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Abstract

The spherical indentation test has been successfully applied to inversely derive the tensile properties of small regions
in a non-destructive way. Current inverse methods mainly rely on extensive iterative calculations, which yield a
considerable computational costs. In this paper, a database method is proposed to determine tensile flow properties
from a single indentation force-depth curves to avoid iterative simulations. Firstly, a database that contain numerous
indentation force-depth curves is established by inputting varied Ludwic material parameters into the indentation
finite elements model. Secondly, for a given experimental indentation curve, a mean square error (MSE) is designated
to evaluate the deviation between the experimental curve and each curve in the database. Finally, the true stresses
at a series of plastic strain can be acquired by analyzing these deviations. To validate this new method, three different
steels, i.e. A508, 2.25Cr1Mo and 316L are selected. Both simulated indentation curves and experimental indentation
curves are used as inputs of the database to inversely acquire the flow properties. The result indicates that the pro-
posed approach provides impressive accuracy when simulated indentation curves are used, but is less accurate when
experimental curves are used. This new method can derive tensile properties in a much higher efficiency compared

with traditional inverse method and are therefore more adaptive to engineering application.
Keywords: Spherical indentation test, Database method, Uniaxial stress-strain relationship

1 Introduction

Indentation technique is generally take as a non-destruc-
tive method with the advantage of local characterization.
It provides a feasible approach to determine the mechan-
ical properties for in-service equipment [1-3], welded
joints [2, 4—6], thin film materials [7-10], etc. The flow
properties that describe the plastic hardening behaviors
of materials have a widespread application in many cases
such as structural design, numerical simulation and thus
has been extensively investigated by indentation tech-
nique. Traditionally, the flow properties are obtained
by establishing a conversion relationship between the
indentation response and the elastic-plastic parameters
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of materials with empirical [1, 11, 12] or analytical
approaches [13—-17]. However, such procedures are usu-
ally complicated due to the geometric and material non-
linearity and a significant contact problem (e.g. the effect
of ‘pile-up’ and ‘sink-in’). Moreover, the stress state under
the indenter is definitely different from that obtained
from uniaxial tensile test, which increases the difficulties
for evaluation of the flow curves from the indentation
tests.

Recently, with the development of computational
algorithms, several reverse strategies incorporating
finite element simulations with optimum theory have
been proposed. Based on the inverse tools, the material
parameters can be directly extracted from the indenta-
tion response of materials without any equation that
corresponds indentation response to the elastic-plas-
tic parameters of materials. A commonly used tool is
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optimum algorithms [4, 7, 18-23]. Generally, the devia-
tion between experimental and predictive data is consid-
ered as the objective function. And then an intelligence
algorithm is employed to improve the predictive data by
minimizing the objective value using the iterative finite
elements (FE) simulations. Luo et al. [20, 21] firstly pro-
posed the use of an optimization approach to extract the
elastic-plastic parameters using a single loading-unload-
ing indentation curve. Sun et al. [4] determined the
mechanical parameters of the weld zone with the micro-
indentation data where the genetic algorithm (GA) is
used for solving the inverse problem. Huang et al. [19]
employed the least-square difference between the experi-
mental and simulated force-depth curve as the objective,
and identified the materials parameters with a modified
particle swarm algorithm (PSO) which increases the abil-
ity to obtain a global optimal solution. Note that although
these approaches have been widely reported, there are
still several limitations. Firstly, an initial guess of material
parameters is necessary and usually determined empiri-
cally, which have a highly influence on the convergence
speed. The improper guess values may impair the accu-
racy and efficiency of the algorithm. Secondly, it’s possi-
ble that the iteration end up in a local optimum owing to
the drawbacks of algorithms. More significantly, exten-
sive iterative simulations for each parameter identifica-
tion are required and therefore yield a considerable time
and computational cost.

Another efficient inverse tool that are widely used is
artificial neural networks (ANN) [24-26]. By adjusting
the weights of connections between the artificial neu-
rons, the ANN is trained by the data from finite element
analyses. Then, the trained ANN was used to determine
the material properties when presented with the indenta-
tion force-depth curves. The advantage of an ANN is that
the material parameters can be quickly acquired as the
corresponding indentation data is inputted. The structure
of the ANN (i.e. dimension of the model input, and sizes
of the network layer and neurons) has a greatly influence
on the predictive ability. However, there is no specific
rule for improving the structure of ANNs. What’s more,
transforming the inverse problem which refers to deter-
mine the flow properties from indentation results into a
network problem is always difficult.

In this study, a new method is presented to predict
the flow properties from a single indention F-h curve
where a database is used for solving the inverse prob-
lem. The database can replace the iterative algorithms
to process the experimental indentation curves, and
thus iterative FE simulations are not required in the
new method. Firstly, by numerous finite element
simulations with constitutive parameters varied sys-
tematically in a large range, a database that contain
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indentation force-depth curves is established. Then, by
placing the experimental indentation response into the
prepared database, a series of true stress plastic strain
points are extracted. The feasibility of this new method
was verified through a comparison of predicted tensile
properties with the experimental tensile results using
three steels.

2 Materials and Experiments

Three steels, A508, 2.25Cr1Mo, 316L, which are com-
monly used in chemical industry, are researched in this
study. The optical microstructures are shown in Fig-
ure 1, indicating that the microstructure of SA508 steel
consists of tempered bainite and 2.25Cr1Mo is bainite
with a small amount of ferrite. 316L stainless steel is
austenite equiaxed grains with a small amount of delta
ferrite distributed on the grain boundaries. These steels
are manufactured by forging process and therefore
regarded as homogeneous and isotropic materials.

The tensile tests were conducted on these steels
according to Chinese standard GB/T 228.1-2010. Spec-
imens are fabricated into round bar with gauge radius
8 mm and length 40 mm. The loading procedures are
controlled by displacement with a rate of 0.015 mm/
min at room temperature. Under this loading speed,
the strain rate is less than 107°/s, and therefore the ten-
sile tests can be regarded as quasi-static process with-
out the strain-rate effect.

The spherical indentation tests are conducted accord-
ing to ISO 14577-1 2015 using self-developed machine
with a force resolution of 0.5 N and displacement res-
olution of 0.1 um. The specimens are machined into
50 mm x 10 mm x 10 mm blocks with the measuring
surface paralleled to the bottle surface, and polished by
a 2000 grit sandpapers. A tungsten carbide spherical
indenter with the diameter of 0.79 mm is adopted.

ISO 14577-1 2015 indicates that the loading speed
of the indenter should be low so that the mechani-
cal properties of the surface are not changed by the
impact. For macro range indentations (the penetrate
force is greater than 2 N and less than 30 kN), it should
not exceed 2 pum/s. In this study, a vertical displace-
ment rate of 0.03 mm/min, i.e. 0.5 pm/s is adopted and
the maximum penetrate depth is 12% of the indenter
diameter.

Noting that the strain field between the uniaxial ten-
sile tests and indentation tests are totally different, it is
necessary that the investigated materials are isotropic
and do not have Bauschinger effect. In addition, the
true stress-plastic strain curves are structure-inde-
pendent for the indentation and uniaxial tensile test.
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Figure 1 The optical microstructures for (a) A508, (b) 2.25Cr1Mo and

(c) 316L

3 Database Approach Modeling

3.1 Finite Elements Model

Taking the features of spherical indentation test into
consideration, an axisymmetric model is adopted using
ABAQUS/Standard 2018 to reduce the computational
time (shown in Figure 2). The spherical indenter with a

Indenter: rigid body
Specimen : deformable body
Element type: CAX4R
Minimum mesh size: 0.004
Friction coefficient: 0.2

Displacement control

Figure 2 Finite element model of spherical indentation tests

diameter of 0.79 mm is designated as an analytical rigid
body since the deformation is generally ignored com-
pared with the deformation of specimen. The speci-
men is modelled as a cylinder with the height of 3.5 mm
and the radius of 3 mm. Constraint along the Y-axial is
imposed to the bottom of the specimen. A vertical dis-
placement was applied to the indenter until the inden-
tation depth reaches to 0.0948 mm, which is consistent
with the experiments. The influence of meshing size on
the simulated indentation results should be considered.
In this study, the meshes beneath the indenter are locally
refined. To get the most appropriate mesh size, we dis-
cussed three different mesh sizes, 0.002 mm, 0.004 mm,
and 0.008 mm, and find the model with mesh size of
0.004 mm is enough to provide the necessary accuracy
at reasonable calculation costs. The friction coefficient
between the specimen surface and the indenter is fixed at
0.2 according to previous studies [27].

For many steel used in chemical equipment, the
Young’s module E and Poisson’s ratio v are similar. More-
over, previous studies [28, 29] have concluded that the
indentation curves mainly depend on the plastic flow
curves rather than the elastic parameters. Therefore, it is
acceptable to take E as 210 GPa and v as 0.3, respectively
[1, 4]. This allows the focus to be on the behavior of the
plastic. A Ludwick hardening model is used to describe
the materials hardening behavior:

o =0y —i—KsZ, (1)

where o and ¢, are the true stress and true plastic strain,
respectively. oo is the initial yield strength, K is the
strength coefficient, and # denote the strain hardening
exponent.

Thus material constants in the FE model are character-
ized with a parameter vector ¥ = [0y, K, n]T. To establish
a database that cover a wide range of materials, system-
atically varied parameter vectors are used to create the
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Table 1 Possible range of parameter vector x; for the database

Constitutive model Ludwic

Parameters oo (MPa) K (MPa) n
Minimum value 100 100 0.06
Maximum value 880 1500 0.96
Interval 30 30 0.03

Systematic varied Ludwic parameters

x;=[c,,K.n]', 1<j<N

Indentation test at quasi-

static process

y

l Experimental -k curve )
simulated -4 curves

] l

‘ Database containing numerous

I Calculate f'(x) using Eq. (2) ‘ l Calculate o, (x) using Eq. (1)
I
| f(x) vs. o, (x) relationship l

!

Evaluate o, according to convergence

'

Figure 3 Flow chart for the new inverse method to determine the
flow properties of metal materials

Python script files with MATLAB code, and then the
Python scripts are run by ABAQUS/Standard to acquire
the indentation force-depth curves. Over 20000 param-
eter vectors denoted by xj(1 <j < N) are used in this
paper. N is the number of vectors in the database. Table 1
shows the range of varied parameters set.

3.2 Procedures for Uniaxial Flow Properties Determination
Figure 3 shows the schematic illustration for determin-
ing the flow properties of metal materials with a sin-
gle F-h curve based on the application of the database.
The FE model in Sect. 3.1 provides the indentation F-h
curves of the database. When an experimental force-
depth curve is prepared, a mean square error is used to
calculate the difference error between the force-depth
curve in the database and that from experiments, which
is defined as:

i

M eXp  psim 2
_ 13 (EPep (x») .
Xi —_ 37 - —exp XIOO/,
/() MH( EF ’ @)

x; =[00,K,nTand1 <j <N,
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Figure 4 Typical f(x) — o, (x) relationship indicating convergent
o, (x) with decreasing f (x)

where x;j represents the jy, materials in the database,
FfXP and Ffim (x,) are the indentation forces at the depth
of data point i for the experimental material and the jth
materials in the database. M is the total number of data
points used in the indentation curve.

To determine the flow properties of investigated mate-
rials, a series of plastic strain values, namely ¢; = 0.002,
0.01, 0.02, 0.04, 0.06, 0.08, 0.1, 0.15, 0.2, 0.3, 0.4, 0.5 are
selected. The true stress correlated to g; for vector x in
the database (denoted as o, (x)) can be calculated with
Eq. (1). To determine the true stress oy, of investigated
material, the relation of f(x) versus oy, (x) are investi-
gated in a two-dimensional coordinate system where
the x and y-axis represent f(x) and o, (%), respectively.
Figure 4 shows the typical f(x) — oy (x) relationship,
which reveals that there exists an approximate linear
lower and upper boundaries and the range of oy, (x) is
gradually narrow with decreasing f(x). An appropriate
explanation for this is that a smaller f(x) means a bet-
ter matched indentation curve with the experiment one
and results in a closer oy, (x) to the value of investigated
material. Ideally, when f'(x) is approximate to zero, oy, (x)
are tended to converge to an exact value, which can be
regarded as the true stress correlated to ¢; for the experi-
mental material. Notice that with the facts that the scale
of the database is finite and the experimental curves are
not definitely noise-free, f(x) cannot be zero. Here we
specified the lower and upper boundary lines and employ
the intersection point of two lines as the true stress of the
experimental material. By this means, the stresses at dif-
ferent plastic strains are extracted according to the f(x)
vs. 0g, (x) relationships.
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As can be seen from the procedures, the database
replaced the costly iterative numerical inverse analy-
sis, which therefore provides an easy, and quick route
for measuring the flow properties compared with other
inverse method. With the database, it only takes dozens
of seconds to find the matched true stress-strain curves
from the indentation curves. To find the matched materi-
als, the quality of indentation results in the database are
crucial. In addition, the database should be large enough
to cover the studied materials.

4 Results and Discussion

4.1 Uniaxial Tensile and Indentation Results

Since the volume is constant in plastic deformation, the
true stress-strain curves are derived from the experimen-
tal engineering curves:

{ o = 0e(l + &),

e =In(1+ &), 3)

where o and ¢ are true stress and strain, o. and g, are
engineering stress and strain.

Figure 5 shows the true stress-strain curves for the
three materials, which have definitely different plastic
behaviors. Since the segment after necking is not uni-
form, only the segment before necking are employed.
A508 and 2.25Cr1Mo have relatively high yield strengths
and low plastic deformation ability. On the contrast,
S316L is good ductile material with a lower yield
strength. In addition, A508 and 2.25Cr1Mo shows a good
power law hardening behaviors, while linear hardening
provides a better description for 316L. Figure 5 indicates
that the fitting results of the three materials matched
their true stress-strain well. The Ludwic fitting param-
eters are listed in Table 2.

The experimental indentation F-k curves for the
three materials are depicted in Figure 6. It is seen that
2.25Cr1Mo has a higher curves than A508 and 316L. This
is because 2.25Cr1Mo has a higher yield stress. The cor-
responding simulated F-/& curves where Ludwic param-
eters listed in Table 2 are employed as inputs of FE model
are also presented (the solid lines). The results show that
the simulated F-/ curves, in general, agreed well with the
corresponding experimental curves. This indicates that
the FE model in this paper is accurate enough to gener-
ate the indentation curves in the database. For 316L, the
simulated indentation data is a little higher than experi-
mental one. This may result from the fitting error of ten-
sile curves

4.2 Prediction of Uniaxial Flow Properties

With the proposed database method, uniaxial flow prop-
erties are determined from a single indention F-4 curve.
Here both indentation force-depth curves extracted from
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Figure 5 True stress strain curves extracted from uniaxial tensile
tests: (@) A508 and 2.25Cr1Mo; (b) S316L

Table 2 Ludwic parameters of three materials fitted by
experimental results

Ludwic parameters oo (MPa) K (MPa) n
A508 503.6 838 0.521
2.25Cr1Mo 766.3 848.1 0.440
S316L 3558 1381 1

FE model and measured from experiments are employed
as the inputs. Actually, many previous studies applied
numerical results to validate the accuracy of a new pro-
posed model. The numerical results do not contain noise
in experiments and thus can better evaluate the feasibility
of the model.

Figure 7 shows the predicted results when the simu-
lated indentation data of three materials are used as
inputs. The asterisks represent the stresses obtained from
the relationship of f(x) versus oy, (x). The solid lines rep-
resent fitted results of experimental data. Considering
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agreement with the fitted tensile data.

Figure 8 shows the predicted stresses when the experi-
mental indentation F-h curves of the three materials
are used as inputs. The solid lines represent the experi-
mental flow curves. The minimum flx) is about 1%. As
expected, the convergence is inferior to the result of sim-
ulated curves as inputs. As explained in Ref. [[30]], when
employing the experimental indentation F-/ curves, the
quality of the data may be impaired owing to inevitable
noise, which results in the intrinsic deviation between
the experimental curves and the curves in the database.
Nevertheless, the predicted stress values still follow the
experimental flow curves reasonably well.

Moreover, it is seen from the result of S316L (Figures 7
(c) and 8(c)) that the predicted stresses at &; = 0.4 and 0.5
have larger errors than others. A possible explanation is
that the plastic deformation of region underneath the
indenter is constraint by surrounding materials, and
thus the overall plastic strain is limited at a small range.
Figure 9 depicts the distribution of equivalent plastic
strain of a typical indentation simulation. It is seen that
the strain larger than 0.5 is distributed in the region
underneath the indenter between 0°-45°, taking a small
region of the whole deformation region. Therefore, the
flow curves at larger strain has little contributions to the

* Predicted results

450

S |6, 0u=367MP,

S
T 420
=

True stress 6 (MPa)
(o)
g

0 0.1 0.2 0.3 0.4 0.5
True plastic strain &,

Figure 7 Flow curves fitted from experimental tensile results and
predicted using database method with simulated indentation data as
inputs for (a) A508, (b) 2.25Cr1Mo and (c) 316L

indentation F-& curves. When indention curves are used
to derive the uniaxial flow properties inversely, larger
errors may occur at larger plastic strains.

The material parameters fitted by predicted results
are given in Table 3. It is seen that the simulated
indentation data provide a more accurate material
parameters than the experimental indentation data.
Moreover, it is interesting to notice that material
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Figure 8 Flow curves measured from experimental tensile results
and predicted using database method with experimental indentation
data as inputs for (@) A508, (b) 2.25CrTMo and (c) 316L

parameters determined from simulated and experi-
mental indentation data have considerable differences
although the simulated and experimental curves are

rigid indenter
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+4.167e-02
+0.000e+00

Ratio of depth to diameter 4D

&,=460 MPa

0 0.3 0.6 09 1:2
Ratio of distance to diameter /D
Figure 9 The distribution of equivalent plastic strain

quite consistent (see Figure 6). This reveals that when a
single indentation F-k curve are employed to inversely
determine the tensile curve, a small difference in F-h
curves may account for a large deviation of the tensile
curves. For this reason, high-resolution experimental
indentation curves that reflect the true elastic-plas-
tic response of materials is necessary when inverse
approaches are used.

5 Conclusions

In the present study, a new approach was suggested for
extraction of material uniaxial flow curves by employ-
ing a single spherical indentation test incorporated with
the database. Three different steels i.e. A508, 2.25Cr1Mo,
S316L are employed to validate the accuracy of the pro-
posed approach. To make a comparison research, both
experimental and simulated indentation force-depth
curves are used as inputs. The following conclusion can
be drawn according to the researches above:

(1) The database method can provide high-quality pre-
dictions when simulated indentation F-4 curves are
used as inputs. When experimental F-/ curves are
employed, the predicted ability is inferior but follow
the tensile flow curves reasonable well.

(2) The tensile curves at larger strain has little contri-
butions to the indentation curves, resulting in the
predictive ability of stresses at larger strain are
impaired.

(3) A small difference in F-4 curves may account for a
large deviation of the tensile curves, when inverse
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Table 3 Material parameters fitted from the stress-strain data

Predicted (input: FE data) Predicted (input: experimental data) Experimental
Material oo K n oo K n oo K n
A508 493 834 0.50 495 706 046 503 838 0.52
2.25Cr1Mo 736 839 0.39 674 804 0.31 766 848 044
316L 379 1155 1 322 1555 1 355 1381 1

approaches are used to determine the tensile curve
from a single indentation F-4 curve.
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