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Abstract

By regarding the tip blunting as a ball indentation at very low depth range (within about 80 nm in our experiments), the flow
properties of Au thin films were derived from the indentation load—depth curve obtained by nanoindentation technique. The effects
of pile-up or sink-in were considered in determining the real contact between the indenter and the specimen. The representative
strain in indentation was defined in various ways and examined by comparing the flow properties derived from indentation load—
depth curve with those measured by tensile test. The best definition was found to be the shear strain at contact edge multiplied by
0.1. When we considered the effects of pile-up or sink-in, the representative stress in indentation could also be determined, and was
found to be one third of the mean contact pressure for fully plastic regime. As a more intrinsic property than hardness, the yield
strengths of Au films with thickness of 0.56 and 0.99 um were extrapolated from the derived true stress—true strain curve as 261 + 30

and 154 + 18 MPa, respectively.
© 2002 Elsevier Science B.V. All rights reserved.

Keywords: Nanoindentation technique; Au thin film; Pile-up/sink-in; Flow properties

1. Introduction

Nanoindentation technique is one of the most pop-
ular methods to evaluate the mechanical properties of
small volumes such as thin films due to its simplicity and
easiness [1-3]. It records the indentation depth contin-
uously with indentation load, while conventional hard-
ness tests observe the residual imprint as a contact area
using an optical microscope. This depth-sensing ability
of nanoindenter enables us to evaluate various me-
chanical properties such as creep [4,5], fracture strength
or toughness [6,7], adhesion [8—10] as well as hardness
and elastic modulus. Hardness is usually defined as the
mean contact pressure between the indenter and the
specimen, and it has been used for qualitative compar-
ison of material strengths.

The interpretation of indentation load—depth curve is
very ambiguous because of complex indentation stress

* Corresponding author.
E-mail address: yariman@snu.ac.kr (Y. Choi).

fields beneath the indenter. In addition, hardness itself is
not a basic material property for indicating the material
strength [11,12]. In other words, hardness is affected by
the elastic and plastic properties of material, the ind-
enter shape, and partially by the experimental procedure
and the surface condition of specimen. Accordingly,
many attempts have been tried to get more intrinsic
properties from indentation tests such as yield [13-17] or
tensile strength [18] and even flow properties [19-24].

In this study, both the elastic deflection and the pile-
up/sink-in are considered in determining the real contact
area between the indenter and the specimen. The model-
ing of deriving the true stress—true strain curve from
indentation load—depth curve is established, especially
focused on various definitions of strain in indentation.
In experiments, some bulk materials are tested in ad-
vance to examine the proposed model by comparing the
derived flow properties with those measured directly by
uni-axial tensile test. The flow properties of Au thin
films are evaluated using nanoindentation technique
after the shape of indenter tip is carefully calibrated
using a standard sample.
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2. Theoretical analysis

Material response during indentation depends on the
indenter shape. For a ball indenter, it is divided into the
three regimes [13,19,21] shown in Fig. 1: elastic, elastic—
plastic, and fully plastic. As the ball indenter penetrates
into the specimen, the average strain beneath the
indenter increases, as does the mean contact pressure.
This increase makes it possible to derive the flow
properties of material using ball indentation technique.

2.1. Analysis of indentation load—depth curve

The contact depth 4. between the indenter and the
specimen can be obtained by analyzing the unloading
curve, which corresponds to elastic recovery during
unloading. In the case of perfectly elastic response
during indentation, shown in Fig. 2(a), there is no re-
sidual imprint and 4, at maximum load equals half of
the maximum indentation depth /., [25]. On the con-
trary, in the case of perfectly plastic response, shown in
Fig. 2(c), h. is equal to An.x. But this correlation is true
only when the effect of pile-up is not considered.

The indentation load—depth curve for elastic—plastic
response is schematically shown in Fig. 2(b). The con-
tact area A will be obtained in this more general case by
considering both the elastic deflection and the pile-up
during indentation. The elastic deflection depth 44 is
calculated by analyzing the unloading curve, whose
initial slope is the stiffness S. By extrapolating this tan-
gent line to zero load, the intercept depth #; is defined. If
there is no change in contact area during unloading, as
occurs in flat punching, iq will be A, — A; [1]. If the
shape of indenter is taken into account, 4y will be ob-
tained as [2]

/’ld = co(hmax — l’l,) (1)
Here, o is a constant dependent on the indenter shape; 1

for a flat punch, 0.72 for a conical indenter, and 0.75 for
a paraboloid of revolution.

The contact area 4 has usually been calculated using
the geometrical relationship between 4! and 4 by de-
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Fig. 1. Schematic representation of plastic zone expansion during ball indentation: elastic, elastic—plastic, and fully plastic regimes [19].
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fining A} = hmax — hg. Here, superscript * means that
the effect of pile-up/sink-in is not included. However, the
pile-up/sink-in behavior around indentation alters the
actual contact area [21,26,27]. If pile-up occurs, the ac-
tual contact area will be larger than expected, and if
sink-in occurs, the actual contact area will be smaller
than expected. It is well established that the extent of
this pile-up/sink-in is determined by a dimensionless
constant ¢ for metals with low yield strain [27]
, @ 52-—n 5
a? 2440’ (2)
where a is the contact radius and » is the work-harden-
ing exponent of material. This equation means that the
dominant factor affecting the shape and size of plastic
zone during indentation for metals is the work-harden-
ing exponent. In detail, if the plastic zone beneath the
indenter is large for small , the surrounding elastic zone
cannot afford to accommodate the volume change due
to the indenter penetration, so that the pile-up will
occur.
By combining Egs. (1) and (2), the contact radius
considering both the elastic deflection and the pile-up/
sink-in can be obtained as

a27§2—n
24+n

where R is the indenter radius. This equation means that
the prediction of unknown n or another parameter re-
lated to pile-up is necessary to determine the actual
contact radius from the measured indentation load-
depth curve. In our study, this parameter is determined
using the modeling proposed in the following section.

Elastic modulus £ can be obtained from the stiffness S
using the relation [28]

(2RK; — 12?), 3)

2
S = ﬁﬁEr\/Z, (4)
where
[ N
E. E E

Here, E, is the reduced modulus and £ is a numerical
factor; f =1 for a circular indenter, f = 1.012 for a
square indenter, and § = 1.034 for a triangular indenter.
And, v is Poisson’s ratio, and subscript i means the
indenter.

2.2. Derivation of true stress—true strain curve

Looking in detail at the three regimes occurring
during ball indentation, the mean contact pressure in-
creases as follows [13]. For the initial elastic regime, the
mean contact pressure increases linearly with the square
root of the indentation load. When the mean contact
pressure reaches the elastic limit, the plastic zone will
develop beneath the indenter as shown in Fig. 1. In the

elastic—plastic regime, the mean contact pressure in-
creases gradually. After the plastic zone expands to the
surface of specimen, the mean contact pressure increases
slightly due to work-hardening characteristics. This in-
crease makes it possible to derive the plastic flow
properties of material in the fully plastic regime.

Several methods are used to define the representative
strain e in indentation. First, eg has been usually de-
fined as [13]

ER = K] % = K] sin V- (5)

Here, K| is about 0.2 and y is a contact angle between
the indenter and the specimen as shown in Fig. 3. This
equation is based on the experimental results obtained
using the traditional optical technique. A similar defi-
nition has also been proposed by considering the work-
hardening characteristics [26]; eg = 0.28(1 + 1/n) "a/R,
where the constant corresponding to K; varies slightly
from 0.17 to 0.19.

Second, ¢g can be defined as the average shear strain
using the relation [17,29]

he
ER = K2 E . (6)

This equation can also be derived from Eq. (4) using the
relation a® =~ 2Rh, for shallow indentation, and K, is
about 0.4.

Third, eg can be defined as the average plastic strain
in depth direction by analyzing the area change during
indentation. For the fully plastic regime where the
elastic deformation is negligible, the average strain in
depth direction can be obtained as

52 ds
e ==t ) == [ 5 )

where S1 is the initial area and S2 is the area changed by
indentation as shown in Fig. 3. Hence,
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Fig. 3. Schematic representation of pile-up phenomenon.
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As a comparison, for a Vickers indenter, ¢ is constant
regardless of indentation depth, i.e., eg = —In cosy =
0.076 [30].

Finally, the strain distribution under the indenter can
be calculated using the displacement in depth direction
u.. For a ball indenter,

uz:h—<R—\/R2—r2). 9)

By differentiating,

Szr:%:_;%’ (10)
' 1= (r/R)’

¢r can then be defined by setting » = a and multiplying a
constant o:

o

————— — =oatany. (11)
1—(a/R)’

ER =

SRS

Here, tany is the shear strain at contact edge.

Next, the representative stress or can be obtained
from the mean contact pressure P,. In the elastic regime,
the value of P, /or ratio increases linearly up to about
1.1. Tt increases gradually through the elastic—plastic
regime, and is almost constant in the fully plastic regime
[13,19]:

Py (12)
OR

Here, ¥ is expected to have some relationship with
plastic-zone expansion, i.e., the yield strain and the
work-hardening exponent, and will be discussed later.

3. Experimental procedures

The bulk specimens such as AISI1025, SA106, and
thermo-mechanical-control-process (TMCP) steels were
used to examine our modeling. The surface of bulk
specimen was finally polished with 1 um Al,O3 powder,
and another specimen for tensile test was fabricated as
a cylinder type with 25 mm gauge length and 6 mm di-
ameter. Au films were deposited using E-gun evaporator
and their thickness values were determined as 0.56 and
0.99 um by scanning electron microscope observation.

Two types of indentation system were used: an Ad-
vanced Indentation System by FRONTICS Inc. as a
microindenter and a TriboScope Nanomechanical sys-
tem by HYSITRON Inc. as a nanoindenter. The mi-
croindenter consists of a 300 kgf loadcell, and a linear
variable displacement transducer (LVDT) with resolu-
tion of 0.2 um. The nanoindenter contains a three-plate
capacitive force/displacement transducer, which pro-
vides load resolution of 100 nN and depth resolution of
0.2 nm. In the case of the microindenter, to minimize the

error caused by system compliance, the indenter and the
LVDT were placed as closely together as possible. The
indenter was a WC ball of 0.5 mm radius, and inden-
tation speed was 0.1 mm/min. In the case of the nano-
indenter, the system compliance was carefully calibrated
using a fused quartz as a standard sample. The indenter
was a diamond cone indenter with 60° apex angle, which
was carefully calibrated using the fused quartz to de-
termine the tip radius. Indentation speed was 100 uN/s
at maximum load of 500 uN and 2500 uN/s at maximum
loads of more than 1250 uN. In addition, the true stress—
true strain curves of the bulk specimens were directly
measured by tensile test at cross-head speed of 1 or 2
mm/min.

4. Results and discussion

The measured indentation load—depth (P-#) curves of
bulk specimens (AISI1025, SA106, and TMCP steels),
and Au films, are shown in Fig. 4. For each specimen,
more than five curves were measured. Their reproduc-
ibility was excellent except for Au film with thickness of
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Fig. 4. Measured P/ curves of (a) AISI1025, SA106, SA213 and (b)
Au films with thickness of 0.56 and 0.99 um.
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0.99 pm—perhaps due to the indenter sliding caused by
the larger surface roughness of thicker Au film.

In analyzing P—/ curves, we first calculated the elastic
deflection at each indentation depth. The unloading
curve follows the equation [2]

P=k(h—h)", (13)

where k& and m are material constants. By differentiating
P with & and putting & = hy,,, we obtained the stiffness
and then calculated the elastic deflection depth.

To consider the change of contact area due to pile-up/
sink-in, the work-hardening exponent n was calculated
using the iteration method. Using an initial value of n as
0.3, we could obtain the true stress—true strain (or—¢gr)
relation through the analysis proposed in Section 2.2.
Then, the value of n was modified using the Hollomon
equation or = Kep. By iterating this procedure until the
input value equaled the return value, the final value of n
was achieved.

The flow properties derived from indentation load—
depth curve and those measured by tensile test are
shown together in Fig. 5. Of various definitions of strain
proposed in Section 2.2, i.e., Egs. (5), (6), (9), and (12),
Eq. (12) shows the best agreement. In other words, the
shear strain at contact edge multiplied by 0.1 can suc-
cessfully predict the work-hardening characteristics of
the proposed materials with various n. Compared with
strain definitions in terms of a/R or &/a, it changes more
sharply and describes more exactly the extent of defor-
mation beneath the indenter in our study. In the case of
strain definition as an average plastic strain in depth
direction, i.e., Eq. (9), the average plastic strain cannot
predict well the work-hardening characteristics while it
has an advantage of no need for an experimentally de-
termined constant.

The variations of P, /or ratio with n are shown in
Fig. 6. The value of P, /gg ratio is almost constant only
when the pile-up/sink-in behavior is taken into account;
it varies significantly between about 2.6 and 3.4 in other
cases. The result of P, /or =~ 3 for steels in our study
agrees well with the results obtained from the traditional
optical method of residual imprint [13,19]. If this simple
relation is valid for various steels, the usefulness of in-
dentation as a substitute for tensile test will be greatly
improved. Therefore, the incorporation of pile-up/sink-
in effect is essential to determining the real contact be-
tween the indenter and the specimen.

The measured indentation load—depth curves of a
fused quartz are shown in Fig. 7; reproducibility is good.
The tip blunting was carefully examined using the con-
dition that the elastic modulus is constant regardless of
indentation depth. Then, we compared the data of con-
tact area obtained using this condition with those cal-
culated on various indenter radii, shown in Fig. 8. The
radius of a cone indenter with 60° apex angle could be
determined as 1700 nm at depth range less than 80 nm.
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Fig. 5. Comparisons between flow properties derived from indentation
load—depth curve and those from tensile test for (a) AISI1025, (b)
SA106, and (c) TMCP steels.

Based on the experimental results on bulk materials
and the calibration of indenter, the flow properties of
Au thin films with thickness of 0.56 and 0.99 um were
derived by setting eg = 0.1tany and P, /or = 3, shown
in Fig. 9. The averaged elastic moduli of Au films with
thickness of 0.56 and 0.99 um were determined as
133+ 10 and 112+ 9 GPa, respectively, and their av-
eraged yield strengths were determined as 261 + 30 and
154 4+ 18 MPa, respectively.
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Fig. 9. The flow properties of Au thin films with thickness of (a) 0.56
and (b) 0.99 pm.

5. Conclusions

Based on the experimental results of bulk materials
and the tip shape calibration at very low depth range
(within about 80 nm in our experiments), the flow
properties of Au thin films were derived from the in-
dentation load—depth curve obtained by nanoindenta-
tion technique.

(1) The contact radius was determined from indentation
load—depth curve. Then, the magnitude of elastic de-
flection was obtained by analyzing the unloading
curve and the effect of pile-up/sink-in was incorpo-
rated using work-hardening exponent.

(2) Various definitions of representative strain were at-
tempted: 0.2siny, 0.4h2/a, In(2/(1 +cosy)), and
0.1tany. As a result, the shear strain at contact edge
(tan y) was proven to be the best expression for the
work-hardening characteristics of material.

(3) The value of P,/or ratio was almost constant,
about 3 when the effect of pile-up/sink-in was taken
into account. This agrees well with the results from
the traditional optical method of residual imprint,
which makes our analysis very powerful.
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(4) The averaged yield strengths of Au films with thick-
ness of 0.56 and 0.99 pm were determined as 261 +
30 and 154 + 18 MPa, respectively, which shows
that our study is very powerful in evaluating the me-
chanical properties of extremely small volumes such
as thin films.
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