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Abstract

With a nano-indenter and a microhardness testing machine, nano-indentation hardness and microhardness are measured in a wide load
range (0.1-19600 mN) for five materials. Even fused silica and silicon almost have constant hardness during the load range, the nano-
indentation hardness of copper, stainless steel and nickel titanium alloy shows obvious indentation size effect, namely that the hardness
decreases with the increase of depth. For the measured materials, the nano-indentation hardness is about 10-30% in magnitude larger than the
microhardness. The main reasons can be explained as the analysis of the nano-indentation hardness using the projected contact area at peak
load 4. instead of the residual projected area 4,, as well as the purely elastic contact assumption describing the elastic/plastic indentation
process. The analysis based on a simple model indicates that 4 is always smaller than 4, and the more heavily the indent piles up (or sinks

in), the larger the difference between the nano-indentation hardness and microhardness.
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1. Introduction

As an indicator of the material’s ability against deforma-
tion, hardness has been studied for more than 100 years [1].
Usually, a prescribed load is applied to an indenter in contact
with a specimen and the area of the residual impression 4, is
measured often by optical imaging after the load is removed,
the microhardness is then obtained through dividing the load
by A, [1]. During the last 20 years, researchers have become
more and more interested in the mechanical properties of
ever smaller volumes, such as thin films and microelectro-
mechanical systems (MEMS) [2—-5]. The reason is not only
attributed to that the reliability of MEMS is determined by
their mechanical property, but also that the mechanical
properties at micro-scale may differ from the bulk properties
due to the size effect and surface effect [6-8]. As a guide of
the material’s ability against micro-deformation and of the
thin film’s ability against wear, the nano-indentation hard-
ness has been widely studied.
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For the indents at nano-scale, the remaining area is
difficult to be measured with the traditional optical micro-
scopy because of a too low resolution. Consequently,
different from the microhardness, the determination of the
nano-indentation hardness usually uses the depth-sensing
indentation technique which obviates the need for imaging
the residual indent. In a depth-sensing indentation hardness
test, a diamond tip is pressed into specimen till a given
maximum depth or load and then removed, synchronously
the load on, as well as the displacement of, the indenter are
recorded. From such a load—depth curve, hardness and
Young’s modulus of the specimen can be analyzed using the
Oliver and Pharr method [9)]. The method starts from the fit
of the unloading curve to the power-law relation:

P=C(h—he)" (1
where P is the indentation load, C and m are the fitting
parameters, 4 is the depth and k¢ is the residual depth. The
unloading stiffness S is then obtained by

S = mC(hmax — he)™! (2)

POSCO-1043



L. Qian et al. / Surface & Coatings Technology 195 (2005) 264-271 265

The contact depth 4 between the indenter and the specimen
can be estimated using:

he = hpax — spﬂ (3)
N

Here, P is the peak load and ¢ is a constant related to the
indenter. Thus, the projected contact area A4, is established
by evaluating an empirically determined indenter shape
function at the contact depth. Finally, the nano-indentation
hardness Ho p and effective elastic modulus E.g are
calculated by

Hp-p = A 4

S

Eg =

©)

|
N

E g has the following relationship with the specimen
modulus E
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where v is Poisson’s ratio for the specimen, E; and v; are the
elastic modulus and Poisson’s ratio for the indenter,
respectively.

Obviously, the advantage of this method is that it is not
needed to image the residual indent for the evaluation of
hardness, which facilitates property measurement from
very small indentations. However, the measurement accu-
racy of Ho p and E is mainly depended on how well the
projected contact area A, replaces the indent residual
projected area A4,, as well as how well Eqs. (2)~(5) describe
the indentation deformation behavior. The distinct defini-
tions of 4. and 4, may induce their different values. Since
Egs. (2)+(5) were derived from a purely elastic contact
solution developed by Sneddon [10], how well they work
for elastic/plastic indentation is not entirely clear. Using the
finite element (FE) method, Bolshakov and Pharr [11] found
when pile-up is significant the area deduced from the
Oliver—Pharr analysis could underestimate the true contact
area by as much as 60%, which through Egs. (4) and (5)
leads to large errors in the hardness and modulus. More
recently, with dimensional and FE analysis, Cheng and
Cheng [12,13] reported that the Oliver—Pharr procedure
should be used with caution for materials with a wide range
of the ratio of initial yield strength Y to Young’s modulus £
(Y/E: 1074-1072).

However, except the FE analysis [11-13], few studies
were found on the experimental comparison of nano-
indentation hardness and microhardness. Using a nano-
indenter and a microhardness testing machine, we per-
formed the indentation hardness measurements in a wide
load range (0.1-19600 mN) for five materials. The

limitation of the nano-indentation hardness was studied
and discussed by the comparison to the microhardness.

2. Materials and methods

The materials were chosen to span a wide range of
hardness and modulus, including single crystal copper,
stainless steel 304, single crystal silicon (110), fused silica,
and superelastic nickel titanium (NiTi) shape memory alloy
(Shape Memory Applications, San Jose, CA, USA). Single
crystal silicon and fuse silica are optically flat and measured
as received. The nominal NiTi alloy composition is Ni-
51.33 at.% Ti48.67 at.%. With a differential scanning
calorimeter (DSC 92, SETARAM, France), the character-
istic transformation temperatures indicate that the material is
in austenite phase at room temperature (~22 °C) and exhibits
superelasticity under stress. To prepare the samples for
indentation tests, copper, stainless steel and NiTi were
polished with a series of aluminum oxide sand papers
(Nominal grain diameter: 14, 8, 5, 1, 0.3 and 0.05 pm) to
optical flatness.

Nano-indentation hardness was measured on a nano-
indenter (CSEM, Instruments, Switzerland) by a Berkovich
type diamond tip with a face angle of 142.3°. Before the
experiments, the indenter shape was calibrated by a standard
indentation procedure in fused silica between 0.1 and 100
mN. Thirty-two different loads were chosen between 0.1
and 200 mN and 20 measurements were repeated at each
load. At each test, the loading speed was adjusted to keep
30-s loading time, 2 s delay at peak load and 30 s unloading
time. The microhardness was obtained through dividing the
load by the area of the residual indents, where the remaining
indents were imaged by a laser confocal scanning micro-
scopy (Olympus-OLS-1100, Japan). For the values of load
below 200 mN, the microhardness was measured from the
Berkovich nano-indents obtained by nano-indenter. At high
loads of 200-19600 mN, the microhardness was measured
from the Vickers indents obtained by a microhardness test
machine (MVK-H, Akashi, Japan).

3. Results and discussion
3.1. Nano-indentation hardness

The typical load—depth curves of five materials are plotted
in Fig. 1. The large variations of the residual indentation
depths show their distinctions in the material’s ability against
deformation or the hardness. On the load—depth curves of
single crystal copper and stainless steel, the high initial
unloading slope and small recovery depth suggest their high
contact stiffness and elastic modulus. The stress-induced
reversible phase transition leads to the large recovery depth
of NiTi [14], as well as the pop-in jump in the unloading part
of the load—depth curve of Si(100) [15,16].



266

12

1 Si(100)
" 2 Fused silica
3 Stainless
steel
4 NiTi
5Cu

34 5
200

150

100

Indentation force (mN)

1600 2400 3200
Indentation depth (nm)

0 800 4000

Fig. 1. Typical indentation force versus indentation depth curves for various
samples. The nano-indentation hardness and elastic modulus of specimen
can be analyzed by the curves with the Oliver-Pharr method. The stress
induced reversible phase transition leads to the large recovery depth of
NiTi, as well as the pop-in jump in the unloading part of the load-depth
curve of Si(100).
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As shown as the open circle plots in Fig. 2, the load
dependence of nano-indentation hardness Hq p for various
samples is different. Clearly, the Hg_p of copper appears the
strongest load effect, namely from 2.5 GPa at 1 mN to 0.8
GPa at 200 mN, which coincides with McElhaney et al.’s
[17] measurements. The Hg_p of the stainless steel and NiTi
exhibit a relatively weak load effect, namely from 5.5 to 3.8
and 5 to 4.5 GPa, respectively. Nevertheless, fused silica
and silicon almost have constant Ho_p To understand the
load effect of Ho_p, the Ho_p/H gy (the maximum hardness
of the sample in the load range) versus contact depth curves
were plotted together in Fig. 3. Similar to Fig. 2, except
fused silica with a constant Hg p, the Hg p of three metal
samples decrease with the increase of depth. This kind of
depth effect is usually called the indentation size effect [9].
Since the hardness of copper measured by keeping the
constant indentation strain (1/P dP/df) shows the similar
variation with load, the loading rate effect cannot explain
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Fig. 2. Comparison of the nano-indentation hardness to microhardness. For all the measured materials, the microhardness are always below than their nano-
indentation hardness, even the two kinds of hardness exhibit similar load effect between 2 and 200 mN owing to the indentation size effect.
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Fig. 3. Hop/Humax Versus contact depth curves. Even fused silica shows
constant hardness during the load range, the nano-indentation hardness of
metals appears strong indentation size effect.

the results in Fig. 3. Strain-hardening effect was usually
used to explain the increase of hardness with strain [18,19].
However, for sharp Berkovich indenter (with a curvature
radius of ~150 nm) and large indentation depth, the
representative strain is only determined by the face angle
of indenter and independent of the indentation load [1]. It
should then induce a constant hardness at various depths.
Nevertheless, people also give some possible explanations
on the indentation size effect [20,21]. By applying the strain
gradient plasticity theory in indentation, Nix and Gao [20]
pointed out that the geometrically necessary dislocations
could increase the effective yield stress of material and the
dislocation density increases with the decrease of inden-
tation depth, resulting in the indentation size effect. From
the energy viewpoint, Froehlich et al. [21] indicated that
hardness is in fact the energy per volume plastic deforma-
tion, including volume deformation energy and free surface
energy. It is that the free surface area of indentation grows
up with depth to cause the indentation size effect. Whereas,
due to the multiformity of the materials and the complica-
tion of the micro elastic/plastic deformation during inden-
tation process, the indentation size effect is still far from
entire understanding.

Different from the other materials, the nano-indentation
hardness of NiTi and Si(100) shows unique load effects due
to the stress-induced phase transition. Even with similar
hardness as stainless steel, NiTi appears superelastic
property under stress and its apparent elastic modulus is
only 1/3 magnitude larger than that of stainless steel (Fig.
4). As plotted in Fig. 1, during loading process, the load—
depth curves of NiTi and stainless steel are repeated at low
loads, implying no phase transition occurs in NiTi. While at
high loads, the indentation depth of NiTi becomes larger
than that of stainless steel, suggesting that the phase
transition happens in NiTi and the phase transition yield
increases the deformation volume. During unloading proc-
ess, the indentation depth of NiTi falls down quickly owing
to the recovery of the phase transition deformation. There-

fore, even the maximum indentation depth of NiTi is larger
than that of stainless steel, the residual depth of NiTi is
much smaller due to its unique stress induced phase
transition (Fig. 1). As shown in Fig. 2(¢), because no phase
transition is generated at low loads below 5 mN, the nano-
indentation hardness of Si(100) keeps constant between 2
and 5 mN. While the load increases above 5 mN, the
maximum contact pressure attends to its phase transition
stress and phase transition will occur during indentation
process, which therefore results in the pop-in jump in the
unloading part of the load—depth curve and the variation of
the nano-indentation hardness [15,16].

The elastic moduli of five materials at various loads are
plotted in Fig. 4. The slight decrease of elastic modulus of
metals with the increase of load is consistent with the results
of Rodriguez and Gutierrez [22], who reported that the
elastic modulus of pearlite steel decreases about 30% with
the increase of indentation depth from 100 nm~1000 nm.
The large decrease of the elastic modulus of Si(100) may be
due to the generation of cracks.

3.2. The microhardness

To obtain the microhardness, the micro topographies of
indents are characterized by a laser confocal scanning
microscopy. Fig. 5 shows the typical images of the
Berkovich nano-indents obtained by nano-indenter. Fig. 6
shows the typical images of the Vickers indents obtained by
microhardness test machine. Clearly, except the indents of
copper and stainless steel exhibiting little pile-up, the
indents of the other materials appear obvious sink-in. These
experimental phenomena are consistent with the calculation
of Bolshakov and Pharr [11], who found that pile-up
occurred for Agh,,>0.7 and sink-in for hghy,,,<0.7. As
plotted in Fig. 7, it is clear that the indents of copper and
stainless steel pile up with A¢h,,,>0.7, while the indents of
the other materials sink in with A¢hp,.,<0.7.

Some cracks generated around the indent of Si(100)
along the indenter edges (Figs. 5 and 6). It can be attributed
to the elastic recovery of material which induces tensile
stresses in the vicinity of the plastic zone [23]. Since the
reversible phase transition during the indentation process of
silicon may result in an abrupt volume variation, namely
during loading from diamond cube phase to B-tin phase
with 22% volume contraction and during unloading the
inverse phase transition with 22% volume expansion
[15,16], the elastic recovery induced by the phase transition
may accelerate the generation of the micro-cracks.

The microhardness H of five materials is plotted as the
solid circles in Fig. 2. The values between 2 and 200 mN are
measured from the Berkovich nano-indents, while the others
from the Vickers indents. As the same as the nano-
indentation hardness Hg p the H of copper exhibits the
strongest load effect, and the H of the stainless steel has a
relatively weak load effect. No obvious load effect on the H
of the other materials is observed.
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Fig. 5. Topography of indents. Except the indents of copper and stainless steel exhibiting little pile-up, the indents of the other materials appear obvious sink-in.
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Fig. 6. Three-dimensional images of indents. The generation of the cracks on Si(100) is attributed to elastic recovery of material which induces tensile stresses

in the vicinity of the plastic zone.

3.3. Comparison of nano-indentation hardness to
microhardness

As discussed in introduction, the nano-indentation hard-
ness Ho p is obtained from the analysis on the load—depth
curve with the Oliver—Pharr method. Since the Oliver—Pharr
method applies the purely elastic solution to describe the
elastic/plastic process, how well the Ho p reflects the
material’s ability against deformation still need to be
understood. The results in Fig. 2 provide an intuitionistic
answer for the question.

In Fig. 2, for all the measured materials, the microhard-
ness H are always below than their nano-indentation
hardness Ho p even the two kinds of hardness exhibit
similar load effect between 2 and 200 mN. To show the

differences quantitatively, the ratios of H to Hop are
collected in Table 1. Clearly, either the pile-up materials Cu
and steel or the sink-in material Si(100) have the values of
H/Hq p below 0.8. Recently, Li and Cheng [24] calculated
H/Hq p versus Y/E curves with the FE method. In Table 1,
E are the measured values; Y of the metals are taken to be 1/
3 of their microhardness [1], Y of Si(100) and fused silica
are taken to be 4.41 and 3.90 GPa, respectively [25,13].
Thus, the FE calculated H/Hqg p* are obtained from the H/
Ho p versus Y/E curves in reference [24] with the
experimental Y/E. Obviously, the experimental H/Hg p
consist well with the calculated H/Hg p*.

I Table"1; both the experiments and the FE ‘calculation
show. that the nano-indentation-hardnessis 10=30% higher
than the microhardness.. With the FE method, Bolshakov
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and Pharr [11] found that the pile-up of indent made the real
contact area larger than 4. from the Oliver—Pharr method,
which in turn induced the high nano-indentation hardness.
However, pile-up only occurs for the materials with small ¥/
E, and the materials with large Y/E usually sink in [24].
Therefore, the main reasons may be attributed to the
analysis of the nano-indentation hardness using the pro-
jected contact area A instead of the residual projected area
A,, as well as the purely elastic contact assumption
describing the elastic/plastic indentation process.

The distinct definitions of 4, and 4, may cause great
differences on their values. Since the indentation hardness
is usually determined as the normal force per residual
deformation area, the H calculated with 4, can precisely
reflect the material’s indentation hardness. In the follow-
ing, a simple physical model is proposed to explore the
difference between A, and A4, In Fig. 8, the thick solid
lines and thick dashed lines separately plot the half profile
of indent at peak load and the half profile of the residual
indent. a. and a, are the radii of 4. and 4, A, and A, are
the elastic recovery depths at the contact center and radius
a., respectively. If the unloading process of indentation is
perfectly elastic, thus A, =(n—2)h/x [10]. From Fig. 7, it is
found that h./hy., is 0.04-0.07 for pile-up, as well as
0.11-0.25 for sink-in. Consequently, as shown in Fig. 8(a),
if the edge of the pile-up indent is set as the top line of the

Rokios by compare fests

Table 1

Comparison of the nano-indentation hardness Hq._p to the microhardness H
Materials E(GPa) Y (GPs) Y/E H/Hop HIHo»*
Single crystal 110 02 0.002 0.80 0.88

copper

Stainless steel 180 1.0 0.006 0.73 0.89
NiTi 55 1.6 0.03 091 0.95
Fused silica 72 39 0.05 0.86 0.94
Si(100) 172 44 0.03 0.76 0.95

H/Hp p are the experimental values, H/Ho p* are obtained from the
H/Hg p versus Y/E curves in Ref. [24] with the experimental Y/E.
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Fig. 8. Comparison of 4, and 4,. (a) Pile-up. (b) Sink-in. Either pile up or
sink in, a. (or 4.) is smaller than a, (or 4,), and Ho_p/H=(1+8/h,)* or Ho s/
H=(1+3/h,)" is always larger than 1. The more heavily the indent piles up (or
sinks in), the larger the 6,/A, (or d4/h;), and the larger the error of Ho_p.

residual indent, as well as d, is defined as the depth
difference between the edge and the original specimen
surface, a, (or 4.) is smaller than a, (or 4,), and Ho_p/
H=(1+3y/h,)* is always larger than 1. Similarly, in Fig.
8(b), if the edge of the sink-in indent is defined as the
cross line of the residual indent and the original specimen
surface, as well as §; is defined as the depth difference
between the original specimen surface and the cross point
of the extended straight-line of the residual indent profile
and the vertical line at the edge point, a. (or 4,) is smaller
than a, (or 4,), Ho p/H=(1+8,/h,)* is also always larger
than 1. The more heavily the indent piles up (or sinks in),
the larger the 8 /h, (or 6y/h,), and the larger the error of
Hg_p Theoretically, while no pile-up or sink-in occurs,
Hg p is equal to H.

According to the elastic assumption, the fitted power law
exponent m on the unloading part of the load—depth curve
for the Berkovich indenter should be 2, while the
experimental results in Fig. 9 show that the m of the
materials are mainly distributed in 1.2-1.6, which consists
with the results of Refs. [9,11] and suggests that the
indentation unloading is a complicatedly elastic/plastic
deformation process. Recently, Pharr and Bolshakov [26]
found that the value of exponent is associated with the value
of E/H of the material and a higher value of E/H will results
in a larger value of m. Owing to the simplification of the
elastic/plastic deformation to a purely elastic deformation
process, the contact area 4. based on the Oliver—Pharr
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indentation unloading is a complicate elastic/plastic deformation process.

analysis cannot precisely describe the real contact area at
peak load. Therefore, even for the indent without pile-up
and sink-in, Ho_p may be still different from H.

Whereas, the experimental results in Fig. 2 show that
nano-indentation hardness and microhardness have similar
load effect and their differences are between 10% and 30%,
indicating that the nano-indentation hardness can qualita-
tively characterize the material’s ability against deformation.
Especially for the hardness analysis of the small volume
parts, where the residual projected area of nano-indent is
difficult to be measured precisely, the nano-indentation
hardness based on the Oliver—Pharr method will be a good
choice. However, while using the nano-indentation hard-
ness, we should fully estimate the error from the measure-
ment method. One suggestion is to calibrate the nano-
indentation hardness with the microhardness at the same
load.

4. Conclusion

Different samples exhibit various indentation size effect
of nano-indentation hardness. Even fused silica and silicon
show constant hardness during the load range, the nano-
indentation hardness of metals appears strong indentation
size effect.

The nano-indentation hardness is about 10-30% magni-
tudes larger than the microhardness for the measured
materials. The main reasons can be attributed to the analysis

of the nano-indentation hardness using the projected contact
area at peak load A, instead of the residual projected area
A, as well as the purely elastic contact assumption
describing the elastic/plastic indentation process. The
analysis indicates that 4. is always smaller than A, for
indent either pile-up or sink-in. Therefore, the nano-
indentation hardness can approximately imply the material’s
ability against deformation.
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