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Effect of angled indentation on mechanical properties
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Abstract

Indentation on a smooth surface, perpendicular to the indenter tip, is critical to obtaining accurate mechanical property values with nanoindentation.
However, for some materials, achieving such a scenario may not always be feasible. To investigate the effect this may have, angled indentations
were made on flat, sintered hydroxyapatite samples individually mounted so as to produce indentation angles of 10°,20°, 30°, 40° and 50°, as well as
leading contact with either the face or edge of the Berkovich tip used. While significant scatter in results reinforced the importance of perpendicular
penetration, two phenomena were found to serve as potential indicators of angled indentation, and hence unreliable data. It is recommended that

topographical profiles are obtained on any material of uncertain roughness prior to indentation.

© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

In an ideal nanoindentation experiment, the flat surface of
a sample is mounted perpendicular to the tip of the indenter.
The tip of the indenter touches the surface of the sample and
penetration is performed by applying a known load. Mechan-
ical properties such as hardness and reduced modulus can be
obtained from a cycle of loading and unloading.

During an experiment, any phenomenon like pile-up, sink-
in, angled indentation or indentation on a rough surface may
alter these recorded mechanical properties. Several investiga-
tions have been reported on the effect of pile-up and sink-in.!?
Other studies have explored the effect of performing indentation
on a rough sample.>® The effect of roughness on the hardness
value obtained has been found to be negligible if the depth of
indentation is much greater than the surface roughness.” Thus,
producing an approximately flat surface for indentation will
minimise the scatter in a measurement. However, some mate-
rial surfaces are not flat and are dictated by the manufacturing
process.
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Kim et al. modified an existing indentation size effect (ISE)
model to account for work done in flattening a rough surface dur-
ing indentation.!'? Others have explored using surface roughness
corrections or, alternatively, a threshold criterion to deal with
roughness issues for certain material types.'!~!3 While a major-
ity of these studies have utilised sharp indenters, a relationship
between surface roughness and measured mechanical properties
has also been reported for spherical indenters'.

It has been found that thermally sprayed hydroxyapatite
(HAp) coatings are not completely flat, but composed of flat-
tened solidified droplets. HAp coating is one example of an
aforementioned material for which obtaining a flat surface may
not be practicable. The implant surface implanted into the body
remains unpolished, and so there is a need to directly evalu-
ate the as-sprayed HAp coated implant surface. Furthermore,
the polishing process necessarily involves introducing water to
the specimen, which may alter its microstructure and hence its
mechanical properties due to its sensitivity to moisture.

Roughness and waviness of thermally sprayed HAp coatings
will lead to scatter in nanoindentation data, largely dependent
on the position of indentation. It may arise that contact occurs
between the sample and a face or edge of the indenter, rather than
the indenter tip. The principles of the nanoindentation technique
may not be correctly applied in such cases,>1© with inaccuracies
arising from the incorrectly measured projected area. Though
some work has been conducted into effects of the indenter geom-
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Fig. 1. Schematic image of (A) the Berkovich indenter with face angle of
a=65.3° and (B) position of indenter and sample. Angle 6 varies from 0 (solid
line) to 50 (dotted line) degrees.

etry (shape and acuity) on a material’s mechanical response and
measured properties,!’ 2% no research has been reported on the
effect of angled indentation.

This study is concerned with the slopes that may be found
on undulating surfaces, a factor that is present with solidified
droplets. A prior investigation has revealed that hardness and
modulus values obtained from thermally sprayed HAp coat-
ings were influenced by indentation position.?! The cause of the
variation in the measurement is attributed to the nature of the
surfaces. The present study will determine the reduced modulus
and hardness of sintered HAp samples at increasing set angles
to the indenter. The change in the loading—unloading curves will
be shown as a function of the indentation angle.

2. Experimental procedure

A disk shape of HAp sintered at 1200 °C from the prior
study?? was mounted on five different wedges to create inden-
tation angles of 10°, 20°, 30°, 40° or 50°. The surface contact
is first established at a known angle to either a face or edge of
the indenter. Fig. 1A illustrates the geometry of the Berkovich
indenter, which is used in this study. Position of the indenter
perpendicular to the surface and tilted surface from 0° to 50° is
depicted in Fig. 1B.

2.1. Micromechanical testing

Nanoindentation was performed using a Nano Test
instrument (Micro Materials Ltd. Wrexham, UK). It is
a pendulum-based depth-sensing system, with the sample
mounted horizontally and the load applied electromagnetically.
Both the machine and the indenter must be calibrated before

any real experiment. To this end, indentations were carried out
on a fused silica (FS) specimen. For the reference sample, load-
controlled, load—partial-unload experiments of twenty cycles at
different depths were performed. Other experimental conditions
were preset: loading and unloading rate of 6mNs~! and 30s
hold for thermal drift correction.

Hardness (H) and reduced modulus (E;) were determined by
the following equations:

H: Pmax

A

1 S
g 1YES

B2 VA
where Py is the maximum load applied to the projected contact
area, A. B is a correction factor depending on the type of indenter
used, and takes a value of 1.034 for the Berkovich indenter used
in this study. S is the elastic contact stiffness.

Approximately 5 indentations were made on each wedge
by applying a 100 mN load. Constant hardness at larger loads
and higher hardness values (ISE) at loads less than 100 mN
were observed.?® The loading/unloading rate of 10mN s~! was
selected. The dwell period for thermal drift correction was set
to 60 s. The initial load was set to 0.1 mN. A set of indentations
was made for both face and edge surface contacts.

2.2. Surface morphology

The 2-D profile of thermally sprayed HAp was determined
using an XP-2 High Resolution Surface Profilometer, Ambios
Technology, Inc., CA, USA.

After performing nanoindentation on the surface of the sin-
tered HAp sample, Scanning Electron Microscopy (SEM) was
used to observe the residual impression at high magnification
with a larger depth of focus than achievable with an optical
microscope. The morphology of the impression was then exam-
ined using an XL30 Philips SEM with an accelerating voltage
of 20 keV. Samples were sputter coated with gold before exam-
ination in the SEM.

3. Results and discussion

An indentation conducted perpendicular to the surface
(0=0°) provided an equilateral triangular indent, Fig. 2. The
loading—unloading curve follows the typical shape of the load-
ing indicating a higher resistance to deformation with increasing
depth. The SEM image shows no evidence of cracking dur-
ing indentation into the sintered HAp. Also noted is the clean,
symmetric nature of the impression reflecting the symmetrical
geometry of the indenter tip. Under the applied 100 mN load,
hardness and reduced modulus were found to be 7.1 0.3 and
116.7 £ 0.6 GPa, respectively.

For very rough samples, contact may occur at an angle to
the indentation direction. The surface of a commercial ther-
mally sprayed HAp coating is mapped in Fig. 3 over a randomly
selected 300 pm region. The roughness is seen to be significant,
with several droplets discernible along the length. In this sec-
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Fig. 2. Load—displacement curve for one cycle of loading and unloading, and the corresponding SEM image of a perpendicular indentation into sintered HAp.

tion alone there is a maximum amplitude difference of ~15 pwm.
The variation in height is also very non-uniform, as deposited
droplets overlap one another. Indentations blindly performed on
a coating could therefore be located on a droplet centre or on
the edges or overlapping regions at a range of angles. Further-
more, contact may occur not only with the tip, but with either
the face or the edge of the indenter. The inset of Fig. 3 illustrates
this concept on the surface profile of a 65 wm diameter single
droplet, enlarged from the 300 pwm scanned region. The uneven
slopes and almost 9 wm displacement from base to top of the
droplet provide a range of possible indentation scenarios as indi-
cated. As aresult, the projected contact area calculated will be in
error, resulting in overestimated or underestimated mechanical
properties. To investigate this effect, angled indentations were
performed on negligibly rough sintered HAp samples.
Load—displacement curves and residual impression images
of nanoindentations which touch the face of the indenter at 10°,
20°, 30° and 40° are shown in Fig. 4. In changing the mounted
sample from 8=0° to 10°, hardness and reduced modulus dra-
matically reduce to 2.9 £ 0.8 and 38.3 £ 5.5 GPa, respectively.
However, changing from 10° to 20° caused mechanical proper-
ties to increase while the residual impression again decreases.
This increment in mechanical properties is observed until 30°,
after which they drop abruptly. At the angle of 40°, the sample
just touches the face of the indenter and a clear indentation was
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Fig. 3. A 2-D profile of thermally sprayed HAp showing surface roughness.

not observed (Fig. 4). From inspection of the load—displacement
curves, the final depth reduces from 600 to 50 nm for 0° to 50°,
respectively. The depth of penetration shows erratic behaviour,
decreasing from 1500 nm at 10° to 1050 nm at 30° and then
increasing up to 1890 nm at 50°.

Quite different behaviour is observed for the indenter edge
contact, Fig. 5. From 6=0° to 10°, mechanical properties
increased; hardness and reduced modulus were recorded as
10.4£ 1.1 and 167.6 &= 7.3 GPa, respectively. These values then
decreased continually with angle to 6.7 &= 1.3 and 56.2 + 5.6 GPa
at 30°. Again, a “critical angle”, at which the increment in hard-
ness and modulus values change direction, is observed around
30°. It is speculated this may be linked to the indenter geome-
try, the Berkovich tip (Fig. 1A) having a face angle (a=65.3°)
almost the complement of this critical angle. Such a connection
remains uncertain, as no experiment at 25° inclination was con-
ducted. The size of the residual impression decreases from 10° to
40°. The final depth remained approximately the same, between
350 and 420 nm, for all angles, as did the depth of penetration,
900 £ 50 nm. Again, this is very different behaviour than that
observed for face contact.

No residual impressions could be found for the 50° angle
(Fig. 6). The depth of penetration reaches almost 2000 nm for
face contact while the edge contact penetrates less than half
of that, sitting around the same value as seen for the other
angles with this type of contact. Further, edge contact tolerates
a 100 mN load, while the face contact indentation stopped at a
load of ~40 mN due to too large a penetration depth. Hardness
and reduced modulus of all angles for both face and edge contact
are shown in Fig. 7.

These results serve to demonstrate the considerable unre-
liability of any data obtained on mechanical properties when
perpendicular indentations are not produced. This is an issue for
materials, such as rapidly solidified HAp, whose microstructure
can be altered by polishing processes to achieve the desired flat
surface. Flatter HAp coatings could be achieved with control of
the droplet temperature and velocity before impact. This would
enable the measurement of micromechanical properties by
indenting the surface of individual flattened solidified droplets.
Nevertheless, it would be useful to know whether nanoindenta-
tion data has been influenced by topographical factors.
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Fig. 4. Load—displacement curves for one cycle of loading and unloading, and the corresponding SEM images for angled face contacts.

To that end, two phenomena are consistently observed for
all non-perpendicular indentations. One is the non-symmetrical
appearance of the residual impressions in the SEM images. This
is a direct result of the surface orientation and unbalanced face

or edge contact. The other is the elbow (change in slope) in the
unloading portion of each load—displacement curve. Nanoinden-
tation experiments on silicon have reported elbows in unloading
curves caused by phase transformations under certain loading
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Fig. 5. Load—displacement curves for one cycle of loading and unloading, and the corresponding SEM images for angled edge contacts.
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Fig. 6. Load—displacement curves for a single loading—unloading cycle at the angle of 50° for both face and edge contact (no residual indentation found with the

SEM).

conditions.?*25 However, the lack of an elbow event in the
unloading curve for the perpendicular indentation, given the
identical experimental settings applied in all tests, suggests a
different source for this occurrence of the phenomenon. It is
the authors’ conjecture that these elbow events are a result of
angled indentations, and the associated asymmetric loading of
the indenter tip. This is further supported by the slightly sharper
elbows for larger indentation angles.

Such information would be beneficial for future nanoinden-
tation studies, particularly on materials with a greater level of
roughness. The observation of asymmetric residual impressions
under the microscope would be a clear indicator that inden-
tation did not occur perpendicular to the surface. However, if
SEM imaging is not available, one could simply inspect the
unloading curves for elbow events. The appearance of both
phenomena would be very telling evidence that angled indenta-
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Fig. 7. Hardness and reduced modulus vs. angle for both edge and face contacts.
Note that hardness and reduced modulus at 0° (perpendicular) was found to be
7.03 and 116.74 GPa, respectively.

tion has occurred, and therefore the accuracy of any calculated
mechanical properties are not reliable.

4. Conclusions

The effect of indenter penetration angle on micromechan-
ical properties was comprehensively studied. Indentations on
sintered HAp samples were performed, while the sample was
tilted at angles of 10°, 20°, 30°, 40° and 50°. An angle around
30° was determined to be a “critical angle”, which may be
related to the geometry of the indenter. Coexistent asymmetric
residual impressions and elbow events in unloading curves have
been attributed to the non-perpendicular surface penetration of
the indenter tip. The observation of either of these phenom-
ena should serve as an indicator of an angled indentation that
produces incorrect mechanical property values.
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