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Analyzing Time on Sample During Nanoindentation
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Abstract

	 Nanoindentation is an effective way of finding mechanical properties at nanoscale. They are 
especially useful for thin films where elimination of the substrate effect is required. The mechanism 
is based upon depth sensing indentation based on Oliver and Pharr modeling. The load-depth 
curves as well as time on sample were analyzed. Indentation impulse was found to have significant 
contribution in the nature of failure zone during indentation. Fracture toughness was also related to 
time on the sample.
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Introduction

	 Nanoindention is a method to characterize 
material mechanical properties on a very small 
scale due to its high spatial and depth resolution 
of the measurement1-2. Features less than 100 nm 
across, as well as thin films less than 5 nm thick, can 
be evaluated. Test methods include indentation for 
comparative and quantitative hardness determination 
and scratching for evaluation of wear resistance and 
thin film adhesion. It has been also used to determine 
creep properties of materials based on time on 
sample3-5.

	 For indentation, the probe is forced into the 
surface at a selected rate and to a selected maximum 
force. Nanoindentation studies were performed on 
the films by Nanoindenter XP (MTS, USA)6. Both 
bulk modulus (E) and hardness (H) are found from 
nanoindentation. Advantage lies in possibility of very 
small indentation (depth of the order of 100nm). 
Thus it is useful in the case of thin films.During 

nanoindentation a Berkovich indenter with 70.3°C 
effective cone angle pushed into the material and 
withdrawn. The indentation load and displacement 
were recorded The hardness and elastic modulus 
are calculated simultaneously whose equations have 
been published previously7.

	 Nanoindentation can be used to measure 
the creep behavior by fitting the depth vs. time 
data at constant load. There are three models for 
measuring the creep constant the standard linear 
solid, Burgers model, and a two-dashpot Kelvin 
model. The creep time constants have been reported 
to increase monotonically with increasing holding 
time for all three models. However, the Burgers 
model has been found to be best of the three in terms 
of fitting and was recommended for further studies8. 
A nanoindentation load-displacement –time plot is 
shown in Fig 1. In this study we have focused on 
both the loading as well as unloading portion of the 
curve which has been shown separately. The time 
on sample with displacement plot is show in Fig 2 
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which was fitted by a quadratic polynomial given as  
T= p1*d^2 + p2*d + p3 wi th coef f ic ients:  
p1 = - 0.037791; p2 = 3.4347 and p3 = - 4.3462. 
Interestingly a gap in the time profile was observed 
corresponding to the linear region of the load depth 

curve. The linear unloading arises due to push back 
of the buckled region just beneath the indenter9. An 
illustration is shown in the figure.Buckling occurs to 
release the compressive stress. The linear unloading 
region is about 3 nm where the push back force is 

Fig. 1: Time on the sample curves for loading and unloading portion of the load depth curves
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about 0.25mN acting for a time period of 50 seconds 
which gives a stiffness of 84 N/m and impulse of 
12.5 mNs.

	 The load depth curve during unloading 
may also show some different features during the 
final stages of unloading as shown in Fig 2 where 
the material instead of a push back goes down just 
beneath the indenter. We can call this linear loading 
in analogy to linear loading as observed in the 
previous case. The reason of this phenomenon might 
be plastic deformation of the substrate on which a 
hardcoating has been deposited. 

	 The load vs displacement and corresponding 
time on sample plots for different final depths of 
penetration is shown below. It can be observed that 
due to different plastic energy involved, time on the 
sample plot end up at different depths. The region 
due to linear unloading is however same in all the 
three cases as shown by an arrow indicating the 
property is not influenced by loading. The parameter 
that differs in the three cases is the impulse which 
was obtained by integrating the load vs time on 
sample plots as shown in fig 3.
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Fig. 2: Time on the sample curves for loading 
and unloading portion of the load depth curves

Fig. 3: Load-depth and Time on sample plots for nanoindentation at different depths
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Fig. 4: Time-Load and Impulse plots for Nanoindentation at different loads
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Fig. 5: Shockwaves during indentation leading 
to lateral cracks

 Substrate  Substrate 

	 The impulse plays a major role in indentation 
fraction. Indentation with the same load but different 
impulse (due to different time on sample) may 
cause different failure responses10.  A lower impulse 
will lead to radial crack formation whereas higher 
impulse indentation will provide higher shock wave 
which gets reflected from the films surface interface 
making chances of buckling, delamination and 
chipping more. The effect of substrate will be also 
much higher for indentations done at higher impulse. 
This is the reason while we get radial cracks during 
loading when the impulse is low and lateral crack 
during unloading when the impulse is high11-13  
(Fig 4).There exists a characteristic inelastic volume 
just beneath the sharp indenter where compressive 
stresses provide resistance to crack propagation. 

An increase in load however makes the cracks 
grow faster than inelastic volume. Although radial 
cracks may get deviated due to crystallographic 
orientation, the lateral cracks follow the stress 
field due to shock waves and are not affected by 
crystallography. A crystallographic anisotropy also 
leads to extra crack generation and the energy is 
not spent in crack propagation14. These high impulse 
shockwaves are the reason of flow of material 
surrounding the indentation impression which takes 
different geometrical shapes.A method different to 
nanoindentation called impulse excitation method 
which involves measuring two natural vibrational 
modes frequencies is shown in ref15.

	 The idea of using indentation to evaluate 
fracture toughness was initially started with radial 
cracks obtained during Vicker’s Indentation. It has 
been observed that the crack propagation in not 
always purely radial but develops branches or 
microcracks which has been explained to be arising 
due to stress induced crystallization. According to 
Moradkhaniet. al the micro cracks can be assumed to 
have a regular shaped geometry and used in fracture 
toughness calculation. The area has been taken as 
rectangular with length c and thickness t such that 
c=A/t where A is the micro crack area. The fracture 
toughness is then given by

		

	 Where the constant ÷ = æ (E/Hv)1/2  where 
æ is a dimensionless empirical constant having 
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Fig. 6: Time-depth and load-depth curve and Load vs. Time on sample curve
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value 0.016 approximately16.The load on the sample 
was plotted with respected to time and the loading 
portion of the curve was fitted numerically as shown 
in Fig 5. The relation obtained between load and 
time on sample (with Coefficients: p1 = 4.4326e-06;  
p2 = -0.00034378; p3 = 0.0098697 p4 = -0.048249) 
as given below was again used in the fracture 
toughness relation with time on the sample.

P= p1*T^3 + p2*T^2 +p3*T + p4

	 Only coefficient of P2 is of significance 
and others can be neglected as their variation will 
not cause any major change in the total value. The 
effect of fracture toughness for a time of 1 to 100 s 
is given in Fig 6.It can be observed that rapid rate 

of indentation leads to higher fracture toughness 
values. Experimental observations related to 
nanoindentation fracture have been published 
earlier17, 18 & 19.

Conclusions

	 Time on the sample during nanoindentation 
was found to have significant effect on the film failure 
properties. Impulse was found to have a significant 
contribution on the nature of failure. Time on sample 
during nanoindentation was related to fracture 
toughness.Andecrease in facture toughness with 
an increase in indentationtime was observed.
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Fig. 7: Effect of indentation time 
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