Acta Polytechnica CTU Proceedings 50:18-23, 2024
https://doi.org/10.14311/APP.2024.50.0018

FINITE ELEMENT ANALYSIS OF NANOINDENTATION PILE-UP
AND CORRECTION OF PROJECTED CONTACT AREA
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ABSTRACT. This paper deals with the pile-up phenomenon that can occur during nanoindentation.
Finite Element (FE) simulation of X5CrNiCuNb16-4 steel nanoindentation with pyramidal Berkovich
indenter was done, and stress and strain beneath the indenter leading to pile-up behavior were analyzed
in detail. Pile-up also influences the projected contact area, which should be corrected to include the
pile-up into the Oliver-Pharr analysis. Accurate calculation of the projected contact area requires
knowledge of its boundary. Few methods of boundary approximation were used, including approximation
by the triangle and the semi-ellipse. For more precise approximation, the expression for parabolical
approximation was derived. These methods were compared with the projected contact area calculated
by finite element method. The most precise results were obtained using semi-elliptical and parabolical
correction, which can be used for the determination of the projected contact area and its boundary.
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1. INTRODUCTION

Pile-up behavior can occur during the nanoindentation
of soft, plastic materials. This leads to accumulation
of plastically deformed material beneath the indenter
and an increase in the contact area. The pile-up is
maximal around the sides of the indenter and minimal
under the indenter edges, see Figure

Pile-up can significantly affect the results of Oliver-
Pharr analysis (described in [I}, 2]), but it is difficult
to correct its influence on the projected contact area.
This paper is aimed on modelling of X5CrNiCoNb16-
4 nanoindentation by finite element method (FEM)
and the description of the pile-up formation process
from the mechanical perspective. Additionally, the
commonly used corrections of the pile-up are unified
and compared with FEM results and results calculated
by new parabolical correction to get more accurate
algorithm for describing pile-up.

2. METHODS

2.1. FE MODEL

To describe the pile-up, FE calculation was done for
the nanoindentation of X5CrNiCoNb16-4 steel. The
FE model similar to one, which was already described
in [3], was employed. A blunted pyramidal Berkovich
indenter with the tip radius of 400 nm was used for cal-
culations. The indentation depth was 500 nm, which
was 100 times smaller than the dimensions of speci-
men and indenter. According to [4], these dimensions

18

should be enough to eliminate the influence of the
specimen and indenter boundaries. Due to symmetry,
only one-sixth of the geometry was modeled (Figure
The displacement along the z-axis at the bottom of
the specimen and displacements perpendicular to the
symmetry plane were fixed at them. The specimen
was loaded by the displacement of the Berkovich in-
denter. In the first loadstep, a displacement 500 nm
was applied on its top, followed by unloading in the
second loadstep.

The diamond indenter was described by isotropic
linear elastic model of material with Young’s modu-
lus E4;, = 1141 GPa and Poisson’s ratio vg4;, = 0.07.
The steel was modeled using a multilinear model of
material with Fgeo; = 202 GPa, vgee; = 0.3 and the
yield strength Resteer = 500 MPa. The stress-strain
curve for this model has been defined by linearly inter-
polated 18 points (described in [3]) and the isotropic
hardening was used.

The mesh was created from 3D SOLID 186 ele-
ments with the use of the contact CONTA 174 and
TARGE 170 elements at contact area. To describe
the pile-up around the contact area, the mesh was
refined here. Totally was used 74 439 elements and the
finest elements had approximately 2nm. The contact
was solved using the Augmented Lagrange algorithm
with a coefficient of friction 0.1, whose impact has
already been determined in [5]. After performing the
calculations, the simulated indentation curve has been


https://doi.org/10.14311/APP.2024.50.0018
https://creativecommons.org/licenses/by/4.0/
https://www.cvut.cz/en

VOL. 50/2024

Finite element analysis of nanoindentation pile-up ...

(B). Cross section of the soft material indent with Berkovich indenter.

FIGURE 1. Visualization of the pile up effect.

FIGURE 2. Model of geometry of Berkovich indenta-
tion used for FEM calculations [pm] with boundary
conditions (at the section planes, the symmetry condi-
tions were used).

compared with experimental data (described in [3] in
detail).

2.2. CORRECTIONS OF THE PILE-UP

To calculate the precise results of Young’s modulus
and hardness by Oliver-Pharr analysis, the projected
contact area has to be known. Few methods of its
calculations will be compared in this paper.

2.2.1. OLIVER-PHARR ANALYSIS

The commonly used Oliver-Pharr analysis was derived
from the Sneddon solution, described in [6] which as-
sumed only elastic deformations. As the pile-up is
mainly caused by the plasticity, its influence is not
included into the Oliver-Pharr analysis, which is only
applicable to sink-in behavior, when the specimen sur-
face bends under the indenter. The projected contact
area in Oliver-Pharr analysis can be determined for
the ideal Berkovich indenter according to Eq. . If
the indenter is blunted, the projected contact area
can be determined as the area of its cross-section at
the contact depth h.. To correct the results of Oliver-
Pharr analysis for pile-up, the Eq. is commonly
used, where App is area obtained by Oliver-Pharr
analysis and A, represents the correction for pile-up.

Aopideal = 24.56 - hi (1)

Ac = AOP + AP (2)

2.2.2. TRIANGULAR CORRECTION

The idea of approximation of pile-up region by triangle
(Figure |3) was proposed by [7] and can be described
by Eq. . For a Berkovich indenter, the ¢ can be
determined by Eq. @ and with the use of Eq. and
the assumption of identical pile-ups on each indenter
side, the pile-up area bounded by the triangle (A,)
can be expressed by Eq. (6).

1
P tan(Z — ) 4 fopi - i ®)

jus
2
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FIGURE 3. Approximation of the pile-up by triangles
(red line represents the boundary of the pile-up area;
blue line represents the boundary of the correction).

a. = h; - tan (5)

73«\/§~tana

Apt = “he - hy 224562 he - h 6
pt tan(g—a) c " lp c " lp (6)

2.2.3. SEMI-ELLIPTICAL CORRECTION

To better describe the boundary of the pile-up, its ap-
proximation by semi-ellipse was derived by [8]. With
this correction, the approximation of all pile-ups can
be expressed by Eq. (7). If the indenter deformation
is negligible, the Eq. can be used, and the pile-up
area can be given by Eq. @[) Although the semi-
elliptical correction provides an accurate description,
it can overestimate the pile-up near the indenter’s
edge due to the semi-elliptical shape (Figure [4]).

3
e
Aps = 4 Zam‘ (7)
i=1
a, = hy - tan o (8)

3-V3-7-tan?
Aps = 5

~ 38.582 - h, - hy,

“he - hy

2.2.4. PARABOLICAL CORRECTION

Parabolical correction was derived to reduce the dis-
crepancy near the indenter edges. This correction,
which is described by [9], uses the approximation of
the pile-up boundary by a parabola. For simplifica-
tion, the equations for this correction were derived in
the local coordinate system (Figure [5)). The parabola
passes through three points, two on the edges of the
indenter (points A and C) and one which is the point
of maximum pile-up in its center (point B). The co-
ordinates of these points can be written by Eq. .
By substituting these points into the general equation

20

—

FIGURE 4. Approximation of the pile-up by semi-
ellipses (red line represents the boundary of the pile-
up area; blue line represents the boundary of the
correction).

FIGURE 5. Approximation of the pile-up by parabola.

of parabola described by Eq. , the equation of
the parabolical boundary described by Eq. was
derived.

The projection of the pile-up onto the plane of the
specimen surface is bounded by the parabola on one
side and the edge of the indent at the other side (Fig-
ure |5)). This boundary can be expressed by Eq. (13).
Assuming of its symmetry, the area of one pile-up can
be described by Eq. . With the substitution of
c and a, from previous equations and assumption of
the same pile-ups at all three sides of the indent, the
total pile-up area can be described by Eq. .

A {g;ap} B[0;0] C {—g;ap] (10)
y=ao-z>+by- x4+ co (11)
Yo1 = ap - 22 - (g)_2 (12)
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Yv2 = Ap (13)
5 [ Yb2 4 ¢
App1/3:2'/0 /ybl ldyd:c:§~ap~§ (14)
A g O e tug b, (15)
PP tan30° ¢ P T T c P

2.2.5. FINITE ELEMENT METHOD

When the FEM is used, the elements in the contact
may be selected and the projected contact area cal-
culated as its surface after the projection onto the
plane of the specimen surface. This area does not use
any approximation of its boundary and if the mesh is
enough fine, it can be used for the comparison of the
other corrections. The procedure used in this paper
is described in Chapter [] in detail.

3. PILE-UP

The FEM results confirmed that pile-up occurs dur-
ing the steel nanoindentation. The location of the
equivalent stress maximum was beneath the specimen
surface, which was caused by the bluntness of the
indenter. As the indentation depth grew, the plastic
zone began to form (Figure @ The results of plastic
strain in the way of indentation showed a significant
zone of compressive strain under the indenter but next
this zone, the positive (tensile) values appeared, form-
ing the pile-up region that grows with the indentation
depth.

The tensile plastic strain is caused by the defor-
mation of the specimen. At the beginning of the
indentation, the material is compressed under the in-
denter, until the creation of plastic zone. Plastically
deformed material has very limited ability of volumet-
ric compressibility and begins to push surrounding
material away, which leads to the creation of pile-up.
This can be confirmed by the deformation of the spec-
imen (Figure [7]), where is shown how is the material
in pile-up region pushed to the specimen under the
indenter, but behind the side of indenter, the vector
of deformation reverses, which describes the pushing
the material away and forming pile-up.

When the indentation curves were determined by
FEM, the Oliver-Pharr analysis was used to calcu-
late the contact depth and its value h, = 472nm
was obtatined. As the Oliver-Pharr analysis does not
include pile-up, it was expected that h. should be
500nm, what was the depth of indentation. This
discrepancy was clarified by the plotting the detail
of pile-up at indent profile (Figure . The profile
can be divided into the three parts. The first one
from the right is the steep line caused by the inden-
ter profile (the graph is scaled to make details better
visible). Then there is a pile-up region and at the big-
ger distance from the indent sink-in occurs too. This
indicates that the influence of significant plasticity
beneath the indenter tip becomes negligible further
away from the indent, making sink-in the dominant
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FIGURE 6. Plastic strain in the way of indentation [-]
at the indentation depth 8.2nm [9]. Plastic strain was
calculated for the blunted Berkovich indenter, which
bluntness is significant at this indentation depth.
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FIGURE 7. Total deformation [pm] at the indentation
depth (displacement of indenter) 0.5 pm.
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FIGURE 8. Detail of profile near pile-up.
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Method FEM Oliver-Pharr Triangular Semi-elliptical Parabolical
A, [nm?] 8.0 6.9 7.6 8.1 7.9
vl ) B ~13.6 —4.2 1.2 ~1.1
TABLE 1. The calculated projected contact areas and its relative difference to FEM results ( AA.;} ; )
effect, even in the case of steel nanoindentation. The 12 ~ Nodes
sink-in influenced calculated contact depth and this g'ivér"if‘?rf |
is the main reason, why its calculated value is lower o8l P::;L:“:;:ca
than expected value. = ' Triangular
=
=
0.4
4. COMPARISON OF THE CORRECTIONS
The calculated indentation curves were analyzed using 0 aiith ENRENNNNN :
the Oliver-Pharr method. As the indenter was blunted, 0 0.4 0.8 1.2 1.6 2 2.4
X [pm]

the projected contact area for Oliver-Pharr analysis
was determined as the area of indenter cross section
at the calculated contact depth (h, = 472nm). To use
corrections described in the Chapter 2.2} the height
of pile-up (h,) was measured from the end of contact
depth to the maximal height of pile-up and then h, =
64.7nm. Note that the height of pile—up is bigger that
the location of its maximal point due to the sink-in
described in the Chapter [3] With these values, the
relations for corrections could be used and calculated
values were compared in Table

The boundaries of contact areas obtained for one
sixth of the Berkovich indent by each approximation
were plotted (Figure E[) The contact area from FEM
was determined as the projected area of deformed
elements, with only elements having more than half
of their nodes in contact. As the mesh was fine at
contact area, these results were expected to be accu-
rate enough. The results calculated by Oliver-Pharr
analysis underestimated the projected contact area
approximately about 13.6 % due to the omission of
the pile-up.

When the triangular correction was used, the dis-
crepancy dropped to the 4.21 %. The triangular cor-
rection can be used to correct pile-up but it describes
it inaccurately. The semi-elliptical correction over-
estimated the contact area about 1.16 % due to the
areas near of the edge of the indenter. The parabolic
correction underestimated the projected contact area
about 1.07 %. Both the semi-elliptical and parabolic
corrections yielded similar results and are effective for
describing the pile-up region.

The knowledge of the accurate value of projected
contact area is important for the determination of the
Young’s modulus and hardness. As the hardness is
inversely proportional to the contact area and Young’s
modulus to its square root, the use of good correction
of the projected contact area is more important for
the hardness. In the same way, the influence of the
corrections to Young’s modulus and hardness can be
determined.
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F1cURrE 9. Comparison of the approximations of the
indent boundaries with the results of FEM.

5. CONCLUSIONS

The FEM simulation of X5CrNiCoNb16-4 steel showed
that the pile-up is caused by huge plastic deformation
under the indenter. The plastically deformed material
pushes the surrounding material upwards, creating the
pile-up under the side of the indenter. Far from pile-
up, the sink-in occurs, which influences the contact
depth calculated by the Oliver-Pharr analysis.

The projected contact area calculated from the re-
sults of FEM calculation was compared with those
calculated by Oliver-Pharr analysis and with the trian-
gular, semi-elliptical and parabolical correction. The
results showed that the Oliver-Pharr analysis under-
estimates projected contact area when the pile-up
occurs. The triangular correction provided a better
approximation of it. The most precise results were
obtained by the parabolical and semi-elliptical correc-
tions. All formulas for these corrections lead to the
same dependencies, which are different by the value
of the coeflicient.

To get more accurate results at experimental nanoin-
dentation, the highest point of the pile-up needs to be
determined. Determination of this point is difficult
due to the small scales of geometry and dimension
and could be assessed in future work.
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