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A B S T R A C T   

Homogenous thin foils of titanium with oxygen in interstitial solid solution covering the broad solubility range of 
O in h.c.p. Ti, were used to investigate the sink-in and pile-up occurring during nanoindentation. The anisotropic 
response and indent areas were accurately analyzed with atomic force microscopy. The mechanical properties 
and the indent areas were assessed using both the Oliver&Pharr method and a newer method incorporating 
corrections for indenter geometry and an improved parameter extraction. The newer method accurately accounts 
for pile-up.   

1. Introduction 

The probing of the mechanical properties of a wide variety of ma-
terials has been performed using instrumented nanoindentation since 
the 1990′s, with the method developed by Oliver&Pharr (OP) being the 
most widely used [1]. Nanoindentation allows for the detection of 
plastic and elastic properties based on an experimental setup, which is 
described in more detail in [2,3]. The method involves the pressing of a 
3-sided pyramidal Berkovich indenter into a plane surface, and 
recording the resultant applied force versus penetration depth curve. 
The validity of the obtained results depends strongly on the accuracy 
with which the projection of the contact area on the sample surface is 
determined [4]. The area dependence for the hardness, reduced inden-
tation modulus and indentation modulus is given in equations 1.1, 1.2 
and 1.3, respectively [1]. 
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where Pmax, H, A, Er, S, E and ν are the max force, hardness, projected 
contact area, reduced indentation modulus, slope of the unloading 
curve, Young’s modulus and Poisson’s ratio, respectively. The Ei and νi 
are the parameters for the indenter. For an ideal Berkovich tip the 
projected contact area is a function of the contact depth (hc) described 
by the polynomial A = 24.5∙h2

c . Due to the manufacturing or wear of 
indenter tips the shape may deviate from the ideal one. For this reason, a 
polynomial of higher order is employed where the coefficients are ob-
tained by fitting to a series of indentation data on fused silica with a 
known elastic modulus [1]. For example (1− 4): 

ACalibration [nm2] = 21.21∙h2
c + 3549∙hc − 50309 (4)  

where the constants are determined for the indenter used in the present 
experiments. The behavior of the material investigated also affects the 
contact area. Some materials exhibit pile-up, leaving material on the 
side of the indent and an increase in indentation area. Others are prone 
to sink in, resulting in a reduction of the indentation area. The pile-up 
and sink-in is schematically illustrated in Fig. 1, adapted from [3]. 
These effects can lead to an error in indentation area of up to 60%, which 
also adversely affects the hardness and indentation modulus results [5]. 
Factors affecting the pile-up and sink-in behavior are the ratio between 
Young’s modulus and the yield strength [E/Y], and the material’s ten-
dency to work-harden [3]. High E/Y ratios promote pile-up and low 
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ratios sink-in, in particular in materials with high work-hardening. A 
useful parameter for predicting pile-up or sink-in is the ratio of the final 
depth (hf) to the total depth (hm), with a ratio above 0.7 indicating 
pile-up and a ratio below 0.7 suggesting sink-in [5]. 

The correction of the indentation area for pile-up can either be 
performed by direct area determination of the final indent using mi-
croscopy such as atomic force microscopy (AFM) [6–11] or by analyzing 
the indentation curve using analytical elastic contact mechanics [2, 
12–15]. This analysis accounts for sink-in but does not address pile-up 
[16]. Improvements have been made by estimating the contact depth 
from extrapolation of the slope of the initial part of the unloading curve 
combined with constants describing the indenter geometry [17]. Cor-
rections for pile-up are typically based on finite element modeling 
(FEM). The latter was demonstrated first by [5] and improved upon by 
other groups such as Dao et al. (Dao method) [18]. The Dao method is 
based on a large set of FEM simulations of indentations of materials with 
E/Y ratios in the range 30–700. Based on these simulations, several 
dimensionless functions have been determined, which give relations 
between parameters characterizing the indentation curve (hf, hm, the 
curvature of the loading curve and the slope of the unloading curve) and 
the material’s mechanical properties. The method allows determination 
of hardness, indentation modulus, yield strength and strain hardening 
exponent. The focus of the present paper is to investigate sink-in and 
pile-up and its effect on the indent area and the extracted mechanical 
properties using three different methods, namely the OP analysis as 
implemented in the analysis software for the NHT2 nano-indenter from 
CSM Instruments,1 the Dao method extended to employ Eqs. 1–4 in the 
area determination,2 and direct measurement of the projected indenta-
tion area using AFM. The OP and Dao methods both assume isotropic 
material behavior while real metals are highly anisotropic and hetero-
geneous due to the polycrystalline nature. This aspect is, however, 
beyond the scope of the present study. 

As a convenient material for this study, h.c.p titanium with different 
deliberately dissolved oxygen contents has been selected. The presence 
of interstitially dissolved oxygen leads to a dramatic increase in the 

hardness and elastic modulus [22] and is associated with an increase in 
the c/a ratio of the hcp unit cell. The plastic-elastic behavior changes 
systematically with the concentration, enabling the measurements of 
materials with different E/Y and hf/hm ratios [19]. H.c.p Ti is also well 
known to exhibit anisotropic pile-up during nanoindentation [20]. 
Because oxygen resides interstitially in the octahedrally coordinated 
interstices, it is most accurate to describe the content in octahedral oc-
cupancy, defined as yO = at.%O

(100− at.%O)
. Hence, the present study in-

vestigates oxygen contents covering a broad part of the homogeneity 
range of Ti-O solid solutions in h.c.p. Ti, i.e. from yO = 0.006 to yO 
= 0.397(the maximum solubility is yO = 0.5 [21]). It is an extension of a 
previous study of the effect of interstitially dissolved nitrogen and ox-
ygen in unalloyed titanium [22]. 

2. Materials and methods 

2.1. Synthesis of h.c.p. Ti-O by gaseous thermochemical treatment and 
vacuum homogenization 

The synthesis of the h.c.p Ti-O specimens is described in detail in the 
preceding study [22], with the 25 µm thick Ti foils selected for this study 
containing: yO = 0.006, yO = 0.021, yO = 0.198 and yO = 0.397. The Ti 
foils were oxidized in O2 (99.99% purity) at 525–725 ◦C for 1–30 hrs. in 
a Netzsch STA 449 F3 Jupiter thermal analyzer (TGA). The foils were 
then homogenized in a custom built Kanthal tube furnace at a vacuum 
better than 1⋅10− 6 mbar for 50–100 hrs. at 730 ◦C, realized with an 
Edwards T-Station 85 pumping station. 

2.2. Sample preparation 

To ensure a deformation-free surface, oxygen-loaded foils were cold 
embedded in epoxy, ground using sequentially finer sandpaper down to 
4000#. Hereafter, polishing with 3 and 1 µm diamond suspensions was 
performed, and final polished occurred in neutral and basic mixtures of 
0.3 µm silica particles, for 5 and 1 min, respectively. Leftover silica 
particles were removed with cotton and water, with no ultra-sonic 
cleaning being used. 

Fig. 1. Schematic overview of sink-in and pile-up from a cross-sectional view (a) and plan view (b). In (a) the indent is under load, whereas (b) shows the indent after 
unloading. With sink-in and pile-up leading to a reduction or increase in indentation area, respectively. (c) illustrates how Pmax, hmax, hfinal and S are determined 
from the force-depth curve. 
(a) Adapted from [3]. (b) Adapted from [1]. 

1 In this implementation constants relating to the indenter shape in the 
original OP analysis are determined by fitting.  

2 The MATLAB code is included as Supplementary material. 
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2.3. Nanoindentation 

Nanoindentations were performed on cross-sections of the foils using 
a diamond Berkovich indenter on a NHT2 nano-indenter from CSM In-
struments. Calibration measurements of the apparatus were performed 
on fused silica to determine the coefficients in the polynomial of the area 
function (see Eqs. 1–4). A constant indentation depth of about 700 nm 
was aimed for to minimize indentation size effect. The applied loads 
ranged from 30 to 115 mN, depending on sample hardness. The holding 
time at the maximum load was 5 s. Both the loading and unloading of 
the Berkovich indenter was attained within about 21 s. The loading/ 
unloading parts of the load-displacement curves were inspected for 

discontinuities/anomalies, which would indicate indents in the vicinity 
of a grain boundary or crack formation [1]. Such indentations were 
excluded from the data presented. After this exclusion 8–11 accepted 
indents remain for each sample. The contact point for each accepted 
indent was corrected by visual inspection of the curves. The slope of the 
unloading curves was determined by fitting a straight line to the 
unloading curve in the interval 98–40% of the maximum load. 

2.4. Atomic force microscopy 

Atomic force micrographs (AFM) were recorded on an Agilent (later 
Keysight) SPM 5500 equipped with an N9521A scanner (approximately 
80 µm × 80 µm) and a MAC Mode AC controller. Measurements were 
performed in contact mode (probe: DNP-S10, Bruker). Images were 
recorded using PicoScan software and analyzed using the image analysis 
software Gwyddion. Area fitting of indents made by the Berkovich 
indenter was performed using ‘Analyze Imprint’ in Gwyddion. The 
software fits the AFM data to the shape of a Berkovich indenter [23] with 
a reference plane tolerance of 1.0% and an angle tolerance of the 
half-apex angle of 8◦. Three scans were performed on each indent both 
in forward and reverse mode; the scans exhibiting least anomalies were 
used. 

3. Results 

3.1. Loading-unloading curves 

The loading-unloading curves for the indents are shown in Fig. 2. The 
force displacement behavior is highly influenced by the increasing ox-
ygen content, where the load needed to attain a displacement of approx. 
700 nm changes systematically from about 30 mN to 115 mN with 
increasing oxygen content. The slope of the unloading curve, which 

Fig. 2. Loading-unloading curves for indents made on cross-sections of un-
treated Ti and oxygen containing foils. 

Fig. 3. (A) AFM image of indent #5 for the untreated Ti, with anisotropic pile-up. (B) Show the visual representation of the indent fit from Gwyddion. (C) The cross- 
sectional curves of the drawn lines in (A), with different axis units for better visualization with inserted apex half angle from equal axis figure (orange) and a 
reference half angle (purple).(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 4. (A) AFM image of indent #5 for yO = 0.021. (B) Show the visual representation of the indent fit from Gwyddion. (C) The cross-sectional curves of the drawn 
lines in (A), with different axis units for better visualization with inserted apex half angle from equal axis figure (orange) and a reference half angle (purple).(For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. (A) AFM image of indent #11 for yO = 0.397, with sink-in being detected. (B) Show the visual representation of the indent fit from Gwyddion. (C) The cross- 
sectional curves of the drawn lines in (A), with different axis units for better visualization with inserted apex half angle from equal axis figure (orange) and a 
reference half angle (purple).(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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reflects the elastic response, also changes significantly. Increasing oxy-
gen content leads to a much stiffer material in agreement with the 
literature [24]. The hf/hm ratios suggest that untreated Ti could display 
pile-up, while yO = 0.198 and yO = 0.397 could display sink-in. The 
investigated samples are representative of the behavior of various other 
metals and alloys. For example, untreated Ti and yO = 0.021 behaves 
similar to Al and yO > 0.198 represents hard and stiff materials, such as 
tetragonal martensite in steel. 

3.2. Atomic force microscopy 

The AFM results of a representative indent (#5 in Fig. 7) for the 
untreated Ti sample are presented in Fig. 3, with (A) showing the 
topography and the position of the line scans and (C) presenting the 

profile measured in the line scans. Due to the crystalline nature of 
metals, pileup or sink-in is typically anisotropic. In particular the h.c.p. 
lattice exhibits more anisotropy than the cubic lattices. In the present 
case, anisotropic pile-up on only one side of the indent is detected with 
little or no sink-in on the other sides. The apex half angle for all sides 
were measured to 68.3◦, which should be compared to 76.9◦, i.e. the 
apex half angle of a sharp Berkovich indenter [25]. The difference in-
dicates a significant elastic response. The constant angle shows that 
contact between indenter and indented material is maintained during 
unloading. The area fit from Gwyddion for indent #5 is shown in (B) and 
illustrates that also the anisotropic pile-up is included. 

The AFM scan, indent fit and curves are similarly presented in Fig. 4 
(A-C) of indent #5 (in Fig. 7) for yO = 0.021. The indent exhibits a 
significant amount of pile-up on one side (curve #3), and a much smaller 

Fig. 6. AFM images of indent #6 (A) and 
indent #8 (C) for yO = 0.397. (B) and (D) dis-
plays the Gwyddion fits for (A) and (C), 
respectively. Corresponding cross-sectional 
curves of the drawn lines in (E) for (A) and 
(F) for (B), with different axis units for better 
visualization with inserted apex half angle from 
equal axis figure (orange) and a reference half 
angle (purple).(For interpretation of the refer-
ences to color in this figure legend, the reader is 
referred to the web version of this article.)   
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pile-up on another side (curve #2). The indent fit in (B) includes both 
these pile-ups and also captures that the pile up in one case extends 
along the entire indent (side 3) which is not the case for the other case 
(side 2). No sink-in is detected for any of indents in the yO = 0.021, 
which all display varying degrees of pile-up. For yO = 0.198 sink-in was 
observed for all indents, with indent #7 also exhibiting some one-sided 
pile-up. 

The AFM scan, indent fit and curves are similarly presented in Fig. 5 
(A-C) of indent #11 (in Fig. 7) for yO = 0.397. The deviation of the 
slopes in C from linearity clearly reveals sink-in on all three sides, as also 
illustrated in the schematic of sink-in in Fig. 1. The point of deviation 
from linearity can be used to represent the extent of sink-in, and 
calculate the correct hc, with hc = hmax - hsink-in, and the area with Eqs. 
(1–4). The average sink-in for indent #11 is about 235 nm as an 
example, yielding a hc of about 465 nm. Because the area is not linear in 
hc the average area is calculated as the mean of three areas calculated 

with the hc values for each of the three sides, yielding 7.1 µm2. The 
Gwyddion fit in (B) on the other hand includes the sink-in regions and 
thus overestimates the area. 

AFM scans and curves for indents #6 and #8 (in Fig. 7) in the same 
material are shown in Fig. 6. Both indents display a complex combina-
tion of sink-in and pile-up. The blue and gray curves (curves 2 and 4) 
reveal both sink-in and pile-up on the same side. The combination of 
both behaviors complicates the determination of the indent areas. The 
Gwyddion fit function results in very large areas for these indents, as 
illustrated in the fits in Fig. 6 (B) and (D) for #6 and #8, respectively. 

3.3. Comparison of indent areas 

The indent areas determined by Gwyddion fitting and the OP and 
Dao methods for all four materials are shown in Fig. 7. While the areas of 
the individual indents in the same sample exhibit some variation for all 

Fig. 7. The indent area determined by Dao method [18], Oliver&Pharr [1] and indent fitting from atomic force microscopy for untreated Ti (A), yO = 0.021 (B), yO 
= 0.198 (C) and yO = 0.397 (D). (E) show the average area. The standard deviation is about 5% for all indents. 
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three methods, the mean values in (E) display a clear trend. Although the 
indents in all four materials have approximately the same penetration 
depth during loading, it is clear that the areas determined by Dao and OP 
decrease with increasing oxygen content whereas the areas from the 
Gwyddion fit exhibit a minimum at intermediate oxygen content. At this 
intermediate content all three methods give the same area within the 
error bars, which also matches the area from AFM corrected for sink-in 
as described in Section 3.2. At no or low oxygen content the areas from 
the OP method lie significantly lower than the other two, whereas the 
area from the Gwyddion method is substantially higher than the three 
others at the highest oxygen content. These observations also hold in 

general at the level of individual indents. 

4. Discussion 

4.1. Pile-up and sink-in effects 

The decreasing areas from Dao and OP with increasing oxygen 
content in spite of similar penetration depth (hm) are caused by the 
different properties of the materials, which is also evident from the AFM 
observations. For low oxygen content pile-up is dominant, whereas 
complex sink-in effects are observed for the highest concentrations. The 

Fig. 8. The hardness and indentation modulus from Dao method [18] and Oliver&Pharr [1] for untreated Ti (A), yO = 0.021 (B), yO = 0.198 (C) and yO = 0.397 (D). 
(E) Averaged values for hardness and indentation modulus. The standard deviation for hardness and indentation modulus for both methods is about 5% and 3%, 
respectively. 
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Dao method has been specifically developed for materials exhibiting 
pile-up and the fact that the areas from this method and the Gwyddion fit 
agree shows that the method is quite successful. Pile-up is not accounted 
for in the OP method, meaning that it consistently underestimates the 
area. On the other hand, the OP method is developed based on sink-in 
effects and thus reassures that the Dao and OP methods arrive at 
similar areas as the sink-in corrected AFM analysis for the samples where 
sink-in is observed. The commonly employed threshold of 0.7 for the 
ratio of the final depth (hf) to the total depth (hm) to distinguish between 
pile-up and sink-in proved a reasonable rule of thumbs. 

4.2. Hardness and indentation modulus 

The hardness and elastic modulus for the four samples are displayed 
in Fig. 8, determined using the OP and Dao methods. Due to un-
certainties in the determination of the Poisson ratio of the oxygen con-
taining titanium alloys, the term indentation modulus is employed 
instead of Young’s modulus. In the calculations a Poisson ratio of 0.3 
was assumed. On average hardness values obtained by the two methods 
are similar within the error bars except for sample B, which was one of 
the samples exhibiting pile-up. The difference in hardness is larger than 
what can be explained by the determined areas in Fig. 7. Noting that the 
areas determined for sample A also differ substantially while the hard-
nesses do not, and that the indentation moduli from the OP method are 
consistently higher, it must be concluded that although area determi-
nation is critical, also other factors inherently associated with the two 
methods affect the mechanical data. 

4.3. Anisotropy 

The variations between indentations in the same material is ascribed 
to the crystalline nature, which yields mechanical anisotropy. Apart 
from the fact that the hardness and indentation moduli depend on 
crystallographic orientation, the crystalline character also has implica-
tions for the pile-up/sink-in behavior. This is likely to be the origin of the 
complex mixture of pile-up and sink-in observed in many indents, in 
particular at high oxygen content. Even truly axisymmetrical indenters 
cause such anisotropy. For the Berkovich indenter the behavior depends 
critically on how the indentation direction is oriented with respect to the 
lattice of the grain probed [20]. The effect of crystallinity on the relative 
suitability of the Dao and OP methods is beyond the scope of this study. 
Nevertheless, it is observed that the error bars on the average quantities 
for the two methods are of comparable magnitude. 

5. Conclusion 

Based on the comparisons between the areas determined by the 
methods of Oliver&Pharr and Dao and AFM measurements the following 
conclusions are drawn:  

• The AFM measurements are a good diagnostic tool to identify the 
pile-up and sink-in phenomena, which can be quite complex due to 
anisotropy of the material. Fitting of the area using the Gwyddion 
algorithm is possible in case of pile-up, whereas the area is over-
estimated for sink-in. For sink-in, a simple correction method ap-
pears to give a more precise value for the indentation area.  

• The Dao method gives areas in agreement with those obtained by the 
Gwyddion fit in case of pile up. This is consistent with the reference 
materials used for developing the Dao method, i.e. metals typically 
exhibiting pile up.  

• The Dao and the OP methods give similar areas in case of sink-in, 
which also agree with the areas from AFM after correction for sink- 
in. This was also the case for samples exhibiting a complex mixture 
of pile up and sink in.  

• A fairly large number of indents is needed to average out the 
complexity of specific indents caused by crystallinity. 

CRediT authorship contribution statement 

Frederik Bojsen Kværndrup: Conceptualization, Methodology, 
Formal analysis, Validation, Investigation, Visualization, Project 
administration, Writing – original draft, Writing – review & editing. 
Christian Engelbrekt: Investigation, Methodology, Formal analysis, 
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