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ABSTRACT

A data-driven estimation method for the plastic properties of alloys was proposed using
indentations at neighboring positions. An instrumented indentation test is an efficient
approach to measure mechanical properties such as equivalent elastic modulus and hardness.
In the mechanical test, subsequent experiments are generally performed apart from existing
indentations to avoid the interaction effect caused by the dependency on the deformation
history of metal plasticity. In this study, the interaction effect was utilized to estimate the plastic
properties, based on the difference of load-depth curves between the first and second
indentations at neighboring positions. Using finite element simulations of the neighboring
indentation tests, the effective experimental conditions were examined, and response surfaces
of the loading curvatures were characterized to determine two material constants of a simple
constitutive model of plasticity. Finally, the proposed approach was validated for application to
aluminum alloys and stainless steel. It can be also applied to various alloys characterized by
different elastic moduli.
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1. Introduction

Material tests are essential to evaluate material proper-
ties, and efficient test methods are required to establish
a material database. In structural materials, tensile and
compression tests are standard methods for evaluating
mechanical properties such as elastic stiffness, yield
strength, and work-hardening, in which the stress-
strain curve is measured as raw data. Although
a simple stress state can be assumed in these material
tests, considerable effort is required for specimen pre-
paration and to conduct the tests. In this context, the
hardness test, in which the resistance to the imposed
plastic deformation is measured on the surface, has
been utilized as an efficient approach to estimate the
mechanical properties in the industry. It can be used
also to evaluate small-scale mechanical properties by
controlling a small load; that is, the mechanical

properties of a heterogeneous microstructure can be
evaluated [1-3]. Using this technology, high-
throughput evaluation of microscopic mechanical
properties has been conducted to characterize the
microscopic heterogeneity [4,5] and obtain massive
material data [6].

The instrumented indentation test, depth-sensing
indentation test, is an extension of the hardness test
[7]. In the instrumented indentation test, the applied
load and penetration depth are measured. Based on
the resulting relationship between load P and depth h
(i.e. the P-h curve) the elastic stiffness and hardness
can be estimated [8]. Compared with the uniaxial
stress state in tensile or compression tests, an inhomo-
geneous stress state is produced in the instrumented
indentation test. Nevertheless, various estimation
approaches for the stress-strain relationship
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corresponding to the tensile test have been proposed
based on the results of instrumented indentation tests.
In this field, it is recognized that a unique stress—strain
relationship cannot be estimated from the P-h curve
of a single indentation using a standard sharp indenter
[9-11]. In this context, a dual-indenter approach and
a spherical indenter approach were established. The
dual-indenter approach [12-14] using two sharp
indenters with different apex angles enables us to
determine a unique set of material parameters in
a simple constitutive model. The spherical indenter
approach [15-17] is based on the nonlinear relation-
ship between the indentation depth and cross-
sectional area of the indentation. The above
approaches focused only on the P-h curves, whereas
Goto et al. [18,19] appended the topography of the
indentation impression to the P-h curve for determin-
ing the plastic properties.

In these approaches, an indentation test was per-
formed independent of the other tests. Subsequent
indentation tests are generally performed at
a position apart from the existing indentation impres-
sions to avoid the interactions caused by the depen-
dency of metal plasticity on the deformation history;
that is, the interaction between two indentations is
sensitive to the plastic properties. It is reported that
the residual stress and plastic strain affect the mea-
surement of equivalent elastic modulus and hardness
[20-22]. In this study, we focused on the interactions
between the existing and subsequent indentation tests.
The concept of this proposed approach is to extract
the plastic properties from the results of two indenta-
tion tests performed at neighboring positions. With
this view, finite element simulations were performed
to design suitable indentation conditions and draw the
response surfaces of the indentation results to deter-
mine the material constants of the plastic constitutive
model. The response surfaces function as a material
database. Finally, the proposed approach was validated
in applications to aluminum alloys and stainless steel
in which the material constants were read from the
response surfaces.

2. Neighboring indentation method

The neighboring indentation method was proposed to
estimate the plastic material properties based on the
interaction effect between two indentations at neigh-
boring positions.

2.1. Concept

In instrumented indentation tests or hardness tests
for alloys, the influence region of the residual stress
and plastic deformation can be regarded as approxi-
mately two times larger than the size of the indenta-
tion impression. Typically, the spacing between the

existing and subsequent indentations is set to be
large enough to avoid any interaction between
them. Following various standards of instrumented
indentation testing [23-26], in a simple case of two
indentations of the same depth, the second indenta-
tion is generally performed at a position that is
located at a distance that is five times of the size of
the indentation impression away from the first
indentation to avoid overlapping plastic strain
zones. Phani and Oliver [22] argued that the appro-
priate indentation spacing is over 10 times the inden-
tation depth to avoid the interaction between
indentations for a measurement of elastic modulus
and hardness based on experiments and finite ele-
ment simulations.

The effect of plastic deformation history is expected
to result in work-hardening which is a fundamental
mechanical behavior in metal plasticity. Therefore, the
proposed approach makes active use of the interaction
between the first and second indentations. In the
approach, the second indentation is performed at
a position neighboring the first one.

In instrumented indentation for alloys, the load-
depth curve shown in Figure 1 is generally assumed to
be a quadratic function:

P =CKH, (1)

where C is the loading curvature. As mentioned in the
introduction, additional data on the loading curvature
are required to determine a unique set of material
constants of the plastic constitutive model, even for
the simplest plastic constitutive model [9-11]. In this
study, the loading curvature of the first indentation C,
and the difference of the curvatures C, — C; are cho-
sen as two response variables characterized by the
plastic properties. In this approach, the material con-
stants corresponding to the experimental results of
indentation curvatures are determined from the

Load P

7

>
O Depth 4

Figure 1. Load-depth curve of the instrumented indentation.
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response surfaces, which are prepared using high-
throughput simulations based on the finite element
method as a material database in advance.

2.2. Constitutive model

An isotropic elastoplastic constitutive model was
employed in this study, which is characterized by the
St. Venant elasticity and metal plasticity based on the
von Mises yield criterion and power-law hardening.
The isotropic elasticity includes the Young’s modulus
E and Poisson’s ratio v. The equivalent stress—strain
relationship can be described as follows:

o* = E*¢*

{ o* = K(&")"
where ¢, ¢ E*, 0y, K, and n are the von Mises stress
norm, equivalent strain, equivalent elastic modulus,
yield stress, plastic coeflicient, and work-hardening

exponent, respectively. The equivalent strain and
equivalent elastic modulus are defined as follows:

if 0* < oy (elasticity)
if 0* = oy (elastoplasticity) ’

2

e = gdev[s] :devle] and E" = i,
3 2(1+v)

where ¢ is the strain tensor. In Equation (2), the con-
tinuous condition of the stress and strain states at the
initial yield stress o is written as

w-k(@®) k-a(Z). o

From Equations (2) and (3), the yield strength oy is
calculated as a solution to the following equation:

oy = oy "(oy + E*E)", (4)

where £ = ¢ — ¢*/E* is the equivalent plastic strain.
Thus, the constitutive model has four independent
material parameters: E, v, 0y, and #. In this study, v
is assumed to be 0.3 because the Poisson’s ratio of
alloys has an approximate value of 0.3 at room tem-
perature [27].

2.3. Finite element model

A three-dimensional finite element model was con-
structed for simulations of neighboring indentation
tests, as shown in Figure 2, in which a mirror symme-
trical boundary condition was applied to the X-Y
plane along the center of the object, and the vertical
displacement along the bottom of the finite element
model was constrained. The finite element model
included 38,181 nodes and 35,994 eight-node hexahe-
dral elements with reduced integration, where the
contact area between the indenter and sample was
more finely discretized than the other area. The
Berkovich indenter was assumed to be a rigid body,

Specimen mesh
Node: 38,181
Element: 35,994

vﬁu

Y
PENEN

T8 S HEE

Figure 2. Finite element model of neighboring indentation method.
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and the friction between the indenter and sample was
not considered in this study. Simulations were per-
formed using displacement control at the top of the
indenter and solved as quasi-static boundary value
problems with an implicit scheme.

2.4. Numerical examination of indentation
conditions

In the proposed approach, the indentation conditions
such as the position and depth of the second indenta-
tion must be appropriately designed to robustly deter-
mine the plastic properties of various alloys. This is
because the plastic deformation underneath the inden-
tations depends on both elastic and plastic material
properties [22]. In this part, the suitable condition of
the neighboring indentation method was numerically
examined using finite element simulations.

A series of simulations were performed to investi-
gate the suitable position and depth of the second
indentation, where the distance between the first
and second indentations d and the maximum depth
of the second indentation h, for the maximum depth
of the first indentation h; were examined. h; was set to
1 ym for the simulations. The indentation spacing d
must be as small as possible, while the maximum
depth of the second indentation h, must be as large
as possible. Therefore, the following two cases were
compared:

/1, ho/hy) = { 8?: igg

: case(i)
: case(ii)’

(5)

where the spacing and depth were normalized to d/I
and h, /h; by the horizontal impression size [ and the
maximum depth of the first indentation h;, respec-
tively. Based on the geometry of a triangular pyrami-
dal indenter shown in Figure 3, the impression size [
was calculated for a depth h; as follows:

= (tan 61 + tan 62)]’11 = 651]’11, (6)

where (601, 6,) = (77.0°, 65.3°) for the Berkovich
indenter. In case (i), a second indentation was per-
formed at the same depth as that of the first indenta-
tion. In case (ii), the depth of the second indentation
was higher than that of the first indentation, but it was

0.9 0.0225
03 0.8 0% 00200 _
07 _ 0.0175 =~
_ 06X 0.0150 W
02 0.5 *“E T 02 0.0125 (5
04 5 0.0100 |
0.3 0.0075 &
01 02 0.1 0.0050 =
0.1 0.0025

100 400 700 100 400
0o [MPa] 00 [MPa]
(a) C1

Figure 3. Geometry of a triangular pyramidal indenter.

located farther away than in case (i). It is noted that the
spacings d were defined to be large enough to avoid
the effect of the surface deformation around the
impression of the first indentation.

Results: The response variables C; and C, — C; in
the two cases of Equation (5) were calculated in the
range of 0y € [L00MPa, 700MPa] and n € [0.05,0.35]
for two Young’s modulus E = 70 GPa and 200 GPa,
which are the moduli of aluminum alloy and steel,
respectively. The distributions of the response vari-
ables are shown in Figures 4 and 5, where the variables
were normalized by the equivalent Young’s modulus
E*. Based on the calculated mesh data (4 x 4), the
response surfaces were drawn with a bilinear interpo-
lation function. The calculated points were indicated
by dots in Figures 4 and 5. In these finite element
analyses, 16 calculations were performed for each

0.027
0.024 _
0.021 =
0.018 ¥
0.015 X
0.012 O
0.009 !
0.006 O
0.003

0.000

700 100 400 700
0o [MPa]

(b) Cy — C4

Figure 4. Numerical examination: Response surface of loading curvature in the case of £ = 70 GPa.
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case (i) case (ii)
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0.48 0.0200 0.014
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Figure 5. Numerical examination: Response surface of loading curvature in the case of £ = 200 GPa.
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Figure 6. Distribution of equivalent plastic strain under two indentations and its load-depth curves at E=70 GPa.

case. The process required 30 hours because the typi-
cal CPU time of a single simulation was approximately
2 hours.

The plastic strain distributions after the second
indentation and load-displacement curves of the two
indentations are shown in Figure 6 as representative
results of finite element simulations for the two sets of
material constants at E = 70 GPa. The plastic strain
was distributed without a blank in both simulations of
case (i); in contrast, in case (ii), the distribution of

plastic strain was discontinuous or the overlapping
area of plastic strain was very small. As a result, the
response variable C, — C; is relatively small in
case (ii).

To obtain a unique solution with the neighboring
indentation method, the important features of the
response surfaces are as follows:

o The response surface is smooth and has a large

difference between the maximum and minimum
values.
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« The two response surfaces have a different tendency.

From the above aspects, the case of
(hy/hy, d/I) = (1.0, 1.2), in which the depths of the
two indentations were the same, is better for indentation
conditions. Moreover, this case is preferable for experi-
ments because of the simple operation of the equipment.

3. Database production

Following the above numerical examination, the
response surfaces similar to those in Figures 4 and
5 were recalculated based on the neighboring inden-
tation method to develop a material database to
determine a set of material constants for the plastic
constitutive model, in which the calculation mesh
(8 x 8) was finer than those of the previous numer-
ical examinations. The resulting response surfaces
are shown in Figures 7 and 8. The process required
approximately 120 hours to produce one set of
response surfaces. The database is applicable to the
experimental data following the experimental condi-
tions (hy/hy, d/I) = (1.0, 1.2). Note that the maxi-
mum indentation depth h; =h, should be
sufficiently large to eliminate potential errors,

— A7204 -=- A5052

450 800
0o [MPa]

(a) C4

including those caused by the geometrical error of
the indenter, surface roughness of samples, and
nanoscopic strengthening mechanism.

4. Validation

The database produced for the neighboring indenta-
tion method was validated for application to alumi-
num alloys and a stainless steel.

4.1. Experimental tests

Instrumented indentation tests were performed at
room temperature with a TI900 Tribolndenter
(Bruker, USA) using a Berkovich indenter for
three samples: A5052 and A7204 aluminum alloys
and SUS304 stainless steel. Mechanical polishing
was conducted on the sample surface, followed by
electrical polishing to remove the residual plastic
strains. Considering the maximum load of the
equipment, the maximum indentation depths h; =
h, were defined as 8.0, 7.5, and 5.3 ym for A5052,
A7204, and SUS304, respectively. Using Equation
(6), the indentation spacings were set up as 62.5,
58.6, and 41.4 ym for each sample, respectively. The

— A7204 -=- A5052

0.027
0.024 __
0.021 —
*
0.018 W
0.015 (5
0.012
0.009 &
0.006
0.003

100 450 800

Figure 7. Database: Response surface of loading curvature for E = 70 GPa.
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Figure 8. Database: Response surface of loading curvature for £ = 200 GPa.
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Figure 9. Experimental results: Load-depth curves and indentation impressions of the neighboring indentation test.

loading and unloading rates of the indentation tests
were fixed to 0.1 ym/sec. The neighboring indenta-
tion tests were performed five times for each sample
and the averaged values were used for the estima-
tion to reduce experimental errors.

4.1.1. Results and discussion

The P-h curves and indentation impressions of
A5052, A7204, and SUS304 are shown in Figure 9.
The grain size of each sample was over 40 ym, and
the neighboring indentation tests were performed for
a single or few grains with various crystallographic
orientations. We so confirmed that the effect of crys-
tallographic anisotropy of the samples on the P-h
curves was small in these experiments.

Table 1. Averaged loading curvatures and the deviations
obtained from five neighboring indentation tests.
G, [GPa] G, [GPa] G-G

A5052 aluminum 2049 + 0.6 21.42 + 0.46 0.935 + 0.466
A7204 aluminum 30.71 + 0.71 31.24 4+ 0.89 0.529 + 0.239
SUS304 stainless steel 54.03 + 2.52 56.85 + 2.93 2.825 + 1.822

Material

Table 2. Material constants estimated by the neighboring
indentation method.

Material 0o [MPa] n

A5052 Aluminum 1423 0.187
A7204 Aluminum 3383 0.008
SUS304 Stainless-steel 317.3 0.215

The averaged loading curvatures of the five neigh-
boring indentation tests and the deviations are shown
in Table 1. The experimental values are presented with
two curves in Figures 7 and 8. The intersection point
indicated by a rhomboid mark is the corresponding
material constant. Plastic properties were determined
from the set of the two figures, as shown in Table 2.
The stress—strain curves of the experimental data and
estimation results including another approach [19] are
shown in Figure 10. These results agree with the experi-
mental results, especially in aluminum alloys. The
power-law hardening used in this study cannot follow
the linear hardening behavior shown in Figure 10(b).
Even so, the outline of the stress—strain curve is repro-
duced particularly in the finite strain region.
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Figure 10. Stress—strain curves estimated by the neighboring indentation method.

As described above, the neighboring indentation
method was validated. In this approach, by obtaining
the load curvatures C; and C, under the above-
mentioned conditions, the stress—strain curve could
be estimated from the response surfaces shown in
Figures 7 and 8 in aluminum alloys and steels.

5. Conclusion

A new approach based on instrumented indentation
tests was proposed to determine the elastoplastic prop-
erties of alloys, in which the interaction effect of inden-
tations at a neighboring position was utilized. Based on
the neighboring indentation method, a material data-
base comprising two response surfaces for two material
constants of a plastic constitutive model was developed
for aluminum alloys and steels using high-throughput
simulations based on the finite element method. Using
the database, a set of material constants can be deter-
mined easily. The produced database was validated by
comparison with the corresponding experiments.
Following the proposed concept, a material database can
be generated for various alloys with different Young’s mod-
uli. This approach is practical because the experiment can
be performed using a single standard sharp indenter, and
computational simulations can be performed in advance. In
addition, it is applicable to high-throughput experiments.
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