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Abstract

The microplasma sprayed (MPS) hydroxyapatite (HAP) coating on surgical grade SS316L, is an emerging material for bio-ceramic based

implant application involving higher reliability. For this purpose, a 200 mm thick MPS-HAP coating was developed on SS316L substrate and

characterized by XRD, SEM and FE-SEM techniques. The local mechanical properties of the coating, e.g. nano-hardness and Young’s modulus

were evaluated by nanoindentation technique carried out with a Berkovich indenter at various depths in the range of about 170–3000 nm on a

polished top surface. The characteristic values of nano-hardness (1.5–5 GPa) and Young’s modulus (�60–100 GPa) obtained through the

application of Weibull statistics to the experimentally measured data revealed a strong indentation size effect (ISE). Attempts were made to explain

the genesis of ISE on the basis of some existing and some new concepts.
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1. Introduction

Over the past few years, hydroxyapatite (HAP) has been

mainly introduced as a porous coating on metallic implants to

provide easier in-growth of bony tissues. The excellent

biocompatibility and bio-stability of HAP coatings have

become well established and the usages of this material for

prosthetic applications have been rapidly popularized in the

past few years. Plasma spraying (PS) with a high plasmatron

power (e.g. 20–40 kW) is the most popular and commercially

accepted coating method. However, due to the high temperature

of plasma jet, the degradation of HAP was unavoidable during

spraying, which involved the formation of undesirable

tetracalcium phosphate (TTCP), tricalcium phosphate (TCP)

and calcium oxide phases. In addition, due to the rapid cooling

of sprayed particles, amorphous calcium phosphate also forms

in the HAP coatings on Ti6Al4V substrates [1,2]. The degree of

crystallinity (Xc) of PS-HAP coatings usually lied below 70%
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[3]. The lower the degree of crystallinity, the lower was the

stability of the coating in vivo. To tackle these problems,

recently the microplasma spraying (MPS) process with a low

plasmatron power (e.g. 1–4 kW) has been introduced because it

can provide a higher degree of crystallinity, e.g. Xc � 90% and

phase purity than those provided by conventional PS [4]. In the

present work, the metallic substrate chosen was a surgical

grade, biocompatible austenitic stainless steel (SS316L). The

choice was prompted by better corrosion resistance properties,

mechanical properties and lower cost of SS316L than those of

the conventional Ti6Al4V alloy [5–7].

The stability and reliability of the coated implant in vivo

depend predominantly upon the local mechanical properties of

the coating. In the present work, a low plasmatron power

(�1.5 kW), i.e. microplasma was used to coat HAP on SS316L

and the local mechanical properties, e.g. nano-hardness (H) and

Young’s modulus (E) of the MPS-HAP coating were evaluated

by the well established nanoindentation technique. The local

mechanical properties, e.g. H and E of HAP and/or HAP

composite coating as well as global mechanical properties, e.g.

microhardness have not been reported to a great detail in

literature. Most of the researchers reported nanoindentation

data with a Berkovich indenter for plasma sprayed HAP coating
d.
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on Ti6Al4V substrate [8–10]. The reported values on H and E

spanned a range of �4–5 and 83–123 GPa, respectively as

one moved from the coating-substrate interface to the free

coating side across the coating cross-section [8]. The

nanoindentation data showed further, that Young’s modulus

value of amorphous zone was much lower than that of the

crystalline zone of HAP coating [9,10]. On the other hand, for

HAP coating prepared by using an Nd-YAG laser on Ti, the

nanoindentation measurements with a Vicker’s diamond

pyramidal indenter along the coating cross-section showed

that both H and E values were lower at the coating side than at

the coating-substrate interface [11]. However, depending on

processing condition and type of substrates, the magnetron

sputtered thin HAP films (350–650 nm) displayed a much

higher range of nano-hardness (�4–9 GPa) and Young’s

moduli (�70–150 GPa) when measured with a Berkovich

indenter [12,13]. Nano-hardness and Young’s moduli data

have also been reported for functionally graded coating of

HAP/glass composite and HAP/a-TCP composite [14].

Others have evaluated Vicker’s microhardness and nano-

hardness of various composite coating systems, e.g. (a)

plasma sprayed 50 vol.% HAP/50 vol.% Ti6Al4V composite

coating on Ti6Al4V substrate [15], (b) plasma sprayed HAP/

YSZ/Ti6Al4V composite coating [16], (c) HAP/carbon

nanotube (CNT) composite coating [17] and (d) biomimetic

HAP coating deposited on Ti6Al4V and Ti13Nb11Zr alloy

substrates [18]. Most of these reports involve a Ti6Al4V or Ti

or Ti alloy substrate and thus the amount of information on

micro- or nano-mechanical properties of microplasma

sprayed HAP coating on SS316L substrate is almost

insignificantly small. This particular need provided the

genesis of the present work.

In general the scatter in data was very high for the plasma

sprayed coatings, presumably due to the highly heterogeneous

and porous structure of the coatings. To treat this scatter,

Weibull statistical analysis has been utilized and the

corresponding characteristic values in each case were

evaluated to obtain suitable results for structural designing.

As a matter of fact, this particular statistical method has been

widely utilized to calculate the characteristics values for

various mechanical properties of heterogeneous materials; for

example to calculate the Young’s modulus of the SiC/SiC

ceramic matrix composite for turbine vanes [19], the

microhardness and Young’s modulus of thermal barrier

coatings on Ti-alloys [20–22], etc. Thus, the Weibull statistical

analysis is a well established, simple and widely used

technique to calculate the characteristic properties of such

brittle materials with various phases, flaws or defects that

results in wide variations in the mechanical properties like

hardness and Young’s modulus.

From the survey of literature it appears that the local

mechanical properties of HAP coating are function of

method of preparation of the coating, substrate type,

condition of the substrate, coating thickness, test load,

loading rate, etc. However, as pointed out above, there has

not been any systematic study of local mechanical properties

for microplasma sprayed HAP coating on SS316L substrates.
Therefore, the objective of the present study was to prepare

the HAP coatings on SS316L substrates by microplasma

spraying (MPS) technique using a very low plasmatron

power (e.g. �1.5 kW) and characterize the local mechanical

properties, e.g. nano-hardness (H) and Young’s modulus (E)

of the coatings by the well established nanoindentation

technique.

2. Materials and methods

The HAP powder was conventionally synthesized by the

usual wet precipitation route. The detail preparation of HAP

powder has been described elsewhere [23,24]. The resulting

whitish precipitate was subsequently aged, dried, sintered at

1250 8C and sieved to produce sinter-granulated HAP to be

used as the starting powder for the microplasma spraying

process. Chemical analysis of the powder was performed by

inductively coupled plasma–atomic emission spectroscopy

(Spectro Flame Modula, Spectro-Analytical Instruments,

Model: STM 08, Germany). The size distribution of HAP

was measured by a particle size analyzer (Malvern Mastersizer

X, Malvern Instruments, Malvern, UK). Flowability of HAP

granule was measured as per ASTM B 212-99 standard by a

Hall Flowmeter (Lloyds, India).

The substrate used for coating was commercially available

surgical grade 316L stainless steel. The substrate was shaped

into strips and cylinder of sizes (155 mm � 20 mm � 2 mm)

and (w = 25 mm, L = 25.4 mm), respectively. Flat parallel

ground substrate strips were blasted with 200–250 mm alumina

grits to roughen the surface to an average roughness (Ra) value

of �2.5 mm, followed by ultrasonic cleaning (Microclean-109,

Oscar Ultrasonics, Mumbai, India) using sequentially AR-

grade acetone, ethanol and deionized water.

Thereafter, HAP coatings on SS316L substrates were

prepared by the microplasma spraying (MPS) technique at a

low plasmatron power of 1.5 kW using a commercial machine

(Miller Maxstar 200 SD 2.5 kW). Argon was used as the

primary and secondary gases. The MPS-HAP coated SS316L

samples were post-heat-treated at 600 8C in air to increase the

degree of crystallinity of the coating and the bonding strength.

The phase purity and crystallinity of the MPS-HAP coating

on the SS316L were analyzed by X-ray diffraction (Philips

PW1710, The Netherlands) using monochromatic Cu Ka1

radiation at 55 mA and 40 kV. The bonding strength of coating

was evaluated according to ASTM-C633. The microstructural

characterizations and film thickness measurements were

carried out by both SEM (scanning electron microscopy,

s430i, Leo, UK) and FE-SEM (field emission-scanning electron

microscopy, Supra VP35 Carl Zeiss, Germany) and subse-

quently by an image analyzer (Leica Q500MC, UK). Prior to

insertion in the sample chamber for electron microscopy, a 50–

70 nm carbon coating was deposited on the HAP coating by the

arc deposition technique to avoid charging.

Local mechanical properties, e.g. nano-hardness (H) and

Young’s modulus (E) were measured on the polished plan

section of the HAP coating, i.e. in a direction perpendicular to

the splat orientation by the nanoindentation technique using a
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commercial machine (Fischerscope H100-XYp; Fischer,

Switzerland). The depth sensing resolution and force sensing

resolution were 1 nm and 0.2 mN, respectively. The machine

was calibrated with nanoindentation based independent

evaluation of H � 4.14 GPa and E � 84.6 GPa of a Schott

BK7 Glass. The experiments were conducted at nine different

loads in the range of 10–1000 mN with a Berkovich indenter on

the top surface (i.e. plan section) of polished, bonded, 200 mm

thick HAP coatings on SS316L substrates. The surface

roughness (Ra) of the bonded coating was �0.5 mm. The

maximum depth of penetration was kept within �5 mm, which

is well below 20 mm. The depth of 20 mm was about 10% of the

coating thickness. Thus, the measurements were taken from a

depth that would avoid the influence of the substrate’s

mechanical properties on the measured data. The Berkovich

indenter had a tip radius of about 150 nm and a semi-apex angle

of 65.038. Both the loading and unloading time were kept at

30 s. At least fifteen indents were made at each load at five

different locations of the sample as the nature of the coating was

porous and heterogeneous. The nano-hardness (H) and Young’s

modulus (E) were evaluated according to DIN 50359-1

standard from the load versus depth of penetration plots using

the well-established Oliver and Pharr (O–P) model [25].

The scatter in the data was treated in terms of the Weibull

statistics analysis. For this purpose, the two-parameter Weibull

distribution function was utilized. The function provides the

probability, p, for a given parameter, x, as [19,20,22]

p ¼ 1� exp � x

xo

� �m� �
(1)

where xo is known as the scale parameter where the probability

of occurrence is 63.2% and ‘‘m’’ is the Weibull modulus. The

value of the Weibull modulus is a dimensionless quantity and

indicates the degree of scatter in the data. The magnitude of

‘‘m’’ increases with decreasing scatter. The survival probability

of the ith observation in the data arranged in ascending order

can be expressed as [19,20,22]

p ¼ i� 0:5

N
(2)

where N is the total number of observations. Although, in some

literature, the formula for the probability estimator ‘‘p’’ was

found to be different, here we have employed the most exten-

sively used expression.

Taking ln for two times of both the sides and simplifying,

Eq. (1) can be expressed as

ln ln
1

1� p

� �� �
¼ m½lnðxÞ � lnðxoÞ� (3)

The values of m and xo are obtained by fitting the

experimental data to Eq. (3), by least square regression. The

slope of the straight line will give the value of Weibull modulus

(m) and the intercept on the ‘‘Y’’ axis will give the value of scale

parameter (xo). Finally, by setting the value of ln[ln {1/

(1 � p)}] equal to zero and placing the values of m and scale-

parameter in Eq. (3), one can easily calculate the characteristic
value (xo) of the related parameter, x. The characteristic values

(x) are of great engineering importance as it provides the

designer with a unique and dependable value of the required

parameter. In the present study, x was hardness and Young’s

modulus. The corresponding characteristic values were termed

as Hchar and Echar.

2.1. Basic theory of nanoindentation

During the nanoindentation, the high resolution instrument

continuously monitors the load, P and depth of penetration, h of

an indenter which in the present investigation was a Berkovich

tip. These data are utilized to get the load versus depth of

penetration (P � h) data plot. The important physical quantities

obtained from the load versus depth of penetration plot are: the

peak load, Pmax, maximum penetration depth, hmax, final

penetration depth, hf, and the contact stiffness, S.

According to the O–P model [25] which is the most

commonly used method to obtain the hardness and Young’s

modulus of a material by instrumented nanoindentation, the

nano-hardness (H) is expressed as

H ¼ Pmax

Acr

(4)

where Pmax is the maximum applied load and Acr is the real

contact area between the indenter and the material. According

to Oliver and Pharr, the polynomial form of Acr can be

expressed as [26]

Acr ¼ 24:56h2
c þ C1hc þ C2h1=2

c þ C3h1=4
c þ � � � þ C8h1=128

c

(5)

where C1–C8 are constants to be determined by standard

calibration method and hc is the penetration depth determined

from the following expression [26]:

hc ¼ hmax � k
Pmax

S

� �
(6)

where k � 0.75 for a Berkovich indenter [27].

Again, the contact stiffness (S) which is the slope of the first

�1/3rd linear part recorded during the unloading cycle of the

load versus depth of penetration plot can be expressed as [28]

S ¼ dP

dh

� �
h¼hmax

¼ aCAE�
ffiffiffiffiffiffi
Acr

p
(7)

where a = 1.034 and CA ¼ 2=
ffiffiffi
p
p

for a Berkovich indenter [28]

and E* is the effective Young’s modulus. Following the O–P

model, E* can be expressed as [25]

1

E� ¼
ð1� n2

i Þ
Ei

þ ð1� n2
s Þ

Es
(8)

where E and n are the Young’s modulus and Poisson’s ratio,

respectively and subscripts i and s, denotes the indenter and the

sample, respectively. For the Berkovich diamond indenter used

in the present work, the values of Ei and ni were taken as

1140 GPa and 0.07 respectively, following [28].



Fig. 1. X-ray diffraction pattern of: (a) synthesized HAP powder and (b) MPS-

HAP coating on SS316L.

Fig. 2. Photomicrograph of MPS-HAP coating: (a) plan section in as-sprayed

condition taken in a scanning electron microscope and (b) polished plan section

taken in a field emission scanning electron microscope (FE-SEM).

Fig. 3. The ratio of hf/hmax for HAP coating under 10–1000 mN loading

condition.
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3. Results and discussion

In the present work, the Ca/P ratio of HAP powder was

maintained at �1.67. The mean HAP granule size (d50) was

�67 mm. The X-ray diffraction (XRD) patterns of both the

HAP powder and the MPS-HAP coating on SS316L are shown

in Fig. 1(a) and (b). The XRD of HAP powder showed the

presence of only HAP peaks (JCPDS file no: 09-0432)

confirming it to be a single-phase material (Fig. 1(a)). In the

coated samples also no peaks other than HAP was observed

indicating no change in phase composition during coating. The

degree of crystallinity (Xc) calculated following [29] was

�90% and �91% for the HAP powder and HAP coating,

respectively. The surface morphology of as sprayed and

polished top surface, i.e. plan section of the coating is shown

through scanning electron micrographs in Fig. 2(a) and (b),

respectively. Both the splat size and the vol.% open porosity

were measured by an image analyzer taking several FE-SEM

images with same magnification from different areas of the as

sprayed (Fig. 2(a)) and the polished plan section (Fig. 2(b)) of

the MPS-HAP coating on SS316L substrate. The splat size of

the coating was �50–70 mm. The macro-pore size and micro-

pore size of the coating were �10–30 mm and �1 mm,

respectively. The average vol.% open porosity was �18%. The

bonding strength of the MPS-HAP coating measured according

to the ASTM-633-01 standard was found to be �13 MPa.

3.1. Nano-hardness and Young’s modulus

The well known O–P model [25] was utilized in the present

work to calculate the micromechanical properties of the plan

section of the �200 mm thick MPS-HAP coating at nine

different loads in the range of 10–1000 mN. However, the

results obtained from the O–P model [25] will be erroneous if

the area function used to calculate the contact area (Acr, Eq. (5))

in this model gets modified [28]. Thus, to verify the

applicability of this model, it is always necessary to calculate

the (hf/hmax) ratio from the load versus depth of penetration
plot. The value of this ratio should lie below 0.7 to obtain

reliable results from the O–P model [28,30]. The average values

of (hf/hmax) ratio for the coating in the present study were below

0.7 (Fig. 3). This information justified the basic applicability of

the O–P model to analyze the nanoindentation data of the

present MPS-HAP coatings on SS316L.



Fig. 4. The load–depth (P � h) plots of MPS-HAP coating at low load

(100 mN) and high loads (e.g. 500 and 1000 mN).

Fig. 6. Weibull distribution fittings of nano-hardness (H) data on the plan

section of MPS-HAP coating at 30 and 1000 mN load.
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The typical average load–depth (P � h) plots at low load

(100 mN) and high loads (500 and 1000 mN) with a Berkovich

indenter are shown in Fig. 4. At higher indentation loads as

expected there was a large residual depth, e.g. about 3000 nm

and consequently, a larger area encompassed by the load versus

depth plot implying dissipation of higher amount of energy as

compared to those involved at lower or intermediate loads.

SEM image of a single Berkovich at low load, e.g. 80 mN load

is shown in Fig. 5. The indentation area looked smooth without

any imminent sign of severe damage growth or accumulation.

The Weibull distribution fitting was done for the nano-

hardness (H) and Young’s modulus (E) of the coating, as

determined by the nanoindentation experiment. The Weibull

distribution fittings for H and E data are shown in Figs. 6 and 7.

The variation of the Weibull modulus with load for both nano-

hardness and Young’s modulus data are shown in Fig. 8(a) and

(b), respectively.

At low load, the scatter was high, so the Weibull modulus

had a low value, e.g. ‘‘m’’ = 2.72 for nano-hardness data (Fig. 6)

and ‘‘m’’ = 4.59 for Young’s modulus data (Fig. 7) obtained at

30 mN. The reason for high scatter was that the coating was full

of surface defects like macro-pores, micro-pores, intra-splat
Fig. 5. SEM image of a single Berkovich indent at 80 mN load.
cracks and inter-splat cracks and also many shallow cracks and

defects lying in very close vicinity of the sub-surface region.

These flaws would have a statistical size distribution due to the

process of plasma spraying. At low load, the depth of

penetration was small and therefore, the indentation zone of

influence was also small. As the indentation size/depth scales

with the size of such flaws as mentioned above, the scatter of

data was relatively higher, as revealed from the plots of data in

Figs. 6 and 7.

The scenario reverts completely at a higher load of

indentation. At high load, the scatter was relatively lower, so

the Weibull modulus had a high value, e.g. ‘‘m’’ = 8.58 for

nano-hardness data (Fig. 6) and ‘‘m’’ = 17.05 for Young’s

modulus data (Fig. 7) obtained at 1000 mN. The scatter was low

because the uncertainty of measured data decreased with

increase of indentation load; Fig. 8(a) and (b). Similar

observations have been made by others [31,32]. Physically,

at a higher load of indentation, the depth of penetration was

more and as a result the indentation zone of influence was
Fig. 7. Weibull distribution fittings of Young’s modulus (E) data on the plan

section of MPS-HAP coating at 30 and 1000 mN load.



Fig. 8. Weibull modulus (m) values of MPS-HAP coating as a function of load

for: (a) nano-hardness and (b) Young’s modulus.

Fig. 9. Influence of penetration depth on: (a) nano-hardness (H) and (b)

Young’s modulus (E) of the plan section of MPS-HAP coating.
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having a larger volume compared to those obtained at a lower

load of indentation. In such a larger zone of influence, the

possibilities are high that many interactions between the

penetrating indenter and a large variety of deep cracks, pores

and other defects with a large variety of random local spatial

orientation would take place and in the process would

ultimately result in an averaging effect in such a fashion that

the overall scatter could reflect a decreasing trend. A strong

support for this conjecture, in fact, was borne out from the

Weibull moduli data of nano-hardness and Young’s moduli of

the MPS-HAP coating, plotted as a function of load in Fig. 8(a)

and (b), wherein both the data showed an overall average trend

of increasing with load.

Thus, our experimental data would suggest that the extent of

scatter in the nano-hardness and Young’s modulus data

measured by nanoindentation at low load was governed in

the present MPS-HAP coating by the presence of very shallow

surface and sub-surface defects. However, those measured at

relatively higher load of nanoindentation might be governed not

only by the statistical distribution of larger pores and deeper

crack-like defects but also by differences in their local

orientation which might have been conducive enough to

provide ultimately an averaging out effect, to reduce the overall

range of the data being evaluated.
Further, the characteristic values of H (Hchar) and E (Echar)

were obtained for each load. These values were plotted as a

function of load (Fig. 9(a) and (b)). At a low load of 10 mN, the

coating showed Hchar value �5 GPa at a depth of about 200 nm

which dropped by about 60%, e.g. �2 GPa at a depth of

�3000 nm for a higher load of 1000 mN ((Fig. 9(a)). Thus, a

strong indentation size effect (ISE) was present in the data. The

corresponding Echar values were about 100 and 60 GPa

(Fig. 9(b)) at 10 and 1000 mN loads, respectively. Although

a direct comparison of the data of present work with literature

data was not possible because the processing method and

measurement methods were not all identical, still it may be

mentioned that the data of the present work compared

favourably with the literature data [8–10,12,13]. However,

the data reported [11] for laser deposited HAP coating was

slightly higher than those measured in the present work.

The nano-hardness and Young’s modulus value of sintered

bulk HAP were reported as 6 and 125 GPa, respectively [14].

The nano-hardness and Young’s modulus of the plasma

sprayed coatings as measured in the present work (average

H � 3.5 GPa, average E � 80 GPa) were much reduced

compared to that of the bulk sintered HAP material. This

was due to the fact that the coating had a high porosity of about

18 vol.%. A high density of planner and volumetric crack-like

defects with very little preferred orientation were shown in

Fig. 2(b). Work done on plasma sprayed ceramic thermal

barrier coatings has already established that volumetric and

planner defects could cause significant reduction of both

hardness and Young’s modulus values [33,34].



Fig. 10. Dependency of ln(Pmax) on ln(hc) according to the Meyer’s law.

Fig. 11. Dependency of Pmax on h2
c according to the Hays–Kendall approach.
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The dependence of Young’s modulus (E) on vol.% porosity

( p) is expressed as [35]

E ¼ E0expð�b pÞ (9)

where b is a constant (�2.5), E0 is the Young’s modulus for a

material with zero porosity, i.e. of theoretical density. Assum-

ing E0 = 125 GPa [14], for a HAP coating with 18 vol.%

porosity, the predicted Young’s modulus value was

�79 GPa, which matched quite well with the load averaged

Young’s modulus data of 80 GPa as mentioned above. The

reduced hardness value was calculated as �3.8 GPa by the

similar relation adapted for the hardness vs. porosity, assuming

H0 as 6 GPa [14]. This also matched well with the load

averaged hardness data of 3.5 GPa. Further, it may be noted

also that the load averaged values of characteristic Young’s

modulus (Echar) and hardness (Hchar) were calculated as 76.53

and 3.34 GPa, respectively. These values were also well

matched with the predicted value of hardness and Young’s

modulus.

The nano-hardness obtained from the geometrically similar

indenters, i.e. conical or pyramidal (e.g. Knoop, Vickers,

Berkovich, etc.) at various loads is in principle expected to

remain unchanged as the strain during the indentation is

constant unlike the spherical indenter. However, in a practical

situation, the hardness using similar indentations is found to

vary with the load. The increase in hardness with decreasing

load, which is known as indentation size effect, is often

observed in bulk ceramics [36–39], physically and chemically

vapour deposited ceramic coatings [40,41] as well as in plasma

sprayed ceramic coatings [21,31,42,43]. In the present work,

ISE also was observed (Fig. 9(a)).

The most widely used empirical equation for describing

the ISE is the Meyer’s law. This law correlates the test load

and the resultant indentation size using a simple power law

[37,44–47]

Pmax ¼ A1hn
c (10)

where A1 and n are constants that can be derived directly from

the experimental data by any suitable regression technique.

When the value of ‘‘n’’ lies between 1 and 2; it can be attributed

to the definite presence of an ISE.

Through linear regression analysis, the best-fit values of the

parameters A1 and n were obtained as 5.3 � 10�4 mN/nmn and

1.48, respectively (Fig. 10). The high value of the correlation

coefficient, r (e.g. r = 0.99) implied that Eq. (10) could provide

a satisfactory description of the nanoindentation data of present

work. Since the value of ‘‘n’’ lies between 1 and 2, it can be

attributed to the definite presence of an ISE in the data.

An alternative approach to the explanation of the ISE

phenomenon has been put forward by Hays and Kendall [48]. It

has been proposed that the basis of the ISE is the existence of a

minimum level of the indentation test load, Wi, below which

permanent deformation or flow does not initiate, but only

elastic deformation occurs. So, philosophically one can

associate Wi with a basic, minimum intrinsic force that exist
at the specimen surface. We prefer to call this term as sample

resistance (Wi = R).

To explain ISE in the case of nanoindentation data taken

with a Berkovich indenter for glass as well as bulk TZP and

silicon nitride ceramics, the following equation has been

proposed [49]

Peff ¼ Pmax � R ¼ A2h2
c (11)

where Peff represents the effective load that is available for

doing the actual work of indentation after passing over the

specimen’s intrinsic resistance (R), Pmax is the applied max-

imum load and A2 is a constant. At lower applied loads the

effective load is quite low, and the corresponding indentation

depth is very small. This in turn results in a higher hardness

value. This effect gradually diminishes with the increase in

load, thus producing the indentation size effect as observed in

the present work. A linear regression analysis of Pmax vs. h2
c has

been carried out and from the intercepts of the best fitted line

(Fig. 11), the value of R = 2.38 mN was evaluated for the

present MPS HAP samples. Similarly the value of A2 was

estimated as 0.98 � 10�4 mN/nm2. Thus, for an applied load of



Fig. 12. SEM photomicrographs of the polished cross-section of the MPS-HAP coating taken at progressively higher magnifications: (a) at�1K; (b)�6K; (c)�10K.
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10 mN, the effective load available for carrying out the work

of indentation was about 7.62 mN. For such an effective

load, from Eq. (11), we can then estimate hc as 0.278 mm

and the corresponding nano-hardness as about 5.23 GPa. Both

of these data matched reasonably well with the experimentally

measured data of depth (hc) �0.29 mm and nano-hardness

�5.02 GPa. The small value of sample resistance, R indicates

that this approach can explain the ISE phenomenon success-

fully. Furthermore, the high correlation coefficient (r � 0.98)

implied that Eq. (11) provides a satisfactory description of the

nanoindentation data for the MPS-HAP materials.

Indentation size effect as encountered in both metallic [50]

and brittle [51] materials, is a significant phenomenon in micro-

and nanoindentation tests describing the increase in hardness

values with decrease of the indentation loads. In the past few

decades, a number of explanations have been developed for

ISE, including: the well established strain gradient plasticity

theory [52], dislocation nucleation [53]; variation of contact

surface [54]; friction between the surface and the indenter [55]

and the micro-fracture processes [56].

However, in our case SEM evidences taken from the coating

cross-section at progressively higher magnification showed that

there was a gradual increase of fine micro-pores and micro-

cracks as well as macroscopic defects such as large macro-

pores and deeper cracks as one traverses from the surface

towards the depth of the coating (Fig. 12(a)–(c)). When the

penetrating indenter traverses a larger depth in the MPS-HAP

coating at a higher indentation load (e.g. about 3060 nm at a

load of 1000 mN), it is most likely to come across a large sub-

surface macro-pore or crack, which would cause an apparent

increase in depth of penetration and thereby affect a larger area

of contact, which, in turn would be reflected in a lower nano-

hardness value being evaluated.
On the contrary, at very low load of indentation, e.g. at

10 mN, the depth of penetration was indeed very much shallow

at about 170 nm which contributed to a lower area of contact. In

case the area of contact is lower, the hardness being evaluated

would be on the higher side, as, in fact, has been reflected in our

data (Fig. 9(a)). Therefore, based on our experimental data and

the scanning electron microscopy based observations we

suggest that the extent of interaction of the indenter with

average size defects across the depth of a microplasma sprayed

HAP coating may cause an indentation size effect.

The presence of fine pores and micro-cracks at different

depths from surface would make the MPS-HAP coating more

compliant to deformation. As a result, at a given load the

indenter would penetrate to higher depth in the presence of

such pores and cracks than that it could have in their absence

[57]. Higher depth of penetration would result in a larger area

of contact and hence a lower hardness. Conversely, at lower

loads of indentation, the depth of penetration has smaller

magnitude. In other words they remain very close (e.g. at about

200 nm) to the surface. Thus, the nanoindent itself would then

have much lesser chance to interact with intrinsic defects

which lie at a much higher depth (e.g. at least 500 nm or

greater, Fig. 9(a)). As a result, the lower depth of penetration

would result in a smaller area of contact and hence a much

higher hardness, thus possibly producing the indentation size

effect as observed in the present work.

4. Summary and conclusions

Phase pure and flowable HAP granule was prepared from the

conventional wet chemical route. HAP coatings of thickness

�200 mm were prepared by microplasma spraying on SS316L

substrates. The degree of crystallinity for MPS-HAP was found
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to be high (�91%). Nanoindentation study was conducted to

evaluate local mechanical properties. The statistical validity of

the data was established through the application of Weibull

statistics, because of the porous and heterogeneous nature of the

coating. The ‘‘m’’ value for the nano-hardness (H) varied in the

range 2–9. For the Young’s modulus (E), the ‘‘m’’ value varied in

the range of 3–18. For both H and E values of the coating, the

values of the Weibull modulus (‘‘m’’) showed an overall

increasing trend with respect to load although there were some

occasional deviations. Such deviations might have occurred due

to the presence of pores and cracks in different layers of the

coating. It was postulated that higher scatter of data at lower load

could be linked to stochastic nature of interaction between the

indenter that penetrated a very shallow depth and the flaws that

scale with the size/depth of the indentation and which possessed a

highly statistical size distribution in the surface and in the close

vicinity of sub-surface region. At higher load, it was suggested

that due to a larger indentation zone of influence, an averaging

out effect of indenter-flaw interaction predominated to affect a

reduction in data scatter. At a low load of 10 mN, the coating

showed a hardness value of about 5 GPa at a depth of about

170 nm which dropped by 60%, e.g.�2 GPa at a depth of about

3000 nm for a higher load of 1000 mN. These data suggested the

presence of a strong indentation size effect in the nano-hardness

behaviour of the coatings. The corresponding Young’s moduli

data were about 100 and 60 GPa at 10 and 1000 mN loads,

respectively. Based on our experimental data and the scanning

electron microscopy based observations it has been suggested

that the extent of interaction of the indenter with average size

defects across the depth of a microplasma sprayed HAP coating

could be responsible for the observed indentation size effect.
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