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Simulation of Berkovich nanoindentation experiments on thin films
using finite element method
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Abstract

The Finite element technigue is applied for studying the very complex stress—strain field of thin hard coatings subjected to a
naneindentation process. Berkovich indentation experiments were simulated with the ABAQUS finite clement software package. The
investigated system was titanium nitride on high speed steel as an example of a hard film on a softer substrate. The numerical analysis
allowed the plastic deformation history during indentation to be followed. In particular. it was possible to correlate the onset of plastic
deformation in the substrate with the shape of the loading curve. The system was simulated by an axisyminetric model in which the
conical indenter has the same contact area as the Berkovich indenter. A six-told symmetrie three-dimensional model was also defined lor
testing the suitability of the previous model. The indenter was modeled cither as a rigid surface or as a deformable diamond tip.
Comparison between the experimental data and numerical resualts demonstrated that the finite element approach is capable of reproducing
the loading--unloading behavior of a nanoindentation test. The film hardness of TiN/HSS specimens was aumerically calculated for
different indentation depths. It was shown that the presence of the substrate affected the hardness measurement for relative indentation
depths greater than about 154 of the film thickpess. © 1998 Elsevier Science S.A.

Kevwords: Finite element methed: Berkovich nanoindentaion process: TiN/HSS

1. Introduction material having an internal hydrostatic pressure. Johnson
[3] added 1o this approach ihe effect of the tip geometry.
However. all the proposed inodels cannot describe the very
complex stress and strain fie!d produced during the inden-
tution process. Since the induced plastic deformation de-
pends on the path through which ecach indentation step is
reached, it should be very uscful to be able to analyze the
deformation history,

Some investigators have studied the indentation process
using the numerical approach of finite clement method.
Cai and Bangert [4] studied with this method the extension
of the plastic deformed zone in relation to the ratio of the
penetration depth to the film thickness /1, and deter-
mined the effect ol the substrate on the measured hardness.
In the case of soft films on hard substrates they found that
this effect was stitl negligible up to /1 X 100 = 30%. On
the contrary. for hard films on softer substrates, the plastic
deformation extended casily into the substrate. and the
measured hardness was modified even for /0 X 100 =
10% . Sun et al. [S] employed an axisymmetric FEM model
Corresponding author. to simulate o hard coating on u softer substrite. A conical

The mechanical surfuce propertics of many materials
an be improved by depositing appropriate coatings. in
particular with respect to wear resistance. friction coeffi-
cient. hardness, ete. Local deformations of coated surfaces
produced by tribological interactions can result in substan-
tial damage. Thus, it is important to quantify the resistance
of the material to such damage. For this reason the evalua-
tion of the hardness as obtained from indentation measure-
ments is of fundamental importance. Elastic modulus and
hardness are the two properties that are more frequently
measured by the load and depth sensing indentation tech-
nique. Theoretical analysis of general indentation problems
has received great attention {rom many investigators, A
few models are based on the classic slip line theory for
rigid-plastic solids [1]. A new approach was introduced by
‘Tabor [2] who analyzed the plastically deformed zone as
the expansion of a spherical cavity in an clastic-plastic
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indenter having the same projected area~depth function as
the Berkovich indenter was assumed. The nanoindentation
process for various coating-to-substrate yield strength ratio
was analyzed. Morcover, the effect of the indenter tip
radius was taken into account. Sun et al. [3] determined
that an increase of the yield strength ratio or of the tip
radius reduced the critical ratio (d/1), for which the
hardness measurements were not affected significantly by
the substrate. A three-dimensional FEM analysis was per-
formed by Wang and Bangert [6] who investigated the
behavior of coated systems during a Vickers indentation
process. The results showed that the first part of the
loading curves closely followed the behavior of the bulk
coating and from /¢ X 100 = 10% the cffect of the sub-
strate became evident. A first example of comparison
between FEM analysis and experimental results was pre-
sented by Bhatacharya and Nix [7] in which they simu-
fated a sub-micrometer indentation test. They verified that
the finite element method could be an effective tool for
simulating hardness measurements,

In our work, we used the finite element method o
simulate the nanoindentation process. At first we compared
the experimental load-depth response of titanium nitride
thin films on high speed steel substrates with numerical
results. Successively. we studied the effect of the substrate
on the hardness measurements, Duc to the complexity of
the phenomena involved in the indentation process, we
used the FE program ABAQUS [8] which allows eflective
modeling ol non-linear probiems such uas the materials
propertics. the contact between two bodies and the large
deformations of the material under the indenter.

2. Nanoindentation measurements

The nanoindentation technique allows Young's modulus
and the hardness of thin films 1o be evaluated. In this
section, we describe how a nanoindentation measurement
is performed and how the experimental results are elubo-
rated for determining the mechanical properties. Nanoin-
dentation measurements are pocformed uncer a constant
load rate control. When the final depth is reached. a
constant load is maintained to allow for possible creep
before the unloading with a constant displacemert rate is
performed. In Fig. |, a schematic draw of an indoy.tation
load~displacement curve without the constant load seg-
ment is shown.

As reported by Oliver and Pharr [9] and Brotzen [10]
the effects of a non-rigid indenter on the load displacement
behavier can be taken into account by defining an effective
modulus £,

N

-t (M
where E is the elastic modulus and » is the Poisson’s ratio
of the specimen, and £, and », are the same parameters
for the indenter. £, is evaluated from the nanoindentation
measurements according to the following equation

o Vi ([AP/dR) g )
R 2
where 2 is the indenter foad. & the penetration depth and

(dP/di) 1 18 the slope of the unloading curve evalu-
ated at the position of maximum load. A i the contact

Fig, 1, Schematic representation of load-displacement data for o nanoindentation experiment. £, wanimuny applied lowd: o
antoaa MO of the untoading curve.

displacement: & find penetration depth &P /d b
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area and B is a dimensionless parameter related to the

geometry of the indenter. In the case of a conical indenter

B=1

For evaluating the elastic modulus E,. the slope
(dP/dI) 0 @nd the contact arca A should be deter-
mined precisely. A least mean square fit to 90% of the
unloading curve is made according o (he hypothesis that
the unfoading data will be better expressed by a power law

t—h, "
P = 1’"11\ T, :
M — Ny

[LINAY

P.... My, are the maximum load and the maximum
displacement respectively. while the final penetration depth
Iy and the exponent m are the parameters to be fitted. Eq.
(3) is than analytically differentiated for determining the
slope (dP/d R p0-

The contact arca A is given as a function of the contact
depth 4. The contact depth at maximum load is then

hs: = hm;n - 6( hm;l\ - I"I ) (4)

where € = 0.72 for a conical indenter as given by Sneddon
[11]. The expression for the contact arca for a Berkovich
indenter is usually approximated by the formula

(3)

4
A(h) =245+ Y Ch/*. (5)
i={

where the first term gives the contact area of an ideal
indenter whereas the terms preseni in the sum tahe into
account geometrical deviations due to the tip rounding.

The Young's modulus E is obtained from Egs. (1) and
(2). and the hardness H is given by the well-known
relation

[HHRY

== (6)

3. FEM modeling

In the present work, we have studied the nanoindenta-
tion process ol a TiN coating grown on a HSS substrate.
The nanoindentation measurements have been performed
with the depth sensing Nanoindenter 11 of Nano Instru-
ments equipped with a Berkovich diamond tip. We have
simulated the process using an axisymmetric model which
allows mesh definition with a restricted number of degrees
of freedom. However. we have verified if this modeling is
appropriate by performing an analysis with a three-dimen-
sional maodel.

3.1, Axisvmmetric model

In order to define an axisymmetric model. we have used
an equivalent conical indenter with a semi-apical angle of
U = 70°30". This system has geometric and loading sym-
metry around the axis of the indenter. The specimen is
modeled with 2635 d-node axisymmetric reduced integra-
tion elements (CAX4R element type [3]). as shown in Fig,
2. The indemation region is very small with respect to the
size of the sample. A high mesh refinement is used for
modeling the lurge deformation area. In the outer zones
multi-point constraints (MPCs type linear) are introduced
tor interfacing one clement with two adjacent elements to
reduce the total number of degrees of freedom, Finally
semi-infinite clements (CINAX4 clement type [8]) resem-
ble the fur field domuin in the radial direction. The ele-
ments at the interlayer between the film and the substrate
are reduced in height to be able to detect more accurately
the behavior of that zone. The imposed geometrical bound-
ary conditions are: the nodes along the axis of rotation can
move only along such an axis, i.c.. the v axis, and all the
nodes on the bottom of the mesh are fixed, iLe. the
displacements along v and ¥ direction, are constrained.

L.

Fig. 2. Mesh of the whole sample with the indenter modeled as o movable rigid surlace.
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Fig. 3. Detail of the indemation region with the indenter modeled as an
elastic-plastic tip.

An important feature of ABAQUS is its capability to
model the contuct between two bodies as a shiding through
contacting surfaces, which are in our case the indenter
surface and the specimen surface. From the initial geome-
try the nodal gaps between the surfaces are defined. Dur-
ing the analysis, the program controls the variation of the
nodal gaps. In particular whenever the distance between
the indenter and the specimen becomes zero—gap closure
-—the contact takes place and an external reaction force is
exerted on the nodes involved in the contact. The contact
constraint is enforced by the definition of the *master’ and
the “slave’ surfaces: only the master surface can penetrate
into the slave surfhee and the contaet direction is always
taken as being normal to the master surface. We have
chosen the indenter surface as the master surfuce due to
the larger stiffness ot the indenter with respect to the
specimen. In Fig. 2 the indenter is represented by a rigid
movable surface, Since the coating is very hard, we have
also modeled the tip with axisymmetric elements for tak-
ing into account the stiffness of the indenter. This mesh is
shown in Fig. 3,

The friction coefficient between the tip and the speci-
men surface is assumed 1o be zero, because in thie case of a
hard coating on a softer substrate, like TiN/HSS system.
the friction has a negligible effect on the nancindentation
process, '

Coating and substrate are assumed o be initially stress
frec and in perfect contact during the indentation process.

Both the TiN coating and the HSS substrate are as-
sumed to be homogencous and isotropic and having a
perfect elastic-plastic behavior,

The indentation procedure is simulated by two subse-

[ . N N
K. Matsuda, Private communication,

quent steps: loading and unloading. During loading. the
rigid surface or the modeled tip moves along the v direc-
tion (see Figs. 2 and 3) and penetrates the specimen up to
the maximum depth; during unloading, the tip returns to
the initial position. At each depth increment, the progrum
makes many iterations according to a specified conver-
gence rate to reach an equilibrate and congruent configura-
tion.

Purely elastic deformation takes place only during the
beginning of the indentation process. The Mises yield
criterion is applied for determining the occurrence of the
plastic deformation. The equivalent Mises stress is given
by the expression

(o, — 03)2 +{(o,— (rj)2 +{(0o, — (r,)z
‘rMhm =

2

(7

where o, o, and o, are the three principal stresses.
Whenever ay,,.. reaches the yield strength . the mate-
rial begins to deform plastically.

3.2, Three-dimensional model

The Berkovich indenter is a triangular-base pyramid
having a six-fold symmetry. The load is applied along the
axis of the indenter, thus the load symmetry is the same as
the geometric one. For these considerations. a thiee-dimen-
sional model is defined only by one sixth of the entire
system. The specimen is modeled with 6925 8-node re-
duced integration elements (C3D8R element type [8]) and
with semi-infinite elements (CIN3D8 element type [8)).
The three-dimensional mesh is reported in Fig. 4. The
large deformaiion area is modeled with elements smaller
than these in the outer zone. We used a coarser mesh with
respect to the axisymmetric model in order to limit the
degrees of freedom. Due to the fact that in the axisymmet-
ric analysis the results for a rigid and tor a deformable
indenter are very similar. as described below. we have
modeled the indenter with a rigid movable surface.

loading

N

unlcading

Q0 C

7 N
/ :
* [{(dp/dh)emces

h, Bimay
Displacement

,.

Fig. 4. Three-dimensional model. The Berhovich indenter has a six-told
symnietry and the Toad is applied wlong the axis of the indenter. The mesh
ix defined only For one-sinthy of the system,
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Tabte |
Material properties of TiN, HSS and diamond used in the finite clement simulation
Yunng's Young™s imadulus £ Poisson’s Yield strength Hardness
madulus (GPa) rigid indenter ratio » Y (GPa) H WGPy
L (GPa)
deformable
indenter
TiN Sample #1 427 305 .25 13.5 27
TiN Sample #2 450 i 0.25 14.5 2
HSS 218 ML 0.30 1.8 N
Diamond 1141 (L7 387 DI
T i T T T T T ¥ T T L— T
40 + -—a—experimental data 1
: —c— numerical data: deformable indenter 4
30 | - x-—numerical data: rigid indenter |
—~ o 1
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Fig. 5. Louding-unloading curve for Sample # 12 comparison between experimental daa C3 ) and simulation sesuits, deformab’ s diamond indenter (O)
wnd rigid indenter (<),

20 m
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Fig. 6. Loading—unloading curve for Sampie #2: comparison between experientad data €). and simutation resuits, deformable diationd indeater (1)
and rigid indenter (),
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4. Results and discussion
A.1. Comparison with experimental data

The nanoindentation experiments have been performed
on two muagnetron sputtered finms grown with difterent
deposition parameters. Two coatings with a thickness of
2.6 um (Sample #1) and 3.0 wm (Sumple #2) have been
studicd by nanoindentation using penetration depths of 0.3
pmoand 0.2 wm respectively, ie.. 12% and 6% of the film
thickness.

The Young's modulus £ of the coating introduced in
the analysis is determined trom Eq. (1). 1t depends on the
stiffness of the tip since F, is evaluated from the nanoin-
dentation experiment. In the numerical analysis. we use
either a rigid surface or a deformable tip as an indenter
model. For a rigid indenter, £, — % and the last term of
Eq. (1) can be neglected. whereas for a deformable inden-
ter £, has been taken to be equal to the elastic modulus of
diumond. The input values of £ for the FEM analyses are
reported in Table 1.

The values of yield strength ¥ found in literature for
TiN [4.6] were too low for the perfect elastic-plastic model
that we have considered. In fact, loading—unloading curves
obtained using those values do not faithtully reproduce the
behavior of the experimental data, In particular, the maxi-
mum load is lower. We have tried to improve the agree-
ment by increasing the yield strength of the film. The best
value has been found to be = 14 GPa for both samples as
shown in Table 1. This result is consistent with the lincar
dependence of H/Y versus £/Y as reported by Tabor
[12]. For materials having a ratio £/Y of ihe order of 10,
H/Y = 1.5 and tor £/VY greater than 100, H is about 3Y.
In our case E/Y = 32 and the ratio H/Y = 2 gives a value
lying on the straight fine within the indicated limits,

In Figs. 5 and 6, the experimental data and the numeri-

cal results are shown for Sample #1 and So vple #2
respectively.

The agreement between the experimental results and the
finite element calculations is satisfactory. in particular in
the first part of the unloading curve where the Young's
madulus is cvaluated.

The loading curves show a larger deviation than the
unloading curves, This may be due to differences in the
actual and assumed yield strength or due to the use of a
constitutive model of materials like the perfect elastic-plas-
tic one without work hardening rate. Other causes of the
disagreement could be the rounding of the tip as a result of
wear [13].

The comparison between the results for the two differ-
ent models of the tip shows no relevant differences. The
only significant discrepancy is the value of the maximum
load. which is slightly higher in the case of the deformable
tip. This is due to the partial absorption of the deformation
energy from the indenter.

The three-dimensional model  with  perfectly  sharp
Berkovich indenter has been used for testing the validity of
the axisymmetric model. In particular. we want to verify it
the use of a pyramidal indenter could better reproduce the
experimental loading curve. As suggested by the axisym-
metric analysis, no relevant differences are apparent be-
tween the two models of the indenter. Therefore, we have
chosen to model the tip as a rigid surface in order to
restrain the degrees of freedom.

The loading—unloading curve of Sample #1 has been
simulated with the three-dimensional model. In Fig. 7 the
results of the analysis are compared with the correspond-
ing responding data of the axisymmetric model. The curves
are practically identical indicating that the axisymmetric
model with a conical indenter. which has the same ares
function of the real tip. is an effective tool for simulating
nanoindentation procedure with a Berkovich indenter.

T T T Y T T T T T T M 4 M
40 | N
- - axisymmetric model
—e-— three-dimensional model
30 |- 7
—_ L
=
g2} N
gl
3 I 4
[}
wd
10 h
A . ,x"/
ok -.,.mxisf'j'..._ PV v g
i 1 i 1 N L L 1 . i

0.00 0.05 0.10

0.20 0.25 0.30 0.35

Displacement (um)

Fig. 7. Laading-unloading curve for Sample # E comparison between svsymmeteic moded 08 ) and three-dimensional model (@),
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Fig. 10, Comparison between the hardness ol bulk TiN and of TiN/ZHSS as a tunction of the ratio d /1.

4.2, Load versus pencetration depth for coated svstems

We have used the axisymmetric model deseribed previ-
ously for studying the very complex stress—strain field
induced by the indentation. In particular, we have studied
the effect of the substrate on the distribution of the plastic
deformation tor coated systems as a function of the pene-
tration depth. In the hardness measurements, the penetra-
tion depth is chosen not to exceed 10-20% of the film
thickness in order to avoid substrate effects. In our simula-
tion, we have compared a bulk TiN specimen witha 2 pm
thick TiN coating on HSS substrate The indenter pene-
trated up to (L7 pm. corresponding to 35% of the film
thickness,

Fig. 8 shows the results ol the numerical analysis lor
the bulk TiN (open triangles) and for the TiN /HSS system
(solid circles). Ata value of penetration o equal to 15% of
the film thickness ¢, the two loading curves begin to
diverge. The curve ol the coated specimen changes its
curvature and the final penetration is reached for a 30%
smaller load than in the case of the bulk material. There-

VALUR
+0.00B~00

+5,00B-03
+1.00B-02
+1.508-02
+2.00%-:2

fore. the hardness evaluation is strongly affected by the
ratio « /1. For a quantitative evaluation of the error on the
hardness measurements due 1o the substrate stiftness, we
have performed a series of numerical analyses for both the
bulk TiN and the TiN/HSS system with ditferent final
penetration. In Fig. 9a and b the load versus depth for the
two cases are shown, The hardness. as a function of the
ratio d/t. is drawn in Fig. 10. For the coated specimen,
from d/t X 100 = 15% 10 d/t X 100 = 35%. the hardness
of TiN/HSS svstem with respect to bulk TiN decreases,
up to a maximum deviation of 33%.

The analysis of the plastic field during the nanoindenta-
tion process indicates a correlation between the onset of
the substrate plastic deformation at the interface and the
initial separation of the loading curves. Fig. 11 shows the
history of the plastic deformation of the coated specimen.
In order to be able to detect the beginning of the first
relevant plastic deformation in the substrate, we have
chosen to refine the interval of the equivalent plastic strain
variable under a threshold value of 4.E-2. In Fig. 1la. the
penetration depth is 3% of the film thickness. At this

+2.502-92

+3.00B- 02

+3.508-02

+4.0013-72

+1.198+00

EEEE
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¥
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Fig, 11, Equivatent plastic strains: G o /70 100 = L300 A5 > 100 = ES5 the substrate begins to plastify at the intertace wegion: () o /2 X 100 = | 7%

enfargenient of the plastificd region in the subsigae,
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stage of the indentation, only the film is plastically de-
formed. At d /1= 0.15, the substrate shows plastic defor-
mation at the interface whercas the coating does not (see
Fig. 11b). This is exactly the /1 value at which the
loading curve of the bulk TiN deviates from that of the
TiN coating. Fig. 11¢) shows an even larger plastic region
for d/1=0.17. The three d/t values are indicated in Fig.
8.

5. Conclusions

In this work we have studied the Berkovich nanoinden-
tation process by means ol finite clement anaiysis. We
have verified that an axisymmetrie model gives the same
results as a three-dimensional model if the conical indenter
has the same area function as a Berkovich tip. Since the
axisymmetric model has a lower number of degrees of
freedom and. consequendy. requires shorter computagional
time, it was used for all the analyses presemted. For testing
the feasibility of the model we compared experimental
data of a nanoindentation measurement performed on a
TiN /HSS specimen with numerical resubts. The loading-
unfoading curves present good agreement, even if there is
4 slight discrepancy in the loading section.

The effect of the substrate stiffness on coating hardness
measurements was analyzed for the TiN/HSS system
through the evolution of the piastic deformation field. The
initiation of plastic deformation in the substrate at the
interface zone corresponds o a penetration depth of the
indenier equal o 15% of the film thickness. This relative
penetration of the indenter represents a critical point from

which the load data begin to be affected by the lower
stiffness of the subsirate. Consequently, at this stage the
hardness of the film decreases with respect to the real
value. Thus. the general eriterion that the film should not
be penetrated more than 10-20% of its thickness is still
acceptable for TiN on HSS,
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