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Abstract In the indentation test, the hardness and the
elastic modulus depend strongly on the estimate of the
indenter-material contact area at peak load. However,
many elastic—plastic behaviours such as elastic recoveries
during unloading and piling-up or sinking-in of surface
profiles during indentation affect the determination of
the hardness and the elastic modulus. So, atomic force
microscopy is a method of utmost importance to provide an
accurate knowledge of the indentation impression espe-
cially when plastic deformations occur, that leads to errors
in the determination of the contact area. Atomic force
measurements of vanadium, tungsten, molybdenum and
tantalum pure metals as well as stainless steels, often used
as substrates for thin films depositions, highlight the diffi-
culties to estimate the contact area. The variation of
hardness values determined by atomic force microscopy
measurements and nanoindentation test is correlated to the
formation of folds of 150 and 100 nm high, around the
residual impression of vanadium and tungsten indented at
0.1 N, respectively. Some folds which increase with
increasing loads are detected on the residual impressions of
both 35CD4 and 30NCD16 stainless steels indented under
loads of 0.01 N, only. Such structures are related to piling-
up of surface profiles that could lead to an underestimate of
the contact area in the indentation test. So, the hardness
value of tungsten could be closer to 6 than to 7 GPa
whereas the effect of piling-up on the estimation of contact
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area of vanadium could be lower. Almost no deformation is
seen on tantalum and molybdenum. So, the hardness values
determined by the various methods are consistent. These
results show that atomic force microscopy measurements
are quite complementary of the nanoindentation test.

Introduction

Nanoindentation measurements at applied loads lower than
0.1 N provide mechanical data on the submicron scale of
very thin films and surface layers without influence of
substrates. Moreover they give local properties on nano-
crystalline materials [1].

The indentation test consists of applying an increasing
load on the surface of materials up to a maximum value
then withdrawing fully the indenter. The sequence of
loading and unloading may be repeated a few times to
control the reversibility of the deformation and the recov-
ering of elastic properties of materials during unloading
(Fig. 1). In the elastic contact theory, the elastic modulus is
derived from the following equation [2]:

S= (Z/nl/z)Er(A)l/z. (1)

The stiffness S is mainly due to the elastic properties of
the material and the indenter. Its value is experimentally
measured from the slope of unloading at the maximum
load. A is the projected area of elastic contact and E; is the
reduced elastic modulus, its value is given by the following
equation:

1/E; = (1-v*)/E+ (1 —v])/E; (2)

where E, E;, v and v; are Young’s modulus and Poisson’s
ratio for the material and the indenter, respectively.
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Fig. 1 A schematic representation of load versus indenter displace-
ment, loading and unloading curves, ¢ is the final depth and #,, the
depth at peak load of the nanoidentation impression, respectively

The hardness is given by:
H=Ly/A 3)

where L, is the maximum indentation load.

Since A is the projected area of contact between the
indenter and the material, its value is found from both the
load—displacement data and the shape function of indenter.
These calculations assumed that the material conforms to
the shape of the indenter to some depth.

The method which consists of determining the diagonal
length of indenter impression after the load is removed
includes some errors which are mainly due to the varying
elastic contraction of diagonal.

For a pyramid of ideal geometry (Berkovich indenter),
the projected area of contact is given by:

A=245n (4)

where /. is the depth of the indenter in contact with the
sample under load. Since A, is found after subtracting the
elastic contribution of the maximum displacement of the
indenter relative to the initial position of the surface, its value
lies between the depth at peak load, i.e. the maximum dis-
placement of the indenter and the residual depth of the
indenter impression after unloading (Fig. 1). So, the main
difficulty arises from the determination of the value of the
depth of the indenter in contact with the sample and
numerous recent papers are devoted to this parameter [3-5].
Because of the elastic recovery of the material under indenter
unloading, the use of the residual depth instead of the contact
depth leads to a significant overestimate of hardness.

By assuming that the material area in contact with the
indenter remains constant during the first stages of
unloading, Doerner and Nix [6] estimate the contact depth
by drawing a straight line tangent to the unloading curve at
the maximum load up to zero load. The depth of the
indenter in contact with the material under load is then
given by the intercept of the initial unloading slope with

the displacement axis. This method is successfully applied
for flat punch indenter only. Since, the load—displacement
relationships are not linear and the contact area changes
continuously during unloading for indenters of geometries
as solid of revolution, based on Sneddon’s solution of load,
displacement and contact area relationship’s for indenter of
solid, Oliver and Pharr [2] have introduced a relation
between the deflection of the surface at the contact
perimeter (indenter-material) and the indenter geometry ¢

hs = €Ly /S (5)

where S is the stiffness as previously described, ¢ = 1, 0.75
and 0.72 for flat punch, paraboloid of revolution and con-
ical indenters, respectively.

The contact depth is then determined by the following
relation:

he = hy — hy (6)

where h,, is the maximum displacement.

However, the behaviour of the surface under the load of
the indenter as sinking-in and piling-up effects causes
errors in estimating the contact depth. More recently Yang-
Tse Cheng and Che-Min Cheng show that the method of
Oliver and Pharr may be used for highly elastic materials,
only. The method underestimates the contact area for
elastic—perfectly plastic solids [7]. So, Yang-Tse Cheng
and Che-Min Cheng have introduced a work-hardening
exponent equal to zero for elastic—perfectly plastic solids
and equal to 0.1 and 0.5 for most metals.

Since the residual contact area of the indenter at the
surface of the material depends strongly on the elastic
plastic properties of the material, a main stage in the
determination of such a parameter consists of finding the
area function by imaging the indentation impression.

Atomic force microscopy must be successfully used for
such measurements at submicron size.

The aim of this paper is to study the hardness of tantalum,
vanadium, molybdenum and tungsten pure metals as well as
30NCD16 and 35CD4 stainless steels often used as sub-
strates for thin film deposition. The atomic force microscopy
allows investigating the shape of the indentation impression
very accurately. Elastic effects such as the elastic recovering
during unloading can be detected as well as viscous-plastic
behaviour as sinking-in and piling-up effects.

These effects play a great role in the measurements of
mechanical properties of soft material coatings on hard
substrates [8].

Experimental set-up

Sets of three indentation impressions are made on the
surface of tantalum, vanadium, tungsten, molybdenum,
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35CD4 stainless steel of nominal composition: 0.35% of C,
1.05% of Cr, 0.16% of Mo, 0.81% of Mn, 0.28% of Si,
0.02% of P and 0.03% of S and 35NCD16 stainless steel of
nominal composition: 0.35% of C, 3.5 % of Ni, 1.5 % of
Cr, 0.4 % of Mo, 0.19% of Mn, 0.23% of Si, 0.21% of N,
0.06% of Cu, 0.09% of Al, 0.06% of P and 0.001% of S, all
contents being expressed as a percentage of the total mass
[9]. Loads of 0.01, 0.05 and 0.1 N are applied, respectively,
with a Berkovich diamond indenter of pyramidal geometry
with a triangular base. The angle between the perpendic-
ular axis drawn from the top of the pyramid to the base
centre and a side is equal to 65.27°.

Nanoindentation tests have been carried out with a
Nanoindentor II of the Nano Instrument Society [10]. The
indenter is first loaded and the load is held constant for a
period of 10 s, then it is unloaded at 90% of the peak value
at 50% of the loading rate of 1 m N's™'. A hold for a
period of 100 s is performed to account for a possible
thermal drift. A new sequence of loaded and unloaded with
an unloading of 100% of the peak value is then performed.

The impressions are detected by means of an optical
microscope. Atomic force measurements are conducted
with a digital instruments nanoscope Il operating in a
constant force mode [11]. The heights profile is obtained
after each (x,y) scan of up to 130 pm x 130 pm, the
maximum value of height is about 5 pm.

Based on the data provided by atomic force microscopy
measurements performed on residual contact areas, the
projected area of contact between the indenter and the
material is calculated both from the length of the sides and
from the depth of the impression with the following
expressions:

A= (3”2/4)F (7)
where [ is the length of the side of the impression.
A =2451 (8)

where £ is the depth of the impression.

The hardness is calculated from Eqs. 3 and 7 or 8 by using
the mean value resulting from the measurements of the
length of the three sides in one hand and in other hand from
the measurement of the depth from the three corners or from
the middle of the three sides of the impression (Fig. 2). The
accuracy of the method is determined for each case from the
measurements performing on three indenter impressions.
Based on numerous data, the confidence interval is calcu-
lated by taking the relative measurement errors determined
with a confidence level equal to 99% considering the student
statistic law for sample size lower than 30. This leads to
values of hardness within the accuracy of about 10%.

The atomic force images are neither filtered nor pro-
cessed to avoid additional errors of measurements.

@ Springer
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Fig. 2 A schematic representation of the residual nanoindentation
impression, indicating the measurements of la,b,c sides, ha,b,c depth
from the corner and ha’,b’,c’ depth from the middle of the sides of the
residual indentation impression

However, since the surface is not quite horizontal, the
values provided by each measurement are corrected by the
value of the corresponding slope which is given by two
points taken far from the indentation impression along the
corresponding axis (Fig. 2).

The values of hardness are compared to those deter-
mined by the nanoindentation test. In that case, the
hardness is calculated by using the semi-empirical method
of Oliver and Pharr as previously introduced in the text.
According to Eqgs. 3, 4, 5 and 6 the hardness is obtained by
measuring the following experimental data: L, h,, and S
corresponding to the peak load, the depth at peak load and
the initial unloading contact stiffness, respectively. S is
found by analytically differentiating the following power
law relation and evaluating the derivation at peak load and
displacement.

L=A(h—h)" 9)

where the constants A, m and h; (final depth) are deter-
mined by a least square fitting procedure.

Results and discussion

The values of the metals hardness found from the mea-
surements of the length of the edges (H;) and the depth of
the residual impression (Hp) are indicated in Table 1.
These values are compared with those obtained by means
of the indentation test. Moreover, the influence of possible
sinking-in or piling-up effects on the measurements of the
hardness values is accounted by measuring the depth from
the middle of the edges of the impression (Hy).

As seen in Table 1, except for molybdenum indented
under loads of 0.01 N, the values of hardness correspond-
ing to pure metals indented under loads of 0.01 and 0.05 N
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Table 1 Hardness values calculated from the measurements of the
edge length (H,), the depth from the corners (H,,), and the depth from
the middle of the edges (H)/) of the impressions and compared with
the values obtained from the nanoindentation test (Hpano)

Metal L (N), W v Ta Mo 35CD4  30NCDI6
H (GPa) steel steel
0.01, H 77 25 275 44 33 6.6
0.01, Hy, 75 27 24 495 23 5.7
0.01, Hy 75 27 24 36 18 4
0.01, Hpano 7.6 255 215 415 2385 5.75
0.05, H, 64 22 2 36 26 5.9
0.05, Hy, 6 3 19 4 2.4 4.8
0.05, Hy 6 22 19 36 19 35
0.05, Hyano 7 22 1.7 335 2.65 5.25
0.1, H 6 2 2 34 26 5.7
0.1, Hy 64 2 14 3 24 54
0.1, Hy 52 14 14 27 1.9 4
0.1, Hyano 6.95 2.1 1.6 33 25 5.1

are fairly similar within the accuracy previously described,
whatever the method used for the calculation of hardness.
The values of hardness calculated from the length of the
edges, from the depth measured from the corners or from the
middle of the edges of the nanoindentation impression are
especially in good agreement with the reported values arising
from the nanoindentation test for tungsten and vanadium
indented under loads of 0.01 N and for vanadium, tantalum
and molybdenum indented under loads of 0.05 N.
Indentations made on tungsten and vanadium under
loads equal to 0.1 N lead to a quite different results since
the measurements of the depth from the middle of the edge
of the impression results in a lower hardness. This value is
strongly correlated to the shape of the impression since as
indicated in Fig. 3, some folds of 100 and 150 nm high are
clearly detected around the impressions of tungsten and
vanadium indented under loads of 0.1 N, respectively.

Fig. 3 Nanoindentation
impressions made on tungsten
and vanadium under loads of
0.1 N, (a) and (b), respectively

The formation of folds around the indenter impression is
correlated to piling-up of the surface profiles during
indentation. So, the contact area indenter-material is higher
than the contact area determined by the conventional
indentation test. Because of the strong plastic behaviour of
tungsten, the hardness values determined from the nano-
indentation test could be slightly underestimated. As
reported above, the Oliver and Pharr procedure is not
accurate enough for such metals especially when piling-up
of surface profiles occurs. So based on Table 1, the hard-
ness value of tungsten could be closer to 6 than to 7 GPa. A
few plastic zones have been already reported on tungsten
[12]. Since hardness values of vanadium determined by
atomic force measurements are more consistent with those
determined by the indentation test than in the case of
tungsten, the piling-up effect on the determination of the
contact area is lower for vanadium. Such tungsten and
vanadium behaviours could be correlated to the strong
dissimilarity between their elastic modulus which are equal
to about 132 and 412 GPa, respectively. In contrast to these
previous results, the deformations are quite low on the
residual impressions corresponding to tantalum and
molybdenum indented under the same conditions (Fig. 4).
So the values of the hardness measured from % and 4’ are
quite similar, that results in a fair agreement between the
values of hardness determined by the various methods.

The behaviours of 35CD4 and 30NCD16 stainless steels
under the indenter are quite similar. As reported in Table 1,
the values of hardness determined from the depth measured
from the middle of the edges are the lowest even for loads
of 0.01 N, only. As for pure metals, the hardness values
calculated from the depth measured from the corners of the
indentation impression are consistent with the values
determined from the length of the edges and also from the
nanoindentation test within the accuracy of the measure-
ment. These results are well correlated with the shape of the
corresponding residual impressions since edge deformations

H 10000
5000
nm

1] S000 10000

(b)
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Fig. 4 Nanoindentation
impressions made on tantalum
and molybdenum under loads of
0.1 N, (a) and (b), respectively

Fig. 5 Nanoindentation
impressions made on 35CD4
steel under loads of 0.05 N and
30NCD16 steel under loads of
0.01 N, (a) and (b), respectively

1} 5000 10000

(a)

are clearly seen around all the indentation impressions
(Fig. 5).

The heights of such structures increases with increasing
charge amount and are equal to 50, 100 and 150 nm at
loads of 0.01, 0.05 and 0.1 N, respectively. All the results
may be correlated to the elastic modulus of both steels
which are similar and equal to about 215 and 230 GPa,
respectively. These results show that the strong plastic
behaviour of both stainless steels is correlated to piling-up
of the surface profiles during the indentation, making the
estimate of contact area difficult. So, the determination of
hardness by the conventional indentation test should be
used with caution.

Conclusions

Atomic force microscopy measurements allow imaging
fruitfully the corresponding shape of nanoindentation
impressions realized on pure metals or stainless steels at
loads as low as 0.01 N. Because of the lack of accuracy in
the estimate of the contact area between the indenter and
the surface of plastic materials especially when piling-up

@ Springer
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occurs, the conventional nanoindentation test should be
used with caution. Some edges deformations are clearly
seen around residual impressions corresponding to vana-
dium and tungsten indented under loads of 0.1 N. The
tungsten hardness could be closer to 6 than to 7. Because of
its large elastic modulus, the effect of piling-up on the
estimate of the contact area indenter-vanadium could be
lower and could not affect the hardness value. No defor-
mations are detected around residual impressions of
molybdenum and tantalum indented under similar condi-
tions, so the hardness values of these metals determined
with the various methods are quite consistent. For the both
35CD4 and 30NCD16 steels, the strong plastic behaviour
under loads as low as 0.01 N make the estimate of the
contact area more difficult. So, atomic force microscopy
procedure is quite complementary of the conventional
nanoindentation test.
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