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reasingly being used to study me
hani
al behaviourof materials. The method is also used for materials that exhibit 
ra
ks and pores. Mi
ro
-ra
ked materials, however, typi
ally exhibit di�erent behaviour in tension and 
ompressiondue to the mi
ro
ra
k 
losure e�e
t. The present work dis
usses the behaviour of mi
ro
-ra
ked heterogous materials in indentation testing. As a representative example we 
onsiderindentation testing of thermally sprayed 
erami
 Al2O3-
oatings.1 INTRODUCTIONThe me
hani
al properties of materials are in general a fun
tion of their mi
rostru
ture.Therefore establishing 
ross-property 
orrelations between mi
rostru
ture and properties isa 
entral theme of materials resear
h.Materials prepared by thermal spraying typi
ally have mu
h lower Young's moduli thanthe 
orresponding bulk materials. The 
omplex stru
ture of thermal spray (TS) materials
onsist of irregular shaped lamellae formed by rapid solidi�
ation of impa
ting moltendroplets. The stru
ture 
ontains large number of 
ra
ks and spheri
al voids. Theoreti
alwork [1, 2, 3℄ explains the de
isive e�e
t of 
ra
ks on the de
rease of elasti
 moduli. In theliterature 
ra
ks are assumed to be su�
iently opened so that their behavior is similar intension and in 
ompression. Su
h an approa
h, however, gives a

eptable approximationonly at very low stresses. High 
ompressive stresses 
ause mi
ro
ra
k 
losure e�e
t, and
onsequently, restoration of sti�ness. Re
ently the e�e
t of 
ompressive stresses on Young'smoduli of thermally sprayed materials has been re
ognized and studied by Kroupa and his
oworkers [4, 5, 6℄. Motivated by theoreti
al and experimental results the authors 
on
ludein [5℄ that �the e�e
t of pressure, espe
ially that of sprayed 
erami
s, should be taken intoa

ount in theoreti
al studies and in interpreting experiments in 
ases with high 
ompressivestresses�.Instrumented depth-sensing indentation is in
reasingly being used to study me
hani
albehavior of thin �lms. Thermally sprayed 
erami
 
oatings are brittle and relatively thin



(150 − 300µm), and therefore it is 
onvenient to use indentation tests for measuring theirelasti
 properties. Standard methods used to 
hara
terize the elasti
 properties from inden-tation results are based on analyti
al solutions to the 
onta
t problem and assume linearelasti
 behavior. However, a very high 
ompressive pressure is known to exist under thetip during indentation testing [7℄. It is not 
lear how this 
ompressive pressure in�uen
esthe results; it might indu
e mi
ro
ra
k 
losure e�e
ts and an in
rease of elasti
 sti�ness.Evidently, the e�e
t of pressure should be 
onsidered and taken into a

ount in interpretingthe experiments.In the present work, the in�uen
e of mi
ro
ra
k 
losure e�e
t in indentation testingof thermally sprayed 
erami
 
oatings is analyzed numeri
ally using the FE-method. The
oatings produ
ed by high velo
ity oxygen fuel (HVOF) thermal spray method 
ontainmi
ro
ra
ks and pores in diverse shapes and orientations. The nonlinear material behaviourresulting from the mi
ro
ra
k 
losure e�e
t is modeled using a three-dimensional approa
hbased on 
ontinuum damage me
hani
s.2 MODELLING THE MICROCRACK CLOSURE EFFECT (MCE)The 
onstitutive model used for modelling the mi
ro
ra
k 
losure e�e
t (MCE) is derivedusing a thermodynami
 approa
h where the material behaviour is 
ompletely des
ribed byde�ning the Helmholtz free energy ψ of the material. The Helmholtz free energy is afun
tion strain εij and internal state variables.A number of quasibrittle damage models are founded on a se
ond order tensorial damagevariable
Dij =

∑

k

d(k)n
(k)
i n

(k)
j (1)where d(k) represents the density of mi
ro
ra
ks with normal n(k)

i . In the dis
rete approa
h[15℄, the damage tensor is represented by independent 
ouples of s
alar 
ra
k density values
d(k) and 
orresponding orientation tensors N (k)

ij .
Dij =

∑

k

d(k)N
(k)
ij (2)The orientation tensors N (k)

ij are 
onstru
ted using a �xed set of dire
tions in the physi
alspa
e. An orthonormal base is de�ned in R
3×3 as follows:

N (1) = e1 ⊗ e1 N (4) = 1
2 (e1 + e2) ⊗ (e1 + e2)

N (2) = e2 ⊗ e2 N (5) = 1
2 (e1 + e3) ⊗ (e1 + e3)

N (3) = e3 ⊗ e3 N (6) = 1
2 (e2 + e3) ⊗ (e2 + e3)

N (7) = 1
2 (e1 − e2) ⊗ (e1 − e2)

N (8) = 1
2 (e1 − e3) ⊗ (e1 − e3)

N (9) = 1
2 (e2 − e3) ⊗ (e2 − e3)

(3)Here (e1, e2, e3) is a 
artesian basis for R
3. The orientation tensor base is asso
iated with9 
ra
k density values d(k) regarded as internal state variables.Presently it is postulated that the spe
i�
 free energy 
an be de
omposed in three parts

ψ = ψ0(εij) + ψ1(εij , Dij) + ψ2(εij , Dij) (4)The �rst term ψ0 represents the free energy without damage. The damage e�e
ts intervenethrough the se
ond term ψ1. The third term ψ2 
ontains the terms related to the mi
ro
ra
k




losure e�e
t. The undamaged material is regarded as isotropi
 and linear elasti
.
ρψ0 =

1

2
λε2kk + µεijεij (5)where λ and µ are the Lame parameters of the undamaged material.A

ording to the representation theorem of tensor fun
tions, the most general form ofan isotropi
 s
alar fun
tion depending on two symmetri
 se
ond-rank tensors εij and Dij
an be expressed as the 
ombination of 10 basi
 invariants of the tensors.

ρψ = ρψ(εii, εijεji, εijεjkεki, Dii, DijDji, DijDjkDki, εijDji, εijεjkDki,

εijDjkDki, εijεjkDklDli) (6)The material behaviour is assumed linear elasti
 with 
onstant damage, and therefore theHelmholtz free energy is quadrati
 in εij . Furthermore, sin
e the elasti
 energy de
reaseswith progressing damage, the Helmholtz free energy is assumed linear in Dij . Eventually,a simpli�ed representation 
an be used. The following simple form is used to model thedamage e�e
ts [15, 16℄
ρψ1 = αεijεjkDki = α

∑

a

d(a)εijεjkN
(a)
ki (7)where α is an unknown material parameter.Continuity of stress-strain response and preservation of elasti
 energy in 
losed-opensequen
es require , that ψ2 should satisfy the 
onditions [14℄

ψ2 = 0 if g = 0 (8)
∂ψ2

∂εpq

= 0 if g = 0 (9)
∂2ψ2

∂εab∂εcd

= s
∂g

∂εab

∂g

∂εcd

(10)where s is a 
ontinuous s
alar fun
tion and g is the mi
ro
ra
k 
losure 
ondition used.Under uniform strain boundary 
onditions and dilute mi
ro
ra
k density, Pensee et al.[17℄ derived a mi
ro
ra
k 
losure 
ondition for mi
ro
ra
ks with orientation N (a)
ij

g(εij , N
(a)
kl ) = M

(a)
ij εij = 0, (11)where

M
(a)
ij = C0

ijklN
(a)
kl = (λδijδkl + 2µδikδjl)N

(a)
kl (12)The fourth order tensor C0

ijkl is the tensor of elasti
ity for the undamaged material. Themi
ro
ra
k 
losure 
ondition for a parti
ular dis
rete dire
tion N (a)
ij depends only on strainand on the orientation tensor. Therefore the ea
h dis
rete mi
ro
ra
k dire
tion 
an be
onsidered separately and the terms d(k)N

(k)
ij 
an be de
oupled in the third part of theHelmholtz free energy.The 
ontinuity 
onditions and the other requirements are satis�ed if the third part ofthe Helmholtz free energy is given by

ρψ2 = β
∑

a

d(a)H(−εijM
(a)
ij )(εijM

(a)
ij )2, (13)



where β is an unknown material parameter.The theory given above 
an be extended to materials for whi
h a �nite 
ompressivestress is needed for mi
ro
ra
k 
losure. The required modi�
ation 
on
erns only the lastterm, whi
h be
omes in this 
ase
ρψ2 = β

∑

a

d(a)H(−εijM
(a)
ij + γ)(εijM

(a)
ij − γ)2, (14)where γ is a material parameter des
ribing the amount of 
ompression needed for themi
ro
ra
k 
losure.In addition to the Lamé parameters of the undamaged material, the model 
ontainsthree additional material parameters α, β and γ. The parameter β is related to the sti�nessre
overy by 
ra
k 
losure. The sti�ness re
overy postulate [18℄ states that the sti�ness inthe dire
tion normal to a 
losed mi
ro
ra
k is equal to its initial value. Imposing thisre
overy 
ondition in a uniaxially mi
ro
ra
ked state yields

β =
−2α

(λ+ 2µ)2
(15)3 DEPTH-SENSING INSTRUMENTED INDENTATIONHardness tests are perhaps the most 
ommonly used means for testing material prop-erties. The output of a traditional hardness test is a single numeri
 value that des
ribesthe penetration of the indenter tip into the sample tested. Re
ently many te
hnologieshave moved to smaller s
ales. Consequently 
hara
terization of me
hani
al properties ofmaterials has be
ome more di�
ult. One tool that is widely used for su
h measurementsis depth-sensing instrumented indentation, often termed �nanoindentation�. It is used todetermine me
hani
al properties of materials whi
h are available only in a small volumes,e.g. thin �lms or nano
rystals. In 
ontrast to traditional indentation, the output of aninstrumented indentation test is a timeseries des
ribing the evolution of for
e P and dis-pla
ement h 
ontinuously under spe
i�ed loading. The loading sequen
e 
an be spe
i�edin terms of the applied for
e or the indenter tip displa
ement and is feedba
k 
ontrolled bythe equiplement.Conventional analyti
al methods used to 
hara
terize the elasti
 properties from inden-tation load-depth 
urves are based on analyti
al solutions to the 
onta
t problem by Herz[9℄ and Sneddon [8℄. These analyti
al solutions are based on following assumptions:

• The sample is isotropi
, homogenous, �at, elasti
 half-spa
e.
• The indenter tip is an isotropi
, homogenous, elasti
 ball (Hertz) or a rigid revolvedparabolus (Sneddon).
• Deformations are small.The standard analysis method used the determine sample hardness H or e�e
tive elasti
modulus E∗ from measurement data is the Oliver-Pharr method.3.1 THE OLIVER-PHARR METHODThe Oliver-Pharr method is founded on Sneddon's analysis of elasti
 
onta
t between arigid axisymmetri
 parabolus and an elasti
, isotropi
, homogenous half-spa
e. The anal-ysis of the elasti
 properties is done using the unloading part of the indentation load-displa
ement 
urve. The material behaviour is supposed to be 
ompletely elasti
 during



Algorithm 1 The Oliver-Pharr method.1. Measure load P (t) and displa
ement h(t) during a loading-unloading sequen
e.2. Subtra
t equipment frame de�e
tion from the measured displa
ements.
h→ h− CP (16)where C is a 
omplian
e value determined using a referen
e sample.3. Fit the powerlaw equation

P = c(h− hf )m (17)where hf is the �nal displa
ement after full unloading, into the the upper 80% of theunloading part of P (h). The exponent value m = 1.5 is used for spheri
al indentation.4. Compute 
onta
t sti�ness S
S :=

∂P

∂h
= cm(h− hf )m−1 (18)at maximum load Pmax.5. Compute 
onta
t depth hc at maximum load using relation

hc = h− ε
Pmax

S
(19)For a spheri
al tip the 
onstant ε equals to ε = 0.75.6. Compute proje
ted 
onta
t area Ac = A(hc) using the tip area fun
tion A(h). The tiparea fun
tion depends on tip geometry and is determined during equipment 
alibrationusing a referen
e sample.7. Compute the elasti
 stifness of the sample Es/(1 − ν2

s ) from equations
E∗ =

√

π

4Ac

S where
1

E∗
=

1 − ν2
s

Es

+
1 − ν2

i

Ei

(20)The e�e
tive elasti
 modulus E∗ is a fun
tion of the sample and tip elasti
 propertiesdenoted by subs
ripts s and i, respo
tively.8. Compute hardness H .
H :=

P

Ac

(21)



the unloading phase. The analysis of hardness and elasti
 properties using Oliver-Pharrmethod [10, 11, 12℄ is given below as Algorithm 1.The Oliver-Pharr method is based on several assumptions, the most important onebeing that Sneddon's solution for a rigid indenter 
an be used with the redu
ed modulusof elasti
ity E∗ a

ounting for the elasti
 deformation of the tip [12℄. Furthermore, thepossible inelasti
 deformation is a

ounted for by subtra
ting the �nal depth hf from thetotal displa
ement in eq. (17). However, if pile-up or sinking-in happens around the indentertip, 
onta
t depth is not equal to that estimated by eq. (19). In su
h a 
ase, the e�e
tiveelasti
 modulus is not 
orre
tly estimated by the Oliver-Pharr analysis. The results reportedby Zeng et al. [13℄ for 11 brittle glasses and 
erami
 materials show, that the Oliver-Pharrmethod underestimates the 
onta
t depth and overestimates the e�e
tive elasti
 modulusfor these materials.A

urate determination of ma
hine 
omplian
e C and the tip area fun
tion A(h) usinga referen
e material sample is of great importan
e for the a

urate 
hara
terization of thematerial properties. Referen
e samples made of syntheti
 amorphous sili
on oxide (fusedsili
a) are 
ommonly used in 
alibration. It is worth noti
ing that the ma
hine 
omplian
evalue is determined by applying the Oliver-Pharr analysis to a measurement data obtainedusing a referen
e sample with known elasti
 properties. Therefore the 
omplian
e valuealso 
ompensates errors 
aused by the approximations adopted in the Oliver-Pharr analysismethod.4 FE-SIMULATION OF MCE ON INDENTATION TESTINGAnalyti
al solutions to Hertz 
onta
t problem are available only for isotropi
, linearelasti
 materials. In the present work we examine the in�uen
e of the mi
ro
ra
k 
losuree�e
t on indentation testing of materials 
ontaining large number of mi
ro
ra
ks usingnumeri
al simulations. In order to isolate only the in�uen
e of the mi
ro
ra
k 
losuree�e
t, the Hertzian 
onta
t damage indu
ed during indentation testing [19℄ is negle
ted.As an example materials we 
onsider thermally sprayed 
erami
 Al2O3 
oatings.4.1 MATERIALSThe 
oating samples were produ
ed produ
ed by the HVOF (high velo
ity oxygen fuel)method on an AISI 316 stainless steel substrate. The 
oating pro
ess is des
ribed in detailelsewhere [21℄. The thi
kness of the 
oating was on the average tc = 0.451 mm and thatof the substrate was ts = 2.0 mm. The porosity of the 
oating was measured using imageanalysis method and it was approximately 5%. Figure 1 shows a mi
rograph of the 
oating
ross-se
tion.The Young's modulus of the 
oating was measured using two methods: instrumentedindentation te
hnique and impulse ex
itation te
hnique.The indentation experiments were performed with Nanotest 550 nanoindentation equip-ment at VTT. Equipment assembly 
onsists of a measuring unit with a pendulum stru
ture,an opti
al mi
ros
ope and a 
ontrol unit. The 
alibration pro
edure before every experi-mental series in
luded the load and depth 
alibration. Referen
e sample for the 
omplian
edetermination and for depth and load 
alibration was fused sili
a (SiO2). Measurementswere 
arried out using a spheri
al WC-Co -tip with a radius of R = 0.794 mm under dis-pla
ement 
ontrol up to a maximum load of P = 10 N. The indentations were made on the
oating surfa
e in the though-thi
kness dire
tion. Experimental data were analysed usingthe standard Oliver-Pharr method. A

ording to the indentation experiments, the Young'smodulus of the 
oating was E = 93.7 GPa.



Figure 1: SEM mi
rostru
ture of the 
oating.The impulse ex
itation measurements were performed at the Laboratory of Strength ofMaterials in Helsinki University of Te
hnology. In the test setup the sample is supportedas a 
antilever beam and its lowest natural frequen
y is measured before and after the
oating pro
ess. Impulse hammer te
hnique was ex
ite small amplitude vibration in the�rst eigenmode. Based on the relative 
hange of the lowest eigenfrequen
y, the Young'smodulus of the 
oating is determined. The in-plane Youngs modulus was determined to be
E = (96.4 ± 4.8)GPa.4.2 DETERMINATION OF MATERIAL PARAMETERSDue to rapid solidifa
tion and subsequent 
ooling of the molten droplets, the 
ra
ksformed in the 
oating adopt a slightly 
onvex oval shape. A �nite 
ompressive stress pc isrequired to 
lose the mi
ro
ra
ks. The 
ra
k 
losing pressure dependens on the 
ra
k shape,but it is not very sensitive to 
ra
k form [4℄. For typi
al ellipti
al or diamond-shaped 
ra
ksthe pressure is approximately

pc

E
≈

1

2

b

a
(22)where a is the radius and b is the 
ra
k opening. For plasma sprayed alumina 
oatingsthe aspe
t ratio b

a
is typi
ally of the order 10−2...10−4 [5℄. In the experiments the Youngsmodulus of plasma-sprayed alumina was in
reasing as a fun
tion of uniaxial pressure in thewhole test range from 0 to 300 MPa. No experimental data is available at the moment forHVOF alumina 
oatings. The HVOF 
oatings are, however, 
onsiderably more dense thanplasma sprayed ones [22℄. Therefore di�erent values in between a

b
∈ (0.001, 0.003) and theupper and lower bounds pc = 0 and pc = −∞ were used in the simulations.Apart from mi
ro
ra
ks, thermally sprayed 
erami
 
oatings 
ontain also globular pores.A dilute 
onsentration of globular randomly distributed pores lowers the elasti
 sti�ness ofthe 
oating in an isotropi
 manner. The redu
tion of elasti
 properties 
an be approximatedwith [20℄.

E = E0

[

1 +
p

1 − p

3(1 − ν0)(9 + 5ν0)

2(7 − 5ν0)

]

−1 (23)
ν = ν0

E

E0

[

1 +
p

1 − p

3(1 − ν0)(1 + 5ν0)

2(7 − 5ν0)

] (24)



The powder used in the spray 
oating pro
ess 
onsists of α−Al2O3. During the sprayingmetastable phases are formed and the HVOF sprayed alumina 
oating 
onsists predomi-nantly of γ-phase. The Young's modulus and Poisson ratio of this phase 
an be roughlyestimated as E0 = 250 GPa and ν0 = 0.20. The globular pores are not taken into a

ountin the 
ontinuum damage model. Instead, the properties of the base material are lowereda

ordingly. Given that the measured porosity was p = 0.05, the properties of the basematerial are E = 225 GPa and ν = 0.185.The mi
rostru
ture of HVOF sprayed 
oatings 
ontains a variety of mi
ro
ra
ks in dif-ferent shapes and orientations. In order to express the damage in terms of mi
rostru
turalparameters, the 
omplexity of the mi
ro
ra
king distribution has to be redu
ed. Follow-ing [1℄ the mi
ro
ra
k distribution is identi�ed as two families of strongly oblate spheroidalvoids. The �rst family of 
ra
ks is approximately parallel to the subrate. The se
ond family
onsists of random distribution of 
ra
ks perpendi
ular to the substrate. Consequently, thedamage 
an be des
ribed using three 
ra
k density related state variables. Sin
e in 
urrent
ase, the through-thi
kness dire
tion is 
hosen to be along the y-axis the three 
ra
k densityvalues are related to the nine di
rete orientations as follows:
d(2) = dt (25)

d(1) = d(3) = d(5) = d(8) = dp (26)
d(4) = d(6) = d(7) = d(9) = dd (27)The �rst state variable dt 
orresponds to density of horizontal 
ra
king, the se
ond variable

dp des
ibes the density of verti
al 
ra
king and the third variable dd des
ribes the densityof in
lined 
ra
ks, i.e. the amount of orientational s
atter in the horizontal and verti
al
ra
k families.In the present work, an isotropi
 damage orientation distribution was assumed.
dt = dp = dd =

1

3The material parameter α related to the loss of elasti
 sti�ness 
aused by mi
ro
ra
kingwas assigned the value
α = 0.5739

λ+ 2µ

2
(28)This value was sele
ted on the grounds that the redu
tion of elasti
 sti�ness should 
orre-spond to the measured properties of the 
oating and the properties of the undamaged basematerial.4.3 FINITE ELEMENT SIMULATIONAn axisymmetri
 model was used for the simulation of the indentation test The model
onsists of a sphri
al indenter tip with a radius of R = 0.794mm and a 
ylindri
al samplewith a radius ofR = 1.0mm and a heigth ofH = 1.8mm. The tip 
omprised of 943 quadrati
triangular elements (CAX6M) and the sample of 2255 elements of same type. The �niteelement mesh is shown in �g. 2. The tip material WC was regarded isotropi
 and elasti
with the following properties: Young's modulus E = 614GPa and Poisson's ratio ν = 0.22.The Coulomb 
oe�
ient of fri
tion was µ = 0.085.In the simulations a standard indentation test was performed up to a maximum loadof P = 10N. The load was applied to the upper edge of the tip, whi
h was 
onstrained toremain straight. The verti
al displa
ement and the load values were re
orded for one fullloading-unloading 
y
le.



Figure 2: Finite element mesh used in numeri
al simulations. In the left: full model, onthe right: detail.The load-displa
ement 
urves obtained are shown in �g. �g: ph 
urves. The simulateddata were analyzed using the Oliver-Pharr method. The 
omplian
e value was obtainedby numeri
al simulation and analysis of indentation test on a virtual referen
e sample withthe material properties given in [12℄ for fused sili
a glass. The results of the Oliver-Pharranalysis of the simulated P (h) 
urves are summarized in table 1. The value ν = 0.185was used in estimating the Young's moduli from the indentation elasti
 sti�ness values
E/(1− ν2). The given 
ra
k 
losure stress values are estimated based on material behaviorin uniaxial 
ompressive straining.Table 1: The in�uen
e of material parameter γ and the 
orresponding 
ra
k 
losure stresson indentation Young's modulus.

γ (MPa) 0 200 400 600 ∞

∼ pc (MPa) 0 125 250 375 ∞

E (GPa) 123 99 91 87 72The results show that the indentation Young's moduli in
reases due to the MCE. Thesize of the e�e
t is dependent on the stress whi
h is needed for mi
ro
ra
k 
losure. Thison the other hand depends on the mi
ro
ra
k opening, i.e. the aspe
t ratio of the stronglyoblate, spheroidal mi
ro
ra
ks. For a realisti
 aspe
t ratio of a
b
∈ (0.001, 0.003), whi
h
orrespond to γ ∈ (200, 400)MPa, the indentation Young's modulus equals to the experi-mentally measured value.5 Con
lusions and dis
ussionIn the present work the in�uen
e of mi
ro
ra
k 
losure e�e
t in indentation testing ofthermally sprayed 
erami
 
oatings is analyzed numeri
ally using the FE-method. Thenonlinear material behaviour resulting from the mi
ro
ra
k 
losure e�e
t is modeled usinga three-dimensional 
ontinuum damage me
hani
s -based model. The results obtained in a



γ = ∞
γ = 600 MPaγ = 400 MPaγ = 200 MPaγ = 0 MPa

h(µm)

P

(N)
2.521.510.50

1086420Figure 3: Simulated P (h) 
urves for di�erent values of parameter γrealisti
 example 
ase show that the mi
ro
ra
k 
losure e�e
t indeed 
an 
ause a signi�
antin
rease in the indentation Young's modulus. Without the mi
ro
ra
k 
losure e�e
t, theindentation Young's modulus was E = 72GPa. However, with the mi
ro
ra
k 
losure e�e
ttaken into a

ount, the indentation Young's modulus values in the range E ∈ (72, 123)GPAwere obtained.ACKNOWLEDGEMENTSThis resear
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