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This paper focuses on tip shape and degradation of diamond indenters upon high temperature nanoindentation tests. Accurate
indenter area functions (IAFs) are essential for the correct measurement of mechanical properties by instrumented indentation
techniques (IIT), particularly during high temperature (HT) nanoindentation. However, being a relatively new technique, sufficient
information is lacking. This paper examines the shape and degradation of a Berkovich indenter tip after HT nanoindentation testing
of 1 mm-thick SiC and Al thin films at room temperature and at T=100°C, 200°C and 300°C. IAFs were determined by the reference
method and by atomic force microscopy (AFM), with the latter giving higher contact areas, although tip defect values extracted from
both methods were in good agreement. Examination of the tip by AFM after HT nanoindentation on SiC reveals a blunt tip and the
need for a new IAE. The work emphasizes the importance of carrying out indenter tip shape calibrations on a regular basis, especially
when indenting and scanning hard samples and metals that readily oxidise at T>200°C, where the tip gets easily contaminated.

1. Introduction

Interest in hot micro and nano-mechanics has grown in the last few
years as the characterization of the mechanical response of small
material volumes and thin films at high temperatures is crucial to many
new technological applications.'> The instrumented indentation
technique (IIT) is the most widely used by researchers worldwide,
since there are now well-established methods and standards for the
application of nanoindentation to many material types.>* Hot research
topics include studies on the effect of elevated temperature on incipient

plasticity>® indentation size effect,”® nanoscale multilayers®!'°

and phase
transformation.'" However, high temperature (HT) 1T is still in the early
stages of development, as it must overcome many technical challenges
such as the control of thermal drift and the thermal stability of both tip
and sample surface at the testing conditions (i.e., oxidation and/or
chemical reactions between sample and tip). New machine designs,
testing environments and protocols are currently being developed to
tackle these issues.

This work is motivated by the increasing demand for high
temperature indentation characterization and the need to understand how
the indenter tip shape affects the measurement of mechanical properties

at high temperatures. All nanoindentation based measurements require
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knowledge of the contact area between the diamond indenter and the
test piece and the estimation of the contact area from the load-
displacement curve represents the biggest source of errors in
nanoindentation measurements, especially for small indentation depths
(<1 mm). The Berkovich diamond indenter (three-sided pyramid), is
the most widely used geometry for extracting modulus and hardness
values of thin films and small volumes.'> The contact area between the
indenter and the sample can be determined from the contact depth and
the calibrated indenter geometry, typically referred to as the indenter
area function (IAF). In order to determine the IAF, two methods can be
adopted: (i) an indirect calibration, by indenting a reference material
exhibiting known elastic properties (e.g., fused quartz) and (ii) a direct
measurement of tip area by metrological atomic force microscopy
(AFM) of the tip, which is the recommended direct method of obtaining
the TAF by the ASTM E2546-07 (ASTM, 2007) and the ISO 14577-4
standards.

In this study, a brand new Berkovich indenter is used to indent SiC
and Al 1 mm-thick coatings. The tests were performed from ambient
temperatures up to 300°C. IAFs of the indenter tip were obtained by the
reference method performing indentations on a fused quartz sample and
by AFM direct imaging before and “in between” the SiC and Al tests,
and then used to calculate modulus and hardness values as a function
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of temperature using the Oliver and Pharr method'® and AFM imaging
of residual impressions. The tip defect was also examined by direct
(AFM imaging) and indirect (from indentions on fused quartz) methods,
with good agreement on the calculated tip defect values from both
methods. Results demonstrate the importance of monitoring the tip shape
during high temperature indentation, as tip wear and contamination from
chemical reactions can degrade tips very fast, when indenting metals

and ceramics, even at relatively moderate temperatures.

2. Materials and Experimental Techniques

The investigated SiC and Al coatings were grown on single-crystal
(100) Si substrates, by physical vapour deposition (PVD) to a thickness
of ~ 1 mm. The Al coating displayed a columnar nanograin structure
with a preferred (111) crystalline orientation, while the SiC coatings
were amorphous. Samples were cut in 1x1 cm? pieces for testing at
different temperatures.

Room temperature (RT) and high temperature (HT) nanoindentation
measurements were performed using a Hysitron TI950 triboindenter
instrument equipped with a hot stage and a Berkovich tip attached to
a Zerodur® glass ceramic shaft with negligible coefficient of thermal
expansion. Indentation tests were carried out using fast loading cycles
in order to minimize thermal drift effects on load-displacement curves.
Loading rates of 5 mN/s were used with a hold period of 0.5 s at a
maximum load of 10 mN and unloading times of 0.5 s. For Al tests,
loads of 2.5, 5, 7.5 and 10 mN were used in order to get a better
estimation of the coating-only hardness and modulus by extracting the
substrate contribution using the extrapolation method described in ISO
14577 part 4. The extrapolation was done in the range 0.2 < A./t. < 0.5,
where /4. is the contact depth and ¢. is the film thickness. The range was
chosen in order to minimize roughness effects of the Al films (R,=13+1
nm) as the ISO standard recommends /.> 20R, which corresponds to
hJit. > 0.24. As a result of this large 4./t ratio, some substrate
contributions cannot be ruled out, especially in the determination of
modulus. At least 10 indents were performed at each temperature and
maximum load, and the samples were kept at the test temperature for
at least 3 hours. Samples were mounted with mechanical clips and
heated to the selected temperature; once at thermal equilibrium, the tip
was brought into contact with the sample surface and allowed to
equilibrate for up to 1 hour before performing the tests. A water cooled
thermal shield was placed between the loading head and the hot stage
to insulate the transducer from direct radiant heat. In order to minimise
surface oxide formation, a constant small flow of high purity Ar was
maintained near the tip for the full duration of the tests. A Parks XE-
150 AFM instrument was used in contact mode to scan the indenter tip
and the residual impressions after indentation. The indenter area function
was determined only at room temperature as the diamond indenter
geometry is not expected to change significantly since diamond thermal
expansion coefficient is only 0.8x10%/K and the diamond tip dilation is
less than 0.04% at 400°C."

2.1 Indenter area function (IAF) calculation by reference material
To determine the IAF by a reference material, a series of indentations

were performed in a fused quartz sample of known elastic modulus
(69.6 GPa) and Poisson’s ratio (0.16). Indentation runs were conducted
up to the maximum load for the transducer (12 mN) at various contact
depths using constant loading rates, with 5 s loading and unloading
times and 2 s hold period. The maximum contact depth was ~ 200 nm.
These same indentations were used for estimating the tip defect which
was then compared with AFM 3D profiles. The IAF is obtained from
a plot of the calculated contact area (4,.) versus contact depth (4.) by
fitting the curve to the Oliver and Pharr formulation of the form:

A, = Cii+Ch +Ch P+ Cn v n P ronl . )

where Cy to Cs are fitting coefficients.

2.2 Diamond area function (IAF) calculation by AFM imaging

Cleanliness of the tip is crucial to obtain good quality images for
IAF calculation. Before AFM scanning, the indenter tip was cleaned
with a cotton wool swab soaked with alcohol and dried touching the tip
2~3 times with a clean lens tissue, until no visible contamination was
observed under an optical microscope (with a magnification of at least
x200). Occasionally, in order to remove stubborn contamination, low
forces were used to push a flat wooden stick (soaked with alcohol
beforehand) onto the indenter. The tip was mounted on the AFM base
plate by placing it inside a hole of a small Al cylinder, and fixed by
means of plasticine. AFM scans were obtained in contact mode using
standard Si probes with a very low spring constant (0.2 nm/mN).

The AFM tip was checked and its radius measured before and after
indenter scans with an ultra-sharp array of peaks (TipCheck, Aurora
Nanodevices Inc.) and the SPIP software equipped with the “tip
characterization” tool. An estimated tip radius of ~ 20 nm + 2 nm was
found before and after tests. Tip dilation effect, which will produce a
small overestimation of the contact area, was not considered here, as
the sizes of the AFM tip relative to those of the indentation probes
(110~445 nm) were small, and the area values between original and re-
constructed images are less than 3%. Thus, only data from the original
AFM images are reported here.

Visual alignment of the indenter was done using the motorised
AFM X-Y stage and the AFM optics. Fine positioning is completed by
electronically adjusting the AFM scan window. During imaging, the
indenter tip apex was first found by taking a large scan size (i.e. 60x60
mm?) at low resolution and then progressively zooming in on the tip
apex. Final target conditions were scan size of 2x2 zm? with 512 pixels/
line and a scan rate of 1 Hz with both gain and force optimised as
appropriate. The AFM images were then analysed by SPIPTM data
processing software (Image Metrology). As the vertical axis of the
indenter in the metal holder is not perfectly aligned, the obtained images
were tilted to get the indenter axis parallel to the z axis. This was
achieved by assuming that the facet angles are equal on both sides of
the indenter tip. Line cross sections were obtained through the top of
the indenter tip, and then an interactive tilt plane correction was applied
until facets at both sides were equal. Datasets of cross-sectional areas
orthogonal to the pyramid axis (i.e. projected areas) at different heights
were then obtained with an accuracy step of at least 5 nm. The IAF was
finally derived from a polynomial fit to the area vs. height data.
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Fig. 1 Indenter area functions (IAFs) measured by AFM and the
Reference method of a new tip (diamond symbols) and a used tip
(square symbols) with the measured radius of 110 nm and 445 nm
respectively, which were obtained from AFM 3D profiles shown in the
figure insets. The ideal Berkovich IAF is also shown for comparison

3. Results and Discussion

3.1 Indenter tip characterization

Fig. 1 shows a comparison of the IAFs obtained for the indenter tip
(new and then used for HT testing of the SiC layers) and the IAF for
an ideal Berkovich indenter. The data for the area obtained with both
methods was fitted using two coefficients of polynomial (1). For an
ideal Berkovich, 4,=24.5h2 The area calculated from the ideal
Berkovich geometry is always smaller than the others due to the
bluntness of the tip, which increases the projected area. In general,
AFM IAFs are larger than those obtained by reference IAFs,'> however
for low contact depths (/#.<80 nm for used tip and 4.<20 nm for new
tip), the area achieved by the AFM IAF is larger than the REF IAF due
to tip deformation during indirect determination of IAF using a reference
sample.

In practice, new indenters are not perfectly sharp but have a tip
radius in the range of 100~200 nm. In Fig. 1, measured tip radii of 110
nm and 445 nm were obtained for the new tip and the same tip after
use. This becomes increasingly important as the depth of penetration
decreases (low 4., where the radius of curvature becomes the
dominating effect in the IAF.

The tip rounding effect causing a deviation from an ideal tip shape
can also be approached by defining a tip defect value “Ah”. If Ak
represents the “missing portion” from the ideal tip, the penetration
depth quantities will be in error by this amount, and the actual contact

area at the measured value of contact depth /. would be:
A, =245(h,+Ah) 2)

If the face angles were ideal, then we could find the actual area of
contact using (2). The value of A/ can be estimated in two indirect ways:
i) From a contact stiffness (S) versus 4. plot. The contact stiffness

for a Berkovich indenter can be expressed as:

_AF _ (2 \ps
s=4 (ﬁ)E J2A5(h,+Ah) 3)

For indentation in a material having constant elastic modulus, such

contact depth 4. and curve fit using expression (5). All curves
determined experimentally on fused quartz with the new (triangles)
and the used (open circles) indenter tip

as fused quartz, the relationship between S and 4. is a linear function,

and a plot of S versus 4, yields a straight line of the form:
§=Ch.+D 4)

The value of A/ is thus found from the intercept term D/C, as shown
in Fig. 2(a), by extrapolating the linear part of the curve to zero value
of S.

ii) From a maximum force (¥, versus /4. plot. Using the definition
of hardness, this curve is given by

Fmax = Cd(hc+Ah)2 (5)

where C, is the loading curvature and A/ is the blunting distance,
which can be approximated as the tip defect. Fig. 2(b) shows the fit to
the data obtained in fused quartz. The “Ah” tip defect values calculated
from both methods are given in Table 1.

To account for variations in the facet angle [factor 24.5 in Eq. (2)],
the area of contact can be calculated from:'®

A= (W CYQBENT (h+ M)’ (©)

where C is determined from the fitted data (Fig. 2(a)), E* is the known
modulus of the fused quartz and b is a geometrical shape factor with
a value of ~1.034 for a Berkovich indenter.

As mentioned, AFM imaging method can be applied to obtain the
IAF and to examine other indenter tip features, like defects. Plane-view
AFM observations (scan size of 2x2 um?) of the new and used indenter
tip are shown in Figs. 3(a) and 3(b) respectively. The contour lines are
set every 60 nm; the bluntness of the tip centre is more evident in the
used indenter tip, which was blunted after indenting and scanning SiC
at high temperatures. Tip defect “A%” can be estimated by extracting and
extrapolating lines following the diagonal of the three sided indenter, as
shown in Fig. 3. Using this methodology, “A/” was measured as ~6 nm
for the new tip and ~29 nm for the used one. These values are coherent
with those obtained by indirect methods (see Table 1). Such an
agreement was also found by Krier et al.'” when using fused silica for
the indirect method.

3.2 High temperature indentation testing of SiC and Al thin films
Indentation hardness is defined as the ratio between the maximum
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Fig. 3 3D AFM topography, 2D AFM scan image (2x2 um? scan size)
with contour lines and cross section along the indenter diagonal from
which the tip defect A% can be estimated for: (a) new tip and (b) used
tip after HT testing of SiC

Table 1 Values of tip defect A4 deduced from indirect methods i)
contact stiffness (S) versus 4, plot, ii) maximum force (F,,,) versus A,
plot and from direct observation of the indenter tip by AFM

Ah [nm] Svs. h, Fvs. h, AFM
New tip 11 11 6
Used tip 34 29 29

applied force (F,.) and the projected area of indentation impression
(4p). The Oliver and Pharr allow indirect measurement of 4,, through
the IAF, which needs to be estimated as accurately as possible. The
main limitation of this method is that it cannot account for pile-up
around the indenter which happens when indenting soft materials,
leading to an underestimation of the contact area and therefore to an
overestimation of the measured hardness.'® Fig. 4 shows two indentation
impressions on SiC (a) and Al (b) at T=200°C for the same maximum
load of 10 mN. The pile-up behaviour is clearly visible in the case of
the Al residual indent; the maximum indentation depth was ~ 500 nm
for Al and ~ 60 nm for SiC. Hardness was then evaluated by a direct
method, imaging the indentation’s impression by AFM, which permits
direct measurement of the actual area of the indentation impression and
the examination of pile-up behaviour, from AFM scans like the one
shown in Fig. 5.

In the SiC scan image of Fig. 4(b), pre-indentation scan lines can be
observed, as the indenter tip was used for imaging the surface prior to
indentation with a setpoint force of 2 mN. It is believed that the tip
suffered acute blunting after the HT indentation and scanning on the

Fig. 4 (a) AFM 3D topography scans of residual indent impressions
performed at T=200°C on SiC (a) and Al (b) at a maximum load of 10
mN. Scan sizes are 1.5x1.5 gm?® and 10x10 zm? respectively

tagnt nm|

500

100 200 300 400 500 600 TO0 R0O
Postion [jim]
Fig. 5 (a) 3D topography of residual indent on Al (8x8 zm? scan size),
(b) measurement of projected area (red contour) taking pile-up into
account and (c) cross-section across residual indent showing pile-up

behaviour

SiC single layers. The combination of applied stress and propensity of
diamond reaction with carbide containing materials at elevated
temperatures can cause gradual wear of the tip.'> AFM scans of the tip
in Fig. 3(b) and 6(a) confirms the blunting of the tip that occurred after
the SiC HT testing.

This blunted tip, which has been called “used tip” throughout this
work, was then employed for the Al HT testing. Figs. 6(b) and 6(c) show
the residual impressions left on the Al surface at T=200°C and 300°C
for a maximum load of 1 mN. The images illustrate how, at T=200°C,
the residual impression on the Al surface matches very well the shape
of the indenter tip, while at T=300°C, the impression has an irregular
shape indicating a high degree of tip shape degradation or contamination.
In ambient air or in an uncontrolled atmosphere like the one in which
the HT tests took place, oxidation (and erosion) of the diamond indenter
is only expected to occur for temperatures > 450°C."" Therefore, the
rough and uneven imprint observed in Fig. 6(c) was very likely caused
by surface oxide contamination attached to the indenter tip during Al
HT testing at 300°C. This was then confirmed by the tip scan after the

test shown in Fig. 7(b) which reveals the presence of severe oxide
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Fig. 6 (a) AFM 3D topography images of blunt tip (2x2 um?* scan
size), and indent impression on Al surface at (b) T=200°C and c) T=
300°C (3.5x3.5 um? scan size)

Fig. 7 AFM 3D topography images (2x2 um? scan size) of the blunted
tip used to indent Al, (a) before testing, (b) after indenting Al at T=
300°C and (c) after acid treatment on the indenter to remove oxide
contamination

contamination strongly adhered around the tip apex. This oxide
contamination causes the IAF calculated for the tip useless. In order to
remove the oxide contamination, cleaning steps with increased severity
were tried, ranging from using solvents and scotch tape to indenting
wood and Si. In the end, we found an optimal method, which consisted
in applying hot phosphoric acid to the tip in small drops using a
cocktail stick, being careful not to attack the diamond holder, and
leaving it for a few seconds to act; this was followed by indenting on
wood and washing with solvent. This cleaning procedure was repeated
several times until most of the oxide was removed, as seen in Fig. 7(c).

Indentation modulus and hardness values for the SiC and Al as a
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Fig. 8 Indentation modulus (£,7) and hardness (H}7) for SiC (a), (b) and
Al (c), (d) single layers as a function of temperature, calculated using
the Oliver and Pharr method and contact areas from REF and AFM
IAFs and from direct AFM imaging of residual impressions

function of temperature are given in Figs. 8(a) to 8(c). Error bars on the
graphs represent the standard deviation of 10 indents. Hardness values
were obtained from the standard definition using the areas obtained from
the reference (REF) and AFM IAFs of the indenter and from direct
imaging of residual impressions (AFM analysis). Taking the AFM
analysis values, SiC hardness decreases gradually from a RT value of
~ 35 GPa down to ~ 29 GPa for T=300°C, whereas the Al hardness
decreases from ~0.9 GPa at RT down to 0.4 GPa at T=200°C. These
values agree well with those obtained using the REF and AFM IAFs
for Al, whereas in the case of SiC, the AFM IAF appears to slightly
underestimate the hardness values.

Indentation modulus were calculated using the standard Oliver and
Pharr method using areas evaluated from the REF and AFM IAFs and
the area measured directly from AFM imaging, and assuming Poisson
ratios of 0.14 and 0.334 for the SiC and Al layers respectively. The
trend of the SiC modulus values with temperature is opposite to that of
the hardness, with an increase in values from ~300 GPa at RT up to
~360 GPa at T=300°C. Normally a small decrease of elastic modulus
for SiC as a function of temperature would be expected, which is not
seen in this case, probably due to film densification.”’ As observed for
the hardness values, the AFM IAF underestimates the modulus values.
This is probably due, to the AFM IAF overestimation of the contact area
for the new tip at the relevant contact depths, effect that is alleviated for
the Al as in this case, the hardness and modulus values were obtained
by extrapolating to zero contact depth and size.

For the Al modulus, only the values up to 100°C are shown, since
the thermal drift for T=200°C was too large to obtain meaningful results.
The Al modulus value decreases from ~90 GPa at RT down to =70 GPa
at T=100°C. Results are somewhat larger than expected for Al (E~72
GPa at RT), but substrate effects cannot be ruled out, because as
explained in the experimental section, the lowest indentation depth was
set to /1./t,=0.2 to minimize surface roughness effects. In the case of Al,
the values obtained with the REF and AFM IAFs agree quite well with
the AFM analysis. For illustration, in the Al graphs, the values that
would be obtained using the IAF for the new tip are also plotted, in
order to show how the results that would be obtained are erroneous
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since the IAF for the new tip, which was valid for the SiC tests, is no
longer valid for the evaluation of the modulus and hardness of Al. The
valid IAF in this case is the one corresponding for the used tip - as we
know the tip was blunted after the SiC testing.

4. Conclusions

Hardness and modulus values of SiC and Al single layers were
measured as a function of temperature. Results using Oliver and Pharr
method and AFM imaging of residual impressions agree well, and show
the importance of using the right indenter area function for mechanical
property measurement, especially since degradation and contamination
of the tip can occur fast when indenting metals and ceramics at relatively
moderate temperatures.

In this sense, AFM is a very powerful tool for the nanoindentation
community as it can be used to obtain indenter area functions in a direct
way and also to check tip shape when degradation and / or contamination
are suspected. Tip defects can also be attained by AFM, and obtained
results showed that they compare very well with indirect methods using
indentation curves on a reference sample. AFM scanning of the tip
proved quite useful for checking tip bluntness and oxide contamination.
The tip shape effect in the determination of hardness and modulus values
is particularly relevant for high temperature indentation, especially when
indenting hard samples where scanning at elevated temperatures should
be minimised in order to avoid rapid blunting of the tip. In addition,
when indenting metals like Al that readily oxidised, the tip can get easily
contaminated by oxide, and scanning should be minimised, especially
in an uncontrolled atmosphere. Hardness can be obtained in a direct way
by measuring the real area of indentation impressions by AFM high-

resolution imaging in order to take pile-up into account.
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