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1. Introduction 

Mechanical properties such as hardness, bulk modulus, tensile properties and toughness of 
massive ceramics and adhesion or cohesion of ceramic coatings can be determined by 
indentation tests. From a general point of view, the indentation test simply consists of 
performing a print at the surface of a material by the penetration of a hard indenter at a 
given indentation load. For this purpose, the indenter can have different geometrical shapes 
such as spherical, conical or pyramidal, the objective being to produce a different 
elastoplastic deformation of the material below the indenter. The indentation load can be 
chosen in the nano-, micro- or macro-indentation ranges thus allowing the study of local or 
global mechanical properties. The mechanical properties are determined by analysing the 
geometrical dimensions of the residual indent (usual indentation) or from the analysis of a 
load-depth curve (instrumented indentation tests). Generally, pyramidal indenters are used 
to determine hardness, bulk modulus and cracking resistance of the material, whereas 
spherical indenters are mainly used to determine the tensile properties and bulk modulus. 
The objective of this chapter is to give theoretical and experimental tools for determining the 
mechanical properties by indentation of massive ceramics and ceramic coatings. The chapter 
is divided in five parts: 1) Hardness definition, indentation size effect, dynamic hardness 
and hardness of thin films, 2) Bulk modulus of massive materials using the Marshall’s 
method and the Oliver and Pharr’s method, spherical and Vickers indentations and bulk 
modulus modelling for thin films, 3) Vickers indentation fracture toughness, 4) Tensile 
mechanical properties and 5) Adhesive properties by scratch tests for thin films and 
interface indentation tests for thick coatings. 

 
2. Hardness 

2.1 Definition 
The hardness of a material represents its resistance to plastic deformation usually by 
indentation. The general relation to calculate a hardness number is given by: 
 

7

www.intechopen.com



Ceramic Materials 116

 PH
A

  (1) 

 

where H is the hardness number, P the applied load and A, a representative area of the 
residual indent. 
For usual indentation, the hardness number can be calculated considering the true or the 
projected contact area. Indeed, the true contact area is used for Vickers (pyramidal square 
based) indentation, HV, whereas the projected contact area is used for both Meyer hardness, 
Hm, also using a Vickers indenter and for Knoop (pyramidal lozenge based) indentation, 
HKP. Depending on the geometrical dimensions of the indenter, the hardness calculation is 
related to the Vickers indent diagonal, d, and to the large diagonal of the Knoop indent, L, 
according to the hardness definitions (Table 1). 
 

 True contact area Projected contact area 

Vickers indenter 2
PHV 1.8544

d
  

2
PHm 2

d
  

Knoop indenter T 2
PHK 12.873
L

  P 2
PHK 14.229
L

  

Table 1. Hardness calculation considering true or projected contact area for Vickers and 
Knoop indentions. 
 
Note that in Table 1, the Knoop hardness, HKT, is not a conventional hardness number. On 
the other hand, direct comparison between, as actually performed, Vickers hardness and 
Knoop hardness is not possible, whereas it is correct when considering the Meyer hardness. 
Nevertheless, for a valid comparison between Vickers and Knoop hardness numbers, Chicot 
et al. (2007a) suggested the consideration of the true contact area in the Knoop hardness 
calculation, i.e. HKT. Figure 1a shows a typical comparison of hardness data deduced from 
indentation of different ceramics (Mukhopadhyay et al., 1990; Ullner et al., 2001 & 2002; 
Gong et al., 2002). 
 

        

 
Fig. 1. Knoop hardness number as a function of Vickers hardness number for a variety of 
ceramics, where HK is calculated considering the projected contact area, HKP, (a) or the true 
contact area, HKT, (b).  
 
Figure 1a shows that the conventional Knoop hardness number, HKP, can be represented as 
a function of the Vickers hardness number, HV, by a second order polynomial, as follows: 
 
 2

PHK 1.1053 HV 0.0134 HV     (2) 
 
The solution of this equation is obtained when the limit hardness, i.e. Hlim, is equal to 7.9 
GPa, which respects the two following conditions: 
 
 If HV < Hlim then HKP > HV 
 If HV > Hlim then HKP < HV (3) 
 
In any case, existence of such limit hardness has no physical justification. On the other hand, 
in fig. 1b the Knoop hardness number, HKT, is expressed as a function of the Vickers 
hardness number, HV, by the polynomial: 
 
 2

THK HV 0.012 HV    (4) 
 
It is noticeable that the fitting coefficient in front of HV in eq. 4 is equal to 1. Nevertheless, 
this result was expected since the theoretical ratio to convert HKP to HKT is given by 
(14.229/12.873) = 1.1053 (see Table 1), which is the coefficient appearing in eq. 2. As a main 
conclusion, the two hardness numbers are the same only when the hardness value tends to 
zero. Consequently, no surprising change of the hardness will occur over the entire range of 
the hardness data. 
For instrumented indentation tests (IIT), which allow the plot of a load-depth curve, the 
calculation of a hardness number can use the maximum distance (maximum indentation depth, 
hm, reached by the indenter during the indentation test), the residual depth (indentation depth, hr, 
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a function of the Vickers hardness number, HV, by a second order polynomial, as follows: 
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It is noticeable that the fitting coefficient in front of HV in eq. 4 is equal to 1. Nevertheless, 
this result was expected since the theoretical ratio to convert HKP to HKT is given by 
(14.229/12.873) = 1.1053 (see Table 1), which is the coefficient appearing in eq. 2. As a main 
conclusion, the two hardness numbers are the same only when the hardness value tends to 
zero. Consequently, no surprising change of the hardness will occur over the entire range of 
the hardness data. 
For instrumented indentation tests (IIT), which allow the plot of a load-depth curve, the 
calculation of a hardness number can use the maximum distance (maximum indentation depth, 
hm, reached by the indenter during the indentation test), the residual depth (indentation depth, hr, 
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obtained after the complete withdrawal of the indenter) or the contact depth (indentation depth, hc, 
taking into account the deformation of the indent under load and calculated using the method of 
Oliver and Pharr (1992)). Consequently, the hardness calculation can have different forms 
(Table 2) according to the indentation depth which is considered. As a result, comparison 
with hardness data obtained by several laboratories is somewhat difficult, even impossible if 
the hardness calculation is not well specified. 
 

Indentation depth Maximum Residual Contact 

True contact area 
m
2

PHM
26.43h

  
r
2

PH
26.43h

  
2
c

PH
26.43h

  

Projected contact area 
m
2

PH
24.5h

  
r
2

PH
24.5h

  
c
2

PHIT
24.5h

  

Table 2. Hardness numbers considering true or projected contact areas and different 
indentation depth definitions. 
 
To visualize the indentation depths, figure 2a represents schematically the cross-section of 
an indent and figure 2b shows the corresponding calculation of the indentation depths 
based on the analysis of a load-depth curve (Oliver and Pharr, 1992). 
 

      

 
Fig. 2. (a) Schematic cross-section of a conical indent and (b) Load-depth curve and 
indentation depths used to calculate the hardness numbers. 
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Note that the Martens hardness, HM, and the contact hardness, HIT, are mainly used in 
micro and nano-indentation, respectively. The others hardness numbers are only given as a 
possibility of hardness calculation. In addition, HM is equivalent to HV if considering the 
diagonal to depth ratio of a Vickers indenter. As a conclusion, the different possibilities for 
calculating a hardness number must oblige the authors to specify correctly the hardness 
calculation (indenter type, contact area and the indentation depth), in order to have a sound 
discussion on the hardness behaviour of the material. 

 
2.2 Indentation Size Effect 
Whatever the shape of the indenter, the hardness number could be independent of load, it 
could increase or decrease with load, and it could show a complex variation with load 
changes depending on the material. This hardness-load dependence is known as the 
Indentation Size Effect (ISE). This phenomenon has been associated with various causes 
such as work hardening, roughness, piling-up, sinking-in, shape of the indenter, surface 
energy, varying composition and crystal anisotropy, which have been all discussed 
extensively by Cheng and Cheng (2004). Many relationships collected in a non-exhaustive 
list in table 3 (Chicot et al., 2007b), dating from 1885 to the present, have been suggested to 
describe the hardness-load dependence by expressing the applied load, P, as a function of 
the indent diagonal, d, or the hardness, H, as a function of the indentation depth, h. 
 

Equations: 
Polynomial laws Referring Equations: 

Strain Gradient Plasticity Theory Referring 

2
0P A d  ………………….……………..... 

n
1P A d  …………………………….….… 

2
2P W A d   ………………..………… 

2 n
0 1 2 nP c c d c d c d         

 23 0P A d d   ……………….……… 

2
4 4P A d B d  ………………….……… 

2 3
1 2Pd w d w d  ………….…..…..… 

2
0 1 2P c c d c d   …………....…….… 

 

 
Kick, 1885 
 
Meyer, 1908 
 

Hays & Kendall, 
1973 
 

Bückle, 1973 
 
Bull et al., 1989 
 
Li & Bradt, 1993 
 
Gong et al., 1999 
 
Sangwal et al., 
2002 

*

0

H h1
H h

  …………...…...… 

*

0

H h1
H h

  ……………….… 

*

0 1

*

0 1

hH H 1 H
h

hH H 1 H
h


   

          

, 

1
fH g
h

   

β β/2*

0

H h1
H h

   
          

……… 

 
Nix & Gao, 
1998 
 
Chong & Lam, 
1999 
 
 
 
 
 
 
Qiu et al., 2001 
 
 
 
 
 
Abu Al-Rub, 
2004 

Table 3. Parametric laws for modelling the Indentation Size Effect. 
 
By analysing experimental hardness results, the majority of these relations are able to 
adequately represent the hardness-load dependence from a mathematical point of view. 
However, when studying ISE in nano and micro-indentation, it is observed that the fitting 
parameters and the theoretical ones change without any clear justification. Then, to explain 
this difference, Chicot (2009) suggested the use of a hardness-length scale factor based on 
the strain gradient plasticity theory formerly proposed by Nix and Gao (1998). These 
authors showed that the ISE behaviour of crystalline materials can be accurately modelled 
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obtained after the complete withdrawal of the indenter) or the contact depth (indentation depth, hc, 
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(Table 2) according to the indentation depth which is considered. As a result, comparison 
with hardness data obtained by several laboratories is somewhat difficult, even impossible if 
the hardness calculation is not well specified. 
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Table 2. Hardness numbers considering true or projected contact areas and different 
indentation depth definitions. 
 
To visualize the indentation depths, figure 2a represents schematically the cross-section of 
an indent and figure 2b shows the corresponding calculation of the indentation depths 
based on the analysis of a load-depth curve (Oliver and Pharr, 1992). 
 

      

 
Fig. 2. (a) Schematic cross-section of a conical indent and (b) Load-depth curve and 
indentation depths used to calculate the hardness numbers. 

hc 

Unloading S 

hm hr 

Depth, h 

Loading 

Lo
ad

, P
 

Pmax Creep 

(b) 

Initial surface 
Surface profile 

after load Indenter 
hr 

hc hm 

Pmax 

Surface profile 
under loading 

(a) 

a 


Equivalent « punch » 
unloaded surface 

Note that the Martens hardness, HM, and the contact hardness, HIT, are mainly used in 
micro and nano-indentation, respectively. The others hardness numbers are only given as a 
possibility of hardness calculation. In addition, HM is equivalent to HV if considering the 
diagonal to depth ratio of a Vickers indenter. As a conclusion, the different possibilities for 
calculating a hardness number must oblige the authors to specify correctly the hardness 
calculation (indenter type, contact area and the indentation depth), in order to have a sound 
discussion on the hardness behaviour of the material. 
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Whatever the shape of the indenter, the hardness number could be independent of load, it 
could increase or decrease with load, and it could show a complex variation with load 
changes depending on the material. This hardness-load dependence is known as the 
Indentation Size Effect (ISE). This phenomenon has been associated with various causes 
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energy, varying composition and crystal anisotropy, which have been all discussed 
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Table 3. Parametric laws for modelling the Indentation Size Effect. 
 
By analysing experimental hardness results, the majority of these relations are able to 
adequately represent the hardness-load dependence from a mathematical point of view. 
However, when studying ISE in nano and micro-indentation, it is observed that the fitting 
parameters and the theoretical ones change without any clear justification. Then, to explain 
this difference, Chicot (2009) suggested the use of a hardness-length scale factor based on 
the strain gradient plasticity theory formerly proposed by Nix and Gao (1998). These 
authors showed that the ISE behaviour of crystalline materials can be accurately modelled 
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by introducing the concept of geometrically necessary dislocations (GND) based on Taylor’s 
dislocation theory. They based their reasoning on the experimental law needed to advance a 
mechanism-based theory of strain gradient plasticity. The relation between the hardness and 
the indentation depth is: 

 
2 *H h1

Ho h

  
         

 (5) 

 
where Ho is the macro-hardness and h* the characteristic scale-length representing the 
hardness-load dependence. 
Nix and Gao (1998) assumed for simplicity that the indentation deformation process is 
accommodated by geometrically necessary dislocations which are required to account for 
the permanent shape change at the surface. In these conditions, the macro-hardness and the 
characteristic scale-length of eq. 5 are expressed as follows: 
 

 s
3 3Ho μb ρ

2
   and 

2
2

3
81 1 μh * btan θ
8 f Ho

 
  

 
 (6) 

 
where µ is the shear modulus, b the Burger’s vector, s the density of statistically stored 
dislocations and  is equal to 19.3°. f is a corrective factor introduced by Durst et al. (2005) to 
take into account the GND effect on the size of the plastic zone. The factor f is equal to 1 in 
micro-indentation whereas it is equal to 1.9 for Durst et al. (2005) and to 1.44 for Nix and 
Gao (1998) in nano-indentation. 
However, no direct comparison between the two couples (Ho, h*)micro in micro-indentation 
and (Ho, h*)nano in nano-indentation can be concluded due to the presence of the dislocation 
density which is not easily accessible prior to the indentation test and due to the relationship 
between h* and Ho, as shown in eq. 6. For these reasons, Chicot (2009) suggested the study 
of the indentation behaviour at the two scales of measurement by expressing the square of 
the hardness versus the reciprocal of the indentation depth. The slope, expressed as a 
function of the macro-hardness and the characteristic scale-length, is then proportional to an 
indentation toughness expressed in MPa.m1/2. This parameter is called the hardness length-
scale factor, HLSF, which is equivalent to: 
 

 LSF oH H h *  when 
 2o2 2

o
H h *

H H
h

   (7) 

 
Then, by using eq. 6 and taking f equal to 1 in micro-indentation and 1.44 for nano-
indentation according to Nix and Gao (1998), the hardness length-scale factor is simply 
written as a proportionality function of the shear modulus and the Burger’s vector as 
follows: 
 LSFmicroH 1.14 μ b   and LSFnanoH 0.66 μ b   (8) 
 
It is important to add that eq. 8 is only applicable for crystals. For other types of materials, 
eq. 7 is always appropriate but the hardness length-scale factor can only be used for 

representing the ability of the material to deform by indentation but not for determining the 
above mentioned intrinsic parameters. However, the experimental hardness length-scale 
factor can be plotted as a function of the theoretical product .b1/2 for some indentation data 
obtained on various crystals using nano and micro-indentation experiments (Chicot, 2009). 
Figure 3 shows two straight lines with proportionality factors of 1.17 and 0.65 for micro-
indentation and nano-indentation, respectively. These results agree very well with the 
theory (eq. 8). 
 

 
Fig. 3. Hardness length-scale factor, Ho.h*1/2, as a function of the product, .b1/2, for various 
crystals. 
 
As an example, we analysed the indentation size effect of a free porosity beta tricalcium 
phosphate bioceramic (called dense -TCP ceramic in the following). The models of Meyer 
(1908), Li & Bradt (1993), Chong & Lam (1999) and Nix & Gao (1998) have been selected 
from the list (Table 3) and applied. Figure 4 shows that the models can adequately represent 
the ISE. 
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As an example, we analysed the indentation size effect of a free porosity beta tricalcium 
phosphate bioceramic (called dense -TCP ceramic in the following). The models of Meyer 
(1908), Li & Bradt (1993), Chong & Lam (1999) and Nix & Gao (1998) have been selected 
from the list (Table 3) and applied. Figure 4 shows that the models can adequately represent 
the ISE. 
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Fig. 4. Models of Meyer (1908) (a), Li & Bradt (1993) (b), Chong & Lam (1999) (c) and Nix & 
Gao (1998) (d) to represent the indentation size effect of the dense -TCP ceramic. 
 
Nevertheless, we prefer to use the model of Nix and Gao (1998) by introducing the hardness 
length-scale factor, which gives additional information about the ability of the material to 
deform plastically (Chicot, 2009). 

 
2.3 Dynamic hardness 
Usually the loading part of a load-depth curve (Fig. 2b) performed with a sharp indenter is 
described by a simple parabolic relationship between the applied load and the indentation 
depth of the form: 
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where C1 is a constant which depends on the geometry of the indenter tip and the material 
properties. 
The validity of this relation has been demonstrated by means of numerical analysis of 
elastic-perfectly plastic and elastic-plastic materials (Giannkopoulos et al., 1994; Larsson et 
al., 1996; Giannakopoulos & Larsson, 1997; Briscoe et al., 1994; Bilodeau, 1992). Depending 
on the mechanical behaviour of the material, constant C1 takes different forms expressed as 
a function of the elastic properties, yielding stress and stress measured at 29 % of strain of 
the material. However, numerous results (Giannkopoulos et al., 1994; Larsson et al., 1996; 
Giannakopoulos & Larsson, 1997) have shown that the experimental load-indentation depth 
relationship deviates from eq. 9 and that a better fit of the loading curve can be obtained by 
a more general power law taking a similar form of the Meyer’s law (Meyer, 1908): 
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where C2 is a material constant and n an exponent generally found to be less than 2. 
Thus, the discrepancy between the experimental data and the theoretical description 
compromises the validity of the material properties derived from the loading curves 
analysis. Zeng and Chiu (2001) explained that the difference arises from the influence of the 
tip indenter defects. As a consequence, due to the rounding up of a sharp tip indenter, the 
initial part of the loading curve corresponding to the lowest indentation depth could be 

modelled assuming that the indenter behaves as a spherical one. According to different 
authors, this approach is valid for the first 20-50 data points of the loading curve. For this 
region, the following relation could be applied: 
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where constant C3 can be determined from fitting of the experimental data. 
Beyond this point and until the maximum applied load, the authors consider a sharp 
indentation, but they introduce a constant P0 to obtain a better fit of the second part of the 
loading curve, such that: 
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where P0 and C4 are also determined from the experimental data corresponding to this part 
of the curve. 
The constant P0 represents the initial deviation, which may arise from the initial contact load 
definition at the surface and/or due to the indenter tip imperfection. In micro-indentation, 
the influence of the indenter tip geometry is less pronounced than in nano-indentation since 
the influence of the rounded tip is sensitive only within a range of approximately 30 to 50 
nm, depending on the size of such a defect (Chicot, 2009). For this reason, eq. 12 can be 
applied in micro-indentation over the entire loading curve by neglecting the effect of the 
rounded tip indenter. To consider the possible deviation of the zero contact, the constant 
load P0 is introduced into the equation related to the Martens hardness definition (Table 2) 
in order to calculate a “dynamic” Martens hardness by considering the indentation depth 
reached by the indenter during the indentation: 
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Then, by introducing eq. (12) into eq. (13), the dynamic Martens hardness becomes: 
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which allows the relationship of constant C4 with hardness. As a result, the hardness 
number is constant. 
In order to take into account the indentation size effect, Chicot et al. (2010a) introduced eq. 7, 
expressing the Martens hardness as a function of the hardness length-scale factor, into the 
eq. 14 to express C4 and, thereafter, into the eq. 12 to finally obtain the indentation loading 
curve function as follows: 
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As a conclusion, the proposed model representing the applied load (P) as a function of the 
indentation depth (h) involves three parameters: (i) the dynamic Martens macro-hardness 
(HM0), (ii) the hardness length-scale factor (HLSF) and (iii) a corrective load (P0), considering 
the rounded tip effect of the indenter and the zero shifts. 
The model is applied on the dense -TCP ceramic. Figure 5 shows that eq. 15 adequately 
represents the loading curve and allows the determination of ISE parameters very close to 
those presented in figure 4d. Note that this methodology requires only one loading curve 
whereas classical approaches to study ISE require numerous indentation experiments to be 
accurate. 

 
Fig. 5. Modelling of the loading curve (eq. 15) and values of the fitting parameters. 

 
2.4 Hardness of thin films 
For thin coated materials, direct measurement of the film hardness using conventional 
micro-hardness testers is not possible for a large range of indentation loads because the 
substrate undergoes a part of the plastic deformation during the indentation process. This 
phenomenon interferes when the indentation depth exceeds one tenth of the film thickness 
(Sun et al., 1995). In this case, the measured hardness number HC is the result of the two 
contributions of the film and of the substrate. Then, to determine the true film hardness it is 
necessary to separate these two contributions. Numerous models suppose a linear additive 
law to express the measured hardness, HC, as a function of the film hardness, HF, and of the 
substrate hardness, HS, as follows: 
 
  C S F SH H a H H     (16) 
 
where the film coefficient, a, is associated with the film contribution. 
The difference between the models comes from the expression describing the variation of 
the coefficient, a, as a function of the indent diagonal, the film thickness and elastic 
properties of both the film and the substrate. One of the earliest works was that of Bückle 
(1973), who defined the coefficient as a function of weighting factors associated with the 
volume of each layer of an influence zone affected by the indentation. Later, a more 

successful model was due to Jönsson and Hogmark (1984), which considered the load 
supporting areas under the indent associated with the substrate and the film. From 
geometrical considerations, these authors expressed the film coefficient by the following 
relation: 
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where t is the film thickness and d the indent diagonal. C is a constant equals to 1 for low 
HF/HS (ductile films) and 0.5 for high HF/HS (brittle films). 
Considering that this model does not represent the real deformation behaviour during 
indentation, other authors have searched to link the film coefficient to the volumes of the 
plastic zones developed under the indent. This was proposed originally by Sargent (1979), 
followed by Burnett and Rickerby (1987a, 1987b) and Bull and Rickerby (1990) who used an 
interface parameter  calculated from the following relations: 
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where EF and ES are the elastic modulus of the film and substrate, respectively. Nevertheless, 
the exponent q and, as a consequence, , could be considered as adjustment parameters. 
In order to avoid the introduction of such fitting parameters, Chicot and Lesage (1995) 
proposed a model based on the superposition of two hypothetic systems representing the 
volumes of the plastic deformation in the film and in the substrate under the indent. The 
mathematical development led to the following expression: 
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where  is the indenter semi-angle (74°). In addition, when the diagonal length is higher 
than that of the thickness, the second term becomes negligible. 
In the two cases, supposing that EF and ES are known, the determination of HF is possible, 
using a simple routine program applied to each couple of values for t and d. Basing their 
reasoning on the former model put forward by Burnett and Rickerby (1987a, 1987b), 
Ichimura et al. (2000) proposed an expression, which is a simplified form of eq. 19: 
 

 
 ξ

1/2
1/3 F

F

t Ha 3 tg
d E

  
          (20) 

 
Another way to consider the problem was proposed by Korsunsky et al. (1998) who 
developed a model based on the work of indentation associated with the deformation 
energy of the two materials and their interface under the indent: 
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(HM0), (ii) the hardness length-scale factor (HLSF) and (iii) a corrective load (P0), considering 
the rounded tip effect of the indenter and the zero shifts. 
The model is applied on the dense -TCP ceramic. Figure 5 shows that eq. 15 adequately 
represents the loading curve and allows the determination of ISE parameters very close to 
those presented in figure 4d. Note that this methodology requires only one loading curve 
whereas classical approaches to study ISE require numerous indentation experiments to be 
accurate. 
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the exponent q and, as a consequence, , could be considered as adjustment parameters. 
In order to avoid the introduction of such fitting parameters, Chicot and Lesage (1995) 
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volumes of the plastic deformation in the film and in the substrate under the indent. The 
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where  is the indenter semi-angle (74°). In addition, when the diagonal length is higher 
than that of the thickness, the second term becomes negligible. 
In the two cases, supposing that EF and ES are known, the determination of HF is possible, 
using a simple routine program applied to each couple of values for t and d. Basing their 
reasoning on the former model put forward by Burnett and Rickerby (1987a, 1987b), 
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Another way to consider the problem was proposed by Korsunsky et al. (1998) who 
developed a model based on the work of indentation associated with the deformation 
energy of the two materials and their interface under the indent: 
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where  is the relative indentation depth (d/7t) and kK a fitting parameter. HF is determined 
by fitting the experimental values of HC in terms of .  
On the basis of geometrical considerations about the dimensions of the indent, Puchi-
Cabrera (2002) proposed the computation of the composite hardness where two constants, 
kP and nP, represent material parameters: 
 

  β Pn
Pa exp k    (22) 

 
The above-mentioned models express the composite hardness HC as a linear additive law in 
terms of the film and substrate hardness (eq. 16) comparable to a "series relation". Contrarily, 
Lesage et al. (2006) propose to consider a parallel relation: 
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where the calculation of the film coefficient, a, is extensively described in Lesage et al. (2006). 
As an example, Chicot et al. (2008) studied the hardness of a TiN ceramic thin film (t = 1.1 
µm) deposited on a stainless steel substrate (AISI 316L) by means of Magnetron Sputtering. 
Figure 6 shows the cross-section and the top view of the TiN film. 
 

   
(a)                                                                               (b) 

Fig. 6. Cross-section (a) and in-plane-view (b) of the TiN film (SEM SE 20 kV 100000x) 
performed at ENEA in Brindisi. 
 
In order to improve the accuracy of the film hardness determination, Chicot et al. (2008) 
employed three complementary approaches, i.e. Vickers hardness (HV) and Knoop 
hardness (HKP) by using usual indentation tests (Table 1) and the contact hardness (HIT) 
deduced from load-depth curves analysis performed with a Vickers indenter (Table 2). 
Figure 7a represents the different hardness numbers as a function of the applied load on the 
same graph clearly showing disparities between the different techniques employed. 

   
Fig. 7. (a) Hardness numbers from Vickers, Knoop and contact hardness calculations as a 
function of the applied load and (b) corrected hardness values as a function of the relative 
indentation depth. 
 
In order to validly compare the indentation results obtained by the three methodologies, we 
converted Knoop hardness according to the eq. 4 and employed Martens hardness instead 
of HIT, which can vary to a great extent compared to Vickers or Martens hardness. As a 
result, Figure 7b shows that the consideration of the Vickers hardness, the Knoop hardness 
(HKT) converted in an equivalent Vickers Hardness (eq. 4) and the Martens hardness (HM) 
allows the representation of all the hardness numbers as a function of the relative 
indentation depth on a unique curve. Finally, we have applied some thin film hardness 
models to determine the film hardness by using separately each set of hardness data. The 
macro-hardness of the film is collected in Table 4. Note that to give relevant prediction 
values; the model of Korsunsky requires indentation data for which the relative indentation 
depth is close to 0.1 thus explaining in this case that the predictive values are so low for 
Vickers and Knoop indentations. 
 

TiN, t = 1.1 µm Models Jönsson et 
al. (1984) 

Chicot et 
al. (1995) 

Korsunsky et 
al. (1998) 

Lesage et al. 
(2006) 

Hardness 
(GPa) 

Vickers (HV) 
Knoop (HKT) 
DSI (HM) 

18.7 
18.0 
18.8 

17.0 
16.2 
16.8 

5.6 
6.9 
16.3 

21.0 
18.7 
17.4 

Table 4. TiN ceramic thin film macro-hardness calculated by different film hardness models. 
 
By analysing a loading curve performed on a thin film, it is possible to determine the ISE 
parameters of the film only by using eq. 15 to fit the part of the loading curve which is not 
affected by the substrate, i.e. for h < t/10. As an example, this fitting equation is applied on 
the loading curve obtained on the TiN thin film. Figure 8 shows the experimental load-
depth curve obtained on the coated system and, as a reference, the substrate hardness also 
modelled by eq. 15. 
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affected by the substrate, i.e. for h < t/10. As an example, this fitting equation is applied on 
the loading curve obtained on the TiN thin film. Figure 8 shows the experimental load-
depth curve obtained on the coated system and, as a reference, the substrate hardness also 
modelled by eq. 15. 
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Fig. 8. Loading curve for the TiN thin film of 1.1 µm of thickness modelled by eq. 15. 
 
It is clear that the measured hardness changes from the film hardness for lowest loads to the 
substrate hardness for highest loads. Then, by fitting the experimental data for which the 
indentation depth is lower than 10 % of the film thickness, i.e. 0.1 µm for t = 1.1 µm, we 
obtained the ISE parameters of the film as indicated in figure 8. The film macro-hardness 
obtained, i.e. 17.8 GPa, agrees very well with the hardness predicted values collected in 
Table 4. It is also clear that the accuracy of this methodology will depend on the range of 
hardness data available for applying the loading curve model. 

 
3. Bulk modulus 

3.1 Marshall’s Method 
The theoretical background for determining the bulk modulus of a material using the Knoop 
indentation test has been given by Marshall et al. (1980). The authors described a method for 
calculating the hardness/modulus ratio of a material from measurements of the Knoop 
indent diagonals. The decrease in the length of the indent diagonals is caused by elastic 
recovery of the material and, consequently, it can be related to the hardness/modulus ratio 
by the following equation: 
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where w’ and L’ are the minor and the major diagonals of the measured Knoop indent. 
Contrarily, w and L are the minor and major diagonals of the ideal Knoop indent for which 
L/w equals to 7.11. HKP is the Knoop hardness calculated by the relation given in Table 1 
and E is the bulk modulus.  is a constant equal to 0.45 (Marshall et al., 1980). Note that the 
major diagonal is not affected by the elastic recovery after the withdrawal of the indenter, 
then L’ is equal to L. In addition, when considering the Knoop hardness HKT (Table 1), the 
coefficient  becomes equal to 0.5. Applied to the dense -TCP ceramic (Fig. 9) using P = 5 N 

and 10 indentation tests, we found 4.57 ± 0.12 GPa for HKP and 162.0 ± 26.5 GPa for the bulk 
modulus. 

 
Fig. 9. Optical micrograph of a Knoop indentation performed on the dense -TCP ceramic. 

 
3.2 Oliver and Pharr method 
Oliver and Pharr (1992) proposed that the bulk modulus could be calculated from the total 
compliance, CT = 1/S (Fig. 2b), of the specimen and of the instrument, which results from 
the contribution to the depth-measurement deflections of the load frame, added to the 
displacement into the material. Indeed, when load is applied, the reaction force is taken up 
by deflection of the load frame and it is this deflection that is typically added to the depth 
registration. The deflection is usually linearly proportional to the applied load in the manner 
of a linear spring (Fischer-Cripps, 2006). The correction takes the form of a product of the 
instrument compliance, Cf, and the load, P. This product must be subtracted from the depth 
recorded by the instrument: 
 

 meas fh h C P    (25) 
 
where h and hmeas are the sole indentation depth into the material and the measured 
indentation depth by the instrument, respectively. 
Oliver and Pharr (1992), based on the original work of Doerner and Nix (1986), proposed the 
following relation: 
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where Ct is the total compliance,  is a correction factor which depends on the shape of the 
indenter and AC is the projected contact area of the elastic contact measured from the 
indentation hardness impression. ER is the reduced modulus defined as: 
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Fig. 8. Loading curve for the TiN thin film of 1.1 µm of thickness modelled by eq. 15. 
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where Em, νm represent the bulk modulus and Poisson's ratio of the material and Ei, νi the 
elastic modulus and Poisson's ratio of the indenter, respectively. 
The coefficient β is considered as a pure geometric factor for indenters which are not 
described as bodies of revolution like the pyramidal square-based Vickers indenter. The 
correction factor  is linked to the indenter geometry. King (1987) proposed a value of 1.012  
for a Vickers indenter, whereas Dao et al. (2001) proposed a value of 1.07. Using a three 
dimension simulation of the Vickers indentation, Antunes et al. (2006) obtained 1.05 
independently on the mechanical properties of the material. For a spherical indenter, the 
coefficient β is equal to 1. Furthermore, to explain the overestimation of the elastic modulus 
calculated by application of eq. 26, Hay et al. (1999) pointed out that the assumptions in 
Sneddon’s solution were overlooked, especially in the boundary conditions. Indeed, in 
Sneddon's solution for indentation of an elastic half-space by a rigid cone or a spherical 
indenter, radial inward displacements of surface points inside the circle of contact occur. To 
consider this effect, the authors introduced a complementary correction factor γ in the eq. 26 
which depends on the indenter shape. 

 
3.3 Bulk modulus by Vickers and spherical indentations 
The contact stiffness is very important in IIT since it is required to calibrate the indentation 
depth prior to the calculations. However, Chicot et al. (2009a and 2010b) have shown that it 
was not possible to calibrate the instrument prior to the bulk modulus calculation since the 
compliance value varies to a great extent as a function of the testing conditions; this 
phenomenon is also confirmed by Fischer-Cripps (2004). That is why in practice, we unfixed 
the compliance value and represented the contact stiffness as a function of the contact area 
according to eq. 26. For Vickers micro-indentation and by assuming a perfect contact area, 
i.e. by neglecting the top defect of the indenter, the projected contact area is then equal to: 
 

 2
C cA 24.5 h   (28) 

 
By introducing eq. 28 into eq. 26, we obtained a linear relation between the inverse of the 
contact stiffness, (dh/dP), and the inverse of the contact indentation depth, hc:  
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For Vickers indentation, the correction factor γ introduced by Hay et al. (1999) is only 
Poisson's ratio dependent as follows: 
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where  (= 70.3°) is the semi-vertical angle of a conical indenter having the same area to 
depth ratio as the Vickers indenter (Veprek et al., 2006), i.e. π λ ξ2 2tan 4tan , where  (68°) 
is the semi-angle between the two opposites faces of the pyramid. 

 
Fig. 10. 1/S as a function of 1/hc for Vickers IIT performed on the dense -TCP ceramic. 
 
Figure 10 represents the inverse of the contact stiffness as a function of the inverse of the 
contact indentation depth obtained from Vickers indentation performed on the dense -TCP 
ceramic. As a result, the representation is linear and therefore, the slope is directly linked to 
the bulk modulus of the material according to eq. 29. Then, by considering the elastic 
properties of diamond, i.e. 1140 GPa for the elastic modulus and 0.07 for the Poisson’s ratio 
(Field and Telling, 1999) and by taking 0.3 for the Poisson’s ratio of the material leading to 
1.067 for the correction factor γ, the slope is reduced to 0.1598/ER. As a consequence, the 
reduced modulus is equal to 154.2 GPa and therefore, the bulk modulus of the dense -TCP 
ceramic is equal to 162.1  5.3 GPa. Note that this value is very close to the bulk modulus 
obtained by applying the Marshall’s method.  
 
For spherical indentation, Hertz’s theory for sphere/plane contact provides three useful 
expressions: 

1) The relation between the maximum indentation depth, hm, and the contact 
indentation depth, hc: 

 m ch 2 h   (31) 
 

2) The relation between the applied load, P, and the contact radius, ac, where R is the 
spherical indenter radius: 
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3) The relation between the total displacement and the contact radius: 
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where Em, νm represent the bulk modulus and Poisson's ratio of the material and Ei, νi the 
elastic modulus and Poisson's ratio of the indenter, respectively. 
The coefficient β is considered as a pure geometric factor for indenters which are not 
described as bodies of revolution like the pyramidal square-based Vickers indenter. The 
correction factor  is linked to the indenter geometry. King (1987) proposed a value of 1.012  
for a Vickers indenter, whereas Dao et al. (2001) proposed a value of 1.07. Using a three 
dimension simulation of the Vickers indentation, Antunes et al. (2006) obtained 1.05 
independently on the mechanical properties of the material. For a spherical indenter, the 
coefficient β is equal to 1. Furthermore, to explain the overestimation of the elastic modulus 
calculated by application of eq. 26, Hay et al. (1999) pointed out that the assumptions in 
Sneddon’s solution were overlooked, especially in the boundary conditions. Indeed, in 
Sneddon's solution for indentation of an elastic half-space by a rigid cone or a spherical 
indenter, radial inward displacements of surface points inside the circle of contact occur. To 
consider this effect, the authors introduced a complementary correction factor γ in the eq. 26 
which depends on the indenter shape. 

 
3.3 Bulk modulus by Vickers and spherical indentations 
The contact stiffness is very important in IIT since it is required to calibrate the indentation 
depth prior to the calculations. However, Chicot et al. (2009a and 2010b) have shown that it 
was not possible to calibrate the instrument prior to the bulk modulus calculation since the 
compliance value varies to a great extent as a function of the testing conditions; this 
phenomenon is also confirmed by Fischer-Cripps (2004). That is why in practice, we unfixed 
the compliance value and represented the contact stiffness as a function of the contact area 
according to eq. 26. For Vickers micro-indentation and by assuming a perfect contact area, 
i.e. by neglecting the top defect of the indenter, the projected contact area is then equal to: 
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By introducing eq. 28 into eq. 26, we obtained a linear relation between the inverse of the 
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For Vickers indentation, the correction factor γ introduced by Hay et al. (1999) is only 
Poisson's ratio dependent as follows: 
 

 
   

   

π λ ν ν
γ π

π λ ν ν

1

21

4 0.1548cot 1 2 4 1

2 0.8312 cot 1 2 4 1





    
       

 (30) 

 

where  (= 70.3°) is the semi-vertical angle of a conical indenter having the same area to 
depth ratio as the Vickers indenter (Veprek et al., 2006), i.e. π λ ξ2 2tan 4tan , where  (68°) 
is the semi-angle between the two opposites faces of the pyramid. 

 
Fig. 10. 1/S as a function of 1/hc for Vickers IIT performed on the dense -TCP ceramic. 
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contact indentation depth obtained from Vickers indentation performed on the dense -TCP 
ceramic. As a result, the representation is linear and therefore, the slope is directly linked to 
the bulk modulus of the material according to eq. 29. Then, by considering the elastic 
properties of diamond, i.e. 1140 GPa for the elastic modulus and 0.07 for the Poisson’s ratio 
(Field and Telling, 1999) and by taking 0.3 for the Poisson’s ratio of the material leading to 
1.067 for the correction factor γ, the slope is reduced to 0.1598/ER. As a consequence, the 
reduced modulus is equal to 154.2 GPa and therefore, the bulk modulus of the dense -TCP 
ceramic is equal to 162.1  5.3 GPa. Note that this value is very close to the bulk modulus 
obtained by applying the Marshall’s method.  
 
For spherical indentation, Hertz’s theory for sphere/plane contact provides three useful 
expressions: 

1) The relation between the maximum indentation depth, hm, and the contact 
indentation depth, hc: 

 m ch 2 h   (31) 
 

2) The relation between the applied load, P, and the contact radius, ac, where R is the 
spherical indenter radius: 
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By combining eq. 32 and eq. 33, we may write: 
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The derivation of the applied load compared to the maximum indentation depth leads to the 
following expression: 
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As a consequence, to take into account the frame compliance and relation 31 between hm 
and hc, we expressed the inverse of the contact stiffness as a function of the square root of 
the contact indentation depth as follows: 
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where the correction factor γ, introduced by Hay et al. (1999) for a spherical indenter 
depends on the Poisson's ratio, the contact radius and the sphere indenter radius as follows: 
 

  
 

ν
γ

π ν
c2 1 2 a1

3 1 R


  


 (37) 

 

Note that to be valid, eq. 31 must be verified. For the dense -TCP ceramic, we plotted in 
figure 11 the contact indentation depth as a function of the maximum indentation depth. 
Figure 11 shows a deviation compared to eq. 31, which occurs for the highest indentation 
depths associated to loads higher than 1 N. That is why the corresponding indentation data 
are not considered for the bulk modulus calculation. Figure 12 represents the inverse of the 
contact stiffness as a function of the contact indentation depth reciprocal in the case of 
spherical indentations. 

 
Fig. 11. hc versus hm for spherical indentation performed on the dense -TCP ceramic. 

 
Fig. 12. 1/S as a function of 1/hc0.5 for spherical IIT performed on the dense -TCP ceramic. 
 
Figure 12 confirms a linear variation that allows neglecting the correction factor, eq. 37, 
introduced by Hay et al. (1999) for spherical indentation which will lead to a non linear 
representation of the experimental data. The slope is proportional to the reduced modulus 
by 0.0354/ER since the spherical indenter radius is equal to 100 µm. In this condition, the 
reduced modulus is equal to 135.6 GPa. By considering the elastic modulus and the 
Poisson’s ratio of 540 GPa and 0.2 for the elastic properties of the tungsten carbide spherical 
indenter, the bulk modulus of the material is then equal to 162.6  10 GPa, which is the same 
value found by Vickers indentation and by Marshall’s method. 

 
3.4 Bulk modulus of thin films 
For a massive material, the inverse of the contact stiffness is a linear function of the inverse 
of the contact indentation depth obtained from Vickers indentation (Fig. 10), the 
corresponding slope being linked to the bulk modulus of the material. Then, instrumented 
indentation tests performed on a thin film would give a straight line when the substrate 
does not interfere with the measurement. On the contrary, the influence of the substrate is 
determined by two asymptotic limits corresponding to straight lines associated to the 
substrate behaviour for highest applied loads and to the film behaviour for the lowest 
applied loads, respectively. This phenomenon generally occurs for usual loads in micro-
indentation and jointly for thin films. Figure 13 represents schematically the indentation 
results, which would be obtained from indentations performed on a hard film deposited 
onto a soft substrate. 
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By combining eq. 32 and eq. 33, we may write: 
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indenter, the bulk modulus of the material is then equal to 162.6  10 GPa, which is the same 
value found by Vickers indentation and by Marshall’s method. 
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For a massive material, the inverse of the contact stiffness is a linear function of the inverse 
of the contact indentation depth obtained from Vickers indentation (Fig. 10), the 
corresponding slope being linked to the bulk modulus of the material. Then, instrumented 
indentation tests performed on a thin film would give a straight line when the substrate 
does not interfere with the measurement. On the contrary, the influence of the substrate is 
determined by two asymptotic limits corresponding to straight lines associated to the 
substrate behaviour for highest applied loads and to the film behaviour for the lowest 
applied loads, respectively. This phenomenon generally occurs for usual loads in micro-
indentation and jointly for thin films. Figure 13 represents schematically the indentation 
results, which would be obtained from indentations performed on a hard film deposited 
onto a soft substrate. 
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Fig. 13. Shematic representation of the contact stiffness variation of a coated system (hard 
film on soft substrate). 
 
To represent correctly this behaviour, it is clear that an analytic model should consider the 
two limits, those of the film and of the substrate behaviours. The model proposed by 
Tricoteaux et al. (2010) is based on that of Korsunsky et al. (1998) initially developed for 
hardness measurement (eq. 21). Indeed, this model considers two asymptotic limits for the 
representation of the measured hardness of a coated material as a function of the relative 
indentation depth. Then, Tricoteaux et al. (2010) similarly suggested transposing eq. 16 
devoted to hardness calculation, to the contact stiffness as follow: 
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where SC, SS and SF are the contact stiffness corresponding to the composite material 
(substrate + film), the substrate and the film respectively. a(hc) represents the film 
contribution which depends on the contact depth. 
By combining eq. 21, eq. 26 and eq. 38, we obtained the following expression for 
determining the bulk modulus of the film: 
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where ERF and ERS are defined according to the relation (27) for the film and the substrate, 
respectively. 
From a general point of view, eq. 39 can be simply presented as follows, where the 
coefficients Pi are fitting parameters allowing the determination of the elastic properties: 
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By comparing eq. 40 to eq. 39, we observed that the parameter P2 only depends on the bulk 
modulus of the substrate, whereas P3 depends on both substrate modulus and film modulus. 
As an example, the model is applied on TiCN PECVD thin films with film thickness of 2.2 
m deposited on a stainless steel substrate. Figure 14 shows a very good fit of the 
experimental data with a correlation coefficient R2 very close to 1.  
 

 
Fig. 14. Model for bulk modulus calculation of thin film applied to a TiCN thin film of 2.2 
m in thickness. 
 
From the fitting parameters, the calculated value of the bulk modulus of the film is equal to 
476 GPa in agreement with the values given by Karlsson et al. (2000) for similar coatings. 
Note that the bulk modulus of the substrate can be considered as unknown parameters. In 
this case, the model has been applied and the bulk modulus deduced from P2 has been 
found to be equal to 232 GPa, which is a reasonable value. 

 
4. Tensile mechanical properties 

The true-stress and true-strain determined by uniaxial tensile tests are equivalent to 
spherical indentation stress and strain through the following expressions (Herbert et al., 
2001): 

 σ σ σm
indentation uniaxial tension

p
3

    (41) 

 

 ε ε εc
indentation uniaxial tension
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R
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Fig. 13. Shematic representation of the contact stiffness variation of a coated system (hard 
film on soft substrate). 
 
To represent correctly this behaviour, it is clear that an analytic model should consider the 
two limits, those of the film and of the substrate behaviours. The model proposed by 
Tricoteaux et al. (2010) is based on that of Korsunsky et al. (1998) initially developed for 
hardness measurement (eq. 21). Indeed, this model considers two asymptotic limits for the 
representation of the measured hardness of a coated material as a function of the relative 
indentation depth. Then, Tricoteaux et al. (2010) similarly suggested transposing eq. 16 
devoted to hardness calculation, to the contact stiffness as follow: 
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where SC, SS and SF are the contact stiffness corresponding to the composite material 
(substrate + film), the substrate and the film respectively. a(hc) represents the film 
contribution which depends on the contact depth. 
By combining eq. 21, eq. 26 and eq. 38, we obtained the following expression for 
determining the bulk modulus of the film: 
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where ERF and ERS are defined according to the relation (27) for the film and the substrate, 
respectively. 
From a general point of view, eq. 39 can be simply presented as follows, where the 
coefficients Pi are fitting parameters allowing the determination of the elastic properties: 
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By comparing eq. 40 to eq. 39, we observed that the parameter P2 only depends on the bulk 
modulus of the substrate, whereas P3 depends on both substrate modulus and film modulus. 
As an example, the model is applied on TiCN PECVD thin films with film thickness of 2.2 
m deposited on a stainless steel substrate. Figure 14 shows a very good fit of the 
experimental data with a correlation coefficient R2 very close to 1.  
 

 
Fig. 14. Model for bulk modulus calculation of thin film applied to a TiCN thin film of 2.2 
m in thickness. 
 
From the fitting parameters, the calculated value of the bulk modulus of the film is equal to 
476 GPa in agreement with the values given by Karlsson et al. (2000) for similar coatings. 
Note that the bulk modulus of the substrate can be considered as unknown parameters. In 
this case, the model has been applied and the bulk modulus deduced from P2 has been 
found to be equal to 232 GPa, which is a reasonable value. 

 
4. Tensile mechanical properties 

The true-stress and true-strain determined by uniaxial tensile tests are equivalent to 
spherical indentation stress and strain through the following expressions (Herbert et al., 
2001): 

 σ σ σm
indentation uniaxial tension
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where pm is the mean pressure equivalent to the Meyer hardness calculated for spherical 
indentation, ac is the contact radius and R the nominal radius of the indenter. Note that the 
ratio is sometimes taken equal to 2.8. 
The mean pressure is calculated by: 
 

 
π

m 2
c

Pp
a




 (43) 

 
It is important to note that eq. 41 and eq. 42 are applicable in the limit of a fully developed 
plastic contact, i.e. when ac/R is close to 0.16 independently of the magnitude of the non-
dimensional parameter y/E and the Poisson’s ratio of the material. Moreover, in order to 
represent the plastic domain in tensile stress-strain deformation, different relations can be 
employed (Hollomon, 1945; Swift, 1952; Ludwik, 1909), the Hollomon’s law being probably 
the most used: 
 σ ε Hn

HK   (44) 
 

where KH and nH are the strength coefficient and the strain-hardening exponent, 
respectively. 
In order to be valid, the stress expressed in eq. 44 must be calculated considering the plastic 
strain. In practice when Hollomon’s law is not verified, the Ludwik’s law is preferred to the 
Swift’s law: 
 σ σ ε Ln

y LK    (45) 
 

where KL and nL are the strength coefficient and the strain-hardening exponent, 
corresponding to this law, respectively. 
From Hollomon’s law, Alcala et al. (2000) combined equations (42), (43) and (44) to write: 
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Matthews (1980) by analyzing work-hardening materials following eq. 43 and eq. 44 
provided an alternative expression for the mean contact pressure, pm: 
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Based on the Ludwik’s law, Huang et al. (2007) suggested representing the mean pressure as 
the function of the flow stress, flow, and taking into account the indentation size effect as 
follows: 

  σ σ ε
2

m flow refp 2.8 2.8 f
R
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  (48) 

 

where   represents the ISE in spherical indentation. The stress, ref, and the function, f, are 
deduced from Ludwik’s law as follows: 
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Then, by combining relations (42), (48) and (49), it is possible to express the applied load as a 
function of the indentation depth over the entire loading curve: 
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On the other hand, Gao (2006) proposed the introduction of strain-hardening and 
indentation size effect for conical and spherical indentation tests in the expanding cavity 
models (ECMs). The author expressed the ratio between the mean pressure, pm, and the 
yield stress, y, as a function of the contact radius to the indenter tip radius ratio. The 
proposed relations depend on the mechanical behaviour of the tested material and on the 
shape of the indenter. 
Then, for spherical indentation, the relations are: 
- For elastic perfectly plastic when no strain gradient effect is considered, 
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- For elastic perfectly plastic with strain gradient effect, factor c, 
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- For elastic strain-hardening when no strain gradient effect is considered, 
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- For elastic strain-hardening with strain gradient effect, factor c, 
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where pm is the mean pressure equivalent to the Meyer hardness calculated for spherical 
indentation, ac is the contact radius and R the nominal radius of the indenter. Note that the 
ratio is sometimes taken equal to 2.8. 
The mean pressure is calculated by: 
 

 
π
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c

Pp
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


 (43) 

 
It is important to note that eq. 41 and eq. 42 are applicable in the limit of a fully developed 
plastic contact, i.e. when ac/R is close to 0.16 independently of the magnitude of the non-
dimensional parameter y/E and the Poisson’s ratio of the material. Moreover, in order to 
represent the plastic domain in tensile stress-strain deformation, different relations can be 
employed (Hollomon, 1945; Swift, 1952; Ludwik, 1909), the Hollomon’s law being probably 
the most used: 
 σ ε Hn

HK   (44) 
 

where KH and nH are the strength coefficient and the strain-hardening exponent, 
respectively. 
In order to be valid, the stress expressed in eq. 44 must be calculated considering the plastic 
strain. In practice when Hollomon’s law is not verified, the Ludwik’s law is preferred to the 
Swift’s law: 
 σ σ ε Ln

y LK    (45) 
 

where KL and nL are the strength coefficient and the strain-hardening exponent, 
corresponding to this law, respectively. 
From Hollomon’s law, Alcala et al. (2000) combined equations (42), (43) and (44) to write: 
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Matthews (1980) by analyzing work-hardening materials following eq. 43 and eq. 44 
provided an alternative expression for the mean contact pressure, pm: 
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Based on the Ludwik’s law, Huang et al. (2007) suggested representing the mean pressure as 
the function of the flow stress, flow, and taking into account the indentation size effect as 
follows: 
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where   represents the ISE in spherical indentation. The stress, ref, and the function, f, are 
deduced from Ludwik’s law as follows: 
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Then, by combining relations (42), (48) and (49), it is possible to express the applied load as a 
function of the indentation depth over the entire loading curve: 
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On the other hand, Gao (2006) proposed the introduction of strain-hardening and 
indentation size effect for conical and spherical indentation tests in the expanding cavity 
models (ECMs). The author expressed the ratio between the mean pressure, pm, and the 
yield stress, y, as a function of the contact radius to the indenter tip radius ratio. The 
proposed relations depend on the mechanical behaviour of the tested material and on the 
shape of the indenter. 
Then, for spherical indentation, the relations are: 
- For elastic perfectly plastic when no strain gradient effect is considered, 
 

 
σ σ

cm

y y

ap 2 7 1 Eln
3 4 4 R

  
    
  
   

 (51) 

 
- For elastic perfectly plastic with strain gradient effect, factor c, 
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- For elastic strain-hardening when no strain gradient effect is considered, 
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- For elastic strain-hardening with strain gradient effect, factor c, 
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(54) 

 
And for Vickers indentations where  is defined in eq. 30, the relations are deduced from 
those for conical indentations: 
- For elastic perfectly plastic when no strain gradient effect is considered, 
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- For elastic perfectly plastic with strain gradient effect, 
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- For elastic strain-hardening when no strain gradient effect is considered, 
 

 λ λ
σ σ σ

H Hn n

2

y y H y

P 2 3 1 E 1 1 E1 cot cot 1 h
24.5 3 4 3 n 3

                            

 (57) 

 

- For elastic strain-hardening with strain gradient effect, 
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Note that relations (55) to (58) correspond to the extended relations (9) and (12). Then, the 
second terms in eq. 56 and eq. 58 can be also associated with the zero shift P0 in eq. 12. 
Independently of that, the determination of the tensile mechanical properties without any 
prior information on the mechanical behaviour of the material can be obtained by fitting 
these relations, allowing the determination of the yield stress, y, strength coefficient, KH or 
KL, strain-hardening exponent, nH or nL, elastic modulus, E, and the constants, c or  , 
characterizing the indentation size effect or the zero shift. A discussion about the value of 
these parameters must be helpful for identifying the mechanical behaviour of the material. 
As an example, for studying the mechanical behaviour of the dense -TCP ceramic, we 
plotted the indentation stress-strain data (Fig. 15) where the mean pressure under a sphere 
to plane contact is calculated by applying relation (43) and the ratio (ac/R) is calculated from 
eq. 33, where hm represents the indentation depth reached during the indentation test. In 
addition by combining eq. 32 and eq. 43, we may express the mean pressure as a function of 
the ratio (ac/R) as follows: 
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By taking into account the reduced modulus of the dense -TCP ceramic equal to 135.5 GPa 
for spherical indentation (see part 3.3), we plot eq. 59 in figure 15 where the dash straight 
line corresponds to the theoretical Hertzian elastic response. As it is clearly seen, the 
Hertzian theory is verified until a limit value, py, which corresponds to the yield indentation 
stress as earlier demonstrated by Zhu et al. (2008). 
 

 
Fig. 15.  Indentation stress-strain curve deduced from spherical IIT performed on the dense 
-TCP ceramic. 
 
For modelling the plastic domain of the dense -TCP ceramic, we consider the indentation 
data drawn from spherical indentations for which the applied loads give a mean pressure 
higher than 5.5 GPa that seems to be the limit, py, between elastic and plastic domains as 
shown in figure 15. Without any information about the mechanical behaviour of such a 
ceramic, we applied the models of Alcala et al. (2000), Matthews (1980) and Huang et al. 
(2007) and the expanding cavity models developed for elastic perfectly plastic materials and 
for elastic strain-hardening materials by Gao (2006). Table 5 collects the values of the 
mechanical parameters according to the tested models. 
 

 Spherical indentations Vickers indentations 
Eq. n° (46)  (47) (50)  (51)  (52)  (53)  (54)  (55)  (56)  (57)  (58) 

KH, KL (GPa) 21.7 21.4 7.4 - - - - - - - - 
nH, nL 0.60 0.60 0.18 - - - 0.60 - 0.65 - - 0.14 0.16 

y (GPa) - - 1.8 6.6 6.0 8.2 8.3 2.1 2.2 1.8 1.8 
E (GPa) - - - 165 159 122 118 162 157 155 135 
 (µm) - - -0.047 - - - - - - - - 

c (N) - - - - - 0.95 - 0.03 - 0.03 - 0.03 
Table 5. Tensile mechanical properties deduced from the different models applied to 
spherical and Vickers IIT performed on the dense -TCP ceramic. 
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And for Vickers indentations where  is defined in eq. 30, the relations are deduced from 
those for conical indentations: 
- For elastic perfectly plastic when no strain gradient effect is considered, 
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- For elastic perfectly plastic with strain gradient effect, 
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- For elastic strain-hardening when no strain gradient effect is considered, 
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- For elastic strain-hardening with strain gradient effect, 
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Note that relations (55) to (58) correspond to the extended relations (9) and (12). Then, the 
second terms in eq. 56 and eq. 58 can be also associated with the zero shift P0 in eq. 12. 
Independently of that, the determination of the tensile mechanical properties without any 
prior information on the mechanical behaviour of the material can be obtained by fitting 
these relations, allowing the determination of the yield stress, y, strength coefficient, KH or 
KL, strain-hardening exponent, nH or nL, elastic modulus, E, and the constants, c or  , 
characterizing the indentation size effect or the zero shift. A discussion about the value of 
these parameters must be helpful for identifying the mechanical behaviour of the material. 
As an example, for studying the mechanical behaviour of the dense -TCP ceramic, we 
plotted the indentation stress-strain data (Fig. 15) where the mean pressure under a sphere 
to plane contact is calculated by applying relation (43) and the ratio (ac/R) is calculated from 
eq. 33, where hm represents the indentation depth reached during the indentation test. In 
addition by combining eq. 32 and eq. 43, we may express the mean pressure as a function of 
the ratio (ac/R) as follows: 
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By taking into account the reduced modulus of the dense -TCP ceramic equal to 135.5 GPa 
for spherical indentation (see part 3.3), we plot eq. 59 in figure 15 where the dash straight 
line corresponds to the theoretical Hertzian elastic response. As it is clearly seen, the 
Hertzian theory is verified until a limit value, py, which corresponds to the yield indentation 
stress as earlier demonstrated by Zhu et al. (2008). 
 

 
Fig. 15.  Indentation stress-strain curve deduced from spherical IIT performed on the dense 
-TCP ceramic. 
 
For modelling the plastic domain of the dense -TCP ceramic, we consider the indentation 
data drawn from spherical indentations for which the applied loads give a mean pressure 
higher than 5.5 GPa that seems to be the limit, py, between elastic and plastic domains as 
shown in figure 15. Without any information about the mechanical behaviour of such a 
ceramic, we applied the models of Alcala et al. (2000), Matthews (1980) and Huang et al. 
(2007) and the expanding cavity models developed for elastic perfectly plastic materials and 
for elastic strain-hardening materials by Gao (2006). Table 5 collects the values of the 
mechanical parameters according to the tested models. 
 

 Spherical indentations Vickers indentations 
Eq. n° (46)  (47) (50)  (51)  (52)  (53)  (54)  (55)  (56)  (57)  (58) 

KH, KL (GPa) 21.7 21.4 7.4 - - - - - - - - 
nH, nL 0.60 0.60 0.18 - - - 0.60 - 0.65 - - 0.14 0.16 

y (GPa) - - 1.8 6.6 6.0 8.2 8.3 2.1 2.2 1.8 1.8 
E (GPa) - - - 165 159 122 118 162 157 155 135 
 (µm) - - -0.047 - - - - - - - - 

c (N) - - - - - 0.95 - 0.03 - 0.03 - 0.03 
Table 5. Tensile mechanical properties deduced from the different models applied to 
spherical and Vickers IIT performed on the dense -TCP ceramic. 
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It is noticeable that the models of Alcala et al. (2000), eq. 46, and Matthews (1980), eq. 47, 
give the same values for the strain-hardening exponent, nH, and for the strength coefficient, 
KH, which lead to the same representative curve in figure 16a. Contrarily, the model of 
Huang et al. (2007) allows a better fit of the experimental data (Fig. 16a) but gives very 
different parameters since it considers the Ludwik’s law instead of the Hollomon’s law. 
 

  
Fig. 16.  Models representing a) pm = f(ac/R) for spherical IIT and b) P = f(h2) for ECM and 
Vickers IIT performed on the dense -TCP ceramic.  
 
On the other hand, even if the expanding cavity models are able to adequately represent the 
experimental data, some values indicated in table 5 have no physical meaning such as the 
negative value for the work-hardening exponent. In the other cases of ECMs, the bulk 
modulus is in a good agreement with the theoretical value. Additionally, it can be seen that 
the introduction of the ISE has no significant influence on the values of the tensile 
parameters. For ECMs, eq. 55 to eq. 58, the bulk modulus is close to 160 GPa as already 
found by spherical indentations. However, the yield stress is three times less but of the same 
order of magnitude than the value found by the model of Huang et al. (2007). This 
difference has been observed by Zhu et al. (2008) who have highlighted the influence of the 
spherical indenter radius on the yield indentation stress. On the other hand, it is very 
interesting to note that the coefficients in the Ludwik’s law deduced from the application of 
the model of Huang et al. (2007), eq. 50, are the same than those obtained by the expanding 
cavity model in the case of an elastic strain-hardening behaviour by considering or not the 
indentation size effect in the ECM developed for Vickers indentation, as shown in figure 16b. 
As a result, we can conclude that the tensile mechanical properties of the dense -TCP 
ceramic in the non elastic domain can be modelled by Ludwik’s law as follows, when the 
stress is expressed in GPa: 
 

 σ ε0.181.8 7.4    (60) 

 
5. Vickers Indentation Fracture Toughness 

The Vickers indentation test is often used for determining the fracture toughness of ceramics. 
This method consists in indenting the ceramic with a Vickers indenter in order to generate 
cracks at the extremities of the indent. Afterwards, the toughness is calculated from the 

dimensions of the indent diagonals and of the crack lengths. Since the Vickers Indentation 
Fracture (VIF) test is not standard, the calculated value for the toughness is called Kc instead 
of KIc. In practice, it is generally admitted that the cracks can be developed following radial-
median or Palmqvist modes as represented in figure 17. 
 

 
 

Fig. 17. Schematic representation of Vickers indentation cracks according to radial-median 
and Palmqvist modes. 
 
The Vickers Indentation Fracture toughness can be calculated from various relationships 
depending on the load, indent diagonal, cracks length and Young’s modulus to hardness 
ratio. Ponton & Rawlings (1989) have collected close to 20 crack equations depending on the 
cracking mode. More recently, Chicot et al. (2009b) have compared these relations and 
proposed to consider the average relations as follows according to the cracking mode: 
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Obviously, Kc must be an intrinsic parameter of the material, then the ratios (P/c3/2) and 
(P/adl1/2) of eq. 61 and eq. 62 should be constant independently of the applied load. In 
addition, eq. 62 is connected to the indent half diagonal, ad, which is load dependent due to 
the indentation size effect. The simplest mathematical relation between the half-diagonal ad 
and the load P is given by the Meyer’s law (1908) (Table 3). By introducing Meyer’s law into 
eq. 62, we may write the two following proportionality relations: 
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It is noticeable that the models of Alcala et al. (2000), eq. 46, and Matthews (1980), eq. 47, 
give the same values for the strain-hardening exponent, nH, and for the strength coefficient, 
KH, which lead to the same representative curve in figure 16a. Contrarily, the model of 
Huang et al. (2007) allows a better fit of the experimental data (Fig. 16a) but gives very 
different parameters since it considers the Ludwik’s law instead of the Hollomon’s law. 
 

  
Fig. 16.  Models representing a) pm = f(ac/R) for spherical IIT and b) P = f(h2) for ECM and 
Vickers IIT performed on the dense -TCP ceramic.  
 
On the other hand, even if the expanding cavity models are able to adequately represent the 
experimental data, some values indicated in table 5 have no physical meaning such as the 
negative value for the work-hardening exponent. In the other cases of ECMs, the bulk 
modulus is in a good agreement with the theoretical value. Additionally, it can be seen that 
the introduction of the ISE has no significant influence on the values of the tensile 
parameters. For ECMs, eq. 55 to eq. 58, the bulk modulus is close to 160 GPa as already 
found by spherical indentations. However, the yield stress is three times less but of the same 
order of magnitude than the value found by the model of Huang et al. (2007). This 
difference has been observed by Zhu et al. (2008) who have highlighted the influence of the 
spherical indenter radius on the yield indentation stress. On the other hand, it is very 
interesting to note that the coefficients in the Ludwik’s law deduced from the application of 
the model of Huang et al. (2007), eq. 50, are the same than those obtained by the expanding 
cavity model in the case of an elastic strain-hardening behaviour by considering or not the 
indentation size effect in the ECM developed for Vickers indentation, as shown in figure 16b. 
As a result, we can conclude that the tensile mechanical properties of the dense -TCP 
ceramic in the non elastic domain can be modelled by Ludwik’s law as follows, when the 
stress is expressed in GPa: 
 

 σ ε0.181.8 7.4    (60) 

 
5. Vickers Indentation Fracture Toughness 

The Vickers indentation test is often used for determining the fracture toughness of ceramics. 
This method consists in indenting the ceramic with a Vickers indenter in order to generate 
cracks at the extremities of the indent. Afterwards, the toughness is calculated from the 

dimensions of the indent diagonals and of the crack lengths. Since the Vickers Indentation 
Fracture (VIF) test is not standard, the calculated value for the toughness is called Kc instead 
of KIc. In practice, it is generally admitted that the cracks can be developed following radial-
median or Palmqvist modes as represented in figure 17. 
 

 
 

Fig. 17. Schematic representation of Vickers indentation cracks according to radial-median 
and Palmqvist modes. 
 
The Vickers Indentation Fracture toughness can be calculated from various relationships 
depending on the load, indent diagonal, cracks length and Young’s modulus to hardness 
ratio. Ponton & Rawlings (1989) have collected close to 20 crack equations depending on the 
cracking mode. More recently, Chicot et al. (2009b) have compared these relations and 
proposed to consider the average relations as follows according to the cracking mode: 
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Obviously, Kc must be an intrinsic parameter of the material, then the ratios (P/c3/2) and 
(P/adl1/2) of eq. 61 and eq. 62 should be constant independently of the applied load. In 
addition, eq. 62 is connected to the indent half diagonal, ad, which is load dependent due to 
the indentation size effect. The simplest mathematical relation between the half-diagonal ad 
and the load P is given by the Meyer’s law (1908) (Table 3). By introducing Meyer’s law into 
eq. 62, we may write the two following proportionality relations: 
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Then the cracking mode can be identified by comparing the experimental slope of ln c = f (ln 
P) to 2/3 or the experimental slope of ln l = f (ln P) to 2(1 – 1/n) for Radial-median and 
Palmqvist cracking modes, respectively. 
However, in some cases, neither of these proportionality relations is verified because the 
cracking mechanism does not correspond to the usual cracking modes but to an 
intermediate state. Based on the cracking toughness relations from Miranzo et al. (1984) and 
on the work of Chicot et al. (2009b), we suggest the following expression to calculate VIF 
toughness for an intermediate cracking mode: 
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where  and  are constants depending on the material, q is a constant ranging between 0 
and 1 that describes the intermediate cracking mode and f(E/Hv) is a function which 
depends on the Young’s modulus and the Vickers hardness as follows: 
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The two constants  and  are calculated by considering the two limit conditions for eq. 65. 
Indeed, when q = 0, Kc(I-M) corresponds to the Radial-median cracking mode (eq. 61) and 
when q = 1, Kc(I-M) corresponds to the Palmqvist cracking mode (eq. 62). Afterwards the 
exponent q is calculated from the following relation: 
 

 1.5 s 1q n
s
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 (67) 

 

where s corresponds to the experimental slope of ln c = f (ln P) and n to the Meyer’s index.   
This methodology is applied on annealed bioglass (55 SiO2 - 13.5 CaO - 31.5 Na2O). However, 
as shown on Figure 18 for this type of very brittle materials, a secondary crack network 
appears in the vicinity of the four indent edges in addition to the main cracks generated at 
the four indent extremities. According to Roman et al. (2002), a mean crack length 
corresponding to an equivalent four cracks network is calculated by dividing the total cracks 
length by four. 
 

 
Fig. 18. Optical micrograph of the crack network resulting from Vickers indentation test 
performed on the (55 SiO2 - 13.5 CaO - 31.5 Na2O) bioglass. 

For this bioglass, the Young’s modulus and the Vickers hardness are equal to 63.6 GPa and 
5.15 GPa, respectively and Meyer’s index n is equal to 1.88.  Figure 19 shows that cracking 
corresponds to an intermediate mode. Indeed, the slope s of ln c = f (ln P) is equal to 0.815, 
very different to the theoretical value 2/3 for a radial-median cracking mode. Moreover, the 
slope of ln l = f (ln P) is experimentally equal to 1.068, which is also different of the 
theoretical value 2(1-1/n) = 0.936 calculated from the Meyer’s index (eq. 64) for a Palmqvist 
cracking mode. As a result, the exponent q calculated from eq. 67 is equal to 0.78 which is an 
intermediate value between 0 (Radial-median) and 1 (Palmqvist), the constants  and  in eq. 
66 are equal to 0.0169 and 0.0065, respectively, found by equating the toughness calculation 
to the two limits. The VIF toughness Kc is found equal to 1 MPa.m1/2, which is very close to 
the toughness measured by Rajendran et al. (2002) on SiO2-CaO-Na2O-P2O5 bioglasses. 
 

 
Fig. 19. Crack length criterion applied to results obtained on a SiO2-CaO-Na2O bioglass. 

 
6. Adhesive properties of ceramic coatings 

6.1 Scratch test 
Heavens (1950), was the first to propose that the scratch test could be used for a qualitative 
evaluation of coating adhesion. Later, Benjamin and Weaver (1960) presented the first 
analysis by this test and proposed a model to connect the critical applied load, Lc, with the 
mechanical properties of the substrate and the adhesion of the coating. After, the scratch test 
has been used extensively for adhesion characterization of hard coatings such as TiN or TiC 
on steel (Laeng and Steinmann, 1981; Perry et al., 1981; Mittal, 1987). Generally, a Rockwell 
diamond tip is moved on the film at a constant velocity while a constant normal force 
(Laeng and Steinmann, 1981) or an increasing normal force is applied with a constant 
loading rate (Steinmann et al., 1987). During the indentation scratch test, the indenter 
introduces stresses at the interface between film and substrate causing delamination or 
chipping of the film. The adhesive property is then represented by the critical load at which 
the failure of the film is detected. The film failure characterized by the critical load, LC, can 
be determined by the change in friction or in acoustic emission, or by observation of the 
scratch track. Moreover, the intensity of the acoustic emission depends on the type of film 
failure during the adhesion test e.g. cracking, chipping (cohesive failure) and delamination 
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Then the cracking mode can be identified by comparing the experimental slope of ln c = f (ln 
P) to 2/3 or the experimental slope of ln l = f (ln P) to 2(1 – 1/n) for Radial-median and 
Palmqvist cracking modes, respectively. 
However, in some cases, neither of these proportionality relations is verified because the 
cracking mechanism does not correspond to the usual cracking modes but to an 
intermediate state. Based on the cracking toughness relations from Miranzo et al. (1984) and 
on the work of Chicot et al. (2009b), we suggest the following expression to calculate VIF 
toughness for an intermediate cracking mode: 
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where  and  are constants depending on the material, q is a constant ranging between 0 
and 1 that describes the intermediate cracking mode and f(E/Hv) is a function which 
depends on the Young’s modulus and the Vickers hardness as follows: 
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The two constants  and  are calculated by considering the two limit conditions for eq. 65. 
Indeed, when q = 0, Kc(I-M) corresponds to the Radial-median cracking mode (eq. 61) and 
when q = 1, Kc(I-M) corresponds to the Palmqvist cracking mode (eq. 62). Afterwards the 
exponent q is calculated from the following relation: 
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where s corresponds to the experimental slope of ln c = f (ln P) and n to the Meyer’s index.   
This methodology is applied on annealed bioglass (55 SiO2 - 13.5 CaO - 31.5 Na2O). However, 
as shown on Figure 18 for this type of very brittle materials, a secondary crack network 
appears in the vicinity of the four indent edges in addition to the main cracks generated at 
the four indent extremities. According to Roman et al. (2002), a mean crack length 
corresponding to an equivalent four cracks network is calculated by dividing the total cracks 
length by four. 
 

 
Fig. 18. Optical micrograph of the crack network resulting from Vickers indentation test 
performed on the (55 SiO2 - 13.5 CaO - 31.5 Na2O) bioglass. 

For this bioglass, the Young’s modulus and the Vickers hardness are equal to 63.6 GPa and 
5.15 GPa, respectively and Meyer’s index n is equal to 1.88.  Figure 19 shows that cracking 
corresponds to an intermediate mode. Indeed, the slope s of ln c = f (ln P) is equal to 0.815, 
very different to the theoretical value 2/3 for a radial-median cracking mode. Moreover, the 
slope of ln l = f (ln P) is experimentally equal to 1.068, which is also different of the 
theoretical value 2(1-1/n) = 0.936 calculated from the Meyer’s index (eq. 64) for a Palmqvist 
cracking mode. As a result, the exponent q calculated from eq. 67 is equal to 0.78 which is an 
intermediate value between 0 (Radial-median) and 1 (Palmqvist), the constants  and  in eq. 
66 are equal to 0.0169 and 0.0065, respectively, found by equating the toughness calculation 
to the two limits. The VIF toughness Kc is found equal to 1 MPa.m1/2, which is very close to 
the toughness measured by Rajendran et al. (2002) on SiO2-CaO-Na2O-P2O5 bioglasses. 
 

 
Fig. 19. Crack length criterion applied to results obtained on a SiO2-CaO-Na2O bioglass. 

 
6. Adhesive properties of ceramic coatings 

6.1 Scratch test 
Heavens (1950), was the first to propose that the scratch test could be used for a qualitative 
evaluation of coating adhesion. Later, Benjamin and Weaver (1960) presented the first 
analysis by this test and proposed a model to connect the critical applied load, Lc, with the 
mechanical properties of the substrate and the adhesion of the coating. After, the scratch test 
has been used extensively for adhesion characterization of hard coatings such as TiN or TiC 
on steel (Laeng and Steinmann, 1981; Perry et al., 1981; Mittal, 1987). Generally, a Rockwell 
diamond tip is moved on the film at a constant velocity while a constant normal force 
(Laeng and Steinmann, 1981) or an increasing normal force is applied with a constant 
loading rate (Steinmann et al., 1987). During the indentation scratch test, the indenter 
introduces stresses at the interface between film and substrate causing delamination or 
chipping of the film. The adhesive property is then represented by the critical load at which 
the failure of the film is detected. The film failure characterized by the critical load, LC, can 
be determined by the change in friction or in acoustic emission, or by observation of the 
scratch track. Moreover, the intensity of the acoustic emission depends on the type of film 
failure during the adhesion test e.g. cracking, chipping (cohesive failure) and delamination 
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(adhesive failure). The scratch test often uses an optical microscope to confirm the critical 
load. Nevertheless, it is often difficult to identify representative damage of interfacial 
decohesion and mechanical origins of damages. In addition, Sekler et al. (1988) discussed 
widely about the different techniques for determining the critical load of coated systems 
(microscopy, acoustic emission, and normal, tangential and lateral forces). In addition to the 
LC calculation, Benayoun et al. (1999) presented different expressions for the film/substrate 
adhesion energy. Indeed, the expression for the critical shearing, C, given by Benjamin and 
Weaver (1960), Weaver (1975) and Perry et al. (1981) is:  
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where H is the hardness of the sample, dC the scratch track width obtained at the critical 
load and R the tip radius of the indenter. k a numerical coefficient between 0.2 and 1. 
Felder and Laugier (1992) proposed a similar expression: 
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where pm is the mean indentation pressure for a given critical load LC. 
As an example, figure 20 shows the results of an indentation scratch test obtained for a 
progressive load scratch (0.1 – 15 mN) on a polymer topcoat. This figure representing 
penetration depth (Pd), residual depth (Rd) and normal load during post-scan (FnP) signals 
clearly shows the critical load (LC1) which corresponds exactly to the fracture point on the 
optical micrograph (CSM Bulletin, 2008). 
 

 
Fig. 20. Scratch test results for a progressive load scratch (0.1 – 15 mN) on a polymer topcoat. 

6.2 Interface Indentation Test 
Vickers indentation tests performed at the interface between a thick coating and its substrate 
can create and propagate a crack located in the plane of the interface, as it can be seen in 
figure 21 (Chicot et al., 1996). 
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Fig. 21. a) Principle, b) half-penny crack, c) crack located in the plane of the interface and d) 
deviation of the crack towards the coating. The Vickers indentation test was performed at 
the interface of a Cr3C2/NiCr coating deposited on low carbon steel.  
 
The test consists in measuring the crack lengths as a function of the applied load and to 
calculate the apparent interface toughness using an expression resulting from the analysis of 
different models developed for determining toughness of brittle massive materials by 
indentation. For the interfacial indentation, it was emphasized that the indented material, 
composed of substrate, coating and interface itself, can be considered as a unique brittle 
material (Chicot et al., 1996). The methodology is the following: 

1) Obtaining a polished cross-section of the coated sample, in order to perform Vickers 
indentation tests with different applied loads, for which the indent diagonal must be 
coincident with the coating/substrate interface; 

2) For each indentation test, measuring the value of the half indent diagonal (d/2) and 
the crack length (c), both at the interface;  

3) Plotting these data as a function of the applied load in bi-logarithmic scale, as 
represented schematically in figure 22; where d/2 = f (P) is called "apparent 
hardness" and c = f (P) the cracking line; 

4) Determining the coordinates of the critical point, (PC, cc) in figure 22, underneath 
which no cracking is observed at the interface and which are used to compute the 
apparent interface toughness of the coating/substrate couple. 
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(adhesive failure). The scratch test often uses an optical microscope to confirm the critical 
load. Nevertheless, it is often difficult to identify representative damage of interfacial 
decohesion and mechanical origins of damages. In addition, Sekler et al. (1988) discussed 
widely about the different techniques for determining the critical load of coated systems 
(microscopy, acoustic emission, and normal, tangential and lateral forces). In addition to the 
LC calculation, Benayoun et al. (1999) presented different expressions for the film/substrate 
adhesion energy. Indeed, the expression for the critical shearing, C, given by Benjamin and 
Weaver (1960), Weaver (1975) and Perry et al. (1981) is:  
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where H is the hardness of the sample, dC the scratch track width obtained at the critical 
load and R the tip radius of the indenter. k a numerical coefficient between 0.2 and 1. 
Felder and Laugier (1992) proposed a similar expression: 
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where pm is the mean indentation pressure for a given critical load LC. 
As an example, figure 20 shows the results of an indentation scratch test obtained for a 
progressive load scratch (0.1 – 15 mN) on a polymer topcoat. This figure representing 
penetration depth (Pd), residual depth (Rd) and normal load during post-scan (FnP) signals 
clearly shows the critical load (LC1) which corresponds exactly to the fracture point on the 
optical micrograph (CSM Bulletin, 2008). 
 

 
Fig. 20. Scratch test results for a progressive load scratch (0.1 – 15 mN) on a polymer topcoat. 

6.2 Interface Indentation Test 
Vickers indentation tests performed at the interface between a thick coating and its substrate 
can create and propagate a crack located in the plane of the interface, as it can be seen in 
figure 21 (Chicot et al., 1996). 
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Fig. 21. a) Principle, b) half-penny crack, c) crack located in the plane of the interface and d) 
deviation of the crack towards the coating. The Vickers indentation test was performed at 
the interface of a Cr3C2/NiCr coating deposited on low carbon steel.  
 
The test consists in measuring the crack lengths as a function of the applied load and to 
calculate the apparent interface toughness using an expression resulting from the analysis of 
different models developed for determining toughness of brittle massive materials by 
indentation. For the interfacial indentation, it was emphasized that the indented material, 
composed of substrate, coating and interface itself, can be considered as a unique brittle 
material (Chicot et al., 1996). The methodology is the following: 

1) Obtaining a polished cross-section of the coated sample, in order to perform Vickers 
indentation tests with different applied loads, for which the indent diagonal must be 
coincident with the coating/substrate interface; 

2) For each indentation test, measuring the value of the half indent diagonal (d/2) and 
the crack length (c), both at the interface;  

3) Plotting these data as a function of the applied load in bi-logarithmic scale, as 
represented schematically in figure 22; where d/2 = f (P) is called "apparent 
hardness" and c = f (P) the cracking line; 

4) Determining the coordinates of the critical point, (PC, cc) in figure 22, underneath 
which no cracking is observed at the interface and which are used to compute the 
apparent interface toughness of the coating/substrate couple. 
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c 
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Fig. 22. Schematic representation of the apparent hardness, the cracking line and the critical 
point used to calculate the apparent interface toughness. 
 
During indentation, a plastic deformation zone is created by sharing the combined local 
properties of the coating and of the substrate. Eventually, a local crack may be likely to 
occur in the interface plane if the fracture toughness of this composite interface material is 
attained. The purpose of the interface indentation test is to give a quantitative measurement 
of the apparent fracture toughness. Some general formulations found in the literature 
involve a ratio between elastic modulus and hardness of the material. For the interface 
material, Chicot et al. (1996) proposed to express this parameter as the square root of the 
ratio of the elastic modulus (E) divided by the Vickers hardness (HV) at the interface, by 
considering the mean geometrical features of the substrate and coating couple: 
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where the subscripts i, S and C stand for interface, substrate and coating, respectively. 
Then, by connecting the critical load used to initiate a crack, Pc, and the corresponding half-
indent diagonal, cc, we propose to calculate the apparent interface toughness representing 
the adhesion of the coating on its substrate by the following relation, in a similar way than 
those proposed earlier for bulk materials by Lawn et al. (1980) or Anstis et al. (1981) 
presented as the eq. 61: 
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Vickers applied load: ln (P)

PC 

cc 

No cracking Interface cracking  

 Apparent hardness: ln (d/2) 
 Cracking line: ln (c) 

Although this relation is only valid for cracks that are longer than the plastic zone radius, it 
was emphasized that the crack line can be extrapolated at the critical point. Then, the couple 
(PC, cC) can be used for the calculation of an apparent interface toughness, Kca. The critical 
point is chosen because when a crack is formed, its propagation is aided by the bending of 
the coating due to the action of the indenter, which plays the role of a wedge inserted at the 
interface. Consequently the propagation depends on the coating thickness since a thicker 
coating will resist to the bending better than a thinner one. Therefore, the slope of the 
cracking line is affected by the elastic behaviour of the coating. The only point which is not 
concerned is the crack initiation point, (PC, cC). 
 

  
Fig. 23. Interface crack length as a function of the applied load for Cr3C2/NiCr thick coatings 
deposited onto a stainless steel for (a) as-received coated materials and (b) for annealed 
coated materials. 
 

 
Fig. 24. Interfacial indentation toughness as a function of the coating thickness for as-
received and annealed samples. 
 
Figure 23 shows the results of an interfacial indentation test using a Vickers indenter 
applied to Cr3C2/NiCr thick coatings deposited on a stainless steel. Figure 23a shows that 
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Fig. 22. Schematic representation of the apparent hardness, the cracking line and the critical 
point used to calculate the apparent interface toughness. 
 
During indentation, a plastic deformation zone is created by sharing the combined local 
properties of the coating and of the substrate. Eventually, a local crack may be likely to 
occur in the interface plane if the fracture toughness of this composite interface material is 
attained. The purpose of the interface indentation test is to give a quantitative measurement 
of the apparent fracture toughness. Some general formulations found in the literature 
involve a ratio between elastic modulus and hardness of the material. For the interface 
material, Chicot et al. (1996) proposed to express this parameter as the square root of the 
ratio of the elastic modulus (E) divided by the Vickers hardness (HV) at the interface, by 
considering the mean geometrical features of the substrate and coating couple: 
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where the subscripts i, S and C stand for interface, substrate and coating, respectively. 
Then, by connecting the critical load used to initiate a crack, Pc, and the corresponding half-
indent diagonal, cc, we propose to calculate the apparent interface toughness representing 
the adhesion of the coating on its substrate by the following relation, in a similar way than 
those proposed earlier for bulk materials by Lawn et al. (1980) or Anstis et al. (1981) 
presented as the eq. 61: 
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Although this relation is only valid for cracks that are longer than the plastic zone radius, it 
was emphasized that the crack line can be extrapolated at the critical point. Then, the couple 
(PC, cC) can be used for the calculation of an apparent interface toughness, Kca. The critical 
point is chosen because when a crack is formed, its propagation is aided by the bending of 
the coating due to the action of the indenter, which plays the role of a wedge inserted at the 
interface. Consequently the propagation depends on the coating thickness since a thicker 
coating will resist to the bending better than a thinner one. Therefore, the slope of the 
cracking line is affected by the elastic behaviour of the coating. The only point which is not 
concerned is the crack initiation point, (PC, cC). 
 

  
Fig. 23. Interface crack length as a function of the applied load for Cr3C2/NiCr thick coatings 
deposited onto a stainless steel for (a) as-received coated materials and (b) for annealed 
coated materials. 
 

 
Fig. 24. Interfacial indentation toughness as a function of the coating thickness for as-
received and annealed samples. 
 
Figure 23 shows the results of an interfacial indentation test using a Vickers indenter 
applied to Cr3C2/NiCr thick coatings deposited on a stainless steel. Figure 23a shows that 
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the influence of the residual stress on the interfacial indentation toughness depends on 
coating thickness. It is remarkable that after an annealing treatment which drastically 
reduces the residual stress state, we obtain a unique value for the interfacial indentation 
toughness independently of the coating thickness (Figure 23b). 
This result is very important as much as the representation of the interfacial indentation 
toughness for as-received coatings as a function of the coating thickness leads to the value 
obtained for annealed samples (Fig. 24). 
As a main conclusion, this result allows the expression of the interfacial indentation 
toughness as a function of the residual stress and the absolute toughness which will be 
obtained for an infinite coating thickness or, consequently, without any residual stress 
(Lesage and Chicot, 2002): 
 

 σ
π 0

1/2
0 R c

2Kca Kca c     (72) 

 
where cCO is the critical crack length corresponding to the absolute toughness KcaO and the 
residual stresses R. 
From the adhesion characterisation of a thick coating on its substrate, Araujo et al. (2005) 
reported a detailed discussion of the influence of the residual stress intensity and their 
repartition throughout the coating on the adhesive properties. In addition, Lesage et al. 
(2000a, 2000b) discussed the effect of thermal shocks or hydrogen embrittlement on the 
adhesive properties. 

 
7. Conclusion 

The indentation test is very useful for determining some mechanical properties but the 
results must be discussed with particular attention in order to give sound interpretations. As 
an example: 

- For hardness, it is necessary to provide the indentation testing conditions with which 
the test has been performed. Moreover, a complete determination of the hardness 
requires two parameters, i.e. the macro-hardness corresponding to the hardness 
obtained for an infinite load and a characteristic scale-length depending on the models 
in order to supply the hardness-load variation. 

- For the elastic properties, indentation tests lead to the bulk modulus instead of the 
Young’s modulus. The bulk modulus can be determined by Knoop indentation or by 
analysing the unloading part of a load-depth curve resulting from instrumented 
indentation tests when applying spherical or conical indenters if some precautions are 
taken into account like the introduction of the instrument compliance into the reduced 
modulus calculation. 

- For Vickers indentation fracture toughness, numerous relations are able to give a value 
according to the cracking mode below the indent. Since the experimental 
determination of the cracking mode is very difficult, we suggest a relationship able to 
define the cracking mode through an experimental exponent. In addition, two 
multiplicative coefficients which are material dependent allow the determination of 
comparable values with those given in the literature. 

- For tensile mechanical properties by indentation, two types of approach can be 

employed. One of them is based on Hollomon’s law or Ludwik’s law and the relations 
between tensile stress-strain and indentation stress-strain; the other groups of relations 
are those corresponding to the expanding cavity models, taking into account the 
indenter type and the indentation size effect. In the example shown here, all the 
models were tested in order to show that without any prior information on the tensile 
behaviour of the material, it is very difficult to guaranty the true mechanical behaviour. 
Nevertheless, some models seem to converge toward a unique Ludwik’s law 
representing the tensile plastic domain. 

- For adhesive properties, scratch tests and interfacial indentation tests are helpful to 
give an adhesive parameter. The choice between the two tests is based on the coating 
thickness and on the coating hardness. In addition for thick coatings, the interfacial 
indentation test can give additional information like the influence of the residual 
stresses or thermal treatments effect on the adhesive properties. 
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the influence of the residual stress on the interfacial indentation toughness depends on 
coating thickness. It is remarkable that after an annealing treatment which drastically 
reduces the residual stress state, we obtain a unique value for the interfacial indentation 
toughness independently of the coating thickness (Figure 23b). 
This result is very important as much as the representation of the interfacial indentation 
toughness for as-received coatings as a function of the coating thickness leads to the value 
obtained for annealed samples (Fig. 24). 
As a main conclusion, this result allows the expression of the interfacial indentation 
toughness as a function of the residual stress and the absolute toughness which will be 
obtained for an infinite coating thickness or, consequently, without any residual stress 
(Lesage and Chicot, 2002): 
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where cCO is the critical crack length corresponding to the absolute toughness KcaO and the 
residual stresses R. 
From the adhesion characterisation of a thick coating on its substrate, Araujo et al. (2005) 
reported a detailed discussion of the influence of the residual stress intensity and their 
repartition throughout the coating on the adhesive properties. In addition, Lesage et al. 
(2000a, 2000b) discussed the effect of thermal shocks or hydrogen embrittlement on the 
adhesive properties. 
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taken into account like the introduction of the instrument compliance into the reduced 
modulus calculation. 

- For Vickers indentation fracture toughness, numerous relations are able to give a value 
according to the cracking mode below the indent. Since the experimental 
determination of the cracking mode is very difficult, we suggest a relationship able to 
define the cracking mode through an experimental exponent. In addition, two 
multiplicative coefficients which are material dependent allow the determination of 
comparable values with those given in the literature. 

- For tensile mechanical properties by indentation, two types of approach can be 

employed. One of them is based on Hollomon’s law or Ludwik’s law and the relations 
between tensile stress-strain and indentation stress-strain; the other groups of relations 
are those corresponding to the expanding cavity models, taking into account the 
indenter type and the indentation size effect. In the example shown here, all the 
models were tested in order to show that without any prior information on the tensile 
behaviour of the material, it is very difficult to guaranty the true mechanical behaviour. 
Nevertheless, some models seem to converge toward a unique Ludwik’s law 
representing the tensile plastic domain. 

- For adhesive properties, scratch tests and interfacial indentation tests are helpful to 
give an adhesive parameter. The choice between the two tests is based on the coating 
thickness and on the coating hardness. In addition for thick coatings, the interfacial 
indentation test can give additional information like the influence of the residual 
stresses or thermal treatments effect on the adhesive properties. 
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