metals m\py

Article

Three-Dimensional (3D) Microstructure-Based
Modeling of a Thermally-Aged Cast Duplex Stainless
Steel Based on X-ray Microtomography,
Nanoindentation and Micropillar Compression

Qingdong Zhang 2, Kai Zhu 3, Arun Sundar S. Singaravelu 2, Weizhao Sun !, Tao Jing 1"*

and Nikhilesh Chawla 2-*

1 School of Materials Science and Engineering, Tsinghua University, Beijing 100084, China;

zqd13@mails.tsinghua.edu.cn (Q.Z.); swzl6@mails.tsinghua.edu.cn (W.S.)
2 Center for 4D Materials Science, Arizona State University, Tempe, AZ 85287, USA; Arun.Sundar@asu.edu
State Key Laboratory of Non-ferrous Metals and Processes,
General Research Institute for Nonferrous Metals, Beijing 100088, China; zhu_thirteen@foxmail.com
*  Correspondence: jingtao@mail.tsinghua.edu.cn (T.].); Nikhilesh.Chawla@asu.edu (N.C.);
Tel.: +86-1062785854 (T.].); +1-4809652402 (N.C.)

check for
Received: 1 May 2019; Accepted: 13 June 2019; Published: 15 June 2019 updates

Abstract: Finite element analysis was conducted on a thermally-aged cast duplex stainless steel based
on the true three-dimensional (3D) microstructure obtained from X-ray microtomography experiments
and using the constitutive behavior of each individual phase extracted from nanoindentation on
single-crystal and bicrystal micropillar compression tests. The evolution of the phase morphology,
the mechanical properties and the boundary deformation behavior during the aging process are
highlighted. Quantitative analysis in terms of the distribution and evolution of the stress and strain in
both the as received and aged conditions was performed. The experimental results show that aging at
an intermediate temperature has a negligible influence on the morphology of the two phases in cast
duplex stainless steel (CDSS). Results from simulations reveal that the mechanical behavior of this
material were seriously affected by the microstructure and the mechanical properties of the individual
phase and the necking deformation tend to form in the area with less large ferrite grains after aging.
In addition, stress localization tends to form at the austenite/ferrite interface, in the narrow region of
ferrite grains and in the small ferrite grains.

Keywords: cast duplex stainless steel; thermal aging; finite element analysis; nanoindentation;
micropillar compression; X-ray microtomography

1. Introduction

Cast duplex stainless steels (CDSS) have been widely used in the nuclear industries due to their
outstanding mechanical properties and high corrosion resistance [1-4], such as primary coolant water
pipes for pressurized water reactors (PWR). Such pipes made of CDSS are designed for a 40-year
service life under high-temperature (~300 °C) and high-pressure (~15 MPa) conditions [5]. During
service, these pipes experience issues of both frequently thermal impact loading and thermal aging
embrittlement [6-9]. In order to get a deeper understanding of the relationship between microstructures
and mechanical properties and to get some information that could not be achieved in typical macro
tests, many researchers have conducted tensile tests on the micro-scale of duplex steels with both the
unaged and aged conditions [5,9-13].

It has been reported that the morphology and the volume fraction of the ferrite phase in duplex
steel has an extensive influence on the mechanical performance such as the corrosion resistance [14],
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the fracture toughness [15,16] and the thermal aging embrittlement [17-20]. Tavares [14] conducted
electrochemical corrosion tests on AISI 317L stainless steel with different microstructures and ferrite
contents, which showed that that the microstructural changes affected the pitting corrosion resistance.
Li [21] investigated duplex stainless steels equipped with ferrite of different contents through different
aging conditions. For the unaged duplex stainless steel, a higher content of ferrite can enhance
the mechanical properties, while the impact energies of duplex stainless steel are found to decrease
with the increasing ferrite content for the aged condition. Besides the effect of the microstructure,
as a multi-phase material, the bulk mechanical properties of CDSS are also highly dependent on
the mechanical properties of each individual phase [22,23]. Stewart [22] applied a conventional
rule of mixtures approach to the stress—strain data obtained from microconstituents in a dual phase
precipitation hardened (DPPH) steel to predict the bulk behavior.

In the early stage, simulation research based on the true microstructure was mainly carried out on
a two-dimensional (2D) microstructure [24-26], which was easy to obtain. For the simulation with
duplex stainless steels, Guo [16] conducted simulation on the 2D microstructure with Z3CN20.09M
CDSS under a plane strain loading condition and plane stress loading condition using the flow behavior
obtained from the micropillar compression tests. Qin [27] used the representative volume element
(RVE) method on a DP600 dual phase steel and predicted the macroscopic multiaxial plasticity behavior
of the material from the micro-scale level. Although the numerical simulation based on the true
2D microstructure has been widely used, there are still some disadvantages. One of the important
reasons is that the obtained 2D microstructure cannot effectively reflect the material’s microstructure
characteristics in 3D, which results in simulation results that sometimes are not consistent with the
experimental results. Musienko [28] used a true 3D microstructure and an extended 2D microstructure
on the numerical simulations of a polycrystalline copper specimen, and the outcome showed that the
simulation results based on a true 3D microstructure are more consistent with the experimental results.
Recently, Szlazak [29] conducted the finite element method on a scaffold structure, with the 3D spatial
gray value distribution obtained from micro-computed tomography was used to define the mechanical
properties of the finite element model.

In comparison with the experiments, a numerical simulation based on the true microstructure
can reveal many details that may not be obtained directly through experiments and offer a deep
understanding of the relationship between microstructure and mechanical properties. To establish
the microstructures-mechanical properties finite element model, the major challenge is to obtain
the mechanical properties of each component in the material and the true microstructure of the
material accurately. In this work, we aim to introduce a new modeling method that can combine the
true 3D microstructure and the mechanical properties of each individual phase of a thermally aged
CDSS. The true 3D microstructure was obtained via a lab scale X-ray microtomography approach
and the mechanical properties of each individual phase were determined by the nanoindentation and
single-crystal micropillar compression tests. More importantly, bicrystal micropillar compression tests
were also conducted to investigate the grain boundaries deformation behavior. The distribution and
evolution of the stress and strain between different aging conditions are of our great concern.

2. Materials and Methods

The material used in this investigation is a Z3CN20.09M austenitic-ferritic CDSS. Chemical
composition tested via the combustion method by an in-situ laser analyzer (LIBSOPA-200, NCS Testing
Technology, Beijing, China) is (in wt. %): 20.895 Cr, 8.755 Ni, 0.84 Mn, 1.04 Si, 0.03 C, 0.02 P, 0.004 S,
0.015 Cu, 0.349 Mo and balance Fe. The materials investigated in this study were from a centrifugally
cast pipe, which was used in the PWR. The initial cast pipe was solution treated at ~1105 °C for 4.5
h followed by fast water quenching, the inner diameter of the pipe was 27.5 inch and the thickness
of the pipe was around 48 cm. The typical 2D microstructure of the solution treated Z3CN20.09M,
which was electropolished in a 20 vol. % perchloric acid and 80 vol. % ethyl alcohol solution, is shown
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in Figure 1. In Figure 1, the ferrite phase shows a complex dendritic morphology with the volume
fraction of about 20%.

Figure 1. 2D microstructure of the solution treated Z3CN20.09M cast duplex stainless steel.

A lab-source X-ray microtomography system (Zeiss Xradia Versa 520, Carl Zeiss XRM, Pleasanton,
CA, USA) was used to evaluate the 3D microstructural evolution during the thermal aging process. The
specimen was machined from the outer wall region of the pipe by electrical discharge machining (EDM),
then the specimen was mechanically polished to a final cross-sectional area of about 700 x 800 pm?.
After mechanical polishing, the as received specimen was scanned first. Then the specimen was aged
at 475 °C for 500 h and scanned at the same position. Absorption contrast tomography scans were
performed on the specimen with the scan parameter of accelerating voltage 80 kV, exposure time 15 s,
3201 projections and using an 4x objective lens. The source to sample distance was 10 mm and sample
to detector distance was 47 mm resulting in a pixel size of 1.2 um. The reconstruction process was
made using an equipped software package (Zeiss XMReconstructor, Carl Zeiss XRM, Pleasanton, CA,
USA); further data processing was made with Image] (NIH Image, Bethesda, MD, USA) and Avizo
software (Version 9.0.1, FEI Visualization Sciences Group, Hillsboro, OR, USA). More details of the
X-ray microtomography experiments can be found elsewhere [30]. The numerical simulation part was
done with the commercial FEM software Abaqus (Abaqus/CAE 2017, Dassault Systemes, Paris, France)
due to its advantage on solving the nonlinear problems with a large deformation. Conversion of the
surface mesh made by Avizo into a 3D volume mesh that can be used in Abaqus was completed by
using HyperWorks (Version 14.0, Altair Engineering Inc., Troy, MI, USA).

Samples for nanoindentation and micropillar compression were prepared by machining small
specimens from the as received material and aged at 475 °C for 2000 h material via the EDM method.
Nanoindentation and micropillar compression tests were all performed at room temperature using a
commercial nanoindenter (XP, Agilent Technologies, Santa Clara, CA, USA) with different indenter
tips (Berkovich tip for nanoindentation and 4-sided pyramidal tip for micropillar compression)
using the continuous stiffness measurement (CSM) technique. For the micropillar compression
tests, both single-crystal and bicrystal micropillars were machined and imaged using the ZEISS
Auriga Crossbeam system (Carl Zeiss Microscopy, Miinchen, Germany) with the final aspect ratio
(height/diameter) around 3 based on Zhang’s simulation results [31]. The nominal compression strain
rate was set to be ~1073 s~! and the compression strain target was 20%. Details of the nanoindentation
and micropillar compression of this material can be found in our previous study [8]. The diameter
of the top surface was used to calculate the stress. The nominal diameter of the top surface for the
single-crystal micropillars is 2 um. For the bicrystal micropillars, the nominal diameter of the top
surface is 1.5 pm. The bicrystal micropillars were machined in large grains and fabricated carefully to
make sure the austenite/ferrite boundary is in the center of the final pillars.
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3. Results and Discussion

3.1. 3D Microstructural Evolution During Thermal Aging

Figure 2 shows the initial tomography scan results for different aging conditions at the same
location. Figure 2a,b was the scan results in the as received condition, while Figure 2¢,d was the scan
results with the same sample aged at 475 °C for 500 h. Figure 2c,d corresponds to the same locations
as that of Figure 2a,b, respectively. From Figure 2, it can be seen that after long-term thermal aging
at an intermediate temperature, the morphology of the two phases in Z3CN20.09M CDSS does not
change, i.e., a one-to-one correlation can be found. Thus, researchers can combine the constitutive
relationships obtained at different aging conditions with the same initial 3D microstructure to simulate
the mechanical behavior at different aging conditions, which will be helpful to investigate the effect of
thermal aging individually. It is already well established that the evolution on mechanical properties
on CDSS among different aging conditions is caused by the spinodal decomposition and the G-phase
precipitation [7-9,32-34].

Figure 2. Results of the initial tomography scans with different aging conditions. (a) and (b) were the
scan results of the as received condition. (c) and (d) were the corresponding scan results of (a) and (b),
respectively. The sample in (c) and (d) was the same sample as that of (a) and (b) but aged at 475 °C for
500 h.

3.2. True Microstructure-Based Modeling

Previous work [30] has proved that after solution treatment, the volume fraction and morphology
of ferrite from different locations of the pipe were similar. Thus, a representative area from the outer
wall region of the cast pipe, which was reconstructed and discussed in the previous work [30] was
selected as the model for the numerical simulation part, shown in Figure 3. The selected area shows
a long flat plate shape with the dimension 50 x 250 x 500 um?, shown in Figure 3a. In Figure 3a,
the 500 um side is parallel to the redial direction of the cast pipe and the volume fraction of the ferrite
phase is 16.8%. Figure 3b shows the reconstruction results of the ferrite phase only, it can be noticed
that most of the large ferrite grains are parallel to each other.
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Figure 3. True 3D microstructure used for numerical simulation. (a) Surface rendering made using
Avizo® from the outer wall region of the cast pipe with the austenite matrix (in grey) and ferrite phase
(in red); the dimension is 50 x 250 x 500 um?3. (b) Surface rendering of the ferrite phase only.

The selected area in Figure 3 was reconstructed by Avizo. Transferring the Avizo generated file
directly into Abaqus is a challenge due to the default settings of surface rendering in Avizo software.
Firstly, the rendering results was just a “surface view”, which means only the external surfaces of
the two faces were generated and the volume inside them was empty. Then the surface mesh was
converted into a 3D volumetric mesh that can be read by Abaqus. Secondly, in order to offer a better
surface result, the default size of mesh grids is usually small. Figure 4a,b shows the default mesh
grids after surface generation by Avizo. The default grids were simplified first by combining several
small grids into one. Figure 4c,d is the simplified surface mesh results. In Figure 4d, the size of the
final surface mesh grids is about 2 pm. Then, the finite element pre-processor HyperWorks was used
to fill the simplified surface mesh with tetrahedral elements into 3D volume. then the 3D volume
was meshed into the tetrahedron elements that can be read by Abaqus. Figure 4e—g shows the 3D
volume meshed using HyperWorks. The number of the elements is 216,839 for ferrite phase, 556,611 for
austenite phase and 773,450 in total.

(e) ® (g)

Figure 4. The meshing process. (a) Default surface mesh result of the selected area, (b) detailed surface

mesh result of the highlighted region in (a). (c) The simplified surface mesh result of the selected area
and (d) detailed surface mesh result of the highlighted region in (c). (e) 3D mesh with tetrahedron
elements of the two phases, (f) only the austenite phase and (g) only the ferrite phase in the selected area.
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In the present work, two types of loading conditions were carried out, shown in Figure 5.
In Figure 5a, the loading direcetion was applied to the right face while in Figure 5b the loading
direcetion was applied to the top face. Both in Figures 5a and 5b the same overall strain value of 20%
was applied. In Figure 5a the left face was confined to have no displacement in the x direction and in
Figure 5b the bottom face was confined to have no displacement in the y direction.

Yy -
| 100 um
X (a)

ﬁ’ 100 um
X (b)

Figure 5. Two types of loading conditions studied in this work. (a) Tensile along the x direction and

(b) tensile along the y direction.

3.3. Constitutive Relationships of Austenite and Ferrite from Micropillar Compression

In the present study, constitutive relationships were divided into two parts: The elastic part
and the plastic part. For the elastic part, the Young’s modulus of the austenite and ferrite phases
with different aging conditions was obtained from the nanoindentation tests, while the micropillar
compression results were used for the plastic part. This is because the linear portion of the micropillar
compression stress—strain curve contains some degree of compliance and is hard to remove [3],
while nanoindentation can get the accurate Young’s modulus results. The Young’s modulus measured
from nanoindentation tests is 193 + 3 GPa for unaged austenite, 232 + 6 GPa for unaged ferrite, 195 + 6
GPa for aged austenite and 239 + 5 GPa for aged ferrite.

The examples of the machined single-crystal micropillars and the corresponding compression
stress—strain curves are shown in Figure 6. The surface of the trench around the ferrite pillars is much
smoother, which can help us to verify the phase from which the pillar is made from. Figure 6¢,f is
the compression stress—strain curves for the as received and aged conditions that were used as the
input properties for simulation. Here we choose the true stress—strain curves because it can reflect
the true mechanical behavior of the material accurately. It should be mentioned that due to single or
multiple slip systems activated during micropillar compression process [8], the true strain value might
not reach 20%. Thus, based on the default setting of Abaqus, the true stress outside the range of the
true strain value obtained from the experiment was assumed constant [35]. From Figure 6¢/f, it can be
seen that the austenite micropillars show similar stress—strain behavior between the unaged and aged
condition while the ferrite micropillars show a significant increase in the compression stress after aging.
Hardening in the ferrite phase was caused by the precipitate phases that strengthened the ferrite phase
during aging process, such as the spinodal decomposition and the G-phase [8]. The “stair features” in



Metals 2019, 9, 688 7 of 14

the curves shown in Figure 6¢,f indicates that a single or multiple slip system was activated during
compression. More discussions of this part can be found elsewhere [8].

X (c) 1000

—— As received- austenite
~——— As received- ferrite

0
0 2 4 6 8 10 12 14 16 18 20
True strain (%)

True stress (MPa)
5 2
g B8

g

H

—— Aged for 2000 h- austenite
—— Aged for 2000 h- ferrite

0
0 2 4 6 8 10 12 14 16 18 20
True strain (%)

Figure 6. Representative morphology of the fabricated single-crystal micropillars and the corresponding
compression results with different aging conditions. (a) The austenite, (b) ferrite micropillars and (c) the
micropillar compression results in the as-received condition. (d) The austenite, (e) ferrite micropillars
and (f) the micropillar compression results after the aging treatment at 475 °C for the 2000 h condition.
The images were taken at a specimen tilt angle of 30°.

The representative fabricated and post-compressed bicrystal micropillars are shown in Figure 7.
In Figure 7, all the bicrystal micropillars were machined with boundaries having a random orientation
relationship, which would represent the real situation better. From Figure 7a,d, based on the difference
in the surface of trench around the pillars, the boundary can be observed clearly, which can aid in
making austenite/ferrite interface boundary at the center of the pillar when machining bicrystal pillars.
The high magnification images Figure 7b,e also showed the grain boundary is almost parallel to the
axis of the pillar. Figure 7c,f shows the bicrystal micropillars post compression stage. It can be seen that
even after an applied deformation strain value of almost 20%, the grain boundaries are still bonded

well. Thus, in the present finite element model, the two phases were assumed to have perfect bonding
during loading.

-

=
-
e ———

Figure 7. Overview SEM Image showing the bicrystalline micropillars for (a) as received condition
and (d) aged at 475 °C for the 2000 h condition. (b) and (e) are the high magnification image of (a)
and (d), respectively. (c) and (f) are the post-compression images of pillars of (a) and (d), respectively.
The images were taken at a specimen tilt angle of 30°; the relevant grain boundaries are highlighted. vy
denotes austenite phase, and 6 is the ferrite phase.
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3.4. Simulation Results

3.4.1. Stress-Strain Behavior

Figure 8 is the simulated engineering stress—strain curves obtained by different loading directions
under different heat treatment conditions.

(a) 1200 (b) 1200

1000 1000

3
=3
=

800+

600+

&
=3
=

Stress (MPa)
(-3
=3
>
Stress (MPa)
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Figure 8. Simulated stress—strain curves of Z3CN20-09M CDSS by different loading directions under
different heat treatment conditions. (a) Tensile along the x direction and (b) tensile along the y direction.

Both in Figures 8a and 8b, it can be concluded that the aged at 475 °C for the 2000 h condition has
a higher value in tensile stress than the as received condition. Such phenomenon was also found in the
real in-situ tensile experiments of this steel [9]. As the mechanical properties of the austenite phase
remain the same after long-term thermal aging [8,34,36], such an increase seen in bulk behavior can be
explained by the hardening of ferrite phase during the aging process [8,34]. Former nanoindentation
tests have proved that after aging at 475 °C for 2000 h, the nanohardness of ferrite increases by 65%
from 3.7 to 6.1 GPa [8]. In Figure 8 the increase in tensile stress also does not seem large, which can
be explained by the volume fraction of ferrite in the bulk. In this dual phase steel, the ferrite volume
fraction is around 20%, and the mechanical properties of the austenite matrix remains constant after
aging. The total tensile stress is controlled by the two phases together. Thus, the total increase of tensile
stress is not as large as the ferrite phase itself.

In Figure 8, the simulated stress is higher than the tensile experiments conducted on the same
material that was published before [5,9]. This can be explained by two reasons. Firstly, former
experiments were conducted at the room temperature and elevated temperatures. The input mechanical
properties obtained from the nanoindentation and micropillar compression tests were all conducted at
room temperature. It has been reported that working at high temperatures will cause degradation on the
mechanical properties [5,9,37,38], so as to reduce the tensile stress. Secondly, many researchers [39-44]
have reported the phenomenon of “size effect” from micropillar compression tests, i.e., the compression
stress of the material increases with the decrease of the diameter of the micropillar. In the present
study, the mechanical properties of micropillars with 2 pm diameter were used for the plastic portion
of input data. The yield stress of the as received austenite micropillar is about 540 MPa [8], Guo [44]
conducted micropillar compression tests on the as received austenite and ferrite micropillars with
different diameters from Z3CN20.09M CDSS. They observed the yield stress of austenite micropillar
with 2 um diameter was 510 MPa, which is comparable to ones used in our study. In addition, it was
reported that the yield stress of austenite micropillar with 10 pm diameter was 350 MPa, which is
a significant decrease in strength to the input value used in this study. Thus, the simulated tensile
stress—strain curves have higher value than the experiment results.

Comparing both Figures 8a and 8b, the stress—strain curves with different tensile directions look
similar, while in all the conditions, the curves with tensile loading along the y direction have higher
tensile stress. For example, at the applied strain of 20%, the tensile stress is ~900 MPa for the unaged
condition and ~1100 MPa for the aged condition for the tensile loading along the x direction. This tensile
stress increases to ~1000 MPa for the unaged condition and ~1200 MPa for the aged condition for
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the tensile load applied along the y direction. The only difference between Figures 8a and 8b is the
direction along which the tensile load is applied. Thus, the results shown in Figure 8 warrants for an
in-depth analysis to understand the effect of microstructure on mechanical properties.

3.4.2. Tensile Deformation

Figures 9 and 10 are the evolution of the equivalent plastic strain and the von Mises stress in the
as received and aged at 475 °C for 2000 h condition. In the present study, we are interested in the
effect of thermal on mechanical properties and the local deformation behavior. Thus, only the situation
with tensile along the x direction was shown. It should be noted that all the color nephograms in
Figures 9-11 were achieved from Abaqus.

e

Strain- 4.9%

Strain- 4.9% 100 um

(a)

S. Mises
PEEQ (Avg:75%)

(Avg:75%)

Strain- 6.5%

Strain- 9.3% 100 pm

Strain- 10.7% 100 um Strain- 10.7% 100 um

@ (h)

Figure 9. (a—d) Evolution of equivalent plastic strain and (e-h) the corresponding von Mises stress
of (a—d) in the as received condition with tensile along the x direction. The overall strain values are
(a) and (e) 4.9%, (b) and (f) 6.5%, (c) and (g) 9.3% and (d) and (h) 10.7%.

In Figure 9a,e, at a small average strain value, most of the austenite and ferrite phases have a
homogeneous local strain and von Mises stress. With the increasing deformation, some local ferrite
grains show higher plastic strain while the austenite phase still has a homogeneous local strain,
as shown in Figure 9b,c. The plastic part of the micropillar compression stress—strain curves was
taken as input and the as received austenite micropillar has a higher stress value than the as received
ferrite micropillar in the plastic part shown in Figure 6¢. Thus, the ferrite phase may have a higher
strain value than the austenite phase under similar stress. Figure 9f shows some stress localization in
the austenite phase, which mainly happens along the austenite/ferrite interface. Although the two
phases were assumed well bonded, the in situ tensile tests with the same material have proved that
the decohesion at the interface may cause the phase separation [5,9]. In Figure 9d, besides the strain
localization at the boundary, there is also strain localization in the middle area of the specimen (the
black arrow), which can be the region to form the necking deformation.



Metals 2019, 9, 688 10 of 14

Strain- 4.8% 100 pm

(a)

S. Mises
PEEQ (Avg:75%)
MPa

(Avg:75%)
£ 2500

— 2250
Strain- 6.3% (b) 100 um

Strain- 9.5% © 100 pm Strain- 9.5% (g) 100 pm

Strain- 10.8% “100um Strain- 10.8% (h) “100um

Figure 10. (a—d) Evolution of the equivalent plastic strain and (e-h) the corresponding von Mises stress
of (a—d) in the aged at 475 °C for the 2000 h condition with tensile along the x direction. The overall
strain values are (a) and (e) 4.8%, (b) and (f) 6.3%, (c) and (g) 9.5% and (d) and (h) 10.8%.

S. Mises S. Mises
(Avg:75%) (Avg:75%)
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S. Mises S. Mises
(Avg:75%) (Avg:75%)
MPa MPa
2500
2250
2000
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1500
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(c) 100 um d) 100 pm

Figure 11. The von Mises stress at the overall strain value 20% for (a) the as received condition with
tensile along the x direction, (b) the as received condition with tensile along the y direction; (c) aged at
475 °C for the 2000 h condition with tensile along the x direction and (d) aged at 475 °C for the 2000 h
condition with tensile along the y direction.

From Figure 10a—d, the ferrite phase shows a smaller strain value than the austenite phase,
which was caused by the significant increase in the hardness of ferrite after long-term thermal aging.
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In Figure 10c,d, the strain localization forms in the austenite phase (black arrow), and the region of
the strain localization shifts a little to the right compared with Figure 9d. The shift may be caused
by the difference on the mechanical properties of the two phases and such a shift may cause the
shift of necking area. The small circle shown in Figure 10e-h proved the stress localization could be
formed in the narrow area of the ferrite grains. A similar phenomenon was also found that the slip
lines formed in the austenite matrix first, and then such slip lines can go through some narrow ferrite
grains directly without changing the direction [9], which can be explained by the stress localization
in these narrow regions. An interesting phenomenon was found here that the small ferrite grains
shown in the large circle in Figure 10f-h have higher stress value than the other large ferrite grains.
The role of the ferrite grains in the Z3CN20.09M is to hold the austenite matrix because of its dendritic
morphology [9], so during tensile deformation, these small ferrite grains can be easily affected by
the adjacent austenite and cause local stress concentration inside. While the large ferrite grains can
sustain a large deformation and the whole grain can undertake the deformation together to avoid local
stress concentration.

3.4.3. Necking Deformation

Figure 11 is the simulated distribution of von Mises stress at the overall strain value 20% for
different aging conditions and different tensile directions. In Figure 11 the necking deformation at 20%
can be observed clearly. Compared with Figures 11a and 11c, the effect of aging and microstructure on
the necking deformation can be observed. After aging, the simulated necking area shift right compared
with the as received condition. Former experiments have proven that the fracture of Z3CN20.09M
CDSS is mainly caused by the failure of the austenite phase and the role of the ferrite phase is to hold
the austenite matrix [9]. In Figure 11a, as the hardness of austenite and ferrite phases are similar
(as shown in Figure 6¢), the necking forms in the middle of the specimen. The role of the ferrite phase is
to hold the austenite matrix, after the aging process the hardness of ferrite phase increases significantly,
so in Figure 11c, the necking area shifts right because in the center of the specimen there has large
ferrite grains that can sustain a large deformation especially after the aging process. Thus, it can be
concluded that after the aging process, as the ferrite grains can hold the austenite matrix better, the
necking deformation tends to form in the area with less large ferrite grains. In Figure 11b, the necking
also forms in the center area due to the similar hardness of austenite and the ferrite phase in the
unaged condition. For Figure 11d, as the large ferrite grain traverses the whole specimen, the necking
deformation also formed in the center, where less large ferrite grains exist.

4. Conclusions

In the present study, the numerical simulation method based on the true 3D microstructure under
different thermal aging conditions was investigated. From this study, the following can be concluded:

1) Aging at an intermediate temperature does not change the morphology of the two phases
in Z3CN20.09M CDSS and the evolution on mechanical properties on CDSS among different
aging conditions was caused by the precipitate phases formed during the aging process that
strengthened the ferrite phase, such as the spinodal decomposition and the G-phase.

2) The compression of bicrystal micropillars with boundaries having a random orientation
relationship shows that at the strain value of almost 20% the grain boundaries are still bonded well.

3) Finite element analysis based on the real 3D microstructure obtained for the X-ray
microtomography and the mechanical properties of each individual phase achieved from the
nanoindentation and micropillar compression tests is an appropriate numerical simulation
method for CDSS, which can reveal some fascinating phenomena that cannot be directly observed
by experiments.
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4)  The simulated stress—strain curve shows that the aged specimen has a higher tensile stress,
which is caused by the hardening of ferrite during the aging process. While the increase rate is not
as big as the ferrite phase itself, which can be explained by the ~20% volume fraction of ferrite.

5)  The mechanical behaviors of this material are seriously affected by the mechanical properties
of the individual phase. After the aging processes, the necking deformation tends to form in
the area with the less large ferrite grains. The stress localization can form at the austenite/ferrite
interface, the narrow region of ferrite grains and the small ferrite grains.
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