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Correction of the hardness measurement for pile-up materials with a
nano indentation machine

Moon Shik Park

Department of Mechanical Engineering, Hannam University

- Azl w7 U 4 AR7e A= A% 2A

Abstract Measurements of the elastic modulus and hardness using a nano indentation machine rely on the equation
for the fitted contact area, which is valid for only sink-in materials. For most soft engineering materials that involve
pile-up behavior rather than sink-in, the contact area equation underestimates the contact area and thus overestimates
the elastic modulus and hardness. This study proposes a correction method to amend erroneous hardness measurements
in pile-up situations. The method is a supplemental derivation to the original hardness measurement with the known
value of the elastic modulus. The method was examined for soft engineering metals, Al 6061 T6 and C 12200, via
tensile tests, nano indentation tests, impression observations, and finite element analysis. The proposed technique

shows reasonable agreement with the analytical results accounting for strain gradient plasticity from a previous study.
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1. Introduction measurements. Indentation tests are carried out by

measuring the load and depth relationship with the

Nano and micro indentation tests are becoming harmonic contact stiffness at a resolution of a
popular for the determination of the elastic modulus nanometer, as devised by Oliver and Pharr [8, 9].

and hardness of state-of-the-art materials [1-7]. Such Unfortunately, nano and micro indentation results

tests are attractive because they are nondestructive and may be erronecous as much as 50% if pile-up

eliminate the need for expensive optical impression  phenomenon occurs during the indentation [9]. Such
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inaccuracy is due to the calculation of the actual
contact area from the depth data because the
underlying theories of the testing method are based on
sink-in contact elasticity. Therefore, an improved
method to correct this error is required especially for
relatively soft materials.

In this work, a supplemental method to evaluate
more accurate hardness value for pile-up situation is
suggested. The proposed technique will be verified by
indentation tests and finite element analyses on Al
6061 T6 and C 12200. Tensile tests were carried out
to obtain the elastic and plastic responses of the
materials which are given as input for the analysis. A
Nano Indenter XP was used for the indentation test and
the original test data were obtained. An electron
microscope and other apparatus are used to observe the
surface characteristics of the specimens. Finite element
modeling and analysis of the Berkovich indenter and
the specimen is included. Both the experiments and the

analyses are discussed and conclusions are drawn.

2. Test

2.1 Tensile tests

Tensile tests were performed to obtain elastic
modulus and stress-strain curves which are given as
input for the finite element analysis. Specimens were
sheet form 13B per KS B 0801 of aluminum Al 6061
T6 and copper C 12200. Typical soft engineering
metals were selected because they may show pile-up
phenomena during indentation. Details regarding the
indentation tests are described in the next section. A
tensile test machine (AG-10TG, Shimadzu) with an
extensometer (SG50-50, Shi-madzu) was used in this
work. The test results obtained at room temperature are
plotted in Fig. 1.

Elastic modulus derived from the tensile test data in
Fig. 1 are listed in Table 1. Elastic modulus of 75 GPa
for Al 6061 T6 and 115 GPa for C 12200 were

obtained. Poisson's ratios are taken from material

specification per UNS C12200 or ASTM B152. The
plastic part of the stress-strain curves in Fig. 1 exhibits
linear hardening in the case of the aluminum sample
and linear softening in the case of the copper specimen
prior to the post-necking behavior. Strain softening by
the copper sample shows is in agreement with the
[10]. Therefore, the

stress-strain relations are modeled with the Ludwick

published findings plastic

equation:
O = O-O + Epgp (1)
where, 0, Oo, Ep and €p are the yield stress,

initial yield stress, work hardening modulus, and plastic
strain, respectively. The initial yield stresses and work
hardening modulus are listed in Table 1. The work
hardening modulus are found to be 867 MPa and -122
MPa for Al 6061 T6 and C 12200, respectively.

350 350

300 - - 300

250 - 250

——AI 6081 T6

<4 200

—C 12200

g
=

@
8 150 4 150
G

100 4 100

o H L H . ' L ' L
0 002 004 006 008 0.1 0 002 004 006 008 0.1
strain strain

Fig. 1. Stress-strain curves of Al 6061 T6 and C 12200
obtained by tensile tests.

Table 1. Mechanical properties of the materials, as
obtained by the tensile tests.

Al 6061 T6 C 12200
Elastic modulus (GPa) 75 115
Poisson’s ratio 0.33 0.34
Initial yield stress (MPa) 249 285
Work hardening modulus (MPa) 867 -122
Efo, E,[o, 300, 3.5 400, -0.43

2.2 Nano indentation tests

Indentation tests were performed to obtain elastic

modulus and hardness values. Specimens were
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10x10x5 mm rectangular blocks with the same batch as
the tensile test samples. Indentation surfaces were
polished to a roughness of R, = 0.36 um for the
aluminum and, R, = 0.23 um for the copper. The
roughness was estimated with a roughness measuring
(SJ-400, Mitutoyo).
carried out up to depth of 3000 nm with a nano
indentation machine (Nano Indenter XP, MTS). The

indentation test results are summarized in Table 2.

instrument Indentations were

There are two different values for elastic modulus
and hardness in Table 2; one is denoted as 'CSM
averaged' while the other is termed 'from unloading'
[8]. The 'CSM averaged' values are averaged from
continuous stiffness measurements along with depth
range of 2000~2500 nm. The 'from unloading' values
are load-depth measurements obtained from the
unloading after maximum indentation.

Both values of elastic modulus for the aluminum
specimen were found to be 85~86 GPa, which is about
15% higher than that derived from the tensile test. The
values of elastic modulus for the copper sample were
138~145 GPa, which are 20~26% higher than that
obtained from the tensile test. The discrepancies in the
elastic modulus measured from the tensile and the nano
indentation tests are typical for soft materials because
the indentation tests are erroncous if the material piles
up during indentation. Hardness of 1.2~1.27 GPa for
the aluminum sample and 1.3~1.4 GPa for the copper
specimen were obtained. By the same reason, such
hardness values seem to be erroneous for severely

pile-up materials [9].

Fig. 2. Electron microscopy images of the indentation
impressions on the Al 6061 T6 and C 12200
specimens.

Table 2. Mechanical properties of the materials, as
obtained by the indentation tests.

Al 6061 T6 C 12200
Elastic modulus (GPa) 86.0 138.1
from unloading (+15%) (+20%)
Hardness
from unloading 120 130
Elastic modulus (GPa) 84.9 145.1
CSM averaged® (+13%) (+26%)
Hardness
CSM averaged® 1.27 1:40
" Averaged over a range of 2000~2500 nm.

To see if pile-ups occur during the indentations, an
electron microscope (MS-512-T, Seiwa Optical) was
used to capture images of the indentation impressions;
the results are shown in Fig. 2. The images that
indicate outward bowing of the original triangular
shapes from the top view clearly reveal the presence of
pile-ups in both materials. The copper specimen
exhibits more pile-ups than the aluminum. From the
approximate image measurements, the maximum
outward horizontal bowing displacements are 0.6 um
and 1.5 um for the aluminum and copper samples,
respectively.

The Nano Indenter XP measures the load (P) and
harmonic contact stiffness (S) as the indentation
process proceeds. Such measurements for the
specimens are shown in Fig. 3, where /4 is the
indentation depth in nano meters. The contact stiffness
is calculated with the following equation from the

theory of elastic contact [9]

*

where £ is the reduced modulus, B is the

geometric factor for the indenter tip , and Ac is the

fitted contact area:

IVE =(1-v)/E+(1-v})/E, 3)
AC = Cohcz + Clhc + Czhf‘s )
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In Eq. (3), E; and Vi are elastic modulus and
Poisson's ratio of the indenter. For a diamond indenter,
the values of elastic modulus and Poisson's ratio are
1147 GPa and 0.07, respectively. Eq. (4) relates the

depth of contact, h, , to the projected area of contact,

and 4 is given by the indenting machine. The
theoretical projected area of contact is derived from the

geometric relationships of an ideal triangular pyramid,

ie, the following cross sectional area - depth
relationship:
A =24.56h )

For the actual machine-specimen setup, Eq. (4) must

be used instead of Eq. (5). In Eq. (4), hc is the depth

of contact for the sink-in situation [9]:

h =h—h, ©
hS =& (P /S ) 7
where, the sink-in depth, hs, is calculated using

&=0.75 for most materials when Berkovich indenter

is employed [9]. In Eq. (4), the coefficients were set as
Co=2415 (€, =22275 and C,=-1007.85 by

the Nano Indenter XP. In Eq. (2), B s the geometric
factor for the indenter tip; for the Berkovich tip, 1.07
is used [9]. Therefore, the elastic modulus and hardness

of the specimen are defined as:

(1 _VZ)Ei
E=
2B\ A, |7 (E,[S)—(1-v]) ®)
H=P/A, ©)

Using Eqgs. (4)~(9) with basic measurements of the
load (P) and contact stiffness (S) in Fig. 3, the elastic

modulus (£) and hardness (H) can be calculated as in
Table 2 ('CSM averaged') and Fig. 4. However, the
'from unloading' values in Table 2 are derived
separately. The unloading curves in Fig. 3(a) are fitted

by the following equation:
F, :C(h_hf)m (10)

where, C, h/‘, and ™ are the coefficients of fitting.

The contact stiffness can be calculated by
differentiating Eq. (10) at the beginning of unloading

as follows:

Smax = (dpu /dh)‘h:hmx (1 1)

where, /tmas is the maximum indentation depth. The

relation S =Suax is then used in Egs. (7) and (8)
such that the elastic modulus and hardness from
unloading can be obtained as in Table 2.

Both the 'CSM averaged' and 'from unloading'

measurements heavily rely on the fitted contact area

from Eq. (4). However, the depth of contact, hc, in Eq.
(6) is valid only for sink-in situation. Therefore, Eq. (4)
underestimates the contact area for a pile-up situation
(such as in Fig. 2) and thus, Eq. (8) and (9) overestimate
the modulus and hardness, as shown in Table 2.
Overestimation of the elastic modulus by 13~26% is
in Table 2. Therefore, a

technique for correcting measurements of the modulus

observed supplemental

and hardness for pile-up materials is required. Such a

method will be discussed in Section 4.
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Fig. 3. (a) Load-depth curves and (b) contact stiffness-
depth curves obtained from the nano indentation
tests measured with Nano Indenter XP, MTS.
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Fig. 4. Hardness-depth curves obtained from the nano
indentation tests measured with Nano Indenter
XP, MTS.

3. Finite Element Analysis

3.1 Three—dimensional modeling
To the by

indentation, finite element method is adopted here.

capture pile-up phenomena the
Because of the triangular geometry of the Berkovich
indenter, three-dimensional modeling is necessary to
simulate indentation. An idealized triangular pyramid
with a sharp tip is shown in Fig. 5 along with its
angular and linear dimensions; b and c are the lengths
of the edge and face with respect to the depth of
indentation, A, respectively. The area of the face,
depicted as the shaded area in Fig. 5, can be derived

from Eq. (5) as follows:
4, =(3/4)c’ tan0 =3tan0- 4, =27.040" (12

Values from Eq. (12) will be compared with the
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contact area from the finite element analysis. The face
of the indenter is modeled as a rigid surface. All edges
and corners of the indenter are modeled as ideally
sharp.

To reduce the modeling and computational effort,
only a part of the specimen is modeled by considering
the repetitive symmetry in the circular direction (in the
top view). One-sixth of 360° is devised as shown in
6.
transforming the degrees of freedom by -30° and +30°.

Fig. Boundary conditions are applied by
A relatively coarse finite element mesh is shown in
Fig. 7; R is 50 um in Fig. 6 and the height of the
model in Fig. 7 is 40 um. Abaqus is used with 13,485
linear elements for the analysis, mostly of which are
hexahedron (C3D8R), and a few wedge (C3D6)
elements are adopted at the center of the specimen

model.

3.2 Analysis results

The indentation analysis is conducted up to an
indenter displacement of 3,000 nm, from which the
indenter is released to an unloaded condition. The
pile-up configuration after unloading is shown in Fig.
8; the equivalent plastic strain is also displayed. The
vertical pile-up (upward) displacements are 0.3 and 1.4
pum for the aluminum and copper specimens,
respectively. The indentation force and contact surface
area (CAREA) can be obtained for each displacement.
Multiplying the calculated force and contact area by six
yields the actual force and contact surface area because
the model was a sixth of the full specimen. The contact
surface area can be equated with Eq. (12) so that the

projected contact area by the analysis is obtained as:

Ap =0'91Ab (13)

At this point, Eq. (13) is used in Eq. (9) in place of
A

¢ to obtain the calculated hardness values. This
hardness values calculated from finite element analyses

are drawn in Fig. 9(a) as dotted lines. These values are
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much lower than those obtained from the original y
experiments in Fig 4. The reason for the discrepancy
between the experimental and the analytic results will

be explained in the next section. specimen

€ tanysin
2 ysmy
> x
4. Enhanced measurement of %tanyL
hardness indenter
P cosy )
41 Correcting the contact area and Fig. 6. 60° model and boundary conditions for the finite
hardness element analysis (top view).

When Egs. (2) and (9) are combined, the following

) ) The hardness values from the proposed method and
expressions are obtained.

the finite element method are summarized in Table 3.

The reason for such different hardness values can be

5\ 2
H =f(i) P (14) explained by an examination of Fig. 9(b), where P is
the ratio of the contact area as following, which is
T S ’ indicative of whether the result is pile-up or sink-in.
C :4(ﬁE*j (s)

where, P and S were measured as in Fig. 3 and E is
known from Eq. (3) using known elastic modulus
values. The hardness can be obtained from Eq. (14)
and thus, the use of an erroneous fitted contact area

from Eq. (4) or (5) can be avoided. Instead, a new

A

contact area “¢ can be derived from Eq. (15).

Meanwhile the contact stiffness S can be represented as

a linear equation by fitting the data shown in Fig. 3 so ()

that a smoother hardness can be obtained.

The hardness obtained with Eq. (14) is plotted in

Fig. 9(a) with the original test data and the finite

element analysis results. The hardness from Eq. (14) is

quite lower than that from the original experiments but

is still higher than the hardness estimated from the 9
finite element analysis. J
(b)
=653 p=7T 0=32.4° Fig. 7. Finite element mesh for the indentation specimen.
. (a) top view (b) front view
¢ 2(7» ﬁ
A
h —
ap | ¢=4./4, (16)

Fig. 5. Idealized Berkovich indenter geometry.
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When the original measurement method is

employed, the value of ¢ is less than 1.0 (sink-in)

throughout the entire indentation. However, P is larger
than 1.0 (pile-up) by the finite element method for an
indentation larger than 500 nm. When the proposed

method is used, the value of P lies closer to that by
the finite element method, especially for aluminum. It
has already been mentioned that the original
measurement method significantly underestimates the
contact area (as indicated in Table 2). The proposed
method corrects such an underestimation when pile-up
occurs. Pile-up phenomena have already been shown
by the finite element method and by impression images
captured with an electron microscope. However, the
finite element technique tends to overestimate the
contact area. This is due to the presence of size effects
during the indentation. Results taking account into
indentation size effects are obtained from separate
works by the author [15]and are drawn as 'strain
gradient plasticity' in Fig. 9(a). Such effects will be

discussed in the next section.

4.2 Discussion

The proposed method gives more accurate hardness
values because there is no need to use the fitted contact
area in Eq. (4), which is not valid for a pile-up
situation induced by the indentation. Such an improved
accuracy is due to the fact that the value of P/S” is
independent of the indentation depth or contact area
[11], the stiffness

relationship with the contact depth according to the

while contact has a linear

elastic contact theory. With the present finite element

method, significant pile-ups in the Al 6061 T6
aluminum and C 12200 copper specimens are
observed. For the copper sample, however, the

experimental results significantly underestimate the

contact area, while the finite element method

significantly overestimates the contact area.
The finite element method used in this work is
classical J, the

based on plasticity. However,
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indentation tests reveal the existence of size effects
during the indentation. These size effects increase both
the strength of the material as well as the hardness due
to the presence of geometrically necessary dislocations
[12-14]. The density of dislocations can be related to
the gradient of the plastic strain in a continuum
Thus,

strengthened material due to the indentation, especially

manner. the material may respond as a
in the nano and micro range where the indentation
depths are less than 1000 nm. Hardening is clearly
evident from the experiments (Fig. 4). In conclusion, a
finite element method that includes dislocation-based or
strain gradient-based plasticity is required to estimate
indentations more accurately (partial results are shown

in Fig. 9(a) as 'strain gradient plasticity').

Table 3. Hardness obtained with the proposed measurement
method and finite element method.

Al 6061 T6 C 12200
Hardness (GPa)
Proposed method® 1.08 1.02
Hardness (GPa)
Finite element method® 1.00 063
¥ Averaged over a range of 2000~2500 nm.

5. Conclusions

Al 6061 T6 and C 12200 were selected and tested
as typical soft engineering metals that exhibit pile-up
phenomena during indentation. The elastic and plastic
responses of the materials were determined by tensile
tests. The aluminum was represented as a strain
hardening material, while the copper was represented
as a strain softening material. Both materials were
indented with a nano indentation machine. Indentation
experiments were carried out up to depths of 3000 nm,
which can appropriately represent the nano, micro, and
macro hardness.

By the

hardness

indentation tests, elastic modulus and

were measured. Elastic modulus was
compared with those obtained from the tensile tests.
The indentation tests overestimated the elastic modulus

by 13~26 %. This error was confirmed due to the
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evaluation of the contact area in Eq. (4) by the original

measurement. Electron microscopy images clearly
showed that the contacts for both materials were
piled-up and thus, the areas need to be corrected.

Finite element modeling of the Berkovich indenter
and specimen with the classical plasticity theory was
suggested so as to minimize the modeling effort and
calculation time due to the reduced total degrees of
freedom by the model. The elastic and plastic data
obtained from tensile tests were used in the finite
element analysis. The finite element results revealed a
severe pile-up phenomenon, especially for the copper
specimen. It was concluded that the contact area from
the indentation machine was so underestimated that the
modulus and hardness were overestimated by as much
as 26%.

To improve the results from the indentation
experiments, a supplemental correction method for
calculating the hardness that is independent of the
contact depth and area was proposed. The hardness
values obtained with the proposed method were 1.08
and 1.02 GPa for the aluminum and the copper
specimens, respectively. These values are are 11~27%
lower than those attained with the original method. The
contact area estimated with the proposed method was
proven to be corrected for the pile-up area. Meanwhile
such contact area was lower than that from the finite
element analysis.

The finite element method used in this work was
based on the classical plasticity, which cannot
adequately account for size effects or the dislocation
density when nano and micro indentation tests are
Thus,

gradient-based plasticity theory is required to calculate

performed. dislocation-based ~ or  strain
the hardness accurately. It is known that the contact
area should be smaller and the hardness should be
higher if strain gradient plasticity is present. By the
strain gradient plasticity which is a separate study, as
mentioned in the discussion section, the analytical
results are closer to those obtained with the corrected

estimation of experiment proposed in this work.
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Fig. 8. (a) Vertical pile-up displacement (U3 in mm) plot
and (b) equivalent plastic strain (PEEQ) plot.
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Fig. 9. (a) Hardness-depth and (b) contact area ratio-depth
curves obtained with the proposed measurement
method and finite analysis method.
Hardness predicted by the strain gradient plasticity
is shown for reference.
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