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ABSTRACT

Depth-sensing nanoindentation is increasingly being used to study mechanical behaviour
of materials. The method is also used for materials that exhibit cracks and pores. Microc-
racked materials, however, typically exhibit different behaviour in tension and compression
due to the microcrack closure effect. The present work discusses the behaviour of microc-
racked heterogous materials in indentation testing. As a representative example we consider
indentation testing of thermally sprayed ceramic AlyOs-coatings.

1 INTRODUCTION

The mechanical properties of materials are in general a function of their microstructure.
Therefore establishing cross-property correlations between microstructure and properties is
a central theme of materials research.

Materials prepared by thermal spraying typically have much lower Young’s moduli than
the corresponding bulk materials. The complex structure of thermal spray (TS) materials
consist of irregular shaped lamellae formed by rapid solidification of impacting molten
droplets. The structure contains large number of cracks and spherical voids. Theoretical
work [1, 2, 3| explains the decisive effect of cracks on the decrease of elastic moduli. In the
literature cracks are assumed to be sufficiently opened so that their behavior is similar in
tension and in compression. Such an approach, however, gives acceptable approximation
only at very low stresses. High compressive stresses cause microcrack closure effect, and
consequently, restoration of stiffness. Recently the effect of compressive stresses on Young’s
moduli of thermally sprayed materials has been recognized and studied by Kroupa and his
coworkers [4, 5, 6]. Motivated by theoretical and experimental results the authors conclude
in [5] that "the effect of pressure, especially that of sprayed ceramics, should be taken into
account in theoretical studies and in interpreting experiments in cases with high compressive
stresses”.

Instrumented depth-sensing indentation is increasingly being used to study mechanical
behavior of thin films. Thermally sprayed ceramic coatings are brittle and relatively thin



(150 — 300pm), and therefore it is convenient to use indentation tests for measuring their
elastic properties. Standard methods used to characterize the elastic properties from inden-
tation results are based on analytical solutions to the contact problem and assume linear
elastic behavior. However, a very high compressive pressure is known to exist under the
tip during indentation testing [7]. It is not clear how this compressive pressure influences
the results; it might induce microcrack closure effects and an increase of elastic stiffness.
Evidently, the effect of pressure should be considered and taken into account in interpreting
the experiments.

In the present work, the influence of microcrack closure effect in indentation testing
of thermally sprayed ceramic coatings is analyzed numerically using the FE-method. The
coatings produced by high velocity oxygen fuel (HVOF) thermal spray method contain
microcracks and pores in diverse shapes and orientations. The nonlinear material behaviour
resulting from the microcrack closure effect is modeled using a three-dimensional approach
based on continuum damage mechanics.

2 MODELLING THE MICROCRACK CLOSURE EFFECT (MCE)

The constitutive model used for modelling the microcrack closure effect (MCE) is derived
using a thermodynamic approach where the material behaviour is completely described by
defining the Helmholtz free energy v of the material. The Helmholtz free energy is a
function strain €;; and internal state variables.

A number of quasibrittle damage models are founded on a second order tensorial damage

variable
Dy =3 d®nMn (1)
k

where d®) represents the density of microcracks with normal nz(-k). In the discrete approach
[15], the damage tensor is represented by independent couples of scalar crack density values

d®) and corresponding orientation tensors Ni(f).
k
D;; = Z d(k)Ni(j ) (2)
k

(k)

The orientation tensors Ni;C are constructed using a fixed set of directions in the physical

space. An orthonormal base is defined in R3*3 as follows:

NO —ey@er N = J(e1+e3) @ (e1 + €2)

N@ =ey@e; N® =1L(e1+es3)® (er +e3)

N® =es®es NO =1l(es+es)®(e2+es) 3)
N = %(61 - 62) ® (61 - 62)
N(S) = %(61 — 63) ® (61 — 63)
N(g) = %(62 — 63) ® (62 — 63)

Here (eq, ez, e3) is a cartesian basis for R®. The orientation tensor base is associated with
9 crack density values d*) regarded as internal state variables.
Presently it is postulated that the specific free energy can be decomposed in three parts

Y = voleij) +Y1(eij, Dij) + 2(eij, Dij) (4)

The first term 1y represents the free energy without damage. The damage effects intervene
through the second term ;. The third term 5 contains the terms related to the microcrack



closure effect. The undamaged material is regarded as isotropic and linear elastic.

1
po = 5)\5%;@ + peijei; (5)

where A and p are the Lame parameters of the undamaged material.

According to the representation theorem of tensor functions, the most general form of
an isotropic scalar function depending on two symmetric second-rank tensors €;; and D;;
can be expressed as the combination of 10 basic invariants of the tensors.

pY = p(ciis€ijEjiy €iEjkEnki> Diiy DijDjiy, DijDji Dy, €5 Dji, €456 ji Diiy
€ijDjxDyi, i€ jk D Dii) (6)

The material behaviour is assumed linear elastic with constant damage, and therefore the
Helmbholtz free energy is quadratic in €;;. Furthermore, since the elastic energy decreases
with progressing damage, the Helmholtz free energy is assumed linear in D;;. Eventually,
a simplified representation can be used. The following simple form is used to model the
damage effects [15, 16]

pir = acijejeDi; = oy deie N (7)

where « is an unknown material parameter.
Continuity of stress-strain response and preservation of elastic energy in closed-open
sequences require , that 15 should satisfy the conditions [14]

=0 ifg=0 (8)
oMby
By 0 ifg=0 (9)
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where s is a continuous scalar function and g is the microcrack closure condition used.
Under uniform strain boundary conditions and dilute microcrack density, Pensee et al.
[17] derived a microcrack closure condition for microcracks with orientation Ni(;l)

g(eij, N;ﬁ?)) = Mi(;l)sij =0, (11)

where
MY = O NS = (Mo + 2u885) Ny (12)

The fourth order tensor C’%kl is the tensor of elasticity for the undamaged material. The

microcrack closure condition for a particular discrete direction Ni(]fl) depends only on strain
and on the orientation tensor. Therefore the each discrete microcrack direction can be
considered separately and the terms d(k)Ni(f) can be decoupled in the third part of the
Helmholtz free energy.

The continuity conditions and the other requirements are satisfied if the third part of
the Helmholtz free energy is given by

po =B d@H(~ei; M) (e M), (13)



where (3 is an unknown material parameter.

The theory given above can be extended to materials for which a finite compressive
stress is needed for microcrack closure. The required modification concerns only the last
term, which becomes in this case

P2 = 52 d(a)H(_EijMi(;l) + 7)(5ijMi(;) )% (14)

where v is a material parameter describing the amount of compression needed for the
microcrack closure.

In addition to the Lamé parameters of the undamaged material, the model contains
three additional material parameters «, 3 and . The parameter [ is related to the stiffness
recovery by crack closure. The stiffness recovery postulate [18] states that the stiffness in
the direction normal to a closed microcrack is equal to its initial value. Imposing this
recovery condition in a uniaxially microcracked state yields

—2«

= (A +2p)?

(15)

3 DEPTH-SENSING INSTRUMENTED INDENTATION

Hardness tests are perhaps the most commonly used means for testing material prop-
erties. The output of a traditional hardness test is a single numeric value that describes
the penetration of the indenter tip into the sample tested. Recently many technologies
have moved to smaller scales. Consequently characterization of mechanical properties of
materials has become more difficult. One tool that is widely used for such measurements
is depth-sensing instrumented indentation, often termed “nanoindentation”. It is used to
determine mechanical properties of materials which are available only in a small volumes,
e.g. thin films or nanocrystals. In contrast to traditional indentation, the output of an
instrumented indentation test is a timeseries describing the evolution of force P and dis-
placement h continuously under specified loading. The loading sequence can be specified
in terms of the applied force or the indenter tip displacement and is feedback controlled by
the equiplement.

Conventional analytical methods used to characterize the elastic properties from inden-
tation load-depth curves are based on analytical solutions to the contact problem by Herz
[9] and Sneddon [8]. These analytical solutions are based on following assumptions:

e The sample is isotropic, homogenous, flat, elastic half-space.

e The indenter tip is an isotropic, homogenous, elastic ball (Hertz) or a rigid revolved
parabolus (Sneddon).

o Deformations are small.

The standard analysis method used the determine sample hardness H or effective elastic
modulus E* from measurement data is the Oliver-Pharr method.

3.1 THE OLIVER-PHARR METHOD

The Oliver-Pharr method is founded on Sneddon’s analysis of elastic contact between a
rigid axisymmetric parabolus and an elastic, isotropic, homogenous half-space. The anal-
ysis of the elastic properties is done using the unloading part of the indentation load-
displacement curve. The material behaviour is supposed to be completely elastic during



Algorithm 1 The Oliver-Pharr method.

1

2

Measure load P(t) and displacement h(t) during a loading-unloading sequence.

Subtract equipment frame deflection from the measured displacements.
h—h—-CP (16)

where C' is a compliance value determined using a reference sample.

. Fit the powerlaw equation

P =c(h—hp)™ (17)

where hy is the final displacement after full unloading, into the the upper 80% of the
unloading part of P(h). The exponent value m = 1.5 is used for spherical indentation.

. Compute contact stiffness S

oP m—
S = = em(h —hy)™ ! (18)

at maximum load P, .

. Compute contact depth h. at maximum load using relation

Pmam

he=h—¢ (19)

For a spherical tip the constant € equals to ¢ = 0.75.

. Compute projected contact area A. = A(h.) using the tip area function A(h). The tip

area function depends on tip geometry and is determined during equipment calibration
using a reference sample.

Compute the elastic stifness of the sample E;/(1 — v2) from equations

1 1—12
h — = 5
4ACS where for E. + E,

1— 2

E* = ‘ (20)

The effective elastic modulus E* is a function of the sample and tip elastic properties
denoted by subscripts s and i, respoctively.

. Compute hardness H.

H:=— (21)




the unloading phase. The analysis of hardness and elastic properties using Oliver-Pharr
method [10, 11, 12] is given below as Algorithm 1.

The Oliver-Pharr method is based on several assumptions, the most important one
being that Sneddon’s solution for a rigid indenter can be used with the reduced modulus
of elasticity E* accounting for the elastic deformation of the tip [12]. Furthermore, the
possible inelastic deformation is accounted for by subtracting the final depth hy from the
total displacement in eq. (17). However, if pile-up or sinking-in happens around the indenter
tip, contact depth is not equal to that estimated by eq. (19). In such a case, the effective
elastic modulus is not correctly estimated by the Oliver-Pharr analysis. The results reported
by Zeng et al. [13] for 11 brittle glasses and ceramic materials show, that the Oliver-Pharr
method underestimates the contact depth and overestimates the effective elastic modulus
for these materials.

Accurate determination of machine compliance C' and the tip area function A(h) using
a reference material sample is of great importance for the accurate characterization of the
material properties. Reference samples made of synthetic amorphous silicon oxide (fused
silica) are commonly used in calibration. It is worth noticing that the machine compliance
value is determined by applying the Oliver-Pharr analysis to a measurement data obtained
using a reference sample with known elastic properties. Therefore the compliance value
also compensates errors caused by the approximations adopted in the Oliver-Pharr analysis
method.

4 FE-SIMULATION OF MCE ON INDENTATION TESTING

Analytical solutions to Hertz contact problem are available only for isotropic, linear
elastic materials. In the present work we examine the influence of the microcrack closure
effect on indentation testing of materials containing large number of microcracks using
numerical simulations. In order to isolate only the influence of the microcrack closure
effect, the Hertzian contact damage induced during indentation testing [19] is neglected.
As an example materials we consider thermally sprayed ceramic Al,O3 coatings.

4.1 MATERIALS

The coating samples were produced produced by the HVOF (high velocity oxygen fuel)
method on an AISI 316 stainless steel substrate. The coating process is described in detail
elsewhere [21]. The thickness of the coating was on the average t. = 0.451 mm and that
of the substrate was t; = 2.0mm. The porosity of the coating was measured using image
analysis method and it was approximately 5%. Figure 1 shows a micrograph of the coating
cross-section.

The Young’s modulus of the coating was measured using two methods: instrumented
indentation technique and impulse excitation technique.

The indentation experiments were performed with Nanotest 550 nanoindentation equip-
ment at VTT. Equipment assembly consists of a measuring unit with a pendulum structure,
an optical microscope and a control unit. The calibration procedure before every experi-
mental series included the load and depth calibration. Reference sample for the compliance
determination and for depth and load calibration was fused silica (SiO3). Measurements
were carried out using a spherical WC-Co -tip with a radius of R = 0.794 mm under dis-
placement control up to a maximum load of P = 10 N. The indentations were made on the
coating surface in the though-thickness direction. Experimental data were analysed using
the standard Oliver-Pharr method. According to the indentation experiments, the Young’s
modulus of the coating was E = 93.7 GPa.



Figure 1: SEM microstructure of the coating.

The impulse excitation measurements were performed at the Laboratory of Strength of
Materials in Helsinki University of Technology. In the test setup the sample is supported
as a cantilever beam and its lowest natural frequency is measured before and after the
coating process. Impulse hammer technique was excite small amplitude vibration in the
first eigenmode. Based on the relative change of the lowest eigenfrequency, the Young’s
modulus of the coating is determined. The in-plane Youngs modulus was determined to be
E = (96.4 + 4.8) GPa.

4.2 DETERMINATION OF MATERIAL PARAMETERS

Due to rapid solidifaction and subsequent cooling of the molten droplets, the cracks
formed in the coating adopt a slightly convex oval shape. A finite compressive stress p. is
required to close the microcracks. The crack closing pressure dependens on the crack shape,
but it is not very sensitive to crack form [4]. For typical elliptical or diamond-shaped cracks

the pressure is approximately
pe 1

E " 2a
where a is the radius and b is the crack opening. For plasma sprayed alumina coatings
the aspect ratio % is typically of the order 1072...10=* [5]. In the experiments the Youngs
modulus of plasma-sprayed alumina was increasing as a function of uniaxial pressure in the
whole test range from 0 to 300 MPa. No experimental data is available at the moment for
HVOF alumina coatings. The HVOF coatings are, however, considerably more dense than
plasma sprayed ones [22]|. Therefore different values in between ¢ € (0.001,0.003) and the
upper and lower bounds p. = 0 and p. = —oco were used in the simulations.

Apart from microcracks, thermally sprayed ceramic coatings contain also globular pores.
A dilute consentration of globular randomly distributed pores lowers the elastic stiffness of
the coating in an isotropic manner. The reduction of elastic properties can be approximated
with [20].

(22)

p 31— 1)(9+51p)] "
E=FE, {1+ — 2(70_ 50) 0 } (23)
_ B p 3(1—1)(1+5w)
" "E {”1—19 2(7 — 5w) } .



The powder used in the spray coating process consists of a—Al,Os. During the spraying
metastable phases are formed and the HVOF sprayed alumina coating consists predomi-
nantly of y-phase. The Young’s modulus and Poisson ratio of this phase can be roughly
estimated as Ey = 250 GPa and vy = 0.20. The globular pores are not taken into account
in the continuum damage model. Instead, the properties of the base material are lowered
accordingly. Given that the measured porosity was p = 0.05, the properties of the base
material are F = 225 GPa and v = 0.185.

The microstructure of HVOF sprayed coatings contains a variety of microcracks in dif-
ferent shapes and orientations. In order to express the damage in terms of microstructural
parameters, the complexity of the microcracking distribution has to be reduced. Follow-
ing [1] the microcrack distribution is identified as two families of strongly oblate spheroidal
voids. The first family of cracks is approximately parallel to the subrate. The second family
consists of random distribution of cracks perpendicular to the substrate. Consequently, the
damage can be described using three crack density related state variables. Since in current
case, the through-thickness direction is chosen to be along the y-axis the three crack density
values are related to the nine dicrete orientations as follows:

d® =gt (25)
AV = g® = g — g® — gr (26)
A = g© — g — g — gd (27)

The first state variable d' corresponds to density of horizontal cracking, the second variable
dP descibes the density of vertical cracking and the third variable d? describes the density
of inclined cracks, i.e. the amount of orientational scatter in the horizontal and vertical
crack families.

In the present work, an isotropic damage orientation distribution was assumed.

1
t: P — d:—
d=dl=d 3

The material parameter « related to the loss of elastic stiffness caused by microcracking

was assigned the value

o = 057302 2

(28)

This value was selected on the grounds that the reduction of elastic stiffness should corre-
spond to the measured properties of the coating and the properties of the undamaged base
material.

4.3 FINITE ELEMENT SIMULATION

An axisymmetric model was used for the simulation of the indentation test The model
consists of a sphrical indenter tip with a radius of R = 0.794mm and a cylindrical sample
with a radius of R = 1.0mm and a heigth of H = 1.8mm. The tip comprised of 943 quadratic
triangular elements (CAX6M) and the sample of 2255 elements of same type. The finite
element mesh is shown in fig. 2. The tip material WC was regarded isotropic and elastic
with the following properties: Young’s modulus E = 614GPa and Poisson’s ratio v = 0.22.
The Coulomb coefficient of friction was p = 0.085.

In the simulations a standard indentation test was performed up to a maximum load
of P = 10N. The load was applied to the upper edge of the tip, which was constrained to
remain straight. The vertical displacement and the load values were recorded for one full
loading-unloading cycle.
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Figure 2: Finite element mesh used in numerical simulations. In the left: full model, on
the right: detail.

The load-displacement curves obtained are shown in fig. fig: ph curves. The simulated
data were analyzed using the Oliver-Pharr method. The compliance value was obtained
by numerical simulation and analysis of indentation test on a virtual reference sample with
the material properties given in [12] for fused silica glass. The results of the Oliver-Pharr
analysis of the simulated P(h) curves are summarized in table 1. The value v = 0.185
was used in estimating the Young’s moduli from the indentation elastic stiffness values
E/(1—v?%). The given crack closure stress values are estimated based on material behavior
in uniaxial compressive straining.

Table 1: The influence of material parameter v and the corresponding crack closure stress
on indentation Young’s modulus.

v (MPa) 0 200 400 600 oo
~p. (MPa) 0 125 250 375 oo
E (GPa) 123 99 91 87 72

The results show that the indentation Young’s moduli increases due to the MCE. The
size of the effect is dependent on the stress which is needed for microcrack closure. This
on the other hand depends on the microcrack opening, i.e. the aspect ratio of the strongly
oblate, spheroidal microcracks. For a realistic aspect ratio of ¢ € (0.001,0.003), which
correspond to v € (200,400)MPa, the indentation Young’s modulus equals to the experi-
mentally measured value.

5 Conclusions and discussion

In the present work the influence of microcrack closure effect in indentation testing of
thermally sprayed ceramic coatings is analyzed numerically using the FE-method. The
nonlinear material behaviour resulting from the microcrack closure effect is modeled using
a three-dimensional continuum damage mechanics -based model. The results obtained in a
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Figure 3: Simulated P(h) curves for different values of parameter -y

realistic example case show that the microcrack closure effect indeed can cause a significant
increase in the indentation Young’s modulus. Without the microcrack closure effect, the
indentation Young’s modulus was E = 72GPa. However, with the microcrack closure effect
taken into account, the indentation Young’s modulus values in the range F € (72,123)GPA
were obtained.
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