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Abstract–- The extensive use of appropriate coatings to 
improve wear resistance, friction coefficient, electrical 
properties, corrosion resistance and biomedical application has 
stimulated a growing interest in their mechanical properties 
and especially hardness testing that is routinely used for 
coating evaluation. In this study Jönsson and Hogmark model 
is applied for the porous hydroxyapatite produced by plasma 
spraying on Ti6A14V substrate. Firstly, the effect of 
indentation load on hardness values of coating and substrate 
are studied. The modified Jönsson and Hogmark model is used 
to explain the composite hardness behavior and the effect of 
coating porosity.  

Keywords– Hardness, Coating, Hydroxyapatite, Plasma-spray, 
porosity 

I. INTRODUCTION 

The hardness test, because of its simplicity, is commonly 
used to estimate the mechanical properties of coatings. 
There are several approaches to measuring coating 
hardness. For thin coatings, a modeling approach can be 
used to determine the coating hardness and indentation size 
effect (ISE) behavior. For the Vickers pyramid indenter, the 
hardness is defined as the load divided by the surface area 
of the impression. The Vickers hardness number (VHN) is 
defined as the ratio of load to the total area of impression. 
According to the usual practice VHN is expressed in 
kgfmm-2 and the units are omitted.  

Two main problems arise when this technique is applied 
to coated materials: 
a) The coating thickness varies typically between 2000A˚
for an ion-implanted substrate to 20 micron for the hard 
coatings used to improve the wear resistance of tool steels. 
To obtain the bulk hardness value for the film it is necessary 
to satisfy requirement that the film thickness should be ten 
times greater than the penetration depth [1]. As the 
indentation depth is D=d /7, the substrate hardness generally 
influences the measured hardness values. 
b) In the load range commonly used in microhardness
characterization (typically 5-1000 gf) the hardness number 
varies with the applied load. This situation is called the 
indentation size effect (ISE) and has been attributed to a 
wide variety of mechanisms [1, 2]. ISE can be modeled in 

two ways. The first is empirical and corresponds to a power 
law.

   P = a dn.    (1) 

This equation is called Meyer relationship. The second is 
a linear relationship between hardness and the reciprocal 
length of the impression [3]: 

  VHN = H0 + B/d. (2) 

Where H0 is the absolute hardness and B is a constant. 
This equation corresponds to a variation of the indentation 
diagonal with the applied load [4]: 

P = a1d + a2d 2. (3) 

With a2 = H0 and B=1.8544 a1. Some attempts have been 
made to give a physical significance to Eq. (3) [5]. In our 
opinion, the size effect in hardness is due to the formation 
of a pile-up at the immediate edge of the impression [6].
This is confirmed by the investigation of Chaudhri and 
Winter [7], which show that the pile-up supports a part of 
the indenter load. 
Many attempts have been made to establish a quantitative 
correlation between the hardness of composite material and 
that both of coating and substrate. The main models 
developed are based on the area law-of-mixture [8-15] or 
the volume law-of-mixture [16-18]. Jönsson et al. proposed 
that the composite hardness HC can be expressed as a 
weighted mean of the film hardness Hf and the substrate one 
HS:

 HC = (Af /A) Hf + (As /A) Hs.              (4) 
Af /A = 2kt/d-(kt/d) 2.

Where A is total projected area of the impression, equal 
to the sum of the projected areas of the rim, Af, and the 
interior, AS.

The objective of this study was to evaluate the hardness 
of porous hydroxyapatite coated onto Ti6A14V substrate. 
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II. EXPERIMENTAL PROCEDURE

Plasma spraying is used to produce the composite of 
hydroxyapatite coating on Ti6A14V substrate. Before 
spraying, the samples were sandblasted in order to obtain a 
favorable random surface roughness for mechanical 
bonding in the coating/substrate interface. Surface 
roughness (Ra) was 2.29 micrometers and coating thickness 
varies between 100 and 120 micrometers. Indentation were 
made using a Vickers diamond indenter at peak contact 
loads between 50 gf and 2000 gf  on the surface prepared by 
the way of polishing. The indentations were made and 
measured in ambient air and approximately 1 minute 
elapsed between indenting and measuring.

III. RESULTS AND DISCUSSION

The hardness values of substrate (HS) and of composite 
(HVC) were determined according to general equation of 
Vickers hardness. The particular points of model are shown 
in the table 1.  

The measured hardness values were to be dependent on 
coating thickness. The hardness values are plotted in Fig. 1 
as a function of the reciprocal indentation depth 1/d. 

Table 1. Some particular points of composite, substrate and coating 
hardness. 

d
(mm) 

Kt/d Af/A Hc
(Kgf/mm2)

Hs
(Kgf/mm2)

Hf
(Kgf/mm2)

High 0 0 233 233 209 
60 1 1 277 314 277 
30 2 0 395 395 344 

Fig. 1. A Schematic representation of the composite hardness versus 1/d. 
Tangent at HC, Model, Hf, Hs.

At each load, more than six experimental data are 
recorded to calculate the hardness value.Interpretation of the 
model based on the area law-of-mixture: 

Iost and Bigot [19] consider the relation (4) without the 
Jönsson and Hogmark simplifications. Taking into account 
the second- and third-order 1/d terms, composite hardness 
can be expressed using the following expansions: 

Hc = H0s + A1/d + A2/d2 + A3/d3.                 (5) 
with     A1 = 2kt (H0f - H0s) +BS
              A2 = 2kt (Bf - BS)-k2t2 (H0f - H0s)

A3 = -k2t2 (B f - BS)

A mathematic analysis shows that the form of equation 
(5) depends on the product of = (H0f - H0s)/ (Bf - BS) and
kt. 

For our experimental data, = 0.03 and k = 0.5 since
cracks formation occur at the corners of the indentation 
print. This product is less than 0.5.The substrate hardness 
measured at different applied load after removal of the 
coating is: 

Hs = 233 + 4871/d              (6) 

Application of Eq. 5 and  6 with the experimental results 
of the composite hardness aim to obtain the film hardness 
and its variation with the applied load : 

Hf = 209 + 4061/d (7)              

It is worth noting that a hardness intrinsic value of 484 
VHN has been measured for dense HA. 

IV. CONCLUSIONS

One of the most important particularities of hardness 
measurement is that they are load dependent. In order to 
obtain an intrinsic value of hardness for the 
coating/substrate systems, it is possible to use the Jönsson et 
al. Model. The model based on the area law-of-mixture is 
suitable at condition that Kt/d is less than 1. Values higher 
than 1 for kt/d correspond to an indent diagonal length less 
than the coating thickness, and consequently the measured 
hardness equal the coating one. From the above discussion 
it is not so difficult to obtain an absolute hardness because 
the influence of substrate has been found effective only for 
the highest load. It is also to be noticed that the 
hydroxyapatite hardness of the coating is less than the bulk 
hydroxyapatite and substrate ones. This result is a 
consequence of the presence of porosity in the plasma-
sprayed hydroxyapatite coating. 
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