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Abstract

The hot or cold processing would induce the change and the inhomogeneous of the material mechanical properties
in the local processing region of the structure, and it is difficult to obtain the specific mechanical properties in these
regions by using the traditional material tensile test. To accurately get actual material mechanical properties in the
local region of structure, a micro-indentation test system incorporated by an electronic universal material test device
has been established. An indenter displacement sensor and a group of special micro-indenter assemblies are estab-
lished. A numerical indentation inversion analysis method by using ABAQUS software is also proposed in this study.
Based on the above test system and analysis platform, an approach to obtaining material mechanical properties in
the local region of structures is proposed and established. The ball indentation test is performed and combined with
the energy method by using various changed mechanical properties of 316L austenitic stainless steel under differ-
ent elongations. The investigated results indicate that the material mechanical properties and the micro-indentation

material mechanical property

morphological changes have evidently relevance. Compared with the tensile test results, the deviations of material
mechanical parameters, such as hardness H, the hardening exponent n, the yield strength o,, and others are within
5% obtained through the indentation test and the finite element analysis. It provides an effective and convenient
method for obtaining the actual material mechanical properties in the local processing region of the structure.

Keywords: Structural integrity assessment, Micro-indentation test, Numerical testing inversion analysis, Local

1 Introduction

Manufacturing mechanical structures process, includ-
ing welding and other hot or cold processes, has been
broadly adopted in the industrial field [1, 2]. It has been
reported that the mechanical properties of metal mate-
rials would be changed after the cold or hot processing
[3, 4]. Because the local area involved in hot and cold
processing is easy to occur flaw and failure, it is a key
area for structural integrity analysis [5]. And obtaining
the specific mechanical properties in these local area of
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structures in the structural integrity analysis will contrib-
ute to the further understanding of manufacturing pro-
cessing [6, 7].

It is of great practical significance to develop a test
and calibration method to obtain the mechanical prop-
erty parameters and distribution law of inhomogeneous
welded joint materials [8]. The indentation test has been
widely used as a non-destructive testing method that
does not affect the continued service of equipment and
is easy to operate [9, 10]. Scholars have done researches
on the measurement of mechanical properties by the
indentation method [11, 12]. As early as 1961, Stillwell
et al. [13] proposed determining the mechanical proper-
ties by using the elastic recovery generated through the
indenter to press into the material. Bulychev et al. [14]
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measured the contact area through the unloaded part
of the load-displacement curve, which laid the founda-
tion for the later indentation hardness test. Haggag et al.
[15] studied the representative strain of the indentation
plastic zone and obtained a series of relations, which
played an essential role in the subsequent research on the
indentation method to characterize the stress and strain.
Das et al. [16] studied the constitutive relationship and
strength properties of two high-strength, low-alloy steels
under different pre-strains using a continuous ball inden-
tation method. Wei et al. [17, 18] used nano-indentation
to study the stress-strain relationship of metal thin film
materials and carried out detailed characterization of the
mechanical properties of different metal materials. Zafar
et al. [19] evaluated a method to infer powder flowability
by the ball indentation, and the technique can be applied
at very low loads using a small sample quantity. Zhang
et al. [20, 21] estimated the fracture toughness of Q235B
steel by automatic ball indentation test. They obtained
the residual stress distribution of different kinds of aus-
tenitic stainless steel materials through the analysis of
the indentation process. Pamnanil et al. [22] studied the
mechanical properties of the welded area with differ-
ent welding methods in the high-strength and low-alloy
steel structure by using the ball indentation test. These
researches indicate that it is possible to obtain the mate-
rial properties by an indentation test.

The complex thermal cycle in the welding will cause
significant changes in the microstructure and chemical
composition of the material in welded joint, which would
also produce a complicated local stress state in a welded
joint. To represent the effect of the hot or cold process-
ing of materials, the change of local material mechanical
properties is performed by the different degrees of tensile
deformation in this paper [23, 24]. After rolling, extru-
sion, roll forging, heat treatment, and other processes,
due to the difference in the preferred orientation and
mechanical behavior of crystals, there will be differences
in grain state and microstructure properties in differ-
ent directions within the material, resulting in different
mechanical properties, yield behavior, and plastic defor-
mation abilities. The anisotropy produced by material
leads to different yield behavior and plastic deformation
capacities. We simplified the work hardening of materi-
als in the manufacturing process to different degrees of
tensile deformation of materials. When studying the
mechanics of austenitic stainless steel under a single vari-
able with different plastic hardening effects, the anisot-
ropy has little on the laws obtained from indentation test
results. Therefore, we does not consider the various and
complex mechanical effects of anisotropic for the time
being in this study, and we still consider the materials are
isotropic for research. Thus an approach to obtaining the
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material mechanical properties combined with the ball
indentation test and finite element inversion to charac-
terize the mechanics of 316L austenitic stainless steel is
discussed and studied.

2 Theoretical Principle
Under the action of an external force, the metal will
undergo rapid and instantaneous elastoplastic deforma-
tion [25]. In the elastic deformation stage, there is a linear
correlation between stress and strain. There is a power-
rate relationship between stress and strain for the sub-
sequent plastic deformation stage, called the Hollomon
relationship. Austenitic stainless steel and nickel-based
alloys are widely used in structures of the nuclear power
plant. The stress-strain relationship of these metal mate-
rials meets the stress-strain relationship of linear elastic-
power hardening materials, so that it can be expressed by
the Hollomon equation.

For the metals with hardening characteristics [26], the
stress-strain curve can be defined as:

_ Ee (0 <0y),
7= Ke" =Eey "e" (0 > 0y), D

=gy + &p, (2)

where o, is initial yield stress; & is total strain; &, is initial
yield strain; ¢, is plastic strain; E is Young’s modulus; K is
strength factor; u is the strain hardening exponent.

When o> o), the plastic stress o can be expressed by

E
o=0y1+—¢p)". (3)
Oy

The micro-nano indentation test mainly includes two
stages of loading and unloading. In the loading phase,
the indenter enters the surface of a sample. The area will
undergo elastic deformation. As the applied load gradu-
ally increases, the area with the most considerable elastic
deformation will enter the elastoplastic stage, where plas-
tic deformation occurs [27].

The Oliver-Pharr method is commonly used to obtain
the mechanical properties of materials by indentation
method [28]. Many studies have shown that the load-
depth curve is mainly used to obtain parameters such as
hardness and Young’s modulus. The mechanical prop-
erties of the plastic stage are mainly obtained through
the dimensional method. The typical load-depth curve
for the indentation test is shown in Figure 1. Taking the
spherical indenter for the indentation test, Figure 2 shows
a schematic diagram of the indentation profile geometry
of the test material.

In Figures 1 and 2, /1,,,,,,
the load-depth curve; P

max

is the maximum depth value in
is the maximum load value; S
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Figure 2 A schematic diagram of indentation profile geometry

is the highest slope value of the unloading curve; 4, is the
residual indentation depth; /, is the contact depth value
in the indentation process; a, is the contact radius in the
indentation test, and R is the ball indenter radius.

For a given shape of the indenter, the hardness value of
the material can be obtained by

Pmax
H = ) 4
M @

where A is indentation contact area, and A=2nr#,.

For the elastic contact theory, we ignore the influence
of direction, size, and border effects of microscopic mate-
rials. The geometric size of the gauge length section of
the sample is much larger than the maximum indentation
depth. The surface of the sample is a geometric plane and
is considered to be anisotropic material, such as

1—2
1 1_Vi2 ’ (5)
E, E;

Er =
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where E;; is the Young’s modulus of the sample material;
v is the Poisson’s ratio of the sample material; E; is the
Young’s modulus of the indenter material; v; is the Pois-
son’s ratio of the indenter material. Diamond is usually
selected as the indenter material, where E; = 1140 GPa,
v =0.07.

In the plastic parameter identification, the optimi-
zation method is usually used to calculate the plas-
tic mechanical parameters in the indentation process.
Through the indentation test simulations of a large
number of materials with different parameter combi-
nations, the input parameters and output results are
optimized and fitted. The relationship between the
press-in measurable parameters and material parame-
ters is established, and the required mechanical param-
eters are solved. Based on defining characteristic strain,
Tabor [29] obtains the following specific form

P= 2.87:/@3(0.2%)’”‘2, ©6)

where k = Eg!™.
Field et al. [30] take the logarithm based on Eq. (6).

0.2
log P = log {2.8nkc"+2(R)"] + mloga, (7)

where a = v2Rh — h2, m = n+2, and n can be calculated
from the slope of logP and loga curves.

To simplify the relationship between the analysis
parameters and the identification parameters, while
reducing the sensitivity of test errors, it has become
a concern for this type of method. The accuracy and
stability of the analysis method and the comparison
verification with the uniaxial tensile test results are
important to be involved in identifying plastic mechan-
ical properties.

For the ball indenter, Ma et al. [31] established the
relationship between ¢, and W,/W, , and then they
established the relationship between ¢, and W, /W, .
Where W, is unloading work, and W, is the total work
from loading to complete unloading.

Based on the description of the related literature on
the relationship between the work obtained from the
load-depth curve and the mechanical properties of the
material, the study focuses on the relationship between
unloading work and total work to predict material
strength performance. The load-depth curve is com-
posed of plastic work and elastic work. The sum of the
two is the total indentation work. The schematic dia-
gram of the composition is shown in Figure 3.

The physical quantities involved in the pressing pro-
cess include material parameters (E, v, o, n), indenter

geometric parameters (R), control variables (4, 4,,,,). E
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Figure 3 Composition of indentation work

and / are selected as basic quantities, and the inden-
tation loads P, W, W, are expressed by the basic
quantities.

In the loading stage, the load P can be expressed as

P =fp(Ev,0,mRh). (8)

According to the definition of total indentation work,

Honax Ei o
th=/0 Pdh:%]’[l (fy,v,n,R). ©)

The unloading work can be expressed as

Nimax o
W”‘:/h,, pdn = En}, ] <fy,v,n,R). (10)

Through Eqgs. (8)—(10), the relationship between
unloading work and total indentation work can be
obtained as

W gy
Y = W, = H3 (f,v,n,R>.

(11)

3 Indentation Test

3.1 Sample Preparation

According to the standard GB/T 228- 2002, the 316L
plate is rolled into a 2 mm thick steel plate with a coil
rolling machine, then cut into 40 mmx 400 mm on a
shearing machine. The steel plate online cutting machine
is used for slow-moving wire cutting, polishing the
burrs, and processing the dowel holes. The geometric

Figure 4 Plate-shaped tensile sample

dimensions of the plate-shaped tensile sample are shown
in Figure 4.

The sample was clamped by a U-shaped chuck clamp
and fixed on the upper and lower hydraulic chucks of
the PLD-500 kN electro-hydraulic servo fatigue ten-
sile testing machine. Then the uniaxial tensile test was
carried out. It was setting the room temperature load-
ing rate of the testing machine to 2 mm/min. And the
displacement loading method was used in the stretch-
ing process. The gauge length section of the sample
was pre-stretched by 2 mm, 4 mm and 6 mm, respec-
tively. That the tensile elongation is 10%, 20%, 30%, for
simulating the changes of the mechanical properties of
materials in hot and cold processing. Sample clamping
diagram for the tensile test is shown in Figure 5.

To remove the scratches on the surface and avoid the
influence of surface roughness of the sample on the test
results, the surface of the samples is evenly sanded with
600#, 1000#, 1500#, 2000# waterproof abrasive paper
before the test. The samples need to rotate 90° during

Figure 5 Sample clamping diagram for the tensile test
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the sanding process. After the sanding process is com-
pleted, the metallographic polishing machine is used
to polish the sample. The particle size is 1 W, and the
sample scratches are not obvious after polishing to the
microscope.

Figure 6(a) shows the engineering stress-strain curves
of 316L austenitic stainless steel with different cold
working rates obtained through the tensile test. The
engineering stress-strain curves obtained are trans-
formed into a true stress-strain curves by Egs. (12)-
(13), as shown in Figure 6(b).

Page 5 of 12

Lal l
& = — =1In <> =In(1l+e), (12)
Iy l lO
ot = 0e(1+&,). (13)
Figure 7 Indentation test system platform
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Figure 6 (a) Engineering stress-strain curves under different
elongations, (b) true stress-strain curves under different elongations

3.2 Parameter Setting of Indentation Test

The indentation test platform has been modified based
on the electronic universal material test device. Figure 7
shows the modified indentation test platform.

The loading system of the indentation test platform
adopts the electronic drive system of the electronic
universal material test device, and the upper chuck
is improved to hold different types of indenters. The
lower chuck is changed to a sample platform that can
be adjusted autonomously in two dimensions. A high-
precision displacement sensor is installed on the side of
the indenter. The accuracy of the high-precision displace-
ment sensor is 0.5% of the full scale, and the resolution
reaches 0.1 pum, and its accuracy satisfies the require-
ments of the indentation test.

The parameters for setting the indentation test are ball
indenter radius, loading and unloading rate, loading and
unloading load. The parameter settings of the test plat-
form are as follows.

(1) Ball indenter radius

The ball indenter cannot be greater than one-third of
the tested sample. Considering the micro-loss charac-
teristics of indentation testing technology, the cemented
carbide spherical indenter with a radius of 0.25 mm is
used in the indentation test, and its dimensional accuracy
is £0.001 mm.

(2) Loading and unloading rate

The loading rate is set to 0.5 mm/min, and the unload-
ing rate is set to 0.1 mm/min. The loading process takes
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a long time, and more data needs to be collected. During
the unloading process, the elastic recovery of the inden-
tation depth is mainly measured. Therefore, the unload-
ing rate is set faster than the loading rate to ensure that
the data collected during the entire indentation process is
more appropriate.

(3) Loading and unloading load

The loading load is set to 300 N, and the unloading load
is set to 3 N. The indentation load with an indentation
depth of 0.1-0.2 mm needs to be between 150-300 N.
The unloaded load only needs to rebound after the inden-
tation process.

After setting the relevant parameters of the indentation
system, the ball indentation test is performed on tested
materials with different elongations to obtain the inden-
tation response results.

4 Finite Element Model

The finite element analysis software ABAQUS is used for
the indentation simulation test in this paper. The inden-
tation process is entirely symmetric. To facilitate the cal-
culation and ensure the validity of the calculation results,
a quarter of the three-dimensional model is established.

In the finite element inversion, the radius of the
indenter, the thickness of the tested sample, and the set-
ting of related test parameters are all corresponding to
the indentation test.

The elastoplastic deformation parameters of materials
with different elongations are obtained from calculating
the uniaxial tensile test parameters, and the real stress-
strain values are used as the material parameters of the
model. For the setting of the material parameters of the
indenter, Young’s modulus is set to 1x1031 GPa, and the
Poisson’s ratio is set to 0.3. In the indentation process, the
indenter is set to a rigid body.

The indentation finite element model is solved by static
force, and the convergence criterion is set to the displace-
ment criterion. The indentation process is controlled by
displacement control. In the STEP module of ABAQUS,
we set the maximum number of increments as 1000, and
the initial increment size is set to 0.001. The loading dis-
placement in the loading analysis step is set to 0.2 mm,
the unloading displacement in the unloading analysis
step is 0 mm. The bottom of the tested sample is set in ¥’
direction, and the indenter is set to only move in Y direc-
tion. The boundary condition constraints are shown in
Figure 8.

The quality and quantity of meshes in finite element
calculations are critical to the results of analysis. The
quality of the grid directly affects the accuracy of the sim-
ulation calculation. A reasonable division of the grid can
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effectively improve the computational efficiency of the
finite element model. In this model, the size of the grid is
a three-dimensional element grid (CPS4R), and the total
number of division units is 44910. The meshes of the
contact part of the sample with the indenter need to be
refined. The mesh refinement model is shown in Figure 9.

The analysis steps in the finite element inversion are
the preloading process, pressing-in process, and unload-
ing process. Setting the preloading step mainly requires
the indenter to contact the sample to ensure the accu-
racy during the indentation process. The press-in step is
set to displacement control. Setting the unloading step
is mainly to calculate the mechanical properties of the
material in the elastic phase. In the contact analysis, the
friction coefficient between the indenter and the sample
is set to 0.3.
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Figure 10 The load-depth curves obtained by indentation test
under different elongations

5 Results and Discussions

5.1 Indentation Test Results

The load-depth curves obtained by the indentation test of
austenitic stainless steel with no pre-deformation, 10%,
20%, 30% elongation under the indentation load of 0-300
N are shown in Figure 10.

It can be seen from Figure 10 that the loading and
unloading trends of the curves are roughly the same.
The slope of the curves in the loading phase gradually
increase with the increase of the pre-deformation degree.

20%
Figure 11 Comparison of indentation morphology with different
elongations

30%
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During the unloading stage, the load value per unit area
also gradually increases.

After the pre-deformation of the austenitic stainless
steel material, the load-depth curves are clearly shifted
to the left, indicating that the material becomes harder
after pre-deformation, resulting in a smaller indentation
response and a smaller residual indentation depth value.

The changes of residual indentation morphology of
materials with different elongations observed by the met-
allurgical microscope after the indentation test are shown
in Figure 11.

Comparing the indentation morphology of materials
with different elongations in Figure 11, we can see that
the plastic deformation increases with the pre-deforma-
tion condition, the plastic performance and the indenta-
tion response decrease, so that the indentation depth and
indentation area are reduced.

When the material is not stretched, the plastic property
of the material is strong, and the ability to resist indenta-
tion deformation is weak. The indentation area is 0.229
mm?, the residual indentation depth is 0.117 mm. With
the gradual increase of pre-deformation, the materials
are affected by work hardening, the indentation area and
the indentation depth in indentation tests are reduced.
When the elongation is 30%, the indentation area is 0.118
mm?, and the indentation depth is 0.028 mm.

According to the parameters of load-depth curve and
indentation profile information, the hardness values of
316 austenitic stainless steel under different elongations
are shown in Figure 12. It can be seen that the hard-
ness of material gradually increases with the increase of
elongation.

As the degree of pre-deformation gradually increases,
the indentation hardness of the material also increases.

900

750

Hardness H
(=)
(=3
(=)
T

450

300 1 1 1 1
0 10 20 30

Elongations /%

Figure 12 Changing law of hardness under different elongations
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Table 1 Load-depth curve parameters of austenitic stainless steel and mechanical parameters with different elongations

Elongation (%) Unloading work Total work W, Yield strength ay(MPa) Tensile strength o,(MPa) Ratio Y
WU
0 152 37.88 350 1331 0.040
10 261 50.57 474 1362 0.052
20 413 62.93 596 1401 0.066
30 546 7347 685 1452 0.074
5.0
(@) 700
—a— Yield strength a5l -
—— Linear fitting = A /
< 600 | -
& 8 .
% g 40}
S &
- 5
80500 | =]
S =
& g st _
o]
> 400 - T .
3.0 +
30(()] 04 0‘05 0:)6 0‘07 0;)8 23 : I I I
: : Ratio ¥ : 0 10 . 20 30
Elongations /%
Figure 14 Changing law of hardening exponent under different
(b) 1480 elongations
—m— Tensile strength
—— Linear fitting n
< . .
& 1440 |- For the calculation of yield strength, the area of the
= curve is used to estimate the energy in the indentation
= u process, and then the strength value is calculated by the
&' 1400 - obtained energy. The hardening exponent is calculated
= . . . . .
@ by the self-similarity theory and the logarithmic slope
Z between the load and the residual indentation area in
& 1360 |- the load-depth curve. The calculated unloading work,
total indentation work, ratio, and yield strength are
shown in Table 1.
1320 1 1 1 1 . . .
o 008 000 e 008 The y1e1d. strength and tens.11e strength \{alues in Table 1
Ratio Y are fitted linearly to the ratio Y, respectively. The fitted

Figure 13 (a) Fitting curve of yield strength and ratio Y, (b) fitting

curve of tensile strength and ratio Y

When the material is not pre-deformed, the indentation
hardness is 424 MPa; when the elongation is 30%, the
indentation hardness reaches 833 MPa.

The plastic mechanical parameters of austenitic stain-
less steel obtained by the indentation method mainly rely
on the load-depth curve to calculate the yield strength,
yield strain, and hardening exponent.

curves are shown in Figure 13(a) and (b). The correla-
tion coefficients are R*> = 0.998 and R? = 0.999, respec-
tively. The linear relations about Eq. (14) and Eq. (15) are
obtained as

oy = 9682.38Y — 3532647, (14)

o) = 3632.4Y + 1180.8. (15)

The hardening exponent values of materials with dif-
ferent elongations are shown in Figure 14. It can be seen
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that as the pre-deformation degree of austenitic stainless
steel increases, the hardening exponent also increases.

In addition, there is a linear increase relationship
between the hardening exponent and the elongations.
When the sample is not pre-deformed, the hardening
exponent is 3.4. When the elongation is 30%, the harden-
ing exponent reaches 4.5. After the cold working process,
the work hardening occurs inside the material, which
leads to an increase in the plastic property of the mate-
rial, so that the hardening exponent of the material also
increases.

800
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—— 10% Elongation

) 20% Elongat?on

N —— 30% Elongation

3

<

L=

o 400
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=
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1 1 1 1
0.00 0.05 0.10 0.15 0.20
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Figure 15 The load-depth curves obtained by finite element
reversion under different elongations
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5.2 Finite Element Inversion Analysis Results

Figure 15 shows the load-depth curves of 316L austenitic
stainless steel under four different elongations through
indentation simulation.

It can be seen that the indentation simulation pro-
cess of materials with different elongations is roughly
the same. The loading curve during the pressing process
shows a nonlinear trend. As the elongation increases, the
required indentation force gradually increases.

In addition, the unloading displacements of the four
unloading curves have obvious differences. Pre-defor-
mation has a certain effect on the rebound of the mate-
rial. As the elongation increases, the residual depth of
the sample gradually decreases. The material undergoes
plastic deformation after pre-stretching, resulting in an
increase in its yield strength and hardness. The load-
depth curve obtained by the finite element inversion is
consistent with the trend of the indentation test, so the
accuracy of the indentation simulation is considered to
be higher.

The changes of indentation morphology with different
elongations are obtained by finite element simulation.
Figure 16(a) and (b) shows the indentation process of
10% elongation.

Figure 16(a) shows the loading stage of the pressing
process at £ = 0.1 s, t = 0.3 s, £ = 0.75 s. It can be seen
that as the pressing depth increases, the maximum prin-
cipal stress of Mises gradually increases. When ¢ = 1.0
s, the indenter moves up and unloads. Compared with
the stress cloud diagrams at the maximum depth of the
loading stage, it can be seen that the material has gone

(a)
S, Mises
1500
1200 P=9 oy
900 -
600
300
0
z =0.1s =0.3s =0.75 s =1.0s
(b)
PEEQ
o8
0.4 1= é
o &
0.1
0.0
‘ =0.1s =0.3s =0.75 s =10s
Figure 16 (a) Mises stress of indentation process under 10% elongation, (b) equivalent plastic strain (PEEQ) of indentation process under 10%
elongation
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Figure 17 Comparison of maximum indentation morphology under
different elongations

through the elastic recovery stage after unloading, and
the maximum principal stress of Mises is reduced. Fig-
ure 16(b) shows the equivalent plastic strain (PEEQ)
of the indentation process. During the loading phase,
PEEQ increases as the depth of the indentation. After
the indenter is pressed into the maximum indentation
depth, the unloading begins. When the maximum depth
is reached, the indenter starts to unload. The unloaded
material passes through the elastic release stage, its strain
and strain range are reduced.

The displacement increment on the same path of the
material surface on the side in contact with the indenter
is analyzed, as shown in Figure 17.

It can be seen from Figure 17 that the displacement
increment trend of materials with different elongations
on the indentation path is the same. The materials in con-
tact with the area under the indenter will first produce
elastic deformation. As the load continues to increase,
the indenter will continue to press down. The material
will undergo plastic deformation, and the downward
increment will gradually increase. The material in the
area around the indenter steadily accumulated. The max-
imum protrusion of undeformed material is 28.603 pm,
the maximum protrusion of 10% elongation is 29.954 pm,
the maximum protrusion of 20% elongation is 34.418 pm,
and the maximum protrusion of 30% elongation is 39.406
pm.

5.3 Comparison of Results
The mechanical properties of materials with different
elongations obtained in the indentation test need to be
verified. The results obtained in the uniaxial tensile test
are the agreed true values.
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Figure 18 Comparison of mechanical parameters obtained by
indentation test and tensile test under different elongations: (a)
hardening exponent, (b) yield strength

Figure 18(a) and (b) shows the comparison between the
mechanical properties of austenitic stainless steel 316L
calculated by the indentation test and the uniaxial tensile
test under the different elongation conditions.

It can be seen from Figure 18 that the mechanical prop-
erty parameters of austenitic stainless steel at different
elongations obtained by the indentation test are relatively
close to the tensile test. The mechanical properties cal-
culated by the indentation test have high accuracy and a
small error range. The errors of the hardening exponent
are less than 5%. The errors of yield strength are all less
than 2.9%.

To verify the accuracy of the finite element model, it
is necessary to substantiate the indentation test results
obtained by the finite element method to ensure the
accuracy of mechanical parameters. Figure 19 shows the
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Figure 19 Comparison of mechanical parameters obtained
by indentation test and finite element method with different

elongations: (@) hardness and yield strength, (b) hardening exponent

comparison of the deviation of the mechanical param-
eters calculated from the indentation test and the finite
element method.

It can be seen from Figure 19 that the mechanical prop-
erties have little difference between the indentation test
and finite element simulation under different elongations.
Thereby the accuracy of the established finite element
model is confirmed. The errors of indentation hardness
are about 5%. The errors of yield strength are below 1.5%.
The errors of the hardening exponent are about 5%, and
the reason for the larger error is the small transition zone
between the elasticity and plasticity of the stress-strain
curves, but it is within the acceptable range.

6 Conclusions

In this study, the micron-level indentation test system
was built in our laboratory to perform indentation tests
on austenitic stainless steel 316L under different elonga-
tions. With the aid of finite element inversion analysis,
the indentation process simulation was realized, and the
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mechanical performance parameters of 316L. were com-
pared. The following conclusions can be drawn from this
study.

(1) A suitable test program was developed for the
indentation test, and the load-depth curves of aus-
tenitic stainless steel 316L under different elonga-
tions were obtained. As the elongation increases,
the curves shift to the left, the resulting indentation
responses become smaller, and the residual inden-
tation depth values become smaller.

(2) The indentation test model was established by using
the finite element software ABAQUS, and the rel-
evant mechanical property parameters of materials
with different elongations were obtained by inver-
sion analysis. Comparing the finite element analy-
sis with the indentation test, the deviations are all
within 5%, which ensures the accuracy of the finite
element model.

(3) Compared with the test results obtained from the
tensile test based on the plate-shaped tensile sam-
ple, the deviations of the elastic-plastic material
mechanical parameters, such as hardness, harden-
ing exponent, and others are within 5% obtained
through the indentation test and the finite element
inversion analysis.

(4) It provides a reasonable and effective structural
integrity evaluation to obtain the actual material
mechanical properties of the welding and other hot
or cold working areas in key structures.
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