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A correction is needed to minimize errors in contact area caused by surface tilt in nanoindentation.
Surface tilt decreases the contact area calculated using standard analyses that assume the tested surface
is not tilted and thus results in overestimation of hardness and elastic modulus. Both the direction

of tilt with respect to the pyramid face and the angle of the pyramidal probe are important when
characterizing error caused by surface tilt. Here, a geometric model was used to create contour plots
from which the area correction factor can be directly determined using only the ratios of side lengths
measured from an image of the triangular nanoindentation impression. Contour plots for Berkovich,
cube corner, and two nonstandard pyramidal probe geometries are given. The efficacy of the method was
demonstrated in the correction of Berkovich nanoindentation on facets in freshly prepared poly(methyl
methacrylate) with surface tilts as high as 6°.

For indentation against a homogenous, isotropic, elastic

Nanoindentation is a popular technique used to assess mechani- half-space,
cal properties in a wide variety of materials, including metals,
. . 1 . . 1 a2 1 -2 1-}
ceramics, polymers, and biological tissues, and is especially useful — - s 4 d |, 3)
for its ability to probe properties at small length scales. In nanoin- Eeft 28 Es Eq

dentation, a carefully shaped probe is pressed into and withdrawn

from a material following a prescribed loading function. During where E is the indentation modulus of the specimen, Eq is )
. . . Young’s modulus of the indenter, and v, and v, are Poisson’s S
the experiment, both load and displacement are continuously ) ) i s ! ) £
measured, and from the resulting load—depth trace, mechanical ratios of specimen and indenter, respectively. § is a numerical g
. . L . factor that is often assumed to be 1, but its numerical value is 3

properties can be assessed, including indentation hardness
debated [1-5]. For the analyses in this paper, f=1 is assumed. 5
H= Py (1) Pyramidal probes are often used in nanoindentation, with the E
Ao three-sided Berkovich probe [6] being one of the most com- =
where P, and A, are maximum load and projected contact area O™ For Berkovich nanoindentation, A, in Eqgs. 1 and 2 can be é
immediately prior to unloading, respectively, and the effective assessed from the load-depth trace using a probe area function i
modulus of contact and the Oliver-Pharr contact depth [7] ©
L
E
S _ po _g
Et= 17 @ he =hy = 0.75°2, (4) 2

4

where h, is depth immediately prior to unloading. The probe
where S is contact stiffness attributable to the material and o ‘p ] YP ) ) & .P ]
. o . area function is calculated using a series of nanoindentations in
indenter probe calculated at the slope of the initial unloading.
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a calibration material with known properties, most often fused
silica [7, 8].

Surface tilt is one of many well-known experimental fac-
tors that can cause errors in nanoindentation results [8-14]. In
an ideal indentation experiment, the probe axis of symmetry is
parallel to the loading direction and perpendicular to the flat
specimen surface. From geometry, any deviation from perpen-
dicularity of the probe axis of symmetry with the flat specimen
surface results in an underestimated A, when A, is calculated
using depth [8-14]. An underestimated A, will result in an over-
estimated H and E,. The overestimation will be larger in H than
E, because H depends on A, whereas E, depends on A,"2. For
a given pyramidal probe, the magnitude of the A error caused
by surface tilt depends on both the angle of the surface tilt and
the tilt direction with respect to the pyramid edge or face. The
effect is larger when the surface is tilted up towards an edge.
For a given surface tilt, the magnitude of the A, error is higher
for blunter pyramidal probes than sharper. For instance, the
error for a Berkovich probe would be higher than for a cube
corner probe. Using pyramidal probes with a wide range of
probe angles, including those blunter than a Berkovich probe,
to measure different stress states and other unique properties
attracts considerable interest [15-17]. Therefore, corrections are
needed to minimize systematic contact area errors caused by
using probes with different angles in a tilted surface.

In addition to underestimating A, horizontal compliance of
the indenter stem [12] and changes in the plastic strain field [9]
may also affect the nanoindentation measurement in a tilted sur-
face. However, simulated nanoindentation experiments in surfaces
with tilts up to 5° reveal that these other factors are relatively minor
and accurate nanoindentation H and E can be obtained by using
the actual contact areas in the tilted surface planes [9, 12, 14].

A few theoretical models have been developed to geometri-
cally correct A, for surface tilt, but they all have shortcomings
because they either are only valid for small surface tilts, require
difficult-to-measure parameters, or do not consider the actual
contact area of interest. Oliver and Pharr developed a method to
correct Berkovich nanoindentation areas for surface tilt using a
ratio of the longest side length to the shortest side length meas-
ured from an image of the residual nanoindentation [8], but the
method is useful only for surface tilts less than about 2°. Kashani
and Madhavan developed models to calculate geometric area
correction factors for surface tilt for Berkovich, cube corner, and
conical probes [11, 12]. However, the correction method requires
a priori knowledge of both surface tilt and how the tilt is oriented
with respect to pyramid edge or face, parameters that are not read-
ily measured experimentally because of the need to account for
scanner nonlinearities. Additionally, their correction factor was
calculated using the area projected on the plane perpendicular to

the probe axis of symmetry, not the plane of the specimen surface,

which would be the actual contact area of interest. Despite this,
Huang et al. [13] used Kashani and Madhavan’s models to develop
a method using ratios of the contact edge lengths measured from
images of residual indent impressions to calculate the surface tilt
and angle defining how the surface is tilted with respect to the
pyramid edge or face, which could then be used to calculate the
geometric area correction factor.

The aim of the present work is to provide contour plots from
which geometric area correction factors can be directly read
for a triangular pyramid probe. The actual contact area in the
specimen surface plane will be used in the model to create the
contour plots. The only experimental inputs needed to use the
contour plots will be the three side lengths measured from a two-
dimensional image of the triangular nanoindentation impression.
Contour plots will be created for Berkovich, cube corner, and two
nonstandard triangular pyramid probes. The utility of the method
will be demonstrated experimentally by comparing uncorrected
and tilt-corrected H and E, from Berkovich nanoindentations in
poly(methyl methacrylate) (PMMA) surfaces with surface tilts up
to 6°. In addition to providing area correction factors, the contour
plots can also be useful to estimate the unknown surface tilt angle
of the tested surface.

To create a model for correcting nanoindentation contact areas for
surface tilt, a pyramidal probe is represented as a regular triangular
pyramid placed in a Cartesian coordinate system (Fig. 1a and c)
with its apex at coordinate (0, 0, 0), vertical axis along the z-axis,

and three edges defined by the vectors

E < rang 3tand 1) %)
= | —tanf, ,
1 NG

E ( tand 3tand 1) ©)
= ( —tan, - ——,
2 NG

E; = (2tan6,0,1) )
where 6 is the angle from the z-axis to the pyramid face. The
contact area is defined as the area intersected by the triangu-
lar pyramid and a plane representing the specimen surface that
passes through the coordinate (0, 0, 1) and is defined by the
normal vector

n = (x,y,1) = (tan(@)cos(), tan(@)sin(), 1) (8)
where @ is the surface tilt angle with respect to the z-axis and y is
the angle defining the rotation of the surface tilt about the z-axis
with respect to a pyramid face (1 = 0°) or edge ( = 60°) (Fig. 1b
and d). Using the coordinate (0, 0, 1) and n, the plane equation is

tan(g)cos(¥)x + tan(p)sin(y)y + (z —1) =0 (9)
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Figure 1: (a) and (c) Triangular pyramid defined in the cartesian coordinate system. The triangle side length labels (/;, I, and /5) and vertex labels (V;,
V,, and V;) are shown in (c). (b) and (d) lllustration of how series of tilted planes defined by a normal vector n and coordinate (0,0,1) were defined for
calculating contact areas as a function of surface tilt. The dots in (d) are representative of points in the z=1 plane that were used to define n overa
wide range of surface tilts. The arches of dots equidistant from the x-y origin define series of planes at the same tilt angle (¢) but towards a pyramid
edge (¥ = 60°), pyramid face ( = 0°), or in between (0° </ <60°). The sets of points in a line that intersects the x-y origin define a series of planes

tilted with different ¢, but a constant .

Because of probe symmetry, only values of 0° < ¢ <60°
need to be included in the model. Additionally, because ideal
pyramidal probes are self-similar, only the single set of planes
through (0, 0, 1) needs to be included.

The coordinates at which the three edge vectors (Eqs. 5-7)
intersect the plane (Eq. 9) define the area intersected by the tri-
angular pyramid and plane. Parametric equations can be used to

calculate these coordinates. Equations 5-7 can be represented as

Ei = (ai,bi,Ci,), (10)
where i=1, 2, or 3, and g;, b;, and ¢, are the corresponding
expressions in Egs. 5-7. Then the parametric equations are

given by

Xi = ajt; (11)
yi = bit; (12)
zi = cit; (13)

Substituting Egs. 11-13 into the plane equation (Eq. 9) and

solving for ¢, gives

1
i = an(@)cos(@a + tan(@)sin(¥)bi + o

(14)

The edge intersection coordinates for each vertex V,(x;, y;
z;) can then be calculated by substituting Eq. 14 into Egs. 11-13.

Two-dimensional projections on the x-y plane for series of areas
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intersected by tilted planes and a Berkovich probe (6 = 65.27°)
are shown in Fig. 2 as a function of ¢ and 1. From visual obser-
vation, for a given ¢ the contact area depends strongly on the
direction of surface tilt with respect to the edge or face of the
probe, with the surface tilting up towards an edge (¥ = 60°)
having much larger areas than tilts up towards a face (1 = 0°).
Calculating the area intersected by the defined plane and
pyramid is accomplished by first calculating the triangle side

lengths in the specimen surface plane using

1/2

L= ((xl -x0)*+ (n —y2)2 +(z1 — 22)2> (15)
5 5 NV

h= ((xz —x3)°+ (2 —y3) +(z2—23) ) (16)
5 5 172

L= ((xs —x1)°+ (3 —y1) +(z—21) ) (17)

Then the area A is calculated using Heron’s formula [18]

1/2
A= -1)(p-b)p-5)" (18)
where
h+bL+1

_hthb+h (19)

2

An area correction factor A is defined using
A

where A is the area for a perpendicular surface at ¢ = 0°.
Figure 3 shows A as a function of surface tilt ¢ for values of ¢
= 0° and 60°. A is greater than one because A in a tilted sur-
face is always larger than A . The figure includes data for the
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Figure3: Area correction factor (A) as a function of surface tilt (¢) for
6 =77.2°, Berkovich (0 = 65.27°), 0 = 48.0°, and cube corner (0 = 35.28°)
pyramidal probes. For each probe, A is plotted for tilt up towards a
pyramid edge (y = 60°) and up towards a pyramid face (¢ = 0°).

Berkovich probe (6 = 65.27°), cube corner probe (6 = 35.28°),
and two other pyramidal geometries (6 = 48.0° and 77.2°). The
effects of surface tilt are much larger for blunter probes, 77.2°
having a larger A than the Berkovich, and so on, with the cube
corner probe having the smallest .A. For example, at ¢ = 2° the
cube corner has a negligible A, whereas the Berkovich and 6 =
77.2° have A values of 1.02 and 1.08, respectively. For a given
probe and ¢, the A values are larger for tilt towards an edge ( =
60°) than towards a face (y = 0°). Experimentally, the corrected

contact area A§ can be calculated using

Aj = AA, (21)
Finally, A§ can then be substituted for A, in Egs. 1 and 2 to
calculate tilt-corrected H and E, g, respectively.

Figure2: Series of two-dimensional areas projected to the x-y plane defined by the intersections of tilting planes (Eq. 9) and a Berkovich probe (6 =
65.27°). For each value of v, which defines the direction of the surface tilt () with respect to tilt up to a pyramid face (y = 0°) or edge ( = 60°), areas

are plotted for ¢ = 0°, 3°, 6°, and 9°.
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However, a plot like Fig. 3 cannot be readily used to correct
experimental data because ¢ and  are usually not known for a
given experiment. Fortunately, side lengths measured from an
image of a residual nanoindentation impression can be used.
Such images could be collected using various types of micros-
copy, including scanning probe microscopy, optical microscopy,
or scanning electron microscopy. Measuring side length in the
specimen surface plane using scanning probe microscopy is pos-
sible. However, more easily and more likely obtained are side
length measurements using a two-dimensional image. Therefore,
side lengths in two dimensions will be used in our model. The

side lengths projected into the x—y plane can be calculated using

1/2

B = (1 =27+ 01 = 2)°) (22)
1/2

BY = <(x2 —x3)” + (1 —y3)2> (23)
1/2

B = ((xs —x1)” + (3 _)’1)2) (24)

Using the subscript labels indicated in Figs. 1 and 2, for 0°
<1 <60° the relationships 1,V > L,*Y > I.XY will always hold
except when ¢ = 0° or 60°, and the intersected area will be an
isosceles triangle. Then LXY =1.X¥ or I,*¥ = 1,X¥ when v = 0° or
60°, respectively.

Oliver and Pharr suggested determining an area correc-
tion factor for small surface tilts based on the ratio of the
longest side length (;) to the shortest side length (I) [8]. For
our model, I,*Y/I,*¥ equals /I, Figure 4 shows A as a function
of I/l and  for a Berkovich probe. The problem with using
only /I, to calculate A is that for a given [;/], A is not a unique
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Figure4: Area correction factor (A) as a function of triangle side length
ratio of the length of the longest side to the length of the shortest side
(I/1,) for a Berkovich probe (0 = 65.27°). A is plotted for tilt up towards
a pyramid edge ( = 60°), up towards a pyramid face (i = 0°), and 15°
intervals in between. The surface tilt () angles are also indicated as
dashed lines.

value because it depends on . For example, at [/[;=1.2, which
may correspond to a surface tilt as small as 3°, A ranges from
1.03 or 1.07 depending on . Calculating A using only I/[ is
not reliable for surface tilts greater than about 2°.

To more accurately determine A for surfaces with tilts
larger than 2°, the ratio of the longest side length to the side
with the middle length () will also be used, which in our
model is [}/1,, = 1,*¥/L,XY. Figure 5 shows };/I, and /I  as func-
tions of tilt for a Berkovich probe. Note that over the range
of surface tilts plotted in Fig. 5, a given value of [;/I, is not
always a unique function of surface tilt, whereas [;/[, is always
a unique function of surface tilt. Therefore, our approach for
using both //I; and [}/ to determine A is to numerically cal-
culate A as a function of [}/l for chosen values of [}/l This
results in a series of [}/, contours as plotted in Fig. 6a and b
for Berkovich and cube corner probes, respectively. To cor-
rect experimental nanoindentations, the three side lengths of
a triangular nanoindentation impression can be measured to
determine /I, and [}/I . Then the contour plot corresponding
to the appropriate probe can be used to determine A for use
in Eq. 21 to calculate Aj.

As previously noted, and shown in Fig. 3, as a function of
surface tilt the magnitude of .4 is much higher for blunter probes
like the Berkovich than for sharper probes like the cube corner.
In contrast, for given values of [/] and [}/, A is higher for
sharper probes than blunter probes (Fig. 6). Therefore, separate
A contour plots are needed for pyramidal probes with different
0 angles. Additional contour plots spanning wider ranges of side
length ratios, as well as for pyramidal probes with 6 = 48.0° and
77.2°, are provided in the Supplementary Information. The sur-

face tilt angle ¢ contours in Fig. 6 can also be used to estimate an

20

Side length ratio
S % 5 &

-
o

Surface tilt,® (°)

Figure 5: Triangle side length ratios of the length of the longest side to
the length of the medium side (///,,,) and length of the longest side to
the length of the shortest side (//l,) as functions of surface tilt (¢). For
both tilt up towards a pyramid face (¥ = 0°) and up towards a pyramid
edge (¢ = 60°), the nanoindentation impression is an isosceles triangle
with [=/_ and /=1, respectively.
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Figure 6: Area correction factor (A) contour plots for (a) Berkovich

(6 =65.27°) and (b) cube corner (9 = 35.28°) probes. The A can be
determined using the ratios of the longest side length to medium
side length (I/I,) and longest side length to shortest side length (///,).
The I/, is plotted on the abscissa and the ///; values follow the solid
line contours. The surface tilt () angles are indicated as dashed line
contours.

unknown ¢ of a tested specimen surface. For measuring ¢ based

on side length ratios, blunter probes provide more sensitivity.

To test the efficacy of the developed contact area correction
method, series of Berkovich nanoindentations with loads from
1 to 12 mN were placed in facets prepared in PMMA with sur-
face tilts as high as 6°. No size dependence in elastic modulus or
hardness was observed within a series of nanoindentations on
a given facet, which agrees with the previous results for freshly
prepared PMMA surfaces in this material [19]. Therefore, the
property values were averaged for each of the nine facets (Fig. 7).
Using the standard analysis without a surface tilt correction, the
calculated average indentation modulus (E;) and indentation
hardness (H) varied from 4.4 to 4.9 GPa and 0.23 to 0.27 GPa,
respectively. These property values are consistent with literature
quasistatic Berkovich probe nanoindentation results [20-22].

However, the differences in E and H between facets were not
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Figure7: Average PMMA (a) elastic modulus and (b) hardness for
nanoindentation series performed in each of the nine prepared facets.
Error bars are standard deviations.

expected to be real. The facets with the higher property values
were likely affected by errors caused by surface tilt.

To apply the geometric area correction, measurements of
the nanoindentation impression side lengths are needed. Such
measurements were made using atomic force microscopy (AFM)
images of residual nanoindentations (Fig. 8). The three side
lengths were measured for each nanoindentation by drawing
straight lines between the vertices. Then the [;/]; and /I, ratios
were calculated. The side length ratios were independent of size
within a series of nanoindentations on a given facet. Therefore,
the same A (Fig. 6a) was applied to all the nanoindentations on
a given facet. The property values corrected for surface tilt are
also plotted in Fig. 7, with the calculated average E, and H now
varying from 4.4 to 4.5 GPa and 0.23 to 0.24 GPa, respectively.
Indeed, facets 4 and 5, which had the highest property values in
the standard analysis, were the most affected by surface tilt, with
A values of 1.14 and 1.16, respectively. Evidently, applying the
geometric area correction factor A to experiments in surfaces
with tilts as high as 6° was all that was needed to obtain H and E,
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Figure8: Atomic force microscopy (AFM) images of 12 mN
nanoindentation impressions placed on each of the nine PMMA facets.
For each nanoindentation, the ratio of longest side length to shortest side
length (I/1)), ratio of the longest side length to medium side length (//,),
and area correction factor (A) determined from Fig. 6a are given. The side
length ratios are the averages from the nine nanoindentations in each
series, and the side length ratio uncertainties are 95% confidence intervals
calculated by multiplying the standard error by 1.96. The A uncertainties
represent the ranges of A determined from Fig. 6a using the range of side
length ratios encompassed by their uncertainties. Scale bars are 2 pm.

values that agree with the values obtained in the surfaces with-
out tilt. This is in agreement with the previous simulation results
showing that accurate nanoindentation results can be obtained
in surfaces with tilts up to 5° by simply using the actual contact
areas in the surface planes [9, 12, 14].

Although in principle this contact area correction can be
applied to nanoindentation in surfaces with tilts much higher
than 6°, some caution is advised. It is likely that nanoindentation
in highly tilted surfaces will be more affected by the horizontal
compliance of the indenter stem [12] and changes in the plastic
strain field [9]. It is also unclear how the validity of the Sneddon
relationships [23] implicit in the nanoindentation analysis may
be affected at larger surface tilts. Surface tilt may also affect the
numerous correction factors that are often used to improve the
accuracy of nanoindentation, such as the lateral displacement
corrections for contact area [5], the variable epsilon factor [5],
and the numerical factor 3 [1-4]. It is also unclear how well the
geometric correction factor would work for nanoindentations
with pile-up. The PMMA nanoindentations used to demonstrate

the effectiveness of the geometric correction factor did not
exhibit any obvious pile-up (Fig. 8). The geometric correction
factor may not work as well if the pile-up behavior is affected
by surface tilt and different sides of the triangular nanoindenta-
tion impression have different amounts of pile-up. The presented
correction method only applies a geometric correction for the

calculated contact area and does not address these other issues.

Conclusions

A simple-to-implement method was developed to correct
nanoindentation contact areas for geometric errors caused by
surface tilt. Contour plots were created in which A is given
as a function of I;/I,, and I/l for Berkovich, cube corner, and
two nonstandard pyramidal probes (0 = 48.0° and 77.2°). For a
given nanoindentation, the A is determined from the contour
plot using //I,, and [/I; calculated from side lengths measured
from a two-dimensional image of the residual nanoindentation
impression. The A is then used to correct the A calculated in
the standard analysis. Finally, the corrected A is used to cal-
culate the tilt-corrected H and E,. The effectiveness of the cor-
rection method was demonstrated by successfully correcting
nanoindentation H and E; measurements on PMMA facets with
surface tilts as high as 6°.

Experimental methods
The poly(methyl methacrylate) (PMMA) specimen was taken

from a 3.33-mm-diameter extruded rod (density 1.15 g/cm3)
obtained from Cope Plastics, Inc. (Godfrey, Illinois, USA). A
5-mm-tall cylinder was cut from the rod, and one end was bonded
to the end of a metal cylinder with epoxy. The metal cylinder was
fitted into a Leica EM UC7 ultramicrotome (Wetzlar, Germany)
equipped with a diamond knife. Nine facets for nanoindentation
experiments were prepared in different directions with surface
tilts up to 6°. Experiments were performed using a Bruker-Hys-
itron (Minneapolis, Minnesota, USA) TriboIndenter® equipped
with a Berkovich probe. The machine compliance, tip roundness
effects, and probe area function were determined from a series
of 120 nanoindents in a fused silica standard using a previously
established load function and procedure [24]. Following the pre-
scribed calibration reporting procedure [24], values for the square
root of the Joslin-Oliver parameter of 1.219+0.001 pm/N” 2 elas-
tic modulus of 72.1+0.1 GPa, and Meyer’s hardness of 9.19+0.02
GPa (uncertainties are standard errors) were assessed for fused
silica calibration nanoindentations with contact depths between
33 and 211 nm; no systematic variations of machine compliance
or Joslin-Oliver parameter were observed in the systematic SYS
plot analysis over this range of contact depths. The nanoindenta-

tion numerical correction factor S=1 was used in the calibrations
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and experiments. The ideal 24.5 value for a Berkovich probe was
used for the lead coefficient in the probe area function.

A series of nine load-control nanoindentations with maxi-
mum loads from 1 to 12 mN were placed in each facet. The load
function consisted of a 5-s load, 5-s hold at maximum load, 2-s
unload to 40% of the maximum load, 60-s thermal drift segment
at 40% of maximum load, and finally a 1-s unload. The thermal
drift was measured from the final 30 s of the thermal drift seg-
ment and used to correct the depth of penetration. The standard
method was used to assess elastic modulus and hardness [7, 8].
The initial unloading stiffness of each unloading segment was
assessed by fitting a power law function [7] to 40-98% of the
maximum load in the unloading segment. The PMMA elastic
modulus was calculated using a PMMA Poisson’s ratio of 0.37
[25], and a diamond probe elastic modulus and Poisson’s ratio
of 1137 GPa and 0.07, respectively.

A Quesant (Agoura Hills, California, USA) atomic force
microscope incorporated in the TriboIndenter was used to
image the residual nanoindentation impressions. The AFM was
operated in contact mode and calibrated in the lateral direc-
tions using an Advanced Surface Microscopy (Indianapolis,
Indiana, USA) calibration standard as described previously [4].
The collected AFM images measured 15 um in the horizontal
and vertical directions and had a resolution of 40 pixels/pum in
both directions. Side lengths of the residual nanoindentation

impressions were measured using FIJI [26].
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