
Vol:.(1234567890)  
 J

ou
rn

al
 o

f M
at

er
ia

ls
 R

es
ea

rc
h 

 V
ol

um
e 

36
 

 I
ss

ue
 1

1 
 J

un
e 

 2
02

1 
 w

w
w

.m
rs

.o
rg

/jm
r

2154

 DOI:10.1557/s43578-021-00113-9

Direct determination of the area function 
for nanoindentation experiments
Christian Saringer1,a) , Michael Tkadletz2, Markus Kratzer3, Megan J. Cordill2,4
1 Christian Doppler Laboratory for Advanced Coated Cutting Tools at the Department of Materials Science, Montanuniversität Leoben, 
Franz‑Josef‑Strasse 18, 8700 Leoben, Austria
2 Department of Materials Science, Montanuniversität Leoben, Franz‑Josef‑Strasse 18, 8700 Leoben, Austria
3 Institute of Physics, Montanuniversität Leoben, Franz‑Josef‑Strasse 18, 8700 Leoben, Austria
4 Erich Schmid Institute for Materials Science, Austrian Academy of Sciences, Jahnstrasse 12, 8700 Leoben, Austria
a) Address all correspondence to this author. e-mail: christian.saringer@unileoben.ac.at

Received: 13 November 2020; accepted: 15 January 2021; published online: 5 February 2021

The determination of a suitable correction for tip blunting is crucial in order to obtain useful mechanical 
properties from nanoindentation experiments. While typically the required area function is acquired 
from the indentation of a reference material, the direct imaging by suitable methods is an interesting 
alternative. In this paper, we investigate the applicability of confocal laser scanning microscopy (CLSM), 
atomic force microscopy (AFM), and self-imaging by scanning a sharp silicon tip using the scanning 
probe microscopy extension of the nanoindentation system and compare the results to the area function 
obtained by the indentation of fused silica. The important tip characteristics were determined by various 
methods based on the analysis of the obtained 3D data sets. It was found that the suitability of CLSM 
and AFM depend on the resolution and the operation mode, respectively. While for these methods only 
limited consistency of the determined tip characteristics was found, self-imaging resulted in an excellent 
overall agreement.

Introduction
The hardness and elastic modulus of materials at the small 
scale or of thin coatings can be conveniently determined using 
nanoindentation [1]. In this method, the load P (typically in the 
µN to lower mN range) and displacement h (typically < 500 nm) 
of a hard probe that is pressed into the material of interest are 
continuously recorded. Subsequently, the resulting load–dis-
placement curves are analyzed using a suitable evaluation proce-
dure. Nowadays, the well-established Oliver and Pharr method 
is certainly the most common way to determine hardness and 
elastic modulus of materials from nanoindentation data [2, 3]. 
This method takes advantage of the fact that the unloading curve 
initially follows a power-law function with an exponent m in the 
range of 1.2–1.6 [4]. An adequate fit then allows to determine 
the contact stiffness S and consequently the contact depth hc 
from the unloading slope at maximum load Pmax. In order to be 
able to deduce the desired mechanical properties of the sample, 
one of the crucial points in this method is the precise knowl-
edge of the indenter shape, specifically the size of the projected 
area in contact between tip and sample at hc, also termed as 

the contact area Ac. This is a consequence of the fact that at the 
small indentation depths employed in nanoindentation even 
the most carefully fabricated probe cannot be assumed to be 
ideally shaped and suitable corrections, therefore, need to be 
applied. Newly fabricated Berkovich tips (the most commonly 
used probe shape, a three-sided pyramid with a face angle of 
65.27°) normally exhibit a rounding with a radius in the range of 
approximately 100 nm in the vicinity of the apex [5]. This value, 
however, strongly increases over time as a result of tip wear [5, 
6] and constant monitoring of the tip shape is, therefore, vital.

Two different methods that allow the determination of the 
depth-dependent contact area Ac(hc), usually termed ‘area func-
tion’, are used today. The first method is the indentation of a 
reference material with known mechanical properties such as 
fused silica. In this case, Ac is determined in a reverse approach 
from the measurement of the mechanical properties at different 
indentation depths using either or both of the following two 
relationships [3]:

(1)H(hc) =
Pmax

Ac(hc)
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and

where H is the hardness of the calibrant, Er is the reduced 
modulus of the sample/indenter system, and β is a correction 
factor taking the non-circular cross-section of the indentation 
probe into account. However, this approach relies on certain 
prerequisites including the precise knowledge of the mechani-
cal properties of the used reference material, which should ide-
ally be depth independent, as well as the prior correction of the 
data for other influencing factors such as initial penetration and 
frame compliance.

The second method is the direct imaging of the tip 
with a suitable metrological technique such as scanning 
probe microscopy. Numerous publications have already 
reported on the characterization of the tip by atomic force 
microscopy (AFM), proving the principle feasibility of this 
approach [6–11]. However, a precisely calibrated measure-
ment device that does not introduce any artifacts and yields 
reproducible results is required. Both prerequisites are 
sometimes difficult to achieve with AFM, especially when 
the measurement is not performed in the correct operation 
mode [10].

It was found that area functions determined by inden-
tation and direct measurements may deviate significantly 
for the same tip [6, 7, 10, 12, 13]. Choduba and Jennett 
have attributed the difference to be due to the radial dis-
placement of the indented material which results in an 
underestimation of the area function when determined 
by indentation of known materials [13]. A correction for 
this effect is in principle possible [6, 13–15] and should 
indeed be conducted for area functions determined from 
the indentation of materials [14], but is rarely performed 
on a regular basis.

In spite of the presently available numerous investigations 
on the direct measurement of nanoindentation area func-
tions, no systematic comparison of the different available 
techniques has been presented. The aim of the present work 
is to compare the area function of a Berkovich diamond tip 
determined by different imaging techniques including con-
focal laser scanning microscopy (CLSM), AFM, and scan-
ning a sharp tip with the indenter itself (self-imaging). The 
obtained results are discussed in relation to the area func-
tion determined by the indentation of fused silica such as 
is most commonly performed. The characteristics of the tip 
are determined from the recorded data points using custom 
made Python code. Several different methods for the deter-
mination of the tip radius were employed and compared for 
the different techniques showing clearly the merits and draw-
backs of each method.

(2)Er(hc) =
S
√
π

2β
√
Ac(hc)

,

Results and discussion
Determination of the tip characteristics

All of the three methods, i.e., CLSM, AFM, and self-imaging, 
yield the surface of the investigated Berkovich tip as a three-
dimensional dataset of x, y, and z coordinates, which is sche-
matically shown in Fig. 1a. The obtained data sets were analyzed 
using custom made Python scripts. In order to characterize the 
measured tip, the 3D dataset was separated into three subsets 
with each belonging to one of the three sides of the tip. To 
achieve that, the edges of the tip were initially determined by 
employing a custom made user interface allowing to click into 
the image at the location of each of the three edges. The points 
belonging to the three faces were then found by analyzing the 
angles of the vectors between each point and a first estimation 
of the apex. The data points were assigned to the individual 
faces if their angles were between the angles of the two enclos-
ing edges. However, the regions close to the apex (a few ten 
nm from the top) as well as close to the edges (± 15° from the 
edges) were not considered in order to avoid the influence of 
tip or edge rounding on the fit results. This is indicated by the 
colored areas in Fig. 1a. Subsequently, each dataset was fitted 
by a plane allowing the determination of the tip characteristics 
as shown in Fig. 1b. For the evaluation, the z-coordinate was 
defined to be counted positive from the topmost recorded point 
inwards into the tip. From the fits, the plane normal vectors ni 
can be determined as well as the apex A , which is the intersec-
tion point of the three planes. A was taken as one point lying on 
the tip axis, while a second one was found by adding the unit 
normal vectors of the planes n̂i to A subsequently allowing to 
determine the tilt angle of the tip with respect to the z-direction 
� . The angles between the faces of the tip and the tip axis ϕi are 
determined as the complementary angle between the respec-
tive normal vector and the tip axis. Ideally, for a Berkovich tip, 
this value is 65.27° and is the same for all three faces. From this 
angle, the equivalent cone angle θ can be calculated as follows:

which results in a value of 70.3° for the ideal Berkovich case. By 
averaging ϕi and applying this equation θ was estimated for the 
investigated tip. The distance between the apex and the topmost 
measured point is the blunting depth hb and can be used for an 
estimation of the tip radius, as described below.

Another important tip characteristic is the radius at the 
apex R which is a useful indicator of tip wear as this value 
tends to increase with the time the tip is in use. There are 
several ways to obtain an estimation of the tip radius, most 
of which assume that the tip can be accurately modeled by a 
sphero-conical indenter. Here, four different possibilities are 
described and compared to the value obtained for a Hertzian 

(3)tan
2 (θ) =

√
3 ∗ 3
π

tan
2 (ϕ),
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contact of a sphere in the initial elastic regime of an indenta-
tion experiment (Fig. 2a).

In the case of a Hertzian contact of a sphere with an initially 
flat, elastic solid, the load–displacement curve follows the rela-
tionship [1]:

As can be seen from Fig. 2a, a reasonable fit to an elastic 
P–h curve recorded with the investigated tip can be obtained 
for a radius of ~ 400 nm for the indentation of fused silica ( Er 
of 69.6 GPa) [3]. This value is substantially higher than typically 
reported for new tips (≤ 100 nm) and, therefore, indicates that 
the tip has already been extensively in use.

As already mentioned, four different methods for the deter-
mination of R from the 3D data sets acquired by the imaging 
techniques were used. METHOD I: One method that is in prin-
ciple straight forward is the direct fit of the topmost data points 
with the equation of a sphere

where xc , yc , and zc are the coordinates of the center of the 
sphere, with xc , yc , zc , and R being the parameters refined dur-
ing the fitting process. As can be seen from Fig. 2b, a sphere is 
in principle able to reasonably fit the data points around the 
apex. However, as can also be seen from this figure, the resulting 
tip radius depends strongly on the limit used for cropping the 

(4)P = 4

3
Er
√
Rh

3
/2.

(5)(x − xc)
2 +

(

y − yc
)2 + (z − zc)

2 = R2
,

data points for the fit. When a too large portion of the tip is used, 
i.e., the limit is large, many data points contribute to the fit that 
rather belong to the side planes than to the spherical cap, which 
leads to an overestimation of R . The choice of the limit is, there-
fore, critical and might result in large deviations from the real 
radius. That also means that the result of the fit is strongly 
dependent on the subjective judgment of the experimentalist, 
that is if no reproducible physical meaningful limit is used. One 
reasonable choice for the limit can be the depth at which an ideal 
sphero-conical indenter transforms from a sphere to a cone hs , 
since up to this depth, the indenter shape should ideally follow 
that of a sphere. hs can be determined from the area ratio of 
actual tip area and ideal area, as demonstrated in Fig. 2c. For a 
sphero-conical indenter, the area ratio at hs is equal to 
(

1
sin (θ)

+ 1

)2

 [1]. At smaller depths, theoretically, only points 

situated on the spherical part should contribute to the fit and a 
constant value for the radius is, therefore, expected. In our case, 
however, a minimum is observed exactly at hs for the measure-
ment of the tip by self-imaging. The increase below this value 
results from the fact that a Berkovich tip does not exhibit an 
ideal transition from cone to sphere as the triangular cross-
section of the pyramid cannot be directly placed on the circular 
cross-section of a sphere. Hence, the transition is quite complex 
in reality which can be perceived to some extent from the fit in 
Fig. 2b. At the smallest limits below 5 nm, a large drop in the 
radius is again observed which is most likely due to the increased 
influence of noise resulting from an ever smaller number of data 

Figure 1:  (a) Schematic showing the measured data points (black dots) and resulting surface of a Berkovich indenter as recorded 
by the different imaging methods. The regions used for fitting the faces are indicated as colored areas. (b) Schematic of the fit 
result. The parameters determined from the fit are the plane representations of the three faces of the tip, their normal vectors ni , 
their inclination angles with respect to the tip axis ϕi (only ϕ1 is shown here), the inclination angle of the tip axis with respect to the 
z-direction � , and the blunting depth hb . The apex of the tip A is the intersection of the three faces. The tip’s axis was determined as 
the connecting line between the tip apex and the resulting point when the three unit normal vectors n̂i of the faces are added to A . 
Note that the z-direction is not in scale with the x and y directions.
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points used for the fit. Nonetheless, it can be concluded from the 
presented results that hs appears to provide a useful limit that is 
independent of subjective influences.

METHOD II: In addition to serving as a physical limit to the 
fitting of a sphere, hs allows to estimate R directly via the rela-
tionship hs = R(1− sin (θ)) [1, 6]. METHOD III: Similarly, the 
blunting depth hb is linked to R via a simple relationship, namely, 
R = hb

(

1
1−sin (θ)

− 1

)

 . As mentioned before, hb can be deter-

mined from the pyramidal fit as the distance between the top-
most data point and the apex determined by fitting the pyramid 
faces. METHOD IV: Finally, R can be estimated from a fit to the 
contact radius rc which is calculated from the area via 
rc(hc) =

√
A(hc)/π  . The resulting contact radius can be divided 

into two regions with respect to the contact depth. The region 
close to the apex is circular shaped in the ideal case and a cor-
responding fit allows to estimate the tip radius. Here, similar 
considerations as for the spherical fit of the 3D data concerning 
the choice of the fit limit apply and hs may serve as a suitable 
limit as well. The second region farther away from the tip follows 

a linear relationship. For a cone, the slope is tan(θ) and a linear 
fit consequently allows to determine the equivalent cone angle 
θ and can be compared to the value obtained from the pyramidal 
fit presented in Fig. 1.

Comparison of the imaging techniques
Images and cross‑sections

Four different measurement techniques were used to assess 
the same tip which deviate considerably in resolution as well 
as in how much of the tip can be accessed, see Table 1. While 
in the case of CLSM the image size was comparatively large (~ 
65 µm × 65 µm), the image size of the self-imaging was only 
2 µm × 2 µm. For the CLSM , two different image resolutions 
of 1024 × 1024 pixels (low resolution) and 4096 × 4096 pixels 
(high resolution) were chosen, while the scan size was kept the 
same in both cases. The AFM measurement exhibited a medium 
resolution of 512 × 512 pixels as well as medium scan size 
(10 µm × 10 µm). Although only 256 × 256 pixels are available 

Figure 2:  Determination of the tip radius R by (a) fitting the loading curve to a completely elastic indent assuming Hertzian contact with a sphere, (b) 
fitting a sphere to the recorded points (z-direction of the inset is not to scale), (c) determination of the contact depth at which an ideal sphero-conical 
indenter transforms from a sphere to a cone hs from the ratio of measured and ideal area, and (d) fitting a circle to the contact radius. Additionally, 
a linear fit to the contact radius at larger contact depths allows to determine the equivalent cone angle θ . The points shown in (a) were recorded by 
indenting fused silica assuming a reduced modulus of 69.6 GPa. The exemplary data displayed in (b)–(d) were recorded by self-imaging.
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in the self-imaging measurement, it exhibits the highest spatial 
resolution of 7.8 nm in x and y due to the small image size.

The resulting images are shown in Fig. 3. A two-dimensional 
edge detection filter (Sobel filter) was applied to these images 
which gives a good visual impression of the tip shape. This is espe-
cially interesting for the regions near the apex and edges of the tip. 
Of course, other possible damages like breakouts and cracks can 
also be detected, as well as debris that might have accumulated on 
the tip surface. Therefore, such images can be conveniently used to 
visually assess the quality and current state of the nanoindentation 
tip. Furthermore, this filter greatly improves the visibility of minor 
features that may be present in the images. Such features could be 
perceived as scratches in (c) and (d) and are most probably related 
to minor artifacts from the scanning as well as grinding marks 
resulting from the fabrication of the Berkovich tip. However, any 
influence of these features on the subsequently performed evalu-
ations is unlikely. This assumption is corroborated by the fact that 
these artifacts are hardly detectable in the evaluated cross-sections 
presented in Fig. 4. 

Although all images show the expected triangular pyramidal 
shape with the apex in the center of the images, there are some 
important differences observable. First, it appears that AFM 
and self-imaging appear much ‘sharper’ compared to the CLSM 
images in general. This applies especially to the edges where an 
unexpected contour best described as ‘double edges’ seems to be 
present in the CLSM images. The exact origin of these features 
remains unclear at the moment, but might be related either to 
an additional reflection of the laser at the edges of the tip or 
the transparency of diamond. Zong et al. suggested to coat the 
diamond tip with gold prior to the CLSM investigation [16]. 
However, although no close-up images of the region around the 
apex are presented in their paper, it appears that similar arti-
facts are present in spite of the deposited gold layer. Another 
obvious difference in the images is that in the self-imaging case 
additional faces are observed surrounding the central pyramid. 
This is a result of the fact that the grating used for imaging the 
tip consists of several sharp silicon tips that have a nominal dis-
tance of 2.12 µm. That means that for the present scan size the 
measureable depth range is limited by the fact that at some posi-
tions the nanoindentation tip will be in contact with an adjacent 
silicon tip that is not intentionally used for measurement (see 
also [17]). We found that this limits the accessible depth where 
the cross-section of the tip is completely preserved to typically 
150–200 nm. For other tip geometries, such as the cube cor-
ner for instance, which has a smaller equivalent cone angle and 
thus steeper pyramid faces, different accessible ranges can be 
expected.

The cross-sectional areas as a function of the distance from 
the tip apex, i.e., Ac(hc) were obtained by the application of the 
‘marching squares’ algorithm to the 3D datasets. The resulting 
areas are displayed in Fig. 4 for the different imaging techniques. 
The ‘double edge’ artifacts become immediately obvious in the 
case of the CLSM images. It seems that the increased resolu-
tion leads to an exaggeration of this effect (Fig. 4b) and for 
this measurement the topmost area at 25 nm is not even in the 
center of the tip anymore. Another feature which is not obvious 
from the Sobel-filtered images, but can be seen from the cross-
sections is that there appears to be a dip on the left face of the 
AFM measurement. A similar dip can be observed in the CLSM 

TABLe 1:  Overview of the four 
methods used to record the 
three-dimensional data sets of the 
Berkovich tip.

The measurement range in z is only approximate and may vary slightly from measurement to measurement 
or more strongly for different tip geometries.

Method
Resolution in x 

and y (nm)

Measurement 
range in x and y 

(µm)
Measurement range in z 

(approximate) (µm) Image size (pixels)

CLSM low resolution 63.1 64.6 20 1024 × 1024

CLSM high resolution 15.8 64.6 20 4096 × 4096

AFM 19.6 10.0 2.4 512 × 512

Self-imaging 7.8 2.0 0.5 256 × 256

Figure 3:  Images of the Sobel-filtered 3D datasets recorded with (a) CLSM 
low resolution, (b) CLSM high resolution, (c) AFM and (d) self imaging. 
Mind the different scale in (d).
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measurements, but is absent in the self-imaging case. Barone 
showed for a Berkovich tip that the scan direction can have a 
considerable influence on the result in AFM and subtracting 
the measurement from one direction from the measurement of 
the opposite direction resulted in considerable differences [10]. 
Incidentally their tip was oriented the same as shown in Fig. 4c 
and the largest difference of ~ 40 nm was observed also in the 
same place as the dip here. In contrast to the other images, the 
self-imaging measurement exhibits sharp edges and appears to 
be generally free of artifacts.

In order to obtain an area function that can be used for the 
correction of experimental nanoindentation data the depth-
dependent cross-sectional areas were fitted using the polynomial 
equation as suggested by Oliver and Pharr [2]

For an ideally sharp Berkovich indenter, the coefficient C0 is 
24.5, while all other coefficients are zero. Although there have 
been affords to find more suitable area function equations [12, 
16, 18], the goal here was to adequately fit the data, for which 

(6)
Ac(hc) = C0h

2
c + C1hc + C2h

1/2
c + C3h

1/4
c + · · · + C8h

1/128
c .

this simple formula is fully appropriate. It was found for the 
real indenter measurements presented in this paper that the first 
three terms alone are able to acceptably fit the cross-sectional 
areas, especially when the first coefficient is allowed to be refined 
as well. An exemplary fit of the self-imaging cross-sections is 
shown in Fig. 5a. A comparison of the measured and fitted area 
functions determined with the different imaging techniques 
divided by the ideal contact area (the dotted lines in Fig. 5) are 
displayed for the first 200 nm in Fig. 5b. The dashed line is the 
area function determined by the indentation of fused silica. All 
area functions determined by the direct methods are situated 
above the area function determined by indentation. However, 
while the AFM and high-resolution CLSM images are quite far 
off, the difference between the indentation experiment and the 
self-imaging and low-resolution CLSM measurements is con-
siderably smaller. In fact, they are merging at contact depths 
larger than approximately 120 nm. The difference between the 
two resolutions of the CLSM experiment can be explained by 
the more pronounced artifacts in the high-resolution case which 
led to a more prominent overestimation of the contact area and 
a convergence to the values of self-imaging and low-resolution 

Figure 4:  Cross-sections determined from the three dimensional datasets recorded with (a) CLSM low resolution, (b) CLSM high resolution, (c) AFM and 
(d) self imaging using the “marching squares” algorithm. Mind the different range of contact depths in (d).
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CLSM occurs only above 200 nm. It can be seen that the artifact 
close to the apex results even in an unphysical decrease of the 
area ratio. The AFM measurement yielded too large area values 
in general which can be explained by the evaluation of the tip 
characteristics shown in the following section.

Tip characteristics

The reason for the discrepancy in the evaluated cross-sections 
becomes obvious when the face angles of the tip are evaluated 
(Fig. 6a). It can be seen that while the CLSM and self-imaging 
measurements result in consistent face angles and equivalent 
cone angles that are close to the ideal values of 65.27° and 70.3°, 
respectively, the AFM measurement is considerably higher. The 
explanation for this difference is most probably the fact that the 
AFM measurement was performed in tapping mode due proper 

contact mode probes (cantilevers) being unavailable. According 
to Ref. [10], there is an influence of the operation mode of the 
AFM device on the resultant face angles of a Berkovich tip. It 
was found that for the tapping mode, the angles were too high 
by ~ 2°–3° and that correct values could only be obtained for the 
combination of contact mode and constant height operation. 
Unfortunately, constant height mode operation is not imple-
mented in the used AFM system. A work around would only 
be possible by switching off the height control feedback and 
recalculating the height differences from the cantilever deflec-
tion. However, that would require several calibration steps, each 
bringing in an additional error. Without feedback, drift effects 
would also be less controllable making the measurement less 
reliable. Therefore, we did not see a gain in accuracy by using 
contact mode measurements. A deeper look into AFM imaging 

Figure 5:  (a) Area function and fit of the dataset recorded using self-imaging. (b) Area ratio for the areas determined using the different techniques 
compared to the area ratio determined by the indentation of fused silica.

Figure 6:  (a) Face angles and equivalent cone angle and (b) tip radius determined by the different tip imaging techniques and evaluation methods.
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methods is necessary to completely understand this difference 
and is planned in the future.

Due to the small region of the tip that can be measured by 
self-imaging, the spread of the individual face angles is con-
siderably larger than compared to the CLSM measurements. 
Since only the top 150–200 nm are available for self-imaging, 
fabrication inaccuracies and tip wear that are both more likely 
to play a role close to the apex result in these deviations. At dis-
tances farther away from the tip, which are only accessible by 
the large measurement range available in the CLSM, a perfect 
coincidence of the three side angles is observed. Concerning 
the determination of the equivalent cone angle, Fig. 6a evi-
dences that a fit of the faces and a fit of a line to the contact 
radius result principally in similar values. For the self-imaging 
method, even a perfect agreement was observed. In contrast, 
for the CLSM measurements, the fit of the faces results in the 
most appropriate values as the artifacts around the edges are 
less of a consideration far away from the apex. The fit of the 
angle to the contact radius on the other hand was performed 
in the top few 100 nm, where artifacts are clearly expected to 
influence the fit result.

The evaluated tip radius depends strongly on both the 
imaging technique and evaluation method used, see Fig. 6b. 
While its determination using the blunting depth is compara-
tively close to the value obtained for the elastic indentation 
assuming Hertzian contact in all cases, the other values deviate 
significantly. Especially, the CLSM high-resolution and AFM 
measurements exhibit a vast spread which is most probably 
related to the presence of the abovementioned artifacts. Since 
these artifacts are less pronounced in the low-resolution CLSM 
case, an acceptable accordance is found there. The only excep-
tion is the direct spherical fitting to the topmost data points 
which is invariably affected by the artifact. The self-imaging 
results, on the other hand, agree very well with the Hertzian 
value of 400 nm, suggesting that the acquired data exhibited 
the highest quality. In this case, even the spherical fitting is 
quite close to the expected value evidencing that a sufficiently 
high data quality allows some flexibility in choosing the evalu-
ation method. In addition to the graphical representation of 
the results, a more complete overview of the evaluated tip char-
acteristics is given in Table 2.

Evaluation of fused silica

The ultimate goal of the area function determination is of course 
the finding of a suitable measure of correction for the data 
obtained from an actual indentation experiment. In order to test 
their applicability, all area functions shown in Fig. 5b were applied 
to a depth-dependent nanoindentation experiment of fused silica. 
The resulting hardness and reduced modulus values are displayed 
in Fig. 7. For fused silica, a constant hardness value in the range 
of approximately 9 GPa is expected [13]. The ‘indentation’ area 
function was determined using the Oliver and Pharr method 
assuming a constant reduced modulus of 69.4 GPa for the fused 
silica/diamond pairing. Since fused silica was used as calibrant 
for the determination of the ‘indentation’ area function, the cor-
rection using this area function yields a constant hardness value 
close to the expected one, albeit using the data of a different series 
of indentations. All other area functions were found to be higher 
in general (Fig. 5b), therefore resulting in smaller hardness and 
reduced modulus values. While the high-resolution CLSM and 
AFM are unrealistically low, the low-resolution CLSM and self-
imaging measurements appear closer to the expected value and 
approach to a constant hardness value of slightly above 8 GPa at 
contact depths exceeding 125 nm and 75 nm, respectively. Simi-
larly, the reduced modulus is generally underestimated and is 
about 65 GPa in the constant region of the self-imaging and low-
resolution CLSM measurement.

The origin of the underestimated values can be found in the 
radial displacement of the material deformed under the indenter. 
It has been found that for direct imaging methods, the area is gen-
erally overestimated when no correction for radial displacement 
is applied [13, 14]. In order to estimate the influence of the radial 
displacement, the results obtained with the self-imaging data were 
corrected for radial displacement by iteratively applying the equa-
tions given in annex I of the ISO 14577-1 [14].

and

(7a)Hi = H0

(

1+ K
Hi−1

Ei−1

)2

(7b)Er,i = Er,0

(

1+ K
Hi−1

Er,i−1

)

TABLe 2:  Overview of the of the tip characteristics determined with the different imaging methods.

Method hb (nm) hs (nm) θ fit faces (°)
θ fit contact 

radius (°) ϕi(°) Φ (°)
R spherical 

fit (nm) R area ratio (nm)
R blunting 
depth (nm)

R contact 
radius (nm)

CLSM low resolution 16.4 15.4 69.9 69.2 64.8 1.2 940 432 252 562

CLSM high resolution 17.8 16.8 69.8 68.7 64.7 1.4 1448 1078 273 991

AFM 28.2 27.1 73.9 73.9 69.7 2.3 984 1298 690 651

Self-imaging 26.3 24.7 70.0 70.2 65.0 1.2 573 371 410 395
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with

Here, the subscript 0 refers to the initially obtained value, i indi-
cates the iteration step, and ν is the Poisson’s ratio of the sample. 
Convergence was achieved after less than five iterations in all 
cases. The corrected hardness and reduced modulus values are 
displayed as dashed lines in Fig. 7. It can be seen that with this 
correction, a perfect agreement between the correction with the 
area function produced by indentation and self-imaging was 
obtained in the constant region above 75 nm for both hardness 
and reduced modulus. It needs to be mentioned that the effect 
of radial displacement does not play a role in the correction of 
data obtained for material that has the same Poisson’s ratio as 
the calibration material [15], such as is naturally the case for 
the fused silica/fused silica pairing. Therefore, the expected val-
ues are obtained for the data corrected by the indentation area 
function here without the necessity of correcting it for radial 
displacement. However, the situation might be different for the 
indentation of sample/calibrant pairings with different Poisson’s 
ratios. Consequently, the presented findings suggest that the 
effect of the radial displacement indeed results in the observed 
discrepancy between direct imaging and indirect determination 
of the area function by indentation. Since the low-resolution 
CLSM approaches the same constant hardness value as the 
self-imaging, a similar result can be expected at contact depths 
exceeding 150 nm.

In addition to the offset in hardness, there appears to be 
a decrease at low contact depths when it is evaluated using 
any area function recorded by direct tip imaging. For self-
imaging the drop is notable below 50 nm. Such a decrease 
has been reported by several authors and has been attributed 

(7c)K = (1− 2ν)(1+ ν)

2
cos (θ).

to the rounding of the tip [12, 19–22]. For a perfectly sharp 
pyramid the hardness is constant due to the self-similarity as 
can be seen here for higher contact depths. Close to the apex, 
however, the tip behaves more like a sphere for which a decline 
in the hardness proportional to 

√
hc  is expected [19], result-

ing form a changing indentation strain. The hardness drop 
therefore is a physical effect of the tip rounding rather than 
an introduced artifact. Generally, the use of a sharper indenter 
results in higher hardness values [23, 24] and the reduction in 
measured hardness is consequently expected to increase with 
tip radius [21], i.e., the hardness should decrease with ongo-
ing wear of the tip. The hardness decrease is absent in the case 
when the indentation area function is used for correction. For 
the reduced modulus, this decrease at low indentation depths 
is generally not expected but can also be observed for the 
direct imaging methods here, although it appears to be much 
smaller in this case. The reason for this is probably related to 
residual uncertainties of the imaging of the region around the 
tip apex that are not readily accounted for.

Nonetheless, the presented results on the evaluation of 
the mechanical properties suggest that the direct tip imag-
ing is potentially superior compared to the more commonly 
performed indentation method. First, the hardness decrease 
at low indentation depth due to a decreased indentation strain 
resulting from a rounded tip can be observed. Furthermore, 
direct imaging allows to detect tip defects such as breakouts 
and scratches that are not readily visible from an indenta-
tion experiment. Also it does not depend on the depth-inde-
pendent mechanical properties of a standard material which 
might only be known with a particular uncertainty. Although 
it can be argued that the effort is higher compared to the well-
established indentation of fused silica, equipment capable of 
scanning a sample together with suitable evaluation scripts 

Figure 7:  (a) hardness of fused silica and (b) reduced modulus for the indentation of fused silica evaluated using the area functions determined with the 
different imaging techniques in comparison with the mechanically determined values. Additionally, the dashed red lines indicate the data obtained 
with the self-imaging area function corrected for radial displacement using Eq. (7a), (7b), and (7c).
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allow to evaluate the tip with a higher precision in less time 
and with less wear on the tip. However, not every imaging 
method is equally suitable and the recorded 3D data set needs 
to be critically assessed before it can be used for correction 
of tip blunting.

Conclusion
In this publication, we have assessed the suitability of several 
direct imaging methods (confocal laser scanning microscopy—
CLSM, atomic force microscopy—AFM and self-imaging by 
scanning a sharp silicon spike with the indenter) for the deter-
mination of the area function of a Berkovich nanoindenter tip. 
A new evaluation method based on the fitting of the obtained 
3D datasets using Python scripting is presented. The important 
tip characteristics such as the tip radius at the apex and equiva-
lent cone angle were determined for all imaging methods using 
different approaches allowing to assess the applicability of each 
measurement. It can be seen that although all methods allow 
to image the tip in principle, there are important differences 
between the results. It was found that both CLSM and AFM 
showed artifacts which inhibited the determination of a suit-
able area function. In the CLSM case, no sharp image could be 
produced and the edges as well as the apex of the tip showed 
additional laser reflections especially when the image was 
recorded using a higher resolution. Even in the AFM measure-
ment, inconsistencies of the results were obtained which are 
most likely correlated with the tapping mode operation of the 
AFM. Self-imaging on the other hand resulted in a sharp image 
and an area function was obtained that is preferable to the deter-
mination of the area function by the indentation of a reference 
material, as it allowed the observation of the hardness decrease 
at low indentation depth due to the rounding of the indenter tip. 
In conclusion, self-imaging provided the best results especially 
since the tip does not need to be removed from the indenter 
device. However, not all nanoindenter instruments are capable 
of using the tip directly as a scanning probe. In this case, the 
low-resolution CLSM measurement might be an alternative for 
comparatively large indentation depths above 150 nm where 
the artifacts around the tip apex were found to be negligible. It 
needs to be mentioned here that while we show the evaluation 
for a Berkovich tip, equivalent evaluation techniques can be just 
as well applied to other tip geometries such as cube corner tips, 
four-sided pyramidal Vickers tips, or sphero-conical tips.

Methodology

The Berkovich diamond tip acquired from Bruker was 
imaged using three different techniques: Confocal laser scan-
ning microscopy (CLSM—Olympus 4100 OLS), atomic force 
microscopy (AFM—Asylum Research MFP-3D AFM), and 

self-imaging over spikes using the scanning probe microscopy 
(SPM) option of a Hysitron nanoindenter (Hysitron TriboIn-
denter TI950) were chosen for the different resolutions and 
availability in different labs. CLSM images were made using 
the low-resolution and high-resolution mode (pixels). The 
AFM image was made with tapping mode using a scan sizes 
of 10 × 10 µm2, utilizing AC 160 TS AFM Probes (Olympus 
Micro Cantilevers) with a nominal tip radius of curvature of 
7 nm and atypical resonance frequency of 300 kHz. The scan 
resolution of 512 × 512 pixels is limited by the AFM tip radius 
and was chosen as the optimum between maximum resolution 
and minimization of noise. Self-imaging of the tip was accom-
plished on a TriboIndenter 950 (Bruker-Hysitron) utilizing 
a TGT1 spikes grid from NT-MDT. The spikes are made of 
silicon with a height of 0.3–0.7 µm, a radius of approximately 
10 nm, and spacing of 3 µm (lateral) or 2.12 µm (diagonal). 
Scanning over the spikes was performed in the scanning probe 
microscopy image mode with a set point of 2–3 µN. The scan 
size was 2 × 2 µm, with an additional 5 × 5 µm image used to 
identify and center the indenter tip over a spike. Since the 
radius of the silicon spike is much smaller compared to the 
features of interest on the imaged Berkovich tip, no influence 
of the spike in terms of image dilation [25] is expected. The 
indentation experiment as well as the elastic indentation used 
for the determination of the tip radius assuming Hertzian 
theory was performed on a TS77 Select (Bruker-Hysitron).

The frame compliance correction was performed accord-
ing to the manufacturer’s protocols. A matrix of 25 indents 
spaced 10 µm apart with loads varying between 5 and 10 mN 
were made into fused silica. From these indents, the frame 
compliance was corrected before indenting for the area func-
tion calibration. The tip area function was created from 50 
indents into fused silica and a 10 s load-10 s unload with loads 
between 100 µN and 10 mN.

The data evaluation was performed using custom made 
Python code which to a large extent employ the NumPy [26] 
and SciPy [27] packages. The determination of the depth-
dependent cross-sectional area was performed using the 
“marching squares” algorithm, a special case of the “march-
ing cubes” algorithm [28]. This algorithm is implemented by 
the find_contours function in the measure module of the 
scikit-image library [29]. Further, third party libraries that 
were used are matplotlib [30], shapely [31], PyQt5 [32], and 
pyqtgraph [33].
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