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ABSTRACT: The stress—strain behavior of materials is traditionally characterized using uniaxial
tensile or compression tests. However, these conventional methods are often impractical when dealing
with small material volumes or when localized mechanical property evaluation is required. As a non-
destructive, simple, and widely applicable alternative, the spherical indentation hardness test presents
a promising approach for estimating mechanical properties such as the elastic modulus. In this study, a
methodology based on the Brinell hardness testing principle is introduced to estimate the elastic modulus

of materials. The obtained results are validated against data derived from standard uniaxial tensile tests.  Keywords:

The findings reveal that the estimated elastic modulus values are significantly influenced by the applied Hardness Testing

indentation load, with optimal accuracy achieved at a specific load level. Deviations from this optimal i
. e . . . . . .. Elastic Modulus
load, whether higher or lower, result in diminished estimation accuracy, primarily due to variations

in material pile-up or sink-in phenomena surrounding the indentation zone. These effects alter the Mechanical Properties

penetration depth measurement and, consequently, the calculated mechanical properties. The proposed ~ Penetration Test
method demonstrated an estimation error of less than 5% for the elastic modulus. Moreover, the optimal ~ Penetration Load
indentation load is found to be material-dependent and should be determined prior to application.  Meyer Parameter
Overall, the results confirm that this method provides a reliable, non-destructive means of estimating

the elastic modulus, particularly in situations where material availability is constrained or localized

evaluation is required under in-service conditions.

1- Introduction

Accurate determination of the elastic modulus is essential
in engineering and materials science, yet conventional tensile
testing methods are inherently destructive and often unsuitable
for in-service components or materials with complex
geometries and heterogeneous structures. As a non-destructive
alternative, hardness testing, particularly through indentation
methods, has gained attention. While most previous studies
have focused on elastic modulus estimation using Berkovich
indenters, limited research has explored spherical indenters
employed in Brinell hardness testing, despite their simplicity,
availability, and widespread industrial use. The ability to
locally measure the elastic modulus in materials with diverse
microstructures, thin films, or welded joints underscores the
necessity of such non-destructive techniques. This study
investigates the feasibility of determining elastic modulus
through the penetration behavior of a hardened spherical steel
ball using a combined theoretical-experimental approach.

2- Methodology
In this study, the elastic modulus of metallic specimens
was determined and compared using two approaches:
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uniaxial tensile testing and spherical indentation testing
based on Brinell hardness. Tensile specimens were prepared
according to ASTM ES8, and indentation tests were performed
in compliance with ASTM E10.

The multiple partial loading and unloading penetration
test described by Field and Swain was used in this study [1]
and allows the elastic component to be estimated directly at
each stage. The results of the tests are load-depth penetration
plots and are shown in Figure 1, where repeated loading-
unloading was performed, and the elastic unloading stiffness
was calculated from a linear fit of the data in the upper third
of the unloading curve according to the Dorner and Nix
method [2].

The radius of the contact circle is traditionally determined
by measuring the location of the indentation, assuming that
no recovery occurs in this direction during unloading. The
diameter of the contact circle can also be estimated from the
measurement of the indentation penetration depth, provided
that the indentation shape is sufficiently accurate and that the
Piling-up or Sinking-in is properly accounted for (Figure 2).
Norbury and Samuel measured the diameter of the contact
circle and its height based on the recovered indentations and
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Fig. 1. Measured load-penetration depth diagram
and linear fit of the initial part of the load-discharge
diagram.

calculated the penetration depth, #_, below the contact circle
[3] and found that the penetration depth below the original
surface varies as a’ and the ratio 4, /h, is constant and a
property of the material.

During the test, the load and penetration depth are measured
continuously. Without appropriate corrections, only the radius
of the contact circle at the initial surface can be measured,
and if ¢ can be determined, the relationship between this
value and the radius of the contact circle is expressed by
a = ca'. Performing the test in several stages, with repeated
loading and unloading, makes it possible to measure a’ and
calculate cat each stage. The value of the parameter ¢ is
calculated based on the linear regression of log(P)—log(a’)
and the calculation of the Meyer parameter; then the radius
of the actual contact circle at each stage is calculated using
a = ca’and the penetration depth under the contact circle is
calculated using A, =c’h, or h, =R-\R* -d’

3- Results and discussion

The results of calculating the elastic modulus at each
stage (at each separate penetration load) are shown in Figure
3a, and the error of the calculated value is given in Figure 3b.
It can be seen that the calculated modulus value is completely
dependent on the penetration load. At low penetration loads,
the contribution of elastic deformation is significant, and at
high loads, the amount of deformation around the depressed
area increases, and the amount of piling-up or sinking-in due
to surface distortion by the displaced materials increases
significantly. Therefore, determining the elastic modulus
with appropriate accuracy by this method requires the correct
selection of the penetration load and must be optimized in
advance based on the type of samples. The error values show
that by selecting the appropriate penetration load, this method
was able to calculate the elastic modulus value with the
desired accuracy, about 5%, while selecting the inappropriate
penetration load reduced the accuracy of the calculations by
about 40% error and practically rendered the method useless.

In Figure 4a, the instantaneous penetration values
h, calculated by the relations extracted in this study are
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Fig. 2. Schematic of the geometry of the depression
around the penetrator.

10 r ¢ Analysis ==-=-Tensile Test

Elastic Modulus (GPa)
®

u 1 1 1 1 1 1 1 J
50 100 150 200 250 300 350 400 450
( a) Indentation Load (N)

Error (%)
o ANW
o Wy o n o

5 0
. [

100 150 200 250 300 350
(b) Indentation Load

Fig. 3. a) Comparison of the calculated values of the

elastic modulus based on the analysis with the value

measured in the tensile test: a) Error diagram of the
calculated values

compared with the measured values £, , during the test.
It is observed that the A  values are always greater than
h,.. . which indicates the formation of Piling-up around
the penetration area, and in Figure 4b, the deformation area
around the penetration area for a load of 300N is shown,
which completely shows the Piling-up of the material around
the penetration area and confirms the calculations. Also,

with increasing penetration load, the difference between
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Fig. 4. a) Comparison of calculated instantaneous pen-

etration values based on analysis with the value mea-

sured during the penetration test, b) Image of deforma-
tion created around the penetration area.

the calculated and measured values increased (Figure 4a),
indicating that the material piled up more with increasing
penetration load and its severity, which is a logical trend and
was also observed when observing the surface of the samples
around the penetration zone.
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4- Conclusion

The key results obtained, in summary, are:

Based on the presented method, the elastic modulus was
measured for the test samples and compared with the value
obtained from the standard tensile test, and based on that,
the effectiveness of the presented method was confirmed by
meeting the requirements.

The accuracy ofthe proposed method depends significantly
on the magnitude of the penetration load; in soft materials,
the amount of material Piling-up around the penetration zone
is strongly affected by the penetration load, and therefore it
seems that for these materials the accuracy of calculations
will be more sensitive to the magnitude of the penetration
load, and for hard materials the accuracy of measuring the
penetration depth is greatly reduced at low loads.

It is essential that this method is optimized for the material
being used and the appropriate penetration load value is
determined before use.
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Fig. 1. Prepared test specimens: a) tensile test specimen, b) indentation specimen.
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