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Abstract: One of the primary features of nano-indentation technique is that the contact area induced by an indenter is indirectly 
measured by a relationship between the penetration depth and the known geometry of the indenter. However, this indirect 
measurement occasionally leads to inaccurate properties of the indented material. The objective of this study is to investigate the 
effects of E*/σr and the strain hardening exponents n of materials on the behaviors of pile-up and sink-in in nano-indentation and to 
predict n values of materials from the residual indentation impressions. The relations between the residual indentation profile and n 
value of the indented material were identified by dimensional analysis. Also, they were numerically formulated using FE analysis of 
nano-indentation for 140 different combinations of elastic-plastic parameters such as E, σy and n. The parameters of hrp/hm, herp/hm, 
Rr/hm and HO&P/Hreal were introduced as various dimensionless parameters to represent and quantify the residual indentation profile 
after indentation. They were subsequently characterized as dimensionless functions using n and E*/σr values. Finally, the validity of 
these functions was verified through 3D FE analysis of nano-indentation for Al 6061-T6 and AISI 1010 materials. 
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1 Introduction 
 

Nano-indentation technique is widely used as the 
simplest and most direct method to obtain the 
mechanical properties of materials in very small volumes, 
such as elastic modulus E, hardness H, yield stress σy and 
strain hardening exponent n [1−5]. One of the main 
features of the technique is that the contact area induced 
by an indenter is indirectly measured by a relationship 
between the penetration depth and the known geometry 
of the indenter without any optical observations of the 
residual indentation impression. However, this indirect 
measurement occasionally leads to inaccurate properties 
of the indented material. These errors are mostly caused 
by the formation of pile-up and sink-in in contact during 
indentation, which involve the increase and decrease in 
the true contact area, respectively [2]. BOLSHAKOV 
and PHARR [6] reported that the true contact area of a 
sharp indenter could be underestimated up to 60% for a  

certain material in the case of piling-up, thereby leading 
to similar errors in calculating material properties like E 
and H. 

OLIVER and PHARR’s method [7] was the most 
widely used to extract the contact (indentation) depth hp 
of the indenter from an initial unloading slope dPu/dh 
under load and is determined as  

m
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P

h h
P h

ξ= −        ( 1 ) 

 
where Pm and ξ are an indentation load at the indentation 
depth hm and a geometric constant of the indenters, 
respectively [4]. The contact area A of Berkovich 
indenter is defined as A=24.56hp

2. However, CHENG 
and CHENG [1] found that OLIVER and PHARR’s 
method [7] is comparatively effective for most σy/E 
values when n is about 0.3 or when the ratio of σy/E 
(>0.05 for 0<n<0.5) is very large. 

The effects of pile-up and sink-in in indentation were 
studied by many researchers until now [1−3,6−13]. For  
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the indentation of the materials in elastic region, the 
specimen surface typically tends to be sink-in. On the 
other hand, for the materials including elastic-plastic 
deformations, the behaviors of pile-up and sink-in are 
dependent on their E/σy and n values [1−4]. In general, 
the piling-up occurs when E/σy is extremely low or n is 
close to zero and sinking-in is dominant when n>0.3. 
Therefore, completely understanding and predicting the 
effects of pile-up and sink-in in indentation is crucial in 
extracting the accurate properties of the indented 
material [1]. 

This work was designed to investigate the effects of 
E*/σr [5] and n values of materials on the behaviors of 
pile-up and sink-in in nano-indentation and to estimate n 
values of materials from the residual indentation 
impressions. Relations between the residual indentation 
profile and n of the indented material were defined by 
dimensional analysis. Also, they were numerically 
formulated as dimensionless functions of E*/σr and n 
values using FE analysis of nano-indentation for 140 
different combinations of elastic-plastic parameters such 
as E, σy and n. Finally, the validity of these functions was 
verified through 3D FE analysis of nano-indentation for 
Al 6061-T6 and AISI 1010 materials. 
 
2 FE analysis of nano-indentation and 

definitions of pile-up and sink-in 
 
2.1 FE analysis of nano-indentation 

The FE simulations of nano-indentation were 
carried out for 140 different combinations of elastic- 
plastic parameters: E was varied from 10 GPa to 600 
GPa, σy from 10 MPa to 2500 MPa, and n from 0.01 to 
0.5 at 0.1 intervals, and Poisson ratio ν was fixed at 0.3. 
For both Berkovich and Vickers indenters, the 
corresponding apex angle of their two dimensional cone 
is 70.3° [1]. The FE model of nano-indentation (Fig. 1) 
was assumed to be axisymmetric two-dimension and the 
indenter was modeled as a rigid body. The contact 
between the indenter and materials was defined to be 
frictionless [14]. The maximum indentation depth hm was 
 

 

Fig. 1 FE model of nano-indentation using sharp indenter 

1000 nm, where the size effect of the indented material is 
negligible [13]. All the simulations were performed 
using ABAQUS 6.3-1 based on large deformation theory 
[5,14,15]. 

Figure 2 shows the definitions of the contact 
boundary of pile-up and sink-in under full load and after 
complete unloading of the indenter in the FE simulations. 
hp/hm, hmp/hm, hrp/hm and Rr/hm were defined as 
dimensionless parameters to express the amounts of 
pile-up and sink-in in indentation. Here, hrp and Rr are the 
residual indentation depth and the residual contact radius 
by piling-up and sinking-in after unloading, respectively. 
 
2.2 Definitions of pile-up and sink-in 

The behaviors of elastic−plastic materials in an 
uniaxial tensile test can be expressed as a power law 
description. The power law true stress—true strain curve 
of materials can be assumed to be [1,5,15,16]: 
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where K is the strength coefficient. Continuity of the 
curve in Eq. (2) requires K=σy(E/σy)n [1,5,15]. Therefore, 
E, n, σy and ν are the independent parameters to describe 
the power law behavior of materials. Applying the 
reduced modulus E*(=[(1−ν2/E)+ (1−νi

2/Ei)]−1, i is 
indenter’s properties) and the representative stress σr , 
instead of E and σy, the behavior is represented as E, σr, ν 
and n. Here, σr is a plastic stress characterized by a 
deformation of the indented material beneath a sharp 
indenter in indentation process and is independent of the 
strain hardening exponents of materials [1,5]. In this 
study, σr is defined based on LEE’s research [15]. Using 
the dimensional analysis [5,15], the degrees of pile-up 
and sink-in are expressed as: 
at hm during loading, 
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and after unloading 

*
mp rp r

2,3,4
m m m r

, , ,
h h R E n
h h h

Π
σ

⎛ ⎞
= ⎜ ⎟⎜ ⎟

⎝ ⎠
                  (4) 

 
3 Estimations of convective heat transfer 

coefficients (CHTC) 
 
3.1 Effects of E*/σr and n values on pile-up/sink-in 

Figure 3 exhibits the effects of different E*/σr and n 
values on the amounts of pile-up and sink-in hp/hm at full 
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Fig. 2 Definitions of contact boundary of pile-up and sink-in under full load (a) and after complete unloading (b) of indenter 
 
load. The amounts of hp/hm were clearly distinguished 
into the phenomena of pile-up and sink-in at n=0.3 
approximately. The piling-up and sinking-in of materials 
were more dependent on their E*/σr values than their n 
values in the range of E*/σr<300 approximately. On the 
other hand, they relied entirely on their n values in 
E*/σr<about 600. The phenomenon of sink-in was only 
observed, especially in E*/σr<about 100. 

Figure 4 shows the stress distributions of materials 
beneath the indenter for piling-up (E=500 GPa, σy=150 
MPa, n=0.5) and sinking-in (E=240 GPa, σy=650 MPa, 
n=0.01) at full load and after complete unloading. In the 
piling-up, the plastic zone beneath the indenter at full 
load was much larger than the contact radius of the 
indenter. Also, the residual stress distributions after 
unloading were widely placed near the indenter and  
over the piled-up part. Especially, there was little the  
 

 
Fig. 3 Effect of different E*/σr and n values on amounts of 
pile-up and sink-in hp/hm at full load 

difference in the maximum stress values before and after 
unloading. 

In sinking-in, the plastic zone and the stress 
distributions were limited within the contact radius and 
were more deeply formed than those of pile-up. Also, the 
maximum stress distributions were concentrated on the 
indenter tip at full load, whereas they were only observed 
on the sank-in part and the values were much lower than 
those at full load. In general, the amounts of elastic 
recovery and the differences in the stress values before 
and after unloading were much larger in sinking-in than 
in piling-up. 

The approximate range of E*/σr values for 
engineering metals with strain hardening properties are 
between 150 and 450 in Fig. 3. For the high strain 
hardening materials, the material within the plastic zone 
beneath the indenter becomes more hardened during 
indentation. As the indenter proceeds downward into the 
material, most of the plastic deformation occurs at the 
material around the plastic zone which is relatively softer. 
Therefore, the material near the indenter is observed to 
sink-in because the downward moving of the plastic zone 
by the indenter is more active during indentation [2,6]. 
For the low strain hardening materials, the moving of the 
plastic zone is blocked by its surrounding materials 
because the plastic zone is not hardened severely during 
indentation. Then, the material within the plastic zone 
moves toward free surface along the indenter surface 
where smaller deformation energy is required. Thus, the 
material near the indenter is observed to pile-up by this 
behavior of the plastic zone. The strain hardening 
materials, especially engineering metals, can be  
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Fig. 4 Stress distributions beneath indenter for piled-up and sank-in materials at full load (a) and after complete unloading (b) 
 
classified into piling-up and sinking-in around n=0.3. 

The effects of different E*/σr and n values on the 
amounts of pile-up and sink-in hmp/hm after unloading are 
shown in Fig. 5. The ratio of hp/hm was taken to 
quantitatively compare each amount of pile-up and 
sink-in at load in Fig. 3 and after unloading. Overall, 
piling-up was increased and sinking-in was released after 
unloading. These phenomena were much more obvious, 
especially in the range of E*/σr<about 400. For n=0.3, the 
materials with E*/σr<400 appeared to be sink-in at full 
load in Fig. 3 but were changed into pile-up after 
unloading. Especially, when E*/σr<100 approximately, 
the phenomenon of sink-in during loading was dominant 
in most of the materials (Fig. 3). However, it was almost 
transformed to pile-up after unloading except some of 

 

 
Fig. 5 Effects of different E*/σr and n values on amounts of 
pile-up and sink-in hmp/hm after unloading 
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the materials with above n=0.4. These results are called 
the pseudo-pile-up by LI et al [16]. The material with 
very low E*/σr values(E*/σr<100) is likely to be similar to 
the characteristics of rubbers or elastomers which have 
an extremely high elastic strain. 

Figure 6 shows the transition from sinking-in under 
full load to piling-up after complete unloading for the 
material with E=10 GPa, σy=750 MPa and n=0.01. The 
indentation profile at full load was placed down the 
original surface of the specimen (Y=0). However, after 
unloading the edge of the residual profile was displaced 
above the original surface by elastic recovery. In the case 
of the pseudo-pile-up, the pattern of the stress 
distribution under load was similar to that of sink-in in 
Fig. 4. However, the stress distributions below the 
indenter, which are almost a spherical shape, were more 
deeply and widely formed into the material and more 
narrowly placed within the contact radius than those of 
sink-in in Fig. 4. Also, there were the maximum stress 
distributions on the indenter tip after unloading unlike 
the sinking-in. This pseudo-piling-up may be often 
mistaken by observers for one of piled-up types in 
observations of the residual indentation impressions [16]. 
 

 
Fig. 6 Transition from sinking-in at full load to piling-up after 
complete unloading for pseudo-piled-up material 
 
3.2 Quantifications of pile-up and sink-in after 

unloading 
In Fig. 5 the behaviors and the phenomena of 

pile-up and sink-in can be easily distinguished and 
understood after unloading. However, the data are 
actually difficult to be approximated as one function. To 
solve this problem hrp/hm and Rr/hm were introduced as 
dimensionless parameters to represent their phenomena 
and were expressed as functions of E*/σr and n values 
after complete unloading in Figs. 7 and 8, respectively. 
Figures. 7 and 8 were numerically formulated as 
dimensionless П2 and П3 functions (Appendix A). Their 
closed forms were completed with fitting all 140 data 
points within ±3.0% errors. 
 

 
Fig. 7 Variations of hrp/hm as functions of E*/σr and n values 
after complete unloading (dimensionless П2 function) 
 

 

Fig. 8 Variations of Rr/hm as functions of E*/σr and n values 
after complete unloading (dimensionless П3 function) 

 
Figure 9 shows the variations of HO&P/Hreal as 

functions of E*/σr and n values after unloading. Here, 
HO&P is the Oliver and Pharr’s hardness calculated by the 
contact area AO&P=24.56hm

2. Hreal is the real hardness 
obtained by the real residual projected area Areal=πRr

2 
which was calculated from the FE simulations of 
nano-indentation. As shown in Fig. 9, HO&P was 
overestimated (the underestimation of the contact area) 
for piling-up while it was underestimated (the 
overestimation of the contact area) for sinking-in, 
compared with Hreal. Furthermore, HO&P was completely 
underestimated in the range of E*/σr<about 100 where 
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the phenomenon of sink-in appears to be nearly 
independent of n. When n=0.3 and E*/σr<200 
approximately, Hreal was similar to HO&P. Especially, the 
differences between Hreal and HO&P were the maximum of 
60% for piling-up when n=0.01 and E*/σr>600 and 20% 
for sinking-in when n=0.5 except the region where E*/σr 
values are below 100, respectively. These graphs were 
numerically formulated as dimensionless П4 function 
(Appendix A) in the same way as previously. 
 

 
Fig. 9 Variations of HO&P/Hreal as functions of E*/σr and n 
values after complete unloading (dimensionless П4 function) 
 
4 Verifications of dimensionless functions 
 
4.1 Geometrical definitions of pile-up from residual 

indentation profiles 
Figure 10 shows the geometrical definitions for the 

residual indentation profiles of the piled-up material 
induced by the Berkovich indenter [13]. These 
definitions are premised on the assumption that the 
behavior of pile-up only appears along the flat faces of 
the indenter and not at corners. Also, the periphery of the 
piled-up material forms an arc along the triangle edge on 
the projected contact area. Hence, the projected contact 
area can be modeled as equilateral triangle bounded by 
arcs, as shown in Fig. 10. Here, Atpile is the total projected 
area of the piled-up indentation impression after 
unloading which is calculated by the triangle and the 
areas enclosed by the arcs. Apile is the extra area due to 
piling-up and AO&P is the area determined using Oliver 
and Pharr’s analysis. The width of the arc Xpile is equal to 
the projected width of the piled-up part. Thus, Atpile can 
be calculated as Atpile=AO&P+3Apile where AO&P is given 
by 
 

O&P
1 / 2
2 tan( / 2)

aA a
θ

=                           (5) 

 
Under the assumption that AO&P is the equilateral 

triangle (60°), the length of one side a of the triangle is 
then given by a/2=(Xtpile−Xpile)tan θ/2. The contact radius 
R was calculated by measuring the dimension of the arc 

which is the three-point arc connecting both edges of a 
and Xpile on the center of a. Using R and a, the angle of 
the arc θR can be calculated by 
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2
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Thus, Apile is given by 

 
2
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and hpile and hrp are finally expressed as follows 

pile
pile

piletan
X

h
θ

=
′

 and pile

piletanrp
X

h
θ

′
=

′
              (8) 

The geometrical parameters of the residual 
indentation profile in Fig. 10 can be easily determined by 
the optical observations such as AFM and SEM [13]. 
 

 
Fig. 10 Residual projected area and cross-sectional profile of 
piled-up materials by Berkovich indenter: (a) Cross-sectional 
view; (b) Plane view 
 

Figure 11 shows the residual projected area and 
cross-sectional profile of the Berkovich indenter 
transformed to the equivalent-conical indenter. This area 
is called the equivalent-residual projected area in this 
study. Assuming that Atpile is identical with the 
equivalent-residual projected area, Atpile can be rewritten 
using the equivalent-residual contact radius Rtpile of the 
conical indenter as Atpile=AO&P+3Apile=πRtpile

2. Thus, Rtpile 
is given as Rtpile=[(AO&P+3Apile)/π]1/2. In Fig. 11, Xepile is 
then Rtpile−RO&P where RO&P is the equivalent-residual 
contact radius of AO&P and is written as: 
 

O&P pile O&P
epile

3
π π

A A A
X

+
= −                (9) 

 
where Xepile is the equivalent-residual width due to 
piling-up transformed to the conical indenter. Assuming 
that hr of the Berkovich indenter is the same as that of 
the conical indenter, the equivalent-residual angle θeq is 
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defined as θeq=tan−1(RO&P/hr). Thus, the equivalent- 
residual piled-up depth hepile and the total equivalent- 
residual indentation depth herp are given as 

epile
epile

eqtan
X

h
θ

= ,  tpile
erp

eqtan
R

h
θ

=               (10) 

 

 
Fig. 11 Residual projected area and cross-sectional profile of 
piled-up by equivalent cone indenter: (a) Plane view; (b) 
Cross-sectional view 
 
4.2 3D FE simulations of nano-indentation using 

Berkovich indenter 
To verify the geometrical definitions of pile-up and 

dimensionless functions constructed in this study, 3D FE 
simulations of nano-indentation using the Berkovich 
indenter was performed. The 3D FE model was assumed 
to be 1/2 section of the indenter. Materials used in the 3D 
simulations are Al6061-T6 and AISI 1010, respectively. 
The elastic-plastic properties of each material were 
obtained from an uniaxial tensile tests and are listed in 
Table 1. Figure 12 shows the initial mesh system of 3D 
FE model and the configuration of the Berkovich 
indenter. General conditions for the 3D FE simulations 

Table 1 Mechanical properties of Al 6016-T6 and AISI 1010 

Properties E/GPa σy/MPa n 

Al 6061-T6 70.6 331.7 0.081 

AISI 1010 209.6 210.6 0.249 

 
of nano-indentation are identical with those of the 
previous 2D simulations in section 2.1. 

Figure 13 shows the stress distributions of the 
indentation impressions for Al 6061-T6 and AISI 1010 at 
full load and after unloading. The phenomenon of pile-up 
was clearly observed in both Al 6061-T6 and AISI 1010 
because their n values are smaller than 0.3, which is an 
approximate base value to separate piling-up and 
sinking-in in engineering metals in Fig. 3. However, it 
was slightly smaller in AISI 1010 than in Al 6061-T6 by 
differences in their n and E*/σr values. Figure 14 shows 
the residual indentation profiles of Al 6061-T6 and AISI 
1010 obtained from 3D simulations. These data were 
used to define the geometries and the degrees of pile-up 
for each material. 

 
4.3 Estimations of strain hardening exponents using 

П2, П3 and П4 functions 
The geometrical definitions (marked in Figs. 10 and 

11) and the dimensionless parameters (hrp/hm, herp/hm, 
Rr/hm and HO&P/Hreal) of pile-up calculated from the 
residual indentation profiles (Fig. 14) for each material 
are summarized in Tables 2 and 3, respectively. Here, hrp 
is the value directly extracted from the residual profiles. 
On the other hand, herp and Rr are the values converted 
into its equivalent-conical shape by equations in section 
4.1. In addition to these, E* and σr values of Al 6061-T6 
and AISI 1010 that are necessary to use the dimensionless  

 
Fig. 12 Initial mesh system for 3D simulations of nano-indentation and shape of Berkovich indenter 
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Fig. 13 Stress distributions of indentation impressions for Al 6061-T6 at full load and after unloading: (a) Al 6064-T6; (b) AISI 1010 
 

 
Fig. 14 Cross-sectional profiles of indentation impressions at full load and after unloading for Al 6061-T6 (a) and AISI 1010 (b) 
 
functions established in section 3.2 were obtained from 
LEE’s study [15]. 

The n values of Al 6061-T6 and AISI 1010 
predicted using these parameters and dimensionless П2, 
П3 and П4 functions are listed in Table 4. The results 

showed that all the functions provided relatively exact n 
values which are within 10% errors in comparison with 
those of the tensile test. However, this margin of error 
was intensely variable with some measurement errors of 
the residual indentation profiles. Figure. 15 shows the 
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changes in n values with ±5% errors of the dimensionless 
parameters in Table 3. The n values in Fig. 15 are 
expressed as the percent relative error 
((nП-ntensile)/ntensile×100%) compared with those of the 
tensile test. 

Overall, AISI 1010 was much less sensitive to the 
errors than Al 6061-T6. Also, the П4 function led to the 
smallest maximum and minimum deviations within the 
given errors. These differences in the sensitivity are 
mostly caused by E*/σr values of each material and the 
ranges of the dimensionless parameters (hrp/hm, herp/hm, 
Rr/hm and HO&P/Hreal) available at each functions. As 
i l lustrated in  Figs .  7 ,  8  and 9,  the range of  the 
 
Table 2 Geometrical parameters of pile-up obtained from 3D 
simulations of nano-indentation 

Property Al 6061-T6 AISI 1010 
θR/2(°) 5.8066 2.8600 
R/nm 37100.41 74510.36 

Xpile/nm 190.361 92.807 
X′pile/nm 2430.30 2373.61 
X″pile/nm 4231.30 4150.50 
hpile/nm 90.558 39.457 
hr/nm 968.249 969.682 
hrp/nm 1056.81 1018.14 
a/2/nm 3736.172 3713.116 

Apile/nm2 1592514.50 803977.48 
AO&P/nm2 24177661.03 23880184.14 
Rtpile/nm 3035.906 2892.929 
RO&P/nm 2774.16 2757.05 
Xepile/nm 261.742 135.884 
θeq/(°) 70.760 70.722 

hepile/nm 91.354 47.792 
herp/nm 1059.60 1017.47 

 
Table 3 Dimensionless parameters of residual indentation 
profiles calculated from 3D simulations of nano-indentation  

Property Al 6061-T6 AISI 1010 
E*/σr 191.17 416.81 
hrp/hm 1.0568 1.0181 
herp/hm 1.0596 1.0174 
Rr/hm 3.0359 2.892 

HO&P/Hreal 1.1976 1.1010 

 
Table 4 n values of Al 6061-T6 and AISI 1010 predicted from 
3D simulations of nano-indentation 

Property Al 6061-T6 AISI 1010 
hrp/hm (П2) 0.079 0.251 
herp/hm (П2) 0.075 0.253 
Rr/hm (П3) 0.089 0.246 

HO&P/Hreal (П4) 0.075 0.221 

dimensionless parameters available at a given E*/σr value 
becomes narrower as E*/σr values decrease. Also, the 
ratio of HO&P/Hreal (П4 function) has a comparatively 
wider range of the applicable parameter at a certain E*/σr 
value than others. For these reasons, the sensitivity to the 
measurement errors of the residual indentation profile is 
somewhat changed according to the П functions and the 
materials used. 

Figure 16 exhibits the variations of the indentation 
profiles according to measurement methods after 
unloading. In Fig. 16(a), the piled-up point in the 
indentation profile is not ideally sharp but very smooth 
curve. If the indentation profile is based on top point 
(profile A) or the inflection point (profile B), both the 
contact radius and the projected area may be over- or 
underestimated, respectively. In addition, the residual 
indentation depth also fluctuates according to how to 
choose the indentation profile. Actually, there are no 
definitive standard rules to define the shapes and the 
degrees of pile-up from the residual indentation 
impression. 

Whether profile A or B is chosen, the change in hrp 
will be almost smaller than that in Xtpile, which 
subsequently affects the calculations of Rr and Areal. 
However, as mentioned above, hrp/hm has a narrow range 
 

 
Fig. 15 Changes in n values with ±5% errors of dimensionless 
parameters: (a) Al 6064-T6; (b) AISI 1010 
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Fig. 16 Variations of indentation profiles according to 
measurement methods after unloading: (a) Pile-up; (b) Sink-in 
 
of applications for a given E*/σr value and Rr/hm changes 
drastically with some measurement errors. In other 
words, if the choice of profile A or B leads to within 
±5% errors for hrp/hm, it will actually exceed that range 
for Rr/hm. Therefore, it is more desirable that profile A 
(the inflection point) is adopted as the residual 
indentation profiles to reduce errors in the predicted 
values from each function. Estimation of n values on the 
sank-in materials was not considered in this study. As 
shown in Fig. 16(b), the geometrical definitions on the 
sank-in amounts in the residual indentation profiles are 
very intricate and uncertain works. Thus, herp/hm, Rr/hm 
and HO&P/Hreal cannot be actually used and hrp/hm is only 
available as the dimensionless parameter to represent 
sinking-in. However, hrp/hm (П2 function) is very 
sensitive to the measurement errors and more changeable 
according to how to choose the indentation profiles than 
that of piling-up. To solve these problems, it is first 
necessary to determine the proper measurement method 
of the sank-in part. These problems, including the 
geometrical definitions of sink-in, will be discussed in 
further research in detail. 
 
5 Conclusions 
 

1) The indentation impressions of materials are 
divided into the phenomena of pile-up and sink-in at 
n=0.3 approximately. Also, the piling-up and sinking-in 
of materials are more dependent on their E*/σr values 
than their n values in the range of E*/σr<about 300. On 
the other hand, they rely entirely on their n values in 
E*/σr>about 600. When E*/σr<100 approximately, the 
phenomenon of sink-in mostly appears over all the 
materials independently of their n values at full load. 
However, it is inversely changed into pile-up after 
complete unloading. This effect is called the pseudo- 

pile-up and is dominant in the range of extremely small 
E*/σr. 

2) The real hardness Hreal calculated from the real 
residual projected area is underestimated up to a 
maximum of 60% at n=0.01 for pile-up and is over- 
estimated up to a maximum of 20% at n=0.5 for sink-in 
except the region where E*/σr values are below 100, 
respectively, in comparison with OLIVER and PHARR’s 
hardness HO&P. 

3) The dimensionless П2, П3 and П4 functions 
provide the estimation of n values within 10% error from 
the residual indentation profiles of Al 6061-T6 and AISI 
1010 obtained from 3D simulations of nano-indentation. 
However, the smaller the indented material has E*/σr 
value, the more these functions are sensitive to the 
measurement error of the residual indentation profile. 
This is because the range of the dimensionless 
parameters (hrp/hm, herp/hm, Rr/hm and HO&P/Hreal) at a 
given E*/σr value grows progressively narrower as E*/σr 
values decrease. Also, the shape and the degree of pile up 
should be defined based on the inflection point of the 
piled-up part in the residual indentation profiles to 
minimize the error of the dimensionless functions. 

4) As the above result, a series of dimensionless 
functions constructed in this study are expected to help 
conveniently understand and predict an approximate 
strain hardening exponent of the material in very small 
volumes such as thin films, coatings, microelectronic 
devices and MEMS. 
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