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ABSTRACT This study computes the friction force during splat sliding in the plasma-sprayed Al-Si coating based on the instrumented
depth-sensing nanoindentation and microindentation experiments. A small intersplat friction force (∼10-4 N) contributes to the
occurrence of the splat sliding. As compared with nanoindentation, more and more splat sliding occurs during microindentation
because of the increase in the applied load, which accounts for the ∼26% loss of the elastic modulus.
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1. INTRODUCTION

The plasma spray technique is a versatile process that
can deposit a wide range of alloys, ceramics, poly-
mers, and composites as coatings while retaining the

benefits of rapid solidification (1). Plasma-sprayed coatings
are formed by the stacking of thin splats, which are produced
by a stream of molten and semimolten droplets impacting
on the substrate followed by flattening and rapid solidifica-
tion. The typical microstructure of the plasma-sprayed
deposit consists of layered splat structures, intersplat pores,
microcracks, and fine voids, which often lead to inadequate
bond strength between the splats (2). Previous investigations
revealed that the elastic moduli of plasma-sprayed coatings
are much lower than those of bulk, dense materials (3-9).
For example, the elastic modulus (evaluated using the bend-
ing test) of an atmosphere plasma-sprayed yttria-stabilized
zirconia (YSZ) top coating with ∼15% porosity is only 1-2%
of that for dense YSZ (4). The elastic modulus of a plasma-
sprayed NiCrAlY coating measured by spherical microin-
dentation decreases to 80 ( 12 GPa (8), as compared to 200
GPa for dense NiCrAlY. The relationship between the elastic
modulus and porosity, often used in the evaluation of the
elastic moduli of porous materials, is (10)

E) E0 exp(-beP) (1)

in which be is a constant (∼2), E0 the elastic modulus of a
dense material, and P the porosity. However, the calculated
elastic moduli of plasma-sprayed coatings using eq 1 are
much higher than the experimentally measured values (4, 8).
The unsatisfactory prediction of the elastic modulus from eq

1 strongly implies that the porosity is not the sole factor in
determining the elastic modulus. Consequently, some re-
searchers proposed that the significant decrease in the
elastic modulus of a plasma-sprayed coating is ascribed to
splat sliding (4) and/or a low effective bonding ratio (5, 6).
The bonding ratio is defined as the ratio of the total bonded
lamellar interface areas to the total apparent interface areas
between flattened splats (5, 6). It should be noted that the
intrinsic inhomogeneous microstructure of the as-sprayed
coating always leads to anisotropic elastic moduli along the
cross-sectional and axial directions of the deposit. Neverthe-
less, the splat sliding can be activated if the external load is
applied along either the cross-sectional or axial direction
because of the lower bonding ratio between adjacent splats.
However, it has been an unresolved issue for years to
estimate the intersplat friction force for splat sliding. In the
present study, nanoindentation and microindentation ex-
periments were conducted on the plasma-sprayed Al-Si
coating, and the intersplat friction force for splat sliding was
estimated using an analytical model.

2. EXPERIMENTAL PROCEDURES
Gas-atomized, prealloyed, spherical Al-11.6 wt % Si alloy

(referred to as Al-Si hereafter) powder with a size of 14 ( 9
µm was selected as the precursor powder. Plasma spray was
carried out using a SG-100 gun (Praxair, Inc., Danbury, CT), with
processing parameters as follows: 40 V; current of 550 A,
primary gas argon (42.5 slm), secondary gas helium (30.5 slm),
carrier gas argon (11.9 slm), standoff distance of 100 mm, and
powder feed rate of 20 g/min. The porosity of the plasma-
sprayed coating was estimated by image analysis. To guarantee
the measured porosity of the as-sprayed coating, the average
of the porosity was calculated based on the image analysis
results for five different regions of the as-sprayed coating.
Nanoindentation tests were carried out using Hysitron Triboin-
denter (Hysitron, Minneapolis, MN) with a diamond Berkovich
tip. During nanoindentation, the load was applied at the rate of
25 µN/s up to a peak load of 2300 µN, where it was held for 2 s
and then unloaded completely at a negative rate of 25 µN/s.
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Additionally, continuous load/displacement measurements with
a Vickers microindenter were also conducted on a polished
cross section of the Al-Si sample using a depth-sensing inden-
tation instrument (MHT, Micro Photonics Inc., Allentown, PA),
in which the load was applied at the rate of 1633 µN/s up to a
peak load of 2.94 N, where it was held for 15 s and then
unloaded completely at a rate of 1633 µN/s. The hardness and
elastic modulus were estimated by the Oliver and Pharr method
(11). It is noted that all of the nanoindentation and microinden-
tation were made on a polished cross section of the plasma-
sprayed Al-Si coating.

3. RESULTS AND DISCUSSION
Representative load-displacement curves of nanoinden-

tation and microindentation made on a cross section of the
Al-Si coating (average thickness ∼550 µm) are shown in
Figure 1. It is seen that the loading-unloading curves of
nanoindentation are serrated, which is attributed to its finely
distributed porosity (∼5.3 vol %) throughout the plasma-
sprayed coating. Comparatively, the loading-unloading
curves of microindentation are smooth, indicating that a
Vickers tip with a larger size is insensitive to these fine pores
and microcracks within the coating. The elastic modulus and
hardness of the plasma-sprayed Al-Si coating, measured by
nanoindentation, are 112 ( 9.4 and 1.1 ( 0.2 GPa, respec-

tively. Vickers microindentation results show that the Al-Si
coating exhibits an elastic modulus of 83.6 ( 5.7 GPa and a
hardness of 0.88 ( 0.06 GPa.

The Vickers hardness is ∼80% of the nanohardness
because nanoindentation analysis utilizes the projected
contact area at the peak load instead of the residual projected
area. Also, it assumes a pure elastic contact describing the
elastic/plastic indentation process (12).

The elastic modulus of the plasma-sprayed Al-Si coating
measured by microindentation is ∼74% of that measured
by nanoindentation. This is attributed to the large difference
in the scale length of the elastoplastic deformation region
produced by the Berkovich and Vickers tips, respectively.
The radius (c) of the elastoplastic deformation region be-
neath the Berkovich or Vickers tip can be estimated using
eqs 2 (13) and 3 (14), respectively

c)�0.3Fmax

σy
(2)

c)�0.48Fmax

σy
(3)

where Fmax is the maximum normal force applied on the
indent tip and σythe yield strength of the tested sample.

The yield strength during microindentation is estimated
based on the relationship between the yield strength (σy),
and the Vickers hardness (HV) obeys (15)

σy (MPa)) 3.55HV (kg ⁄ mm2) (4)

The computed yield strength of the plasma-sprayed Al-Si
coating from the Vickers hardness is 294.5 ( 21.4 MPa.
Assuming that the as-sprayed coating is an elastic-perfectly
plastic material, the relationship between the nanohardness
and yield strength is H/δy ) 3 (13). Hence, the computed
yield strength of the as-sprayed Al-Si coating is ∼366.7 (
66.6 MPa from the nanohardness. The computed yield
strength is substituted in eqs 2 and 3 to obtain the size of
the elastoplastic region for nanoindentation and microin-
dentation, respectively. The radius of the elastoplatic region
is 1.39 ( 0.13 µm for nanoindentation and 69.5 ( 2.5 µm
for microindentation. Figure 2 shows that the splat morphol-
ogy is disklike with a radius of 65 ( 20 µm and a thickness
of ∼1-1.5 µm. It can be concluded that the elastoplastic
deformation region caused by the Berkovich tip contains
only 2-3 splats, whereas the elastoplastic deformation
region beneath the Vickers tip contains as many as 90-142
splats. Thereby, it is argued that the lower elastic modulus
of the plasma-sprayed coating based on Vickers microin-
dentation is due to the splat sliding and entrapped porosity
between splats.

The identification of the stress-strain parameters while
a sharp tip was pressed into a material was derived by Tabor
(16) as

σ)
Fmax

AM
(5)

where Fmax is the maximum applied normal force, A the
contact area of a sharp tip pressed into a material, and M

FIGURE 1. Load-displacement curve from (a) nanoindentation and
a scanning probe microscope image of the indent and (b) microin-
dentation and an optical micrograph of the indent (all indentations
were made on a cross section of the plasma-sprayed Al-Si coating).
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the constant with a value of 2.9 in Tabor’s original approach
(16).

Figure 3 shows that sliding of splat A occurs under an
applied normal force. The friction force will be produced
because of the existence of an adhesion force between splat
A and neighboring splats, as shown in Figure 3, which is
viewed from the X direction. It is noted that the adhesion

force (Fadh) between splat A and neighboring splats is
compressive in nature and is applied on splat A. Considering
the friction force caused by splat sliding within the elasto-
plastic deformation region, the stress (σ) on the splat can
be developed as

σ)
Fmax - 2µFadhN

AM
(6)

in which Fadh is the adhesion force between splats, µ the
coefficient of friction between splats, and N the splat number
included within the elastoplastic deformation region.

To compute the intersplat friction force (µFadh), the
contact area produced by the Berkovich and Vickers tips
should be known, respectively. It is well-known that the
maximum displacement (hm) at the peak load equals the
sum of the contact depth (hc) and the elastic surface dis-
placement at the perimeter of the contact (hs) (17), i.e.,

hm ) hc + hs (7)

Bao et al. (18) defined recovery resistance (Rs) as a material
property to be an indicator of energy dissipation during an
indentation cycle

Rs )
Fmax

hs
2
) 2.263

Er
2

H
(8)

where Er and H are the reduced elastic modulus and the
hardness by nanoindentation experiments. Then, the con-
tact area in the process of nanoindentation is estimated
using (14)

A ≈ 24.5hc
2 (9)

Therefore, the contact area is estimated to be approximately
0.31 µm2. Comparatively, the true contact area (Atrue) in the
process of microindentation can be expressed as (14)

Atrue )
Fmax

H
(10)

where H is the Vickers hardness. Subsequently, the contact
area for microindentation ranges from 3000 to 3600 µm2.

On the basis of the assumption of uniformity of the
adhesive force along the splat interface and neglect of voids at
the splat interface, by substitution of the estimated yield
strength, contact area, and number of splats included within
the elastoplastic deformation region for both indentation
techniques in eq 5, the friction force during splat sliding in
nanoindentation and microindentation can be obtained as
eqs 11 and 12, respectively,

µFadh ) Ff ) (511( 2) × 10-6 N (11)

µFadh ) Ff ) (493( 176) × 10-6 N (12)

where Ff is the friction force of splat sliding.
It is evident from eqs 11 and 12 that the computed

friction force (µFadh) during splat sliding is almost the same
(the difference comes from the model error) for nanoinden-
tation and microindentation, strongly implying that the
friction force (µFadh) between splats is an intrinsic mechan-
ical property for a given plasma-sprayed coating. Meanwhile,
such a small friction force (∼10-4 N) indicates that splat

FIGURE 2. (a) Optical micrograph of the cross section of the plasma-
sprayed Al-Si coating and (b) SEM image showing single-splat
morphology.

FIGURE 3. Schematic illustration of splat sliding as a consequence
of the load applied through a sharp tip on a cross section of the
plasma-sprayed coating.
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sliding can be easily activated. It is also evident that the total
number of splats included within the elastoplastic deforma-
tion region beneath the sharp indenter tip increases with an
increase in the applied load. Subsequently, more and more
splat sliding can be activated, leading to a significant loss of
the measured elastic modulus. Similar analytical models
could be developed for other plasma-sprayed coatings pro-
vided it takes into account the dependence on the real splat
contact area and intersplat porosity, which is a function of
the processing parameters.

4. CONCLUSIONS
In summary, the plasma-sprayed Al-Si coating shows

that the measured elastic modulus by microindentation is
only ∼74% of that from nanoindentation. The computed
friction force between splats is ∼10-4 N for the plasma-
sprayed Al-Si coating. The intersplat friction force is an
intrinsic property of the coating and independent upon the
applied load during indentation tests. An increase in the
applied indentation load causes a higher degree of splat
sliding, which contributes to a loss of the elastic modulus.
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