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Abstract

General equations are derived for evaluating the
contributions of the non-penetration displacements
to the apparent Young’s modulus and hardness mea-
sured in an instrumented microindentation test. An
idealized disk model is proposed to simulate the roles
of porosity and sample displacements in determining
Young’s modulus and hardness from the indentation
curve. The model is then applied to experimental
data obtained from the indentation tests completed
with separated and bonded yttria-stabilized zirconia
(YSZ) thermal barrier coating layers. It is shown
that in an instrumented microindentation test of a
thin material plate, large scatter in the mechanical
properties may originate from non-penetration dis-
placements which usually increase with decreasing
sample thickness. Predictions are also made for the
apparent E-H values and show reasonable agreement
with the measured data. © 1997 Elsevier Science
Limited.

1 Introduction

Instrumented microindentation technique has been
found an attractive method for measuring hardness
and elastic constant of engineering materials. The
advantages of this mechanical micro-probe include
the ease of performance and the limited sample
preparation involved. The technique is particularly
favoured for ceramic foils/films and coating mate-
rials where sample preparation for other elastic-
plastic deformation tests is usually an expensive
and time-consuming work.
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Considerable research work has been devoted to
the development of the instrumented microinden-
tation technique. Both formulae and experimental
procedures have been derived, and successfully
applied to metallic and ceramic materials.!® How-
ever, when they are applied to porous materials,
complications due to the very large scatter become
obvious.”® Furthermore, if thin porous sheets, e.g.
thermal barrier coating layers, are tested, the dis-
placements which are not related to the conven-
tional elastic—plastic deformation of an indentation
event contribute to the measured load—depth curve.
As a consequence, apparent values for elastic con-
stant and hardness derived from the micro-inden-
tation technique can be significantly lower than
these real material values.

In the present study, the indenter displacement
as determined from a load-depth curve of an
instrumented microindentation test is decomposed
into penetration and non-penetration displace-
ments. General equations for evaluating the con-
tributions of the non-penetration displacements to
the apparent Young’s modulus and hardness are
derived. A simplified disk model is proposed to
describe the roles of porosity and sample displace-
ments in determining Young’s modulus and hard-
ness from the indentation curve. The model is then
applied to experimental data obtained from tests
completed with both separated and bonded yttria-
stabilized zirconia (YSZ) thermal barrier coatings.

2 Hardness and Elastic Constant from Penetra-
tion Deformation

Instrumented depth-sensing microindentation test-
ing equipment provides information on the inden-
ter position and indentation load with high
precision, ¢.g. the microindentation machine used
in this study, FISCHERSCOPE H100, displays the
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indenter displacement with accuracy in the nano-
meter range and load with a resolution of
0-4mN.1° Therefore, a fairly accurate load—depth
curve can be recorded for a given material. In the
case of a flat sample of dense material, the mea-
sured indentation curve only depends on the elastic
and plastic properties of the material, and indenter
geometry. Based on the relationship between the
indentation curve and elastic-plastic behaviour,
material hardness and elastic parameter can be
determined from the measured load—depth curve.
The methodology has been described fully in the
literature.!+?

The principles for determining Young’s modulus
and hardness from a microindentation test may be
iterated with the aid of Fig. 1. Figure 1(a) is a
schematic drawing of a typical loading—unloading
curve and in Fig. 1(b), the depth parameters of an
penetration-induced impression are illustrated. As
the ratio C of the projected area A4, to the square of
the penetration depth 4, is a constant for a given
indenter (e.g. C=26-43 for a Vicker’s indenter),
hardness, which is usually calculated as the applied
load, P, divided by the projected area, 4,, can be
directly related to 4, by

H=P/4,=P/(C-K) (1)
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Fig. 1. Estimation of hardness and elastic constant from an
instrumented microindentation test, (a)} curve of indentation
load versus displacement; (b) definitions of position parameters.

Figure 1 shows that the penetration depth 4, is the
equivalent of the plastic depth on the indentation
curve and can be obtained by measuring the
abscissa intercept of a straight line which starts at
the maximum load point and is tangent to the
unloading curve.

Young’s modulus can be calculated from the
unloading slope by adopting Sneddon’s flat-ended
cylinder punch model.>3!! Based on Sneddon’s
classical solution of a non-adhesive, rigid, cylindri-
cal flat punch normally loaded on a smooth surface
of an elastic solid, the indentation load P is related
to the elastic deflection A, and the radius, a, of the
contact area by!-?

2F
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By equating the projected area 4, to the punch
area and replacing the elastic constant E/(1 — v?)
by the effective elastic constant E.z/(1 — vgff , one
has, -

2
p=2Er S 4, 3)
1- vﬁﬂ T

The effective elastic constant E/(1—v;) is a
parameter which includes the contributions of both
the material and the diamond indenter to the
indentation curve, and is written as
l—vgff:l—vz l—vz
Eor E E;

(4)

where subscript 4 is referred as to the diamond
indenter. In the form of unloading slope, eqn (3)
may also be written as

dP _ 2E. \/E
dh 11— V2 nhp (3a)

3 Influence of Sample Deformation and Porosity

Imperfections in a sample, such as pores and sur-
face irregularities, e.g. valleys and hills, may cause
further displacements. Figure 2 outlines some
idealized cases where pores and/or an uneven sam-
ple surface can produce extra elastic and irrecov-
erable displacements. A pure elastic displacement
may originate from elastic bending of a ligament
generated by either a pore or a surface valley left
during processing [Fig. 2(a)]. Shown in Fig. 2(b)
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Fig. 2. Extra elastic and/or irrecoverable/plastic displacements
due to the pores and sample deformation, (a) elastic, (b) irre-
coverable/plastic and (c) elastic—-plastic displacements.

are two cases where an irrecoverable displacement
can occur because of the slipping of the sample.
Figure 2(c) illustrates situations where complete
plastic/recoverable displacement occurs after an
elastic deformation because of partial ligament
fracture. Usually, more than one mechanism of Fig. 2
arises in one test. The extra displacements signifi-
cantly increase when sample thickness reduces.

The imperfection-induced displacements change
the measured elastic constant and hardness
through their contributions to the recorded load-
depth curve. The influence of these non-penetra-
tion displacements on the measured mechanical
properties may be analyzed by means of superpo-
sition principles. As shown schematically in
Fig. 3(a), the imperfection-induced displacement in
an instrumented microindentation test can be
represented by either a pure elastic or an elastic—
plastic load-displacement curve. Without loss of
generalization, the imperfection-induced displace-
ment, d, may be expressed as a sum of elastic,
P/E; and plastic/irrecoverable displacement, d,(P),
ie.

d = d,(P) + P/E; (5)

where E; is a measure of the stiffness for the elastic
deformation of the sample, which is corresponding
to the slope of the linear part in Fig. 3(a). After
indentation test, the maximum elastic (h,) and
plastic/irrecoverable displacement (#,,) due to por-
osity and surface roughness are d,(Pn,) and
P,.q.x/ E;, respectively.

Superposing the elastic/elastic—plastic curve to
the penetration curve of the imperfection-free
material [curve 1 in Fig. 3(b)], the curve 2 or 3 in
Fig. 3(b) may be obtained, which includes the
contributions of both material penetration and
sample displacement. The total elastic recovery A,
estimated from such a ‘load-penetration’ curve
may be written as

hte = he + hse (6)

and the plastic deformation 4,
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Fig. 3. Influence of non-penetration displacements on the

load—depth curve in an instrumented microindentation test: (a)

non-penetration load—displacement curves and (b) load—depth

curves measured from dense material (1) [same as that in

Fig. 1(a)], material with elastic non-penetration deformation

(2), and material with elastic—plastic/irrecoverable non-pene-
tration displacements (3).
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htp == hp + hsp (7)

As shown in Fig. 3(b), the unloading slopes of the
apparent load-penetration curves for the materials
including imperfection effects are equal to
P/ (he + hge), which is smaller than P, /h,, the
slope for the imperfection-free material. Also an
extra irrecoverable displacement increment, A,
leads to an increased apparent penetration depth,
hyp. As a result, the hardness and elastic constant
calculated from such indentation curves are smaller
than those for the imperfection-free material.

Considering the fact that in an instrumented
indentation test, the apparent elastic and plastic
displacements calculated from the load—depth
curve include the contributions from both pene-
tration of the indenter itself and sample imperfec-
tion related displacements, the depth parameters,
h. and h, in eqns (1 and 3), should be replaced by
h. and h,, in eqns (6 and 7). Consequently, the
apparent hardness H* is related to the true material
hardness H by

1

H*/H = 8
gt
and the apparent elastic constant, E* by
E* ) E/(1— )
T = B ){[”m]
X (14 Pax/Eshe)(1 + dyp(Ppax) /hp)
CE-®
Eq/(1-v))
9)

Equations (8 and 9) show that while both the E*
and H* can be significantly reduced by the imper-
fection-induced irrecoverable deformation, the
imperfection-related elastic deflection only contri-
butes to the elastic constant. The reduction in these
two mechanical properties enhances with increas-
ing indentation load. Substituting eqn (8) into eqn
(9), the apparent Young’s modulus E* is related to
the apparent hardness H* by

r. ! (10)

E E/(1-v) e\ JH _ E/()
[1 + Ed/a—Ff,)] (1 + f) BT E R

The above equation indicates that for a given
material and an indenter geometry, the relationship
between E* and H* essentially depends on the spe-
cimen elastic displacement.

4 Applications of Theoretical Model to Experi-
mental Data

Microindentation tests were performed with a
plasma-sprayed-yttria stabilized zirconia (YSZ)
thermal barrier coating (TBC) system. The
TBC samples consisted of a YSZ coating of
~450 ym on a nickel superalloy, IN617 with an
~85 um interlayer of NiCrAlY. A commercially
available instrumented microindentation machine,
FISCHERSCOPE H100, was used for the experi-
ments. Both bonded and separated YSZ coating
layers were used for the indentation experiments.
Indentations were conducted on both cross-
sectional and in-plane surfaces of these two
types of samples. In the present study, only results
from in-plane indentation are discussed in detail.
Further experimental details are described else-
where.!?

The YSZ/NiCrAlY/IN617 assemblages were
polished from the free surfaces towards the inter-
face for indentation testing. After the polishing
process, a YSZ layer with thickness of ~310um
was left on the substrate. The free-standing zirco-
nia layers were obtained by removing mechanically
the substrate and bond layers. After removal, the
thickness of the separated layers was about
150 um. Comparing the coating thickness of these
two types of samples to that of the as-received TBC
samples, an overlap zone of ~10um -existed.
Because the in-plane indentations of these two
types of samples were made in the opposite direc-
tions, it is expected that in both cases, the same
zone in the coatings was examined.

The distributions of apparent hardness and
Young’s modulus as measured with the instru-
mented microindentation technique are shown in
Fig. 4. A Poisson ratio, v = 0-2, was chosen when
calculating the Young’s modulus.!?'4 Both H* and
E* of the YSZ coatings exhibit a large scatter
which is more pronounced with respect to hardness
values. Nevertheless, the probability plots of both
mechanical parameters reveal essentially the same
slope. A systematic shift of one order of magnitude
between bonded and separated coatings can be
observed. For the zirconia coatings bonded on the
substrate, the hardness is in a range of 0-1 to 4-3
GPa with an average value of 1-8 GPa and the
Young’s modulus 8-7 to 54-6 GPa with 30-3 GPa.
For the separated coatings, the hardness drops to a
range of 0-02 to 1-1 GPa with an average of 0-2
GPa and the elastic modulus 0-6 to 12-5 GPa with
32 GPa. Such large differences between the
mechanical parameter values of bonded and sepa-
rated coatings are attributed to the increase in the
sample stiffness and the decreasing roughness of
sample base surface when a substrate exists. In
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Fig. 4. Distributions of (a) in-plane Young’s modulus and (b)

hardness of a YSZ TBC material measured using instrumented
microindentation technique.

contrast, the mechanical parameters obtained from
the indentations on the cross-section surfaces were
in the same range. The measured Young’s moduli
are 61-3 GPa for the bonded coatings and 58-5
GPa for the separated layers, and the hardness
values, 3-7 and 4-1 GPa for these two layers.!? The
difference was only 5% for the Young’s modulus
and 10% for the hardness. In the cases of cross-
section indentation, the specimens were mounted
with an epoxy resin base so that the contributions
of the sample displacements to the load—depth
curve were significantly reduced.

To have a quantitative view of the scattering
behaviour and the observed difference, eqns (8 and
9) have been used to explain the results shown in
Fig. 4. As the true mechanical properties of the
coating material, £ and H enter into the relation-
ships, their values have to be determined first. In
the present study, it was assumed that the Young’s
modulus and hardness values could be approxima-
ted by the maximum values obtained from the
indentation tests.

The maximum hardness measured from the
YSZ/NiCrAlY/IN617 assemblages was 4-3 GPa
and the plastic displacement corresponding to this
hardness value was measured as h, =3 pum.
According to eqn (8), a pore with a depth of
d, = 14-5 pum, which is typical in the material,

reduces the hardness value to the measured lower
limit, 126 MPa, and an extra plastic displacement
of d,=1-7 um can yield the average hardness,
H* = 1-8 GPa. This calculation indicates that the
scatter in the hardness values measured with the
bonded layers can be induced by the plastic defor-
mation which is related to the typical microstruc-
ture size, the pore depths in the material.
Comparing the mean hardness of the free-standing
layers to that of the YSZ coatings bonded on the
substrate, it is found that an average irrecoverable
displacement of 10-9 um, which leads to the shift of
the hardness value, was produced by the removal
of the bond coat and the substrate. The changes in
hardness with increasing irrecoverable displace-
ment are plotted in Fig. 5. Using eqn (9) with
E; =1000 GPa, v; =0-25 for the indenter and
E =54.-6 GPa, v=0-2 for the YSZ coating, also
E* is plotted as a function of d, in Fig. 5.
Obviously a small irrecoverable displacement sig-
nificantly reduces both parameters.

The influence of elastic displacement alone may
be modeled by an elastic disk with radius of a, and
subjected to a concentrated load P. The disk is
either simply supported for sample bending defor-
mation or elastically supported for the pore-related
elastic deformation. For an elastically supported
circular plate, the elastic displacement at the disk
centre can be expressed as

W= aWpgx_s + (1 - O!)Wmax-c (1 1)

where Wyax—s and wya_. are the elastic displace-
ments at the centres of the disks with simply sup-
ported and clamped edges, and @, a constant
dependent on the boundary conditions. The solu-
tions of wyav—s and wyer—. can be found in text-
books (e.g. Timoshenko and Woinowsky-Krieger,
1959),,5

3+ v)Pa
Wmax—s = 167(1 + v)D (12)

H*, GPa

Irrecoverable Displacement, um

Fig. 5. Influence of irrecoverable/plastic non-indentation dis-
placements on hardness and Young’s modulus measured by
using instrumented microindentation technique.
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and

Pd?
162D

Wmax—c =

where D is the flexural rigidity of a plate.

In the present study, the measured maximum
Young’s modulus was E; == 54-6 GPa and the
elastic recovery measured at this point was 1 um.
Considering the influence of elastic deformation
related to the pores in the ceramic coatings bonded
to the substrate, the model of elastically supported
disk with ¢ =0-5 was used. Substituting these
values and v = 0-2 into eqns (11 to 13), the elastic
displacement of a pore-related disk with radius, a,
can be obtained as a function of the disk thickness.
By setting dp(Pmax) = 0 in eqn (9), the effects of the
pore-induced elastic displacement are calculated
and displayed in Fig. 6(a). It can be seen that both
increasing disk radius and decreasing ligament
thickness reduce significantly the E* value. Com-
bined elastic and plastic effects are shown in
Fig. 6(b) where a pore-related plastic value,
dp(Pmax) =17 um was employed. Figure 6 shows
that the Young’s modulus can be reduced to the
measured lower limit of the bonded layer because
of the existence of the pore-related elastic and/or
irrecoverable displacements.
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Fig. 6. Contributions of pore-induced non-indentation (a)

elastic and (b) elastic—plastic/irrecoverable displacements to

the apparent hardness and Young’s modulus measured with
the bonded YSZ layer.

The disk model was also applied to the analysis
of elastic displacement due to the sample deforma-
tion. The disk is simply supported along its edge in
this case and includes the pores from the depositing
process. Therefore, the average Young’s modulus
measured from the YSZ/NiCrAlY/IN617 assem-
blages, E = 30-3 GPa and « = 1-0 were used when
estimating the elastic stress and strain fields. Con-
sidering the dimensions of the real samples and
material microstructures, disks with thickness of 80—
100 um and radius of 100-1500 um were analyzed.
Figure 7(a) shows the changes in Young’s modulus
with both the disk radius and thickness. Obviously,
the measured elastic modulus can be significantly
decreased by the sample elastic deformation related
to the surface valleys and hills. The superposition of
elastic and plastic deformation is plotted in Fig. 7(b)
which shows the measured Young’s modulus for a
sample with thickness of 160 um can be as low as 0-5
GPa. This is in very good agreement with those
measured from the free-standing layers.

Finally, plots of elastic modulus as a function of
hardness for the YSZ TBC are displayed in Fig. 8.
Both Young’s modulus and hardness have been
normalized with respect to the maximum values.
Figure 8 shows that a larger Young’s modulus
value does not necessarily correlate to a larger
hardness. Inspecting eqns (8) and (9), this is not
surprising because the apparent Young’s modulus
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Fig. 7. Contributions of the non-indentation (a) elastic and (b)

elastic-irrecoverable/plastic displacements to the apparent

hardness and Young’s modulus measured with the free-stand-
ing YSZ layer.
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Fig. 8. Comparison of the predicted E*—H* curves to the E*—
H* plots measured with the YSZ TBC materials.

can be changed by the non-penetration elastic
deformation even if the hardness is fixed. Similar to
the above analysis, the measured maximum
mechanical parameter values were used to approx-
imate the real material properties; E* versus H*
plots for different ratios of sample elastic displace-
ment to penetration elastic recovery may be pre-
dicted by using eqn (10). The predicted curves are
displayed in Fig. 8 by the solid curves. It can be
seen that the predictions with lower A /A, ratio are
in an agreement with those F~H plots measured
from the bonded layer. With the increase in the
hse/h. value, the predicted E-H curves become in
line with those from the separated layer. This veri-
fies further that the non-penetration elastic
displacements contribute to Young’s modulus
measured using instrumented microindentation
technique, and the contributions become larger
when the sample thickness decreases.

S Conclusions

General equations have been derived for evaluating
the influence of non-indentation-induced elastic
and irrecoverable/plastic displacements on the
apparent hardness, elastic constant and F-H rela-
tionship measured with instrumented microinden-
tation technique. An idealised disk model was used
to analyze the roles of the non-indentation displa-
cements in controlling the mechanical properties of
a thermal barrier coating material. The proposed
model was applied to Young’s modulus and hard-
ness of the TBC specimen measured with depth-
sensing microindentation equipment. It was found
that the equations and model could provide a
satisfactory explanation for the large scatter in the
measured data and the difference between the
mechanical properties obtained from the in-plane
and cross-section surfaces. Furthermore, the
derived E-H relationship was compared to the
measured E-H plots The predicted E-H curves
were in reasonable agreement with those measured.
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