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Abstract: This study proposes a method for determining aluminum alloys’ yield stress and hardening
index based on indentation experiments and finite element simulations. Firstly, the dimensionless
analysis of indentation variables was performed on three different aluminum alloys using the same
maximum indentation depth to obtain load-displacement curves. Then, laser confocal microscopy
was used to observe the residual indentation morphology. And four dimensionless parameters were
derived from the load-displacement curves while another dimensionless parameter was obtained
from the projection area of the contact zone. Subsequently, a genetic algorithm was employed to
solve these five dimensionless parameters and estimate the yield stress and hardening index. Finally,
the predicted results are compared with uniaxial tensile experiments and the results obtained are
essentially the same. The yield stress and hardening index can be predicted using this method.
And an example is used to verify that this method enables predictions for unidentified “mysterious
material” and the expected results agree with the experiments.

Keywords: indentation test; aluminum alloy; finite element analysis; plastic properties; dimensionless
analysis; genetic algorithm

1. Introduction

The indentation technique has been developed and widely employed as one of the
most universal and practical methods for extracting the mechanical properties of materials.
This method can be traced back to 1951 when Tabor [1] used indentation experiments to
determine the stress—strain curve of metallic materials. Subsequently, Johnson [2] developed
an alternative approach known as the expanding cavity model (ECM). This opened up
new possibilities in the field of indentation techniques. With the continuous advancement
of technology, there is a growing demand for understanding the mechanical properties
of materials, such as hardness [3-7], Young’s modulus [8-12], residual stress [13-17], and
plasticity [18-22]. These studies have demonstrated that the mechanical properties of
materials can be extracted by comparing the load-displacement curves obtained from finite
element simulations with those obtained from experimental measurements when the data
are in good agreement.

In recent years, research has focused on accurately obtaining the plastic parameters
of materials, particularly the yield strength (c,) and hardening index (1). For example,
iterative finite element methods have been used to extract plastic parameters from instru-
mented indentation data, yielding consistent results with uniaxial testing [23]. Furthermore,
with the continuous development of computer processing power, combining optimization
algorithms with analysis can provide more accurate results. Mahmoudi et al. [24] employed
a genetic algorithm to determine the mechanical properties of yield stress and the work
hardening index for various types of steel. They investigated all parameters affecting
the indentation test and proposed an equation to obtain material properties accurately
without direct observation. Good consistency was observed between the experimental
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and finite element results. Mohamed Abd Elaziz et al. [25] proposed a method based on
micromechanical modeling, finite element simulation, and machine learning to predict the
elastic—plastic behavior of Cu-Al,O3 nanocomposite materials. They extensively simulated
the finite element model and extracted parameters such as the load-displacement response.
Using these parameters, they trained a Random Vector Functional Link (RVFL) machine
learning model to predict the yield strength and tangent modulus of the nanocomposite
material. Xu et al. [26] used LSTM deep learning to predict the relationship between the
P-h curve and the stress—strain response of metal coating materials. Wang et al. [27] used
an artificial neural network (ANN) model with adjustable hyperparameters to establish a
forward relationship between the plasticity parameters and indentation load-displacement
snapshots. The parameter identification problem was solved using an “interior point”
constraint optimization algorithm. The sensitivity of the numerical results to experimental
uncertainty was analyzed, and the error range of the experimental data was determined.
A portable indentation device was investigated by A. H. Mahmoudi for extracting the
p-h curve. [28] Subsequently, a fuzzy neural network was employed to determine the
residual stress and plastic mechanical properties of the material. The performance accu-
racy of machine learning and Kriging models were compared. It was validated that the
supervised machine learning algorithm, kNN, slightly outperformed the general Krig-
ing model. Guan et al. [29] conducted an investigation into the mechanical properties
of steel using an instrumented indentation test with simulated annealing particle swarm
optimization. Nima Noii et al. [30] combined nonlinear optimization formulas with finite
element analysis to characterize the properties of elastoplastic coating materials. They
employed a global optimization approach by perturbing the first-best solution to achieve
the desired tolerance value. Sun et al. [31] utilized different optimization techniques to
extract elastic—plastic material properties from experimental indentation tests. Three nu-
merical optimization techniques were applied with finite element analysis (FEA) and the
optimization solutions were compared with corresponding experimental test data. The
applicability and limitations of the finite element (FE) and optimization techniques were
evaluated. However, in indentation techniques, the existence of a solution requires a unique
indentation response for a given material. In other words, a one-to-one correspondence
between the load-displacement curve and the elastic—plastic behavior. However, the study
by [32] demonstrated that materials with different plastic properties could have identical
load-displacement curves when the indenter tip angle is fixed. This indicates that the
uniqueness cannot be determined solely based on the load-displacement curve. Therefore,
it is necessary to introduce a new parameter independent of the load-displacement curve.

After unloading in indentation experiments, the residual indentation imprint is consid-
ered an important parameter. Wu et al. [33] proposed a novel inverse calculation method to
estimate the elastic—plastic properties of metallic materials using only the residual imprint
from a spherical indentation. This method does not require the knowledge of the entire
loading history, and the experiment can be performed on a hardness tester. At the same
time, the residual imprint can be measured using a three-dimensionless laser microscope.
Kalidindi et al. [34] addressed the inverse problem of measuring intrinsic material proper-
ties from spherical indentations. They employed finite element simulations of spherical
indentations using a spherical indenter and developed efficient surrogate models. Bayesian
frameworks were used to extract constitutive parameters. Moreover, considering both the
load-displacement curve and residual indentation imprint leads to more accurate results.
For instance, Wang [35] proposed an inversion method for measuring the elastic—plastic
properties of metallic materials using spherical indentation experiments. The elastic—plastic
parameters are correlated with the subspace coordinates of the indentation imprint through
proper orthogonal decomposition (POD). A statistical Bayesian framework was utilized to
address the inverse identification problem of material properties. Trevor William Clyne [36]
conducted research where the profile of an indentation made by a spherical indenter is
used as the target result for inverse finite element method (FEM) modeling tests. This
approach involves iteratively adjusting the parameters of the constitutive plasticity law in
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the model until the simulated indentation profile best fits the experimental profile. Through
this iterative process, a set of parameter values that provide the best fit to the measured
indentation profile is converged upon, thereby characterizing the material’s plastic behavior.
This technique is a powerful tool for determining the mechanical properties of materials
without requiring extensive material testing, as it relies on computational modeling to
extract material properties from an indentation experiment. Kim et al. [37] proposed a
method for assessing the elastic limit and strain hardening exponent through a single
spherical indentation test. This method relies on finite element (FE) analysis and regression
analysis to associate indentation data with plastic properties, extracting plastic properties
from the radial displacement field and the vertical profile of residual indentations. Ohmura
et al. [38] used the load-displacement curve and pile-up topography of a single Berkovich
indentation. By applying the principle of equivalent energy, they derived the relationship
between the load-displacement curve and the stress—strain curve. They determined an
approximate pile-up height equation using the elastic and plastic limits. Based on these
fundamental equations, the yield stress and strain hardening index were estimated from
the hardness and pile-up height obtained from a single indentation. Sun et al. [39] proposed
a reverse analysis method based on a multi-objective function (MOF) optimization model.
This model seeks the combination of material properties (the Young’s modulus, yield
stress, and strain hardening index) that best fit the experimental load-displacement (P-h)
curve and the residual indentation pile-up profile measured using atomic force microscopy.
Therefore, in indentation experiments, the influence of the load-displacement curve on
plastic properties and the residual indentation imprint are considered to determine the
uniqueness of the material.

In the previous studies conducted so far, most research on residual indentation mor-
phology has required complex methods and formulas. Furthermore, there is a lack of
reported methods for conducting dimensionless analysis using the parameters of the load-
displacement curve and the projection area of the contact zone. Therefore, a method based
on the indentation curve and the projection area of the contact zone is proposed to de-
termine the yield stress and hardening exponent: (1) Analyze the intrinsic relationship
between aluminum alloy plastic parameters and the nanoscale indentation mechanical
response. (2) Investigate the influence of the yield stress and hardening exponent on the
parameters of the load-displacement curve and the contact area projection through ex-
perimental and finite element simulation studies. (3) Establish a dimensionless equation
between the indentation mechanical response and aluminum alloy plastic parameters
using dimensional analysis and solve it using a genetic algorithm. (4) Finally, apply this
program to identify random materials and “mystery materials” to validate the accuracy of
the program.

2. Materials and Methods
2.1. Projection Methodology

The program flow is illustrated in Figure 1. Five parameters were extracted from the
P-h curve using fitting, differentiation, and integration methods. The contact area of the
contact region was characterized using the field variable CSTATUS in ABAQUS. These
parameters were then subjected to dimensionless analysis to obtain five corresponding
equations. The plastic parameters of the respective materials can be obtained by solving
these equations. In addition to using conventional methods, optimization algorithms can
also be employed for more convenient parameter estimation.

2.2. Experiment Process

The present study investigates three commonly used aluminum alloys in engineering:
5052, 6061, and 7075. The material compositions are listed in Table 1. The selection of 7075,
6061, and 5052 aluminum alloys stems from their significant differences in chemical compo-
sition and their common usage in engineering. Consequently, these three aluminum alloys
are chosen as the experimental group to validate the accuracy of the simulation program.



Metals 2024, 14, 576 4 of 20
| indentation |
P, =
Prax 7
14
T e "

Load-displacement curve Projection area of contact zone Dimensionless analysis
e Tt T T T TTTTTTTTA ]
1 h,, o 1

= —.,n ]
: hmax H ! [ E J I
. ]
:E/f =H;(%=”) :
i ;"X - ‘-I Solution of dimensionless equation |,7 a= % = H5(Z s nj E
1 2 = H 3 - 1
A Eh E ]
. ]
/4 o 1
I e — —.n
L, H“EE ] :
e I
Strain hardening exponent (n)
Yield strength ( oy )
Figure 1. Flow chart of extracting plastic properties of materials.
Table 1. Chemical composition of three aluminum alloys (Wt%).

Element Mg Si Fe Cu Zn Ti Mn Cr Al
7075 2.52 0.09 0.21 1.4 54 0.02 0.04 0.2 Bal.
6061 1.03 0.62 0.18 0.24 0.16 0.03 0.07 0.04 Bal.
5052 24 0.05 0.26 0.06 0.08 0.01 0.06 0.16 Bal.

Nanoscale indentation tests were conducted on three aluminum alloys, namely 5052
aluminum alloy, 6061 aluminum alloy, and 7075 aluminum alloy, using a Berkovich indenter at
room temperature. The specimens used for the tests had dimensions of 10 mm x 10 mm x 5 mm
(length x width x height). Prior to the indentation experiments, the surfaces were polished
to ensure smoothness. The maximum indentation depth was set at 2 um. Each specimen
underwent three indentation tests to obtain accurate P-h curves, as shown in Figure 2.
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Figure 2. Load-displacement curves of three different aluminum alloys obtained by nanoindenta-

tion experiment.
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Figure 3 displays the residual imprints of the three aluminum alloys obtained through

laser confocal microscopy measurements.
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Figure 3. Residual imprint of three aluminum alloys obtained by laser confocal microscope:

(a) 5052 aluminum; (b) 6061 aluminum; (¢) 7075 aluminum.

Uniaxial tensile tests were also conducted on the 5052 aluminum alloy, 6061 aluminum
alloy, and 7075 aluminum alloy at room temperature to obtain stress—strain data. Three
standard flat tensile test specimens were manufactured for each material using wire cutting
(wire electrical discharge machining). The stress—strain curves obtained from the uniaxial
experiments were fitted using Hooke’s hardening law. The results are presented in Table 2.
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Table 2. Tensile test results.

Material E (MPa) oy (MPa) n
7075 68,440 480.22 0.09
6061 67,661 263.47 0.08
5052 66,844 132.59 0.18

2.3. Finite Element Simulation

The stress—strain curves of aluminum alloy can generally be fitted using Hollomon’s
power hardening law, as shown in Equation (1).

Eee <%
(— ’ _Eg’
Ke', e > 4

where 0y, is the yield stress, 7 is the work hardening index, and K = E"g!
Finite element simulations of the indentation tests were performed using the commer-
cial software ABAQUS (6.14). Figure 4 illustrates the finite element model of the indentation
test. A three-dimensionless rigid indenter and a three-dimensionless deformable sample
were modeled. The contact region below the indenter was meshed with a fine mesh with a
minimum element size of 0.03 um. The model was divided into 34,464 C3D8 elements.

)

—n

Figure 4. Nanoindentation simulation of three-dimensionless model.

The bottom surface of the specimen was fully fixed, and the maximum indentation
depth was set to 2 um to match the experimental conditions. Loading and unloading
processes were simulated using static general analysis steps, approximating a quasi-static
behavior. Isotropic hardening was assumed and a Poisson’s ratio of 0.3, a typical value
for most metals, was assigned. Additionally, a node set was created on the surface of the
specimen to utilize the contact area characterization through the field variable CSTATUS
in Abaqus. The CSTATUS field variable in Abaqus/Standard represents the contact area
between the indenter and the material. With the assistance of image analysis software, the
projected area can be easily calculated.

To obtain the yield stress 0y and hardening index 7, 84 finite element simulations were
performed. Most aluminum alloys have an elastic modulus of 70 GPa, a hardening index
ranging from 0 to 0.5, and a yield strength generally below 1000 MPa. Therefore, in the
simulation, we fixed the elastic modulus at 70 GPa and considered hardening indices of 0,
0.1,0.2,0.3,0.4, and 0.5, as well as yield strengths of 10, 30, 50, 70, 100, 200, 300, 400, 500,
600, 700, 800, 900, and 1000 MPa. To validate the accuracy of the finite element simulation
results, the simulated P-h curves for the three aluminum alloys were compared with the
experimental results obtained based on the yield stress and hardening index from Table 1,
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as shown in Figure 5. It can be observed that the experimental and simulated results exhibit
good agreement, confirming the accuracy of the finite element simulation.
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Figure 5. Comparison between the experiment’s P-h curve and the simulation’s P-h curve.

3. Results and Discussion
3.1. Indentation Mechanical Response

Here, we study the parameters obtained from the P-h curve and the parameters of the
projection area of the contact area and make a dimensionless analysis. For materials ex-
hibiting elastic—plastic behavior, such as metals and alloys, the residual indentation shapes
produced by Berkovich indentation are distinctive, as illustrated in Figure 6a. Figure 6b
illustrates the parameters that can be analyzed from the P-h curve. Py represents the
maximum indentation load, /.y represents the maximum indentation depth, /i, represents
the residual indentation depth, W; = W, + W), represents the total work done by the indenter,
W, represents the elastic work, W), represents the plastic work, and S represents the contact
stiffness of the indenter S = dP/dh.

(a) (b)

Load

P“ === Uninstall

Pmax

© he hmax

Figure 6. Schematic diagram of indentation mechanical response: (a) Three possible kinds of contact
zone edges of indenter tip and measured material; (b) Load-displacement curve.
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3.2. Extraction of Parameters from P-h Curves for Dimensionless Analysis
3.2.1. Parameters Obtained from the Load-Displacement Curve

As analyzed in Section 2.2, several parameters are obtained from the load-displacement
curve, including the maximum load, maximum indentation depth, residual indentation
depth, total work done by the indenter, elastic work, plastic work, and contact stiffness.
The variations of these parameters concerning the plastic properties (¢ and n) are shown
in Figures 7-11.
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Figure 7. Parameters from P-h Curves: maximum indentation load.
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Figure 8. Parameters from P-h Curves: elastic work.
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Figure 9. Parameters from P-h Curves: total work done by the indenter.
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Figure 10. Parameters from P-h Curves: residual indentation depth.

The maximum load ranges from 4.74098 mN to 425.757 mN, the total work done by
the indenter ranges from 3.401946447 mN-um to 296.396 mN-um, the elastic work ranges
from 0.0080242 mN-um to 104.677 mN-um, the residual indentation depth ranges from
1396.44 nm to 1995.45 nm, and the contact stiffness ranges from 998 N/mm to 1594.5 N/mm.
Some parameters exhibit similar trends, such as the maximum load, total work done, and
elastic work, which increase with increasing oy and 7, while the residual indentation depth
and contact stiffness decrease with increasing ¢, and n. Therefore, different materials can
have different parameter values, reasonably explaining the dimensionless analysis.
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Figure 11. Parameters from P-h Curves: contact stiffness of the indenter.

3.2.2. Dimensionless Analysis

Figure 2 shows that when the indentation load is unloaded to zero, the indenter does
not return to its initial position. Consequently, a residual indentation mark is left on the
surface of the tested material. Therefore, the residual indentation depth #,, hardness S,
maximum load P, total work done by the indenter W;, and plastic work W, depend on Hx
and the elastic—plastic mechanical properties of the tested material. Hence, the dimensionless
analysis of the parameters leads to the following equations (Equations (2)—(5)).

hr = fl ((T/ n, hmax/ E) (2)
dap
S - dh :fZ(U/n/hmax/ E) (3)
P = f3 (0/ n/ hmax/ E) (4)
hmax
W= [ P = fi(o,m, s, E) ©)

According to the 7t theorem, the dimensionless form of the equation (Equations (2)-(5))
can be written as

o~ Th(E7) = ©
o =TL(Fm) = %
e OB ®
i = TL(E) = ®
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3.3. Extraction of Parameters from Projection area of contact zone for Dimensionless Analysis
3.3.1. Projection Area of Contact Zone

The variation of the projection area of the contact zone concerning oy and 7 is shown in
Figure 12. The projection area of the contact zone ranges from 57.88237 pum? to 135.6985 pm?.
As 0y and n increase, the projection area of the contact zone tends to decrease gradually.
This is primarily due to the different shapes of residual indentations after unloading.

140
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Figure 12. Variation of the contact area of projection area with plasticity.

Three exemplary contact regions are chosen from the “virtual materials”, correspond-
ing ton = 0.1 and 0y = 50 MPa, n = 0.3 and 0y = 100 MP, and n = 0.5 and ¢, = 500 MPa,
respectively. The residual indentation shapes are depicted in Figure 13. It can be observed
that the contact shapes exhibit three different patterns: convex, concave, and relatively
flat. For materials with a smaller n and ¢y, i.e., relatively soft materials, the contact shape
appears convex when viewed from the indentation direction. Conversely, for materials
with a larger n and oy, i.e., relatively rigid materials, the contact shape appears concave
when viewed from the indentation direction.

By extracting the coordinates of the contact area after complete unloading and es-
tablishing a three-dimensionless coordinate system, as shown in Figure 14, we observe
the phenomena of pile-up and sink-in. Soft materials tend to exhibit pile-up, while hard
materials tend to sink-in. Therefore, the projection area of the contact zone is also an
important parameter influenced by plasticity and worthy of analysis.
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Figure 13. Contact area of three materials: (a) n =0.1, oy =50 MPa; (byn=0.3, oy =100 MP; (c)n=0.5,
oy = 500 MPa.
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Figure 14. Three-dimensionless coordinate diagram of the contact area of three kinds of material
indenter: (a) n = 0.1, oy = 50 MPa; (b) n = 0.3, oy = 100 MP; (c) n = 0.5, oy = 500 MPa.
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3.3.2. Dimensionless Analysis

As the indenter is pressed, the material undergoes either pile-up or sink-in in the
direction of indentation, as shown in Figure 15.

sink-in

Figure 15. The phenomenon of accumulation and sinking after unloading the indenter.

The projection area of the contact zone refers to the area projected in the direction of the
indentation and is denoted as A. Conducting a dimensionless analysis on the parameters
yields the following equation:

A = f5(0,n, hmax, E) (10)

If no pile-up or sink-in occurs, the projection area of the contact zone is considered the
ideal contact area and is denoted as Ag. Specifically for the Berkovich indenter, Ag can be
expressed as follows:

Ay = 24.56h° (11)

The level of accumulation or sinking is expressed quantitatively by a, and the dimen-
sionless form of Equation (10) can be written according to the 7 theorem.

L

3.4. Dimensionless Equation Solution

By fitting the five dimensionless equations obtained from Sections 3.2.2 and 3.3.2,
namely Equations (6)—(9) and (12), a sixth-order polynomial Equation (13) is derived.

M=y Cyn' (%) (13)

where K =1 to 5, C;; represents the coefficients of the polynomial function, and i and j range
from 0 to 6.

The fitting results are shown in Figures 16-20. The black dots in the figures represent
the values obtained from the finite element analysis, while the colored surfaces represent
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the fitted results. By obtaining the coefficients of the polynomial function through surface
fitting, the plastic parameters corresponding to the material can be determined.
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Figure 20. Fitting surface and fitting effect: Projection area of contact zone.

3.5. Optimization Algorithms

Engineering optimization problems are often complex, with objective functions that
may exhibit multimodality, nonlinearity, non-continuity, and non-differentiability. The
design variables and constraint functions can be linear, nonlinear, continuous, or discrete.
These complexities render traditional numerical optimization and direct search methods
incapable of finding global optimal solutions when no derivative or gradient information
is available. Consequently, researchers have developed global exploration methods, which
provide new approaches and tools for addressing such complex optimization problems.

The Genetic Algorithm (GA) is a part of the evolutionary computation and is a com-
putational model that simulates the biological evolutionary process of Darwinian natural
selection and survival of the fittest. It is a method for searching for optimal solutions
by mimicking the natural evolutionary process. The GA is simple, versatile, robust, and
suitable for parallel processing. The process is illustrated in Figure 21.

To initiate the population, consider n and ¢y, parameters within the search space
defined by 0 <7 < 0.5 and 10 < ¢y < 1000. Then, calculate the fitness of each individual in
the population. The reproductive opportunities of individuals are determined based on
their fitness values, where individuals with higher fitness levels have a greater chance of
reproduction compared to those with lower fitness levels. This process ensures that the
average fitness level of the new population is higher than that of the old population.
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Figure 21. Estimation of yield stress and hardening index by genetic algorithm.

To efficiently and accurately solve the fitting function, I1, we can minimize the error
function using the GA algorithm. The error function is represented by Equation (14).

(14)

The selection method employed in the GA algorithm utilizes roulette wheel selection as
it converges faster than other methods. After selection, crossover and mutation operations
are performed, followed by iterative processes to obtain the optimal solution.

To validate the accuracy of the program, we compared the experimental data and
GA-predicted data for the 5052 aluminum alloy, 6061 aluminum alloy, and 7075 aluminum
alloy. The results are presented in Table 3. The results show that the maximum error of the
n value is 5.56%, and the maximum error of ¢, is 4.17%.

Table 3. Comparison of test and prediction results.

Material Testn Predict n Error Test oy Predict oy Error
7075 0.09 0.093 3.33% 480.22 MPa 500.23 MPa 4.17%
6061 0.08 0.084 5% 263.47 MPa 270.35 MPa 2.61%
5052 0.18 0.17 5.56% 132.59 MPa 136.78 MPa 3.16%

3.6. Mysterious Materials

As shown in Figure 22, we selected two materials with different plastic properties,
namely n = 0.5 and o, = 100 MPa and n = 0 and ¢, = 500 MPa. It can be observed that
these materials exhibit nearly identical P-h curves. These materials have been referred
to as “mysterious materials” by researchers [40]. These so-called “mysterious materials”
are not necessarily materials with unique mechanical properties, but could be commonly
used engineering materials. Therefore, extracting parameters solely from the P-h curves is
insufficient to differentiate these “mysterious materials accurately”. Hence, we introduce
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the residual indentation shape after unloading and perform dimensionless analysis on the
projected contact area to distinguish these “mysterious materials” and obtain more accurate
predictive values.

200,000
n=0 ¢,=500
150,000 F n=0.5 cy=100

-
Z
=
-’
=
[
2 100,000 [
=
2
ot
3
=
= 50,000 [
=
=

0

1 1 1 1 1

0 500 1000 1500 2000
Depth of indentation (nm)

Figure 22. Load-displacement curve of “mysterious materials”.

The plastic parameters of the mysterious material were determined using an optimiza-
tion algorithm and the results are presented in Table 4.

Table 4. Comparison of Inputs from “Mysterious Material” with Predicted Outcomes.

Material Test n Predict n Error Test oy Predict oy Error
1 0.1 0.097 3% 500 MPa 488.85 MPa 2.23%
2 0.5 0.49 2% 100 MPa 103.95 MPa 3.95%

The plastic parameters of randomly selected materials were determined using an
optimization algorithm and the corresponding results are presented in Table 5.

Table 5. Comparison of Inputs from Random Material with Predicted Outcomes.

Material Test n Predict n Error Test oy Predict oy Error
1 0.06 0.062 3.3% 120 MPa 128.84 MPa 7.37%
2 0.12 0.125 4.16% 240 MPa 261.19 MPa 8.83%
3 0.26 0.24 7.69% 360 MPa 343.43 MPa 4.6%
4 0.34 0.32 5.88% 480 MPa 457.57 MPa 4.57%
5 0.48 0.47 2.08% 600 MPa 648.69 MPa 8.11%

Upon comparing the predicted material parameters with the real material parameters,
it can be observed that the maximum error of # is 7.69%, the average error is 4.628%,
the maximum error of 0y, is 8.83%, and the average error is 6.696%. These findings indi-
cate that the program exhibits favorable predictive capabilities for parameters within the
specified range.

4. Conclusions

This study proposes a method for determining the yield stress and hardening exponent
based on the extensive finite element analysis and dimensionless analysis of indentation
variables. The material’s plastic properties can be derived by obtaining plasticity-related
parameters from the P-h curve and the projection area of the contact zone.
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The following conclusions are drawn from the analysis:

(1) The proposed method effectively extracts plasticity-related parameters from the P-h
curve and the projection area of the contact zone, allowing for the accurate characteri-
zation of the material’s plastic behavior.

(2) The variations in the indentation parameters concerning the yield stress and hardening
index were investigated. The maximum load, total work, and elastic work increase
with the increase in oy and n, while the residual indentation depth, contact stiffness,
and projection area of the contact zone decrease with the increase in ¢y, and 7.

(38) The residual imprint after unloading the indenter is influenced by the material itself,
with lower values of 1 and ¢y resulting in a more pronounced pile-up, whereas higher
values of n and oy lead to sink-in.

(4) Random materials within the specified range also yielded satisfactory results using
the implemented program.

Subsequent work will build upon the existing foundation, extending the research
to validate additional aluminum alloys and alloys under different conditions using the
developed program. Concurrently, integrating this program with practical applications
aims to fabricate more convenient handheld indentation instruments, thereby facilitating
rapid measurements of yield stress and hardening exponents in aluminum alloys.
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