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ABSTRACT
Material properties provide important information about the fatigue life which makes life extension of critical components in various industries possible. The conventional methods of determining tensile strength and fatigue life through
ASTM or equivalent standard specimen have their limitations due to size requirements of test specimen. Automated
Ball Indentation (ABI) is a semi-invasive technique that is useful for determining the material properties. A tungsten
carbide ball of diameter 1.57 mm is used to load the test specimen and the force vs. displacement response is used to
estimate material properties. Methods have been formulated in the past to predict the fatigue life of the specimen by
correlating Cyclic Indentation and Low Cycle fatigue data. In this work, investigation of the role of plastic dissipation
energy in failure and its correlation for the two processes by Finite Element simulations in ABAQUS is attempted. Results such as force vs. displacement response, residual depth and plastic diameter with Haggag’s [1] formulation and
experimental results are validated first. Then, the plastic dissipation energy density, which is a comparable parameter, is
plotted for both Cyclic Indentation and Low Cycle Fatigue. A reasonably good correlation is obtained which also validates the failure life predicted from knee-point approach. Dependence of the pile-up profile of variables such as method
of loading and the friction between the contacting bodies is also discussed.
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1. Introduction

2. Prior Studies

In applications such as power plants, chemical plants and
aircraft industry, it is helpful to assess the residual life for
predicting component failure because materials degrade
over a period of time. Fatigue failure due to repeated
loading and unloading is responsible for most of the mechanical failures. Most of the conventional methods of
determining tensile strength and fatigue strength are destructive in nature and have limitations due to the size of
specimen required.
Automated Ball Indentation (ABI) test technique is a
semi-invasive and non-destructive technique [1] to determine the mechanical properties of metallic materials. In
this method, a tungsten carbide spherical ball of nominal
diameter of 1.57 mm is used to load the material under
cyclic load-unload sequence and the force vs. displacement response is obtained. The indentation depth is progressively increased to the maximum defined penetration
depth, which is about 25% of indenter’s diameter. The
indenter material is so chosen that its hardness is much
greater than that of the test material, and its deformation
is negligible.

Several researchers [1-4] have studied the force-displacement response during an indentation test using a spherical indenter to derive the material’s mechanical properties. Spherical indenter is preferred because of the simplicity of the indenter geometry and the absence of stress
concentration.
While indentation tests are nondestructive and easy to
use, the test results are difficult to analyze because of the
complicated tri-axial stress state under the ball indenter.
However, this kind of barrier has been greatly removed
by finite element (FE) analyses. Byun et al. [2] measured
through-the-thickness material properties in SA508 Gr.3
pressure vessel steels using ball indentation technique experimentally. Indentation energy to fracture (IEF) parameter was obtained using critical stress to strain concept,
which allows the nondestructive determination of fracture energy from ABI-measured stress-strain curves by
Haggag et al. [1].
Studies have attempted to relate plastic dissipation energy with fatigue failure of material. Klingbeil [5] proposed a theory for fatigue crack growth in ductile solids
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based on the total plastic dissipation per cycle. Fatigue
crack growth rate is attempted to be formulated in terms
of the total plastic dissipation energy and the monotonic
plane strain or plane stress toughness of the material.
Prakash et al. [6] predicted the fatigue life of Al 7175T7315 using the knee point approach by correlating the
experimental indentation and low cycle fatigue data.

3. FE Modeling of Ball Indentation and Low
Cycle Fatigue
3.1. Input Parameters
Simulation of ball indentation process for the material Al
7175-T7315 was performed using ABAQUS finite element code. A 2D axi-symmetric formulation was used to
reduce computation time and memory requirement. The
whole model comprised of two parts, viz. indenter and
material plate. Indenter was modeled both as a deformable and rigid sphere of diameter 1.57 mm, while the
material plate as a deformable cylinder of radius 15 mm
and height 10 mm.
The boundary conditions for indentation applied were
as follows: 1) the bottom face of the test specimen was
constrained in displacement in the vertical direction; 2)
The left face of the test specimen was constrained to not
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move in the horizontal direction; 3) Displacement and
force was applied to the reference point on the sphere,
and it could move only in the vertical direction.
Table 1 shows the material properties provided for Al
7175-T7315. Figure 1 shows the engineering stressstrain curves and the true stress-strain curves obtained
from tensile test.
Figure 2 presents the enlarged view of meshed ABI
specimen and low cycle fatigue specimen. The plate
was meshed with eight-node bi-quadratic quadrilateral
elements with reduced integration elements (CAX8R),
11671 in number. Eight-node elements were preferred
over 4-node elements for better convergence of results.
Fine meshing was made near the contact region and
coarser away from it to reduce computational time. The
smallest element edge was less than 10 μm.

3.2. Method of Loading
As shown in Figure 3, the types displacement controlled
loading (static indentation) were considered: 1) one cycle of displacement load of 0.05 mm; 2) five cycles of
displacement load of 0.05 mm; 3) five cycles of varying
load from 0.04 mm to 0.20 mm.
Force-Controlled loading (cyclic indentation) was given

Table 1. Input properties for Al 7175-T7315.
PROPERTIES

SUB-PROPERTIES

INPUT DATA

Density

-

2700 kg/m3

Type

Isotropic

Young’s Modulus

70 GPa

Elastic

Plastic

Poisson’s Ratio

0.33

Hardening

Combined Hardening

Yield Stress

Yield Stress = 494 GPa
UTS = 560 GPa

Plastic Strain

Figure 1. Engineering stress-strain curve and true stress-true strain curve of Al-alloy 7175-T351.
Copyright © 2012 SciRes.
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Figure 2. Meshing for the test specimen for the simulation of ball indentation and low cycle fatigue.

Figure 3. Various modes of loading.

by applying a compressive ramp load till 500 N and then
a compressive periodic load varying between 50 N and
950 N. The spherical ball and plate contact was modeled
by varying the coefficient of friction between 0.1 and 0.3,
and by making it as a function of contact pressure. Both
rigid and deformable indenter used, but ultimately the
rigid indenter was preferred to simplify analysis.
Low cycle fatigue simulation was performed similar to
experiments conducted earlier as per ASTM E 606 standards [7]. The geometry of Al alloy (7175-T351) LCF
specimen was modeled and material properties as obtained from the tensile test were used for the model.
The material was loaded beyond the yield strength and
various components of stress contours and elastic and
Copyright © 2012 SciRes.

plastic strain were studied. In the LCF specimen, CAX4R 4500 quadratic elements were used and fine meshing
in the central region of the specimen, which is the probable failure region.

4. Results and Discussions
4.1. Validation of Results
Results were validated by the following methods:
The plastic strain and plastic diameter were validated
using Haggag’s formulations, which showed the maximum deviation of 6.6 % and 5 % respectively (Figure 4).
The force-displacement curve for static indentation curve
obtained from simulation was compared with the expeOJMetal
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Figure 4. Equivalent plastic strain for one cycle of loading.

rimental results (Figure 5), which showed a peak deviation of approx. 8%. The total depth of indentation vs
number of cycles was compared with the experimental
results and it showed an error of approx. 9.5% (Figure 6).
The yield-strength, elastic modulus and the general nature of the curve as obtained from the stress-strain curve
from FE simulation was found to match with the input
material data (Figure 7).
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Figure 5. Comparison of force-displacement response for
FE simulation with experimental data.

4.2. Analysis of Results
Force-displacement curves obtained from FE simulation
of indentation were studied along with those of stressstrain curves. Since, for one half-cycle the stress-strain
curve was expected to replicate the input stress-strain
data, parameters such as yield strength, elastic strain and
elastic modulus were obtained. They were found to be in
concurrence with the material properties provided as input. The validation of results with Haggag’s formulations
and from experimental results was also satisfactory. The
total depth of indentation vs. number of cycle obtained
through cyclic indentation was compared with that obtained through experiments.
Figure 8 shows the force-displacement curves obtained for fives cycles of constant and varying loading
and unloading. The area under the loading unloading forcedisplacement curve is the plastic dissipation energy. The
nature of plots was same as found experimentally. It may
be noted that the material has strain hardening response,
and for the purpose of analysis, stable strainhardening response was considered.
Figure 9 shows the stress-strain hysteresis loops for
25 cycles. The curves stabilize after initial few cycles.
The area under the hysteresis curves is the plastic dissipation energy density.

4.3. Energy Correlation
The plastic dissipation energy density contours were studied for cyclic indentation [8] and low cycle fatigue [9]
to find the region where it had the greatest value, and
hence was most likely to fail. At these nodes, the values
after each cycle were plotted and found to be almost linear.
Copyright © 2012 SciRes.

Figure 6. Comparison of total depth of penetration for FE
simulation with experimental data.

Figure 7. Stress-strain curve for one cycle of static indentation.

The objective of the work was to study the plastic dissipation energy density in the material and to check if a
correlation existed between the two. Figure 10 shows the
correlation for 210 cycles. The number of cycles as predicted before through the knee-point approach was also
validated. Figure 10 presents the plastic dissipation energy (PDE) contours of indenter contact region. Also
shown by the side is the plastic dissipation energy contour for a smooth LCF specimen. It can be seen that there
is a peak PDE at a location below the indenter contact,
which represents the location for first crack initiation in
cyclic indentation.
OJMetal
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Figure 11 presents the plot of plastic dissipation energy density as a function of cycles of loading for both
smooth LCF specimen and for cyclic indentation specimen. It can be seen that both have different slopes as a
function of cycles of loading, The point of intersection of
these two graphs can be considered as point of failure for
the indentation specimen.
From Figure 11,
(PDED)CI = (5.38 nCI + 147.6)
(PDED)LCF = (7.54 nLCF – 2.96)
where
(PDED)CI is the plastic dissipation energy density for
cyclic indentation,
(PDED)LCF is the plastic dissipation energy density for
low cycle fatigue,
nCI is the number of cycles for cyclic indentation, and
nLCF is the number of cycles for low cycle fatigue.
Thus, energy parameter at failure was defined as follows:
(Energy parameter)CI = 321 X (PDED)CI
(Energy parameter)LCF = 254 X (PDED)LCF
Figure 8. Force-displacement response for five cycles of
constant loading and varying loading.

Figure 9. Stress-strain hysteresis response for 25 cycles of
loading under low cycle fatigue.

Figure 10. Plastic dissipation energy contours for cyclic indentation and low cycle fatigue.
Copyright © 2012 SciRes.

The energy parameter was plotted with number cycles
shown in Figure 12 and was found to be equal for CI and

Figure 11. Comparison of plastic dissipation energy Density
for CI and LCF.

Figure 12. Comparison of energy parameter for CI and LCF.
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Figure 13. Pile-up profile for a loading of 0.25 mm and 0.15
mm.

LCF after 261 cycles. Since this value falls between the
number of cycles equired for failure for CI and LCF as
predicted by the knee-point approach, the correlation can
be said to be acceptable.
Pile-up was found to occur at the indenter plate interface and the profile was studied by varying amplitude of
displacement-loading as shown in Figure 13.

5. Conclusions
1) The success of the FE simulation of ball indentation
and low cycle fatigue process could be gauged from the
fairly acceptable validation of the results with the experimental data and analytical results.
2) The region where the material was likely to fail due
to accumulation of plastic dissipation energy was located
and was found to be consistent with previous studies.
3) The plastic dissipation energy density values for
LCF and CI were correlated and the energy parameter
was found. Upon plotting the energy parameter for LCF
and CI, a satisfactory correlation was found.
4) The energy correlation technique could be used to
predict the fatigue failure life of not only Al alloy but
other materials through the same approach.

Copyright © 2012 SciRes.

OJMetal

