic modulus of 0.05 GPa to 6.7 GPa, respectively. The 
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models previously used in describing the polymers were applied to describe the behavior of 

mechanical properties of SPPS-HA coatings prepared using high solution concentration. The values of 

the mechanical parameters increase with the crystallinity volume fraction from 𝐻𝑎 = 0.07 and 𝐸𝑎 =

6.4 GPa to 𝐻𝐶𝑟 = 0.29 GPa and 𝐸𝐶𝑟 =  41.4 GPa, which correspond to the mechanical properties of 

the amorphous and the crystalline phases, respectively. 

 

Moreover, mechanical properties obtained from SPPS-HA coatings were smaller in comparison to the 

values obtained using conventional plasma spraying process that can be attributed to the unique 

microstructural features present in the coatings. Hardness and elastic modulus of the samples were 

described as a function of the crystallinity volume fraction in order to predict its behavior for the 

estimation of the corresponding crystallinity volume fraction. For the precursor with higher initial 

solution concentration, the predicted crystallinity volume fraction to obtain a bone-like microstructure 

should be between 0.56 and 0.86 based on the Janzen’s model. Study on the influence of the 

microstructure and crystallinity to the physical behavior of the SPPS-HA coatings submitted in a 

simulated body fluid should clarify its potential for biomedical applications. 

 

III.3. MECHANICAL PROPERTIES BY MULTICYCLE INDENTATION TEST FROM A BILAYER COATING 

SYSTEMS 

 

III.3.1. Introduction 

 

The study of mechanical properties from multilayers coating system have been an interesting topic to 

researchers in the last years. With the intention of extend the analysis of the continuous multicycle 

indentation tests beyond bulk materials, they were performed over a bilayer electroless Ni-P coating 

deposited on carbon steel plates. The assessment of the hardness and elastic modulus from the whole 

system is an opening estimation about the properties from an each and every single component of a 

multilayer coating system and, accordingly, with their possible tribological applications. Nevertheless, 

the evaluation of the hardness and elastic modulus of one and all layers of a coated material allows to 

estimate its contribution to the total composite property, and consequently, a design improving, 

chemical composition and/or deposition process adjustment of one or another layer could be 

proposed and implemented. Along this section, a bilayer electroless Ni-P coating deposited on carbon 

steel plates is examined and described as function of its mechanical properties, when it is submitted 

to CSM tests at nanoscale range and continuous multicycle indentation tests at a microscale range. 

From SEM images coupled with the corresponding load-indentation curves, it is illustrated the 

phenomena that occur during the indentation process, i.e. microcracks growing and surface chipping. 
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As well, by analyzing the data obtained at the microscale range, preceding advanced physical models 

to examine multilayer coated systems are implemented to study the hardness and elastic modulus 

behavior of every layer from the electroless Ni-P coating deposited on carbon steel plates. Moreover, 

a different approach is proposed to compute the elastic modulus of each layer from the expression of 

the reciprocal of the contact stiffness as function of the contact area formerly advanced by Tricoteaux 

et al. [112] for a monolayer coated material, but now extended to be implemented as a multilayer 

model based on the weight function suggested by Korsunsky et al. [135]. 

 

III.3.2. Mechanical properties from bilayer coating system 

 

III.3.2.1. Indentation experiments 

 

Electroless Ni-P coating deposited on carbon steel are studied in order to evaluate the mechanical 

properties, i.e. hardness and elastic modulus, of each layer from the coated system. Nine samples were 

studied by implementing a continuous multicycle indentation test. To identify each sample, they were 

labeled as follows: 1020-B, 1020-I, 1020-O, 1045-B, 1045-I, 1045-O, P20-B, P20-I and P20-O. The first 

characters of the sample code are to identify the substrate, it means, to denote the SAE 1020, SAE 

1045, and SAE P20 carbon steels, used as substrate; and the last characters of the sample code 

represent the coating electroless deposited on the substrates, where B, O and I stand for the bilayer 

coating (the one with two layers with different heat treatment), innermost layer and outermost layer 

of the bilayer coating system, respectively. To accomplish the assessment of the hardness and elastic 

moduli of each layer, continuous multicycle indentation tests were designed to perform at least 5 tests 

on each sample in the following scenery: 100 cycles between 1 N, for the first cycle, to 18 N, applied 

load at the last cycle. Figure III.3-1 illustrates the load-displacement curve obtained from the 

microindentation tests accomplished by a continuous multicycle protocol, and Figure III.3-2 shows the 

load-displacement curve obtained from a CSM test on a electroless Ni-P coating deposited on a carbon 

steel plate. 
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Figure III.3-1. Load-displacement curve from a continuous multicycle indentation test performed on a bilayer 
electroless Ni-P coating deposited on a carbon steel plate. 

 

 

Figure III.3-2. Load-displacement curve from a CSM test performed on electroless Ni-P bilayer coating 
deposited on a carbon steel substrate. 

 

By analyzing the load-displacement curve obtained by the continuous multicycle indentation tests and 

by means of microscope techniques, it was possible to identify some phenomena occurring during 

indentation tests. For example, in the Figure III.3-3 can be observed the load-displacement indentation 

curve and the optical micrograph of the residual impression left by the indenter into the surface of the 

material. It is noticeable that the only visible phenomenon is the overlapping of the material owing the 

load-unload sequence of the multicycle indentation test and it evidences the increasing of the plastic 

zone defined for the shear bands at the zone around the indenter print.  
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Figure III.3-3. Load-displacement curve from multicycle indentation test performed on a electroless Ni-P bilayer 
coating deposited on a carbon steel substrate. The pile-up effect is noticeable around the indenter impression. 

 

Comparing the micrograph acquired by SEM technique shown in Figure III.3-4 and Figure III.3-5, it is 

interesting to observe that the size of the impression left by the Berkovich indenter by applying a 

continuous multicycle test does not exhibit a remarkable difference compared with the indenter print 

when a standard indentation test was performed on the bilayer Ni-P coating deposited on the SAE 

1020 carbon steel sample.  

 

 

Figure III.3-4. SEM micrograph of the residual impression from a Berkovich indenter on the sample labeled as 
1020-B submitted to a continuous multicycle indentation test. 
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Figure III.3-5. SEM image from a residual impression from a Berkovich indenter on the sample labeled as 1020-

B after standard indentation test is accomplished. 
 

Moreover, by SEM technique in Figure III.3-4, it is possible to define the shear bands around the 

impression left by the Berkovich indenter where it is possible to indicate that there was not any pile-

up effect around the indenter during the indentation process.  

 

 

Figure III.3-6. Load-displacement curve from multicycle indentation test performed on a electroless Ni-P bilayer 
coating deposited on a carbon steel substrate. The crack on corners of the indenter impression is related to the 

large horizontal displacement on the load-displacement curve. 
 

Conversely, Figure III.3-6 shows the load-displacement curve performed on the sample with the 

innermost layer of the bilayer coating system. Comparing with the preceding load-displacement curve 

the differences between them are manifest. In this case, it was corroborated that gaps existing 
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between one cycle and next one was due to the growing of microcracks in the corners of the Berkovich 

indenter print. It can be state that each gap appearing in the load-displacement curve involves an 

increasing on the crack length associated to the response of the material submitted to the load-unload 

sequences of the multicycle instrumented indentation test. 

 

Moreover, Figure III.3-7 suggests evidence of another phenomenon occurring during the test. As it can 

be seen, the indenter impression exhibits not only cracks at its corners but chipping around it. More 

interesting is that the load-displacement curve shows the gaps due to the crack length increasing and 

also the chipping phenomenon by showing a sort of hysteresis loop at each cycle from the point that 

chipping is presumed that arose, approximately when indentation depth is nearby 10  000 nm and the 

load on the sample is around 12 000 mN. Additionally, the image obtained by SEM technique exhibits 

in Figure III.3-8 illustrate the chipping process occurring when a continuous multicycle indentation is 

accomplished, nevertheless, these evidences of damage into the material was only observed in the 

electroless Ni-P coating with heat treatment at 400 °C, that is the innermost layer in the bilayer coating 

deposition.  

 

 

Figure III.3-7. Load-displacement curve from multicycle indentation test performed on a electroless Ni-P bilayer 
coating deposited on a carbon steel substrate. The chipping remarked on the indenter impression is related to 

the hysteresis loop observed in the load-displacement curve. 
 

It is interesting to observe in Figure III.3-9 and Figure III.3-10 the microcracks growth when standard 

indentation test is accomplished on the coated sample with the electroless Ni-P coating deposited on 

carbon steel plates heat treated at 400°C. 
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Figure III.3-8. SEM micrograph from the residual impression from a Berkovich indenter on the sample labeled 

as 1020-I after a continuous multicycle indentation test of 100 cycles is accomplished. 
  

 

Figure III.3-9. SEM micrograph from the residual impression from a Berkovich indenter on the sample labeled 
as 1020-I after standard indentation test with a maximum applied load 1 N is accomplished. 

 

As it can be noted in Figure III.3-9 and Figure III.3-10 only microcracks are present in the residual 

impression of the Berkovich indenter which indicates that a continuous multicycle test can be induced 

an important damage in brittle materials. Comparing Figure III.3-8 and Figure III.3-10 and considering 

that both were obtained after a maximum applied load of 18 N, but the former after a continuous 

multicycle test and the other one after a standard indentation test, it is remarkable the presence of 

chipping when the multicycle indentation test is performed, in contrast with the impression left by the 
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indenter when a standard test is accomplished which only exhibit the microcracks along the corner of 

the indenter print. 

 

 

Figure III.3-10. SEM micrograph from the residual impression from a Berkovich indenter on the sample labeled 
as 1020-I after standard indentation test with a maximum applied load 18 N is effected. 

 

III.3.2.2. Composite elastic modulus model. 

 

Elastic modulus from the bilayer system is evaluated by means of CSM tests and multicycle indentation 

tests. Accordingly, a calibration curve is effectuated in order to obtain the contact area function 

proposed by Oliver and Pharr [1]. Figure III.3-11 illustrated the standard calibration performed on a 

fused silica specimen with an elastic modulus of 71 GPa approximately. It can be observed that the 

elastic modulus values remain constant from up to around 10 nm.  

 

On the basis of the obtained calibration curve from the fused silica specimen described above, to 

compute and compare the elastic modulus of the sample to be examined, the values of the elastic 

modulus recorded from the CSM tests to be taken into account will be from 60 nm, to avoid the 

possible influence of the blunt defect of the indenter tip (estimate it in III.1.2.4) up to around 1800 nm. 

Under this consideration, Figure III.3-12 illustrates the elastic modulus behavior of the bilayer Ni-P 

coating system evaluated by CSM tests. It can be noted that the elastic modulus decreases from 325 

GPa to 140 GPa, approximately. Now, the elastic modulus computed from multicycle indentation tests 

is plotted in the same graph and a tendency could be defined according to the plot presented in Figure 

III.3-13. 
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Figure III.3-11. Calibration curve of Berkovih indenter to be employed in CSM tests on Ni-P coatings. Fused silica 

specimen was used as the standard sample. The elastic modulus of fused silica remains constant from about 10 
nm. 

 

 

Figure III.3-12. Elastic modulus recorded by CSM test from a bilayer Ni-P coating system performed up to a 
depth penetration of 2000 nm. 
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Figure III.3-13. Elastic modulus from CSM tests and continuous multicycle tests performed on a bilayer Ni-P 

coating system. 
 

III.3.2.3. Composite hardness evaluation  

 

The indentation hardness definition (𝐻𝐼𝑇) is adopted to analyze the comportment of the composite 

hardness of the system defined as it follows: 

 

𝐻𝐼𝑇 =
𝑃max

𝐴𝐶
 (III.3-1) 

 

where 𝐴𝐶 is the contact area taking into account the blunt defect of the indenter tip. By evaluating the 

hardness at each cycle, it is possible to describe its variations as function of the maximum 

displacement. 

 

In order, to compare the hardness values obtained by CSM tests, a standard calibration of the indenter, 

described in the section above, was performed. Figure III.3-14 shows the plot of hardness continuously 

recorded from the CSM test performed on a fused silica specimen following the methodology 

suggested by Oliver and Pharr [1] to obtain the contact area function of the Berkovich indenter used 

to achieve the tests. It can be observed that the values of hardness from the fused silica specimen stay 

constant up to nearby 100 nm to the value of 9.6 GPa. 
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Figure III.3-14. Calibration curve of the Berkovih indenter used in tests. It was performed on a fused silica 
sample. A constant value of hardness is remarkable from approximately 100 nm. 

 

According with the preceding calibration curve described, to compare and analyze the hardness value 

obtained from the CSM tests performed on the bilayer Ni-P coating system the data to be take into 

account to accomplish it will be from 100 nm to around 1800 nm by using the contact area function 

defined by the calibration procedure. Figure III.3-15 illustrates the hardness profile from a CSM test 

effected on the bilayer Ni-P coating system. It can be observed that hardness descends from 13 GPa 

approximately to 7 GPa which can be attribute to the indentation size effect (ISE). It is interesting when 

the data provided by the multicycle indentation tests and the CSM tests are plotted in the same graph 

as it can be seen in Figure III.3-16, that there is not a significant indentation size effect (ISE) into the 

computed hardness by implementing the multicycle indentation tests. However, it can be noted the 

continuity between the two scales of measurement resulting from nanoindentation and 

microindentation data. 
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Figure III.3-15. Hardness continuously recorded from CSM test implemented on a bilayer Ni-P coating system 
performed up to a depth penetration of 2000 nm. 

 

 

Figure III.3-16. Hardness computation from CSM tests and continuous multicycle test performed on a bilayer 

Ni-P coating deposited on a steel plate. 
 

III.3.3. Discussion 

 

Data from multicycle indentation test are analyzed in order to establish the mechanical properties, i.e. 

elastic modulus and hardness, from each layer from a bilayer Ni-P coating system. The modified 

Jönsson and Hogmark’s model is applied with the aim of obtain the hardness of each layer of the 

system, according to the model, the hardness of the substrate will be considered well-known, and the 

hardness of each single film will be determined by non-linear least square regression analysis. Figure 

III.3-17 shows the description of data obtained by multicycle microindentation tests on a bilayer 
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coating sample. On the other hand, Figure III.3-18 illustrated the description of the hardness behavior 

from the sample with the coating heat treated at 400 °C, as it was expected the graph shows an 

important gapping between one to another experimental point as it was noted in the load-

displacement curve of this coating, shown earlier in Figure III.3-7 owing to the microcracks growth and 

the phenomenon of chipping on the surface.  

 

 

Figure III.3-17. Hardness from multicycle indentation tests, described by the modified Jönsson and Hogmark ‘s 
model (sample 1020-B). 

 

 

Figure III.3-18. Hardness modeling from multicycle indentation tests by the modified Jönsson and Hogmark ‘s 
model (sample 1020-I) 

 

On the other hand, Figure III.3-19 illustrates the behavior from the monolayer coating heat treated at 

200 °C, which differs from the preceding graph in the nonappearances of gapping in the hardness 

behavior obtained by the continuous multicycle instrumented indentation test.  
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Figure III.3-19. Modified Jönsson and Hogmark ‘s model describing the hardness behavior of sample 1020 -O 
from multicycle indentation tests. 

 

As it can be observed in Table III.3-2, the hardness of the outermost layer assessed by implying the 

modified Jönsson and Hogmark’s model was found to be between 5.9 and 8.1 GPa, when this proposal 

is applied to the bilayer electroless Ni-P coating system as well as when it was effected to the 

monolayer coating deposited on the three substrates. Regarding the computed hardness from the 

three deposition and substrates, the innermost layer hardness was estimated to be within 10.1 and 

13.9 GPa, by implementing the mentioned model to the bilayer and the monolayer coting systems. On 

the other hand, when performing the non-linear regression analysis, the substrate hardness was 

imposed to be equal to 2 GPa which is approximately the hardness reported in the literature for carbon 

steel samples. 

 

By applying the non-linear least square regression analysis, the fitting parameters were the hardness 

of each layer, it means, 𝐻𝐹1 and 𝐻𝐹2,  and also the expressions defined as 𝑘JH𝑂
∙ 𝑡𝐹𝑂 and 𝑘JH𝐼

∙ 𝑡𝐹𝐼. 

Usually if the thickness of the layer is well-known the fitting parameters would be 𝑘JH𝑂
 and 𝑘JH𝐼

 

instead. Nevertheless, as it can be noted in the micrograph shown in Figure III.3-20 and Figure III.3-21 

the thickness of each layer is not regular. Between the two images, taken in two different points, there 

is a remarkable difference in the thickness dimension of each layer from the bilayer electroless Ni-P 

coating. According to the modified Jönsson and Hogmark’s model advanced by Puchi-Cabrera et al. 

[71], on the basis of the reasoning developed by Rahmoun et al. [69], the term 𝑘JH ∙ 𝑡𝐹  will represent 

the indentation depth at which the subsequent layer commences to contribute to the computed 

composite hardness from the continuous multicycle indentation test.  
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Table III.3-1. Elastic moduli and hardnesses of the deposited coatings and substrates. 

Sample 

Code 

Substrate Hardness 

(GPa) 

Innermost layer 

Hardness a 

(GPa) 

Outermost 

coating 

Hardness a 

(GPa) 

𝑘JH𝑂
∙ 𝑡𝐹𝑂 

(nm) 

𝑘JH𝐼
∙ 𝑡𝐹𝐼 

(nm) 
𝑅2 

SAE 1020 Carbon steel substrate coated 

1020-B 2.0 12.1 6.6 2 000 216 0.92 

1020-I 2.0 11.1 - - 2 900 0.77 

1020-O 2.0 - 7.1 4 426 - 0.84 

SAE 1045 Carbon steel substrate coated 

1045-B 2.0 10.5 6.3 6 024 278 0.37 

1045-I 2.0 10.1 - - 3 509 0.82 

1045-O 2.0 - 8.1 3 760 - 0.82 

SAE P20 Carbon steel substrate coated 

P20-B 2.0 13.9 6.8 4 251 426 0.73 

P20-I 2.0 11.3 - - 2 396 0.85 

P20-O 2.0 - 5.9 6 826 - 0.92 

a Mean value calculated by the modified Jönsson and Hogmark’s model. 
 

 

Figure III.3-20. SEM micrograph illustrating the dimension of each single layer of the bilayer electroless Ni-P 
coating (sample named 1020-B) 
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Figure III.3-21. SEM image of sample labeled 1020-B showing the dimension of each layer of the bilayer 

electroless Ni-P coating. 
 

Moreover, to corroborate the values obtained by the modified Jönsson and Hogmark’s model to 

multilayer coated systems, the hardness behavior from samples 1020-O (electroless Ni-P coating with 

a heat treatment at 200°C) and the sample 1020-I (electroless Ni-P coating with a heat treatment at 

400°C) were described by the same model but considering it as a monolayer coating. Figure III.3-18 

and Figure III.3-19 illustrate the hardness variation as function of the indentation depth of both coating 

composing the bilayer system studied. It is perceived that the obtained values from the hardness of 

each layer by applying the modified Jönsson and Hogmark’s model to the bilayer coating systems agree 

when the model is implemented to the monolayer coating deposited on the carbon steel substrates.  

 

Alternatively, the analysis of the elastic modulus of the bilayer system is based on the fact that the 

contact stiffness should be not constant when the elastic modulus varies with the displacement of the 

indenter into the material surface. Following the reasoning of the relation suggested by Doerner and 

Nix [61] to deduce the elastic modulus from a film-substrate system, a model to evaluate the bilayer 

Ni-P coating system is proposed to estimate the elastic modulus of the material by continuous 

multicycle tests, extensible to be used at nanoscale range and also to a multilayer coating system. With 

the aim of describe the elastic modulus of the bilayer system as a function of the depth, a macroscopic 

model will be defined from the point of view of the mechanical coupling, setting a physical meaning 

for the adjustable parameter for the bilayer system. From the following expression: 
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𝑑ℎ

𝑑𝑃
=

1

2𝛽𝐸𝑅𝐶
√
𝜋

𝐴𝐶
 (III.3-2) 

 

Where 𝐸𝑅𝐶 is the composite reduced elastic modulus from the film-substrate system, and on the basis 

of a harmonic mixture law, the composite contact stiffness can be expressed as it follows: 

 

𝑑ℎ

𝑑𝑃
=
1

𝑆𝐶
= 𝐶f+

1− 𝑓n
𝑆S

+
𝑓n
𝑆F

 (III.3-3) 

 

Where 𝑆𝐶, 𝑆𝑆 and 𝑆F are the composite contact stiffness, contact stiffness from the substrate, and 

contact stiffness from the film, respectively, 𝐶f is the frame compliance of the instrument, and 𝑓𝑛 

stands for a weight function to estimate the contribution of contact stiffness from the film and 

substrate to the composite contact stiffness. Tricoteaux et al. [112]  proposed an expression based in 

Eq. (III.3-3), and recognizing the necessary correction to be considered in Eq. (III.3-2) it was expressed 

as following: 

 

1

𝑆𝐶
= 𝐶f+

1

2𝛽
√
𝜋

𝐴𝐶

𝑓n
𝛾F𝐸𝑅𝐹

+
1

2𝛽
√
𝜋

𝐴𝐶
(
1 − 𝑓n
𝛾S𝐸𝑅𝑆

) (III.3-4) 

 

Where 𝐸𝑅𝐹 and 𝐸𝑅𝑆 are the reduced elastic modulus from the film and substrate, respectively, and 𝑓n 

is the weight function defined by the authors to compute the contribution of film and substrate to the 

composite contact stiffness which is the one advanced by Korsunsky et al. [135], written below: 

 

𝑓n =
1

1+ 𝑘𝑘 (
ℎ𝐶
𝑡𝐹
)
2 (III.3-5) 

 

According with this proposal, the model to be applied to a multilayer coating system, for the first layer, 

the volume fraction 𝑎F
(1) contributing with the composite elastic modulus is defined as follows: 

𝑎F
(1) =

{
  
 

  
 1 if ℎ <

𝑡𝐹
(1)

100

1

1 + 𝑘𝑘
(1) (

ℎ𝐶− 𝑡𝐹
(1)

𝑡𝐹
(1) )

2 otherwise
 (III.3-6) 
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Where 𝑡𝐹
(1) is the thickness of the outermost layer, 𝑘𝑘

(1) is a fitting parameter depending on material, 

and ℎ𝐶 represents the contact indentation depth, and 

 

𝑎F
(𝑗) =

{
 
 
 

 
 
 1 −∑ 𝑎F

(𝑖)
𝑗 −1

𝑖 =1
if ℎ <

1

100
∑ 𝑡F

(𝑖)
𝑗

𝑖=1

1

1 + 𝑘𝑘
(𝑗) (

ℎ𝐶 −
1
100

∑ 𝑡F
(𝑖)𝑗

𝑖=1

∑ 𝑡F
(𝑖)𝑗

𝑖=1

)

2 −
1

1 + 𝑘𝑘
(𝑗−1) (

ℎ𝐶 −
1
100

∑ 𝑡F
(𝑖)𝑗−1

𝑖=1

∑ 𝑡F
(𝑖)𝑗 −1

𝑖=1

)

2 otherwise  (III.3-7) 

 

Where the volume fraction of the jth layer  𝑎F
(𝑗) (𝑗 = 2,⋯ , 𝑁) is used to represent the effective volume 

fraction of each layer contributing to the composite contact stiffness; for the j th layer the parameter 

𝑘𝑘
(𝑗) denotes a fitting parameter to estimate by a non-linear least square regression analysis, and 

𝑡F
(𝑖)represents its thickness. In a multilayer coating system with 𝑁 layers, the influence of the substrate 

material 𝑎F
(𝑆) contributing with the composite contact stiffness is evaluated by: 

 

𝑎F
(𝑆) = 1 −∑𝑎F

(𝑖)

𝑁

𝑖=1

 (III.3-8) 

 

In this manner the composite contact stiffness expressed in the Eq. (III.3-3) for a monolayer system, 

can be rewritten for a multilayer coating system as follows: 

 

1

𝑆C
= 𝐶f +

𝑎F
(𝑆)

𝑆S
+∑

𝑎F
(𝑖)

𝑆F
(𝑖)

𝑁

𝑖=1

 (III.3-9) 

 

Where  

 

1

𝑆F
(𝑖)
=
1

2𝛽
√
𝜋

𝐴𝐶

1

𝛾F
(𝑖)𝐸𝑅𝐹

(𝑖) (III.3-10) 

 

And 

 

1

𝑆S
=
1

2𝛽
√
𝜋

𝐴𝐶

1

𝛾S𝐸𝑅𝑆
 (III.3-11) 
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Implementing the Eq. (III.3-6) through (III.3-11), the composite contact stiffness can be computed as 

function of indentation depths for a multilayer coating system, with the reduced elastic modulus of 

film of each layer 𝐸𝑅𝐹
(𝑖) and  𝑘𝑘

(𝑖) as fitting parameters. The value of the reduced elastic modulus of 

each coating layer, 𝐸𝑅𝐹
(𝑖) and the constant 𝑡𝐹

(1)
(𝑖)

 are estimated by means of a non-linear least square 

fitting analysis, well-knowing the elastic modulus of the substrate. Nevertheless, the layer thickness 

𝑡𝐹
(𝑖) and the reduced modulus of substrate (𝐸𝑅𝑆) could be also adjustment parameters. 

 

Figure III.3-22 shows the reciprocal of the contact stiffness from the multicycle instrumented test. It is 

distinguished that if a straight line is used to describe the variation of the total compliance versus the 

reciprocal of the indentation contact depth then the intercept of this mast will be not the origin of the 

coordinate system. Nevertheless, by analyzing the behavior of this variable it will be possible to 

compute the elastic modulus from the bilayer Ni-P coating system, and more generally, from a 

multilayer coating system. 

 

 

Figure III.3-22. Contact Stiffness from multicycle indentation tests performed on a bilayer Ni-P coating system, 

described by the model presented in the Eqs. (III.3-6) through (III.3-11) . 
 

Table III.3-2 collects the reduced elastic modulus from the substrate, and the outer and innermost 

layers of the bilayer electroless coating system. By applying the non-linear least square regression 

analysis to the advanced model, the fitting parameters considering in the expression are the reduced 

modulus of each layer, i.e. 𝐸𝑅𝐹1 and 𝐸𝑅𝐹2, the thickness of each layer, it means, 𝑡𝐹1 and 𝑡𝐹2, and the 

parameter depending on the material 𝑘𝑘𝐹1 and 𝑘𝑘𝐹2. First, all parameters were considered as free 

parameters, nevertheless with this condition the model did not converge. But, taking into account that 

the reduced elastic modulus from the inner layer, considered as crystalline material compared with 



~ 110 ~ Chapter III: Results and Discussion 
 

Ph.D. Thesis presented by Alberto MEJIAS 
 

the outermost amorphous layer, one condition was imposed, the reduced elastic modulus from the 

inner layer must be greater than the reduced elastic modulus from the outermost layer. According 

with this consideration, from Table III.3-2 it can be seen that the model applied to the bilayer system 

did not discriminate the two reduced elastic modulus; this solution in some way could be ascribed to 

the similar reduced elastic modulus in both layer from the bilayer electroless Ni-P coating, owing to 

the elastic modulus of coatings was not affected by the temperature. However, it is expected that with 

a more dissimilar composite material the model will be performed in a better manner. 

 

Table III.3-2. Reduced elastic modulus and fitting parameter values by applying the model proposed in this 

work. 

Sample 

Code 

𝐸𝑆 

(GPa) 

𝐸𝑅𝐹1 

(GPa) 

𝐸𝑅𝐹2 

(GPa) 

𝑡𝐹1 

(µm) 

𝑡𝐹2 

(µm) 
𝑘𝑘𝐹1 𝑘𝑘𝐹2 𝐶f 𝑅2 

1020-B 180 142 142 47 28 0.85 3.43 0.10 0.98 

1045-B 180 155 155 22 16 0.54 3.89 0.14 0.98 

P20-B 180 141 141 13 14 0.75 7.60 0.11 0.99 

 

With the values assessed by this model, the description of elastic modulus as function of the 

indentation depth is illustrated in Figure III.3-23. It can be noted how the model fits the data obtained 

from the continuous multicycle indentation test by taking into account the contribution of the elastic 

moduli and compliance from each and every single layer to the computed composite elastic modulus 

at each cycle. 

 

 

Figure III.3-23.Composite elastic modulus from multicycle indentation tests performed on a bilayer Ni-P coating 
system, predicted on the basis of the model presented in this section. 
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III.3.4. Conclusions 

 

The mechanical properties of a bilayer Ni-P coating system were determined by applying models to 

discriminate the contribution of each layer from a bilayer coating system to the composite elastic 

modulus and hardness. To evaluate the hardness variation, the proposal of Puchi-Cabrera et al. [71] 

modifying the Jönsson and Hogmark’s model [67] in order to be able to separate the contribution of 

each layer to the total composite hardness measurement was put into practice. According with this 

model and considering that the deposition of the bilayer system was effectuated on three different 

carbon steel samples, the hardness of the two layers were found to be between 10.1 and 12.1 GPa for 

the innermost layer, and between 5.9 and 8.1 GPa for the outermost layer. On the other hand, the 

elastic modulus was computed in the basis of the total compliance of the systems, it means, as a 

function of the reciprocal of the contact stiffness of the bilayer coating system determined from the 

multicycle instrumented indentation test. On the basis of the model advanced by Tricoteaux et al. [112] 

for monolayer coated material and implementing the weight function suggested by Konsursky  et al. 

[135], a new approach is advanced to be applied to multilayer coating systems. By considering this 

proposal, suggested in this work, the elastic modulus of both layers were found to be between 141 

GPa and 155 GPa, where the model shows that the both layers have the same elastic modulus or that 

there is only a small difference between them.  
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General Conclusions 
 

The determination of mechanical properties such as the elastic modulus and hardness requires the 

treatment of a selected data derived from the load-displacement curve resulting from instrumented 

indentation tests. One of the most important variables to estimate is the contact area, 𝐴𝐶, depending 

on the mechanical response of the surface beneath the indenter. The defect of the rounded tip also 

must be estimated particularly when analysis is achieved at low loads, i.e. at low displacements into 

surface. It is important to emphasize that material and geometric corrections described in the 

literature must be done when performing the multicycle indentation test at the microscale range, 

above all the blunt defect of the indenter tip owing to that if it is neglected the variations on the elastic 

modulus would be very large, and the hypothesis that the elastic modulus of the material remains 

constant would not be true. When material hardness is evaluated the indentation size effect (ISE) 

describe the variations in this property at different scales of measurement. Regarding the models to 

analyze film-substrate systems, it can be noted that in these models that the contribution of the 

substrate and film to the composite elastic modulus and hardness values must be calculated, which is 

defined by a weight function (and consequently, the volume fraction) normally expressed as the ratio 

of film thickness to the indentation depth.  

 

Mechanical properties of carbon steel samples, i.e. the hardness and elastic modulus, were evaluated 

from multicycle indentation tests. Regarding the obtained values, it can be stated that the elastic 

modulus remains constant as the indentation depth increases until the cycle 100. The predominant 

mode of deformation around the indenter was found to be the phenomenon of pile-up, by means of 

the parameter ∆ suggested by Yetna et al. [100], which remains greater than 0.83 for all the continuous 

multicycle indentation tests.  The computed elastic modulus from the carbon steel samples was found 

to be between 158 and 190 GPa with a standard deviation around 5%. According to the evaluation of 

hardness, it could be described by the Li and Bradt’s model [103] and the model suggested by Chicot 

[104] when tests were performed at the microscale range. Both models showed that the material 

hardness under the increasing loadings by a continuous multicycle protocol is associated to the 

indentation size effect. The Martens hardness for the three carbon steel samples were found to be 

between 1.60 and 2.84 GPa. 

 

Additionally, from the obtained data acquired by CSM tests, a new approach to compute the contact 

stiffness, by replacing the contact area function proposed by Chicot et al. [27] or the model suggested 

by Oliver and Pharr [1] into the explicit expression of the contact stiffness, agrees when using both 



~ 114 ~ General Conclusions 
 

Ph.D. Thesis presented by Alberto MEJIAS 
 

contact area functions. The models overlapped practically each other when they are applying in the 

range 100 < ℎmax< 1900 nm. Conversely, by replacing both models and applying a non-linear least 

square analysis in the range 5 < ℎmax< 50 nm, the contact area function proposed by Chicot et al. 

[27] describes better the values of the experimental contact stiffness than the model suggested by 

Oliver and Pharr [1]. According to this proposal by applying the contact area function developed by 

Chicot et al. [27] the blunt defect of the indenter tip equals to 30.5 ± 1.9 nm when nanoindentation 

tests is performed on a fused silica sample. As well as the preceding analysis effectuated at the 

microscale range from carbon steel samples, the deformation around the indenter ( the phenomena of 

sink-in or pile-up) must be taken into account in the computation of the elastic modulus. From these 

carbon steel samples, the elastic modulus were found to be between 188 and 214 GPa.  

 

The solution precursor plasma sprayed hydroxyapatite coatings (SPPS-HA) sprayed on stainless steel 

substrate were tested by a multicycle microindentation analysis to assess their mechanical properties 

such as the elastic modulus and hardness of the coatings. Elastic modulus and hardness of the SPPS-

HA coatings were found to be from 5.0 GPa to 22.0 GPa and from 0.04 to 0.17 GPa, respectively. 

Coatings sprayed using a high concentrated solution had an average elastic modulus and hardness 

nearly two times greater than the less concentrated ones. Moreover, mechanical properties obtained 

from SPPS-HA coatings were smaller in comparison to the values obtained using conventional plasma 

spraying process that can be attributed to the unique microstructural features present in the coatings.  

By applying a different approach, the influence of the compaction of the coatings on hardness 

measurements initiates between 50% to 85% of the coating thickness, according with the obtained 

values of the fitting parameter 𝜅 from the advanced model in this work. The sample coating having the 

highest crystallinity that was prepared from a solution of high concentration has the greatest elastic 

modulus (22.0 GPa) and hardness (0.17 GPa) among all coatings. It is necessary to highlight that the 

proposed novel approach to quantify the hardness of porous and densified hydroxyapatite coating 

allows to describe the hardness behaviors of this coating when it is submitted to continuous and 

increasing loading-unloading sequences which is an important aspect to be take into account on 

tribological applications. On the other hand, the studied mechanical properties of coatings from 

solution precursors of low concentration was not significantly influenced by the crystallinity volume 

fraction having only an average hardness and elastic modulus of 0.05 GPa to 6.7 GPa, respectively. 

Hardness and elastic modulus of the samples were described as a function of the crystallinity volume 

fraction in order to predict its behavior for the estimation of the corresponding crystallinity volume 

fraction to obtain a bone-like microstructure.  The values of the mechanical parameters increase with 

the crystallinity volume fraction from 𝐻𝑎 = 0.07 and 𝐸𝑎 = 6.4 GPa to 𝐻𝐶𝑟 = 0.29 GPa and 𝐸𝐶𝑟 =  41.4 

GPa, which correspond to the mechanical properties of the amorphous and the crystalline phases, 
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respectively. More interesting, to link the mechanical properties to its potential biomedical 

applications, the crystallinity volume fraction corresponding to the elastic modulus of a bone-like 

microstructure can be predicted from the implemented models and it should be between 0.56 and 

0.86. 

 

The mechanical properties of a bilayer Ni-P coating system were studied from multicycle instrumented 

indentation test by applying additionally models to discriminate the contribution of each layer to the 

composite elastic modulus or hardness. To evaluate the variation of hardness, the modified model of 

Jönsson and Hogmark was applied. According with this model, the hardness of the two layers were 

found to be between 10.1 and 12.1 GPa for the innermost layer, and between 5.9 and 8.1 GPa for the 

outermost layer. The elastic modulus was computed in the basis of the computation of the total 

composite compliance of the systems, it means, the evaluation of the composite elastic modulus was 

model as a function of the reciprocal of the experimental contact stiffness of the bilayer coating system 

determined from the multicycle instrumented indentation test at the microscale range. On the basis 

of the model proposeed by Tricoteaux et al. [112] for monolayer coated material and implementing 

the weight function suggested by Konsursky et al. [135], a new approach is suggested to be applied to 

multilayer coating systems. By considering this proposal, suggested in this work, the elastic modulus 

of both layers were found to be between 141 GPa and 155 GPa, where the model shows that the both 

layers have the same elastic modulus or that there is only a small difference between them, owing to 

the elastic modulus was not affected by the heat treatment. 

 

It is envisaged that further investigations to continue as the application of multicycle indentation tests 

in the range of the macroscale for very thick coatings; using the multicycle indentation tests to the 

study of highly heterogeneous materials (like materials for brakes) for which the nanoindentation gives 

only very localized information; the characterization of the "damage" of materials under the effect of 

the multicycle indentation; study and modeling of cracking of brittle materials subjected to the 

multicycle indentation test; simulation of the multicycle indentation test by FEM analysis; and, using 

the multicycle indentation tests to the study of the adhesion of thick coatings and for the detection of 

the initiation charge of the interfacial cracking. 
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