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Abstract: Z3CN20.09M cast duplex stainless steel (CDSS) has been used for primary coolant water
pipes in pressurized water reactors due to its excellent mechanical properties. Such pipes operate
at an elevated service temperature (~320 ◦C) and experience issues of thermal aging embrittlement.
In situ tensile tests were conducted to investigate the deformation mechanisms of Z3CN20.09M CDSS
after long-term thermal aging at 475 ◦C for up to 2000 h in both optical microscope and scanning
electron microscope at 320 ◦C. For the 320 ◦C tests, the tensile stress and other mechanical properties,
e.g., the yield stress and the ultimate tensile strength, increase during the thermal aging process and
recover to almost the same level as the unaged condition after annealing heat-treatment, which is
caused by the formation and dissolution of precipitation during aging and anneal heat-treatment,
respectively. For the slip mechanism, straight slip lines form first in the austenite phase. When these
slip lines reach the austenite/ferrite interface, three kinds of slip systems are found in the ferrite
phase. During the fracture process, the austenite phase is torn apart and the ferrite phase shows
a significant elongation. The role of the ferrite phase is to hold the austenite matrix, thus increasing
the tensile strength of this steel.
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1. Introduction

Compared with ferritic and austenitic stainless steels, cast duplex stainless steels consisting of
ferrite and austenite are unique engineering materials widely applied in chemical, petrochemical,
nuclear and other industries because of their excellent combination of mechanical properties and
corrosion resistance [1–3]. One use for CDSS is in coolant water pipes in the pressurized water reactor
(PWR) which are designed for at least a 40-year service life and to work in service temperatures ranging
from 288 ◦C to 327 ◦C [4]. Hence, such pipes experience problems of thermal aging embrittlement
during service that cause degradation in mechanical properties [5–15]. It has been reported that
the thermal aging embrittlement in CDSS was caused by the precipitation that formed in the ferrite
phase after long-term thermal aging, e.g., the G-phase precipitates and the spinodal decomposition
during which the ferrite phase decomposes into a Fe-rich α-phase and a Cr-rich α’-phase [10,11,13–15].
Many researchers have found that the mechanical properties of CDSS are strongly dependent on
the strength of each individual phase [16,17] and their microstructures, e.g., the volume fraction
and the morphology of the ferrite phase, have meaningful influence on the fracture toughness,
thermal aging embrittlement, high-temperature ductility, impact properties and corrosion resistance of
duplex stainless steel [18–24].

In addition to the mechanical properties, some researchers have also investigated the deformation
behaviors and damage mechanisms of CDSS. Cingara [25] found that in two types of ferritic-martensitic
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duplex stainless steels, the voids nucleation occurs through either cracking in the martensite phase,
the separation of adjacent martensite regions, or decohesion at the ferrite/martensite interface.
Serre [26] used an atomic force microscopy (AFM) technique to study the slip systems in an
austenitic-ferritic duplex stainless steel and classified several different slip bands in ferrite grains
according to their morphology.

There are two main reasons to study the slip deformation mechanisms. First of all, due to the
service conditions of relatively high-frequency impact force with high temperature for the studied
steel, it is necessary to unveil the details of slip deformation mechanisms, which would be beneficial
to a deep understanding of the relationship between microstructures and mechanical properties.
In addition, the study of slip deformation mechanisms can help to pinpoint the deformation behaviors
in local regions where micro-cracks form then start propagation, an opportunity which is not available
in typical macro tests on CDSS. Secondly, the 3D numerical simulation method shows an advantage
over experiments, not only in its costs but also in revealing some important phenomena that cannot be
directly observed by experiments. The understanding of slip deformation mechanisms can be used as
benchmarks for further numerical simulations. To investigate the slip deformation with time, many in
situ or quasi in situ tests have been conducted using CDSS. Guo [4] used an in situ scanning electron
microscopy (SEM) technique to study the mechanical properties and slip deformation of an unaged
CDSS at various temperatures, ranging from 25 ◦C to 750 ◦C. Wang [27] conducted quasi in situ optical
microscope (OM) tests on the thermally aged CDSS at room temperature. As the coolant water pipes
suffer from the problems of both long-term thermal aging and high-temperature service, it makes
a lot of sense to conduct in situ tests on the CDSS at service temperature to investigate the mechanical
properties, the slip mechanisms and the damage mechanisms in CDSS.

In the present work, in situ OM and SEM tensile tests have been employed at the service
temperature (320 ◦C) on the CDSS samples that undergo different heat-treatments. The evolution of
mechanical properties and the deformation behaviors under different heat-treatment conditions are
our focus in this study.

2. Materials and Methods

The material studied in this work was a Z3CN20.09M austenitic-ferritic cast duplex stainless
steel which has been widely used for primary coolant pipes in pressurized water reactors (PWR).
For CDSS, the main alloy elements are Fe, Cr, Ni, Mn, Si and C. For the widely used CF3s and CF8s,
carbon contents are <0.03 wt. % and <0.08 wt. %, respectively [28]. For the steel Z3CN20.09M
studied in this work, the carbon content should be less than 0.04 wt. %. Chemical compositions
of this steel are listed in Table 1. The typical microstructure of the Z3CN20.09M CDSS is shown in
Figure 1, in which δ ferrite shows a complex dendritic morphology with the volume fraction of about
20%. More information of this steel, such as the three-dimensional (3D) microstructure, can be found
elsewhere [5]. The as received material was thermally aged at 475 ◦C for up to 2000 h, which is
essentially equivalent to that of 45 years at the service temperature [11] according to the Arrhenius
equation [29]. A part of the 2000 h-aged material was further annealed at 550 ◦C for 3 h to dissolve the
precipitates formed during the thermal aging process [11,13,14].

Table 1. Chemical composition of the tested Z3CN20-09M cast duplex stainless steel (wt. %).

Cr Ni Mn Si C P S Cu Mo Fe

20.895 8.755 0.84 1.04 0.03 0.02 0.004 0.015 0.349 Bal
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Figure 1. Typical microstructure of the Z3CN20.09M cast duplex stainless steel. 

The in situ tensile tests were performed at room temperature (20 °C) and service temperature 
(320 °C), respectively, using a high temperature confocal scanning violet laser microscope 
(VL2000DX-SVF15FTC, Lasertec Corporation, Japan). Tests were conducted with a constant 
displacement rate of 0.25 mm ·min−1 to maintain a strain rate target of ~10−4 · s−1. For the high 
temperature tests, specimens were heated with a heating rate of 100 °C·min−1. After reaching the 
desired temperature, specimens were hold for 5 minutes prior to the tensile tests. In order to prevent 
oxidation at the elevated temperature, the tests conducted at 320 °C were carried out in an argon 
atmosphere with an airflow rate of 100 mLmin−1. The testing stage of VL2000DX-SVF15FTC high 
temperature confocal scanning violet laser microscope is shown in Figure 2a, in which the 
temperature was measured via a thermocouple attached to the bottom of the specimen. The 
dimensions of the specimen were shown in Figure 2b. Dog-bone-shaped specimens were machined 
from the steels with different aging conditions using electro-discharge machining (EDM) method 
with a thickness of about 1.2 mm. Such specimens were mechanically polished up to 2000 grit silicon 
carbide paper with a mirror finish, the final thickness is ~1 mm. To enhance the imaging quality and 
distinguish the austenite and ferrite phases, the specimens were electro-etched in a solution of 20 wt. % 
potassium hydroxide at ~70 °C. Electro-etching process was conducted using a 3 V direct current 
power supply for 15 seconds. At least three specimens were performed on each condition. It should 
be noted that although the confocal microscope has the advantage of high resolution, it bears the 
disadvantage of a shallow depth of field, which makes it difficult to capture the microstructural 
features during large deformation. In order to observe the tearing process and the necking 
deformation, several extra tests were conducted using a SS550 scanning electron microscope (SEM) 
equipped with a servo-hydraulic testing system (Shimadzu Corporation, Kyoto, Japan) at 320 °C.  

 
Figure 2. (a) The in situ tensile testing stage of VL2000DX-SVF15FTC high temperature confocal 
scanning violet laser microscope and (b) the dimensions of the specimen. 

Figure 1. Typical microstructure of the Z3CN20.09M cast duplex stainless steel.

The in situ tensile tests were performed at room temperature (20 ◦C) and service temperature
(320 ◦C), respectively, using a high temperature confocal scanning violet laser microscope
(VL2000DX-SVF15FTC, Lasertec Corporation, Japan). Tests were conducted with a constant
displacement rate of 0.25 mm·min−1 to maintain a strain rate target of ~10−4·s−1. For the high
temperature tests, specimens were heated with a heating rate of 100 ◦C·min−1. After reaching the
desired temperature, specimens were hold for 5 minutes prior to the tensile tests. In order to prevent
oxidation at the elevated temperature, the tests conducted at 320 ◦C were carried out in an argon
atmosphere with an airflow rate of 100 mLmin−1. The testing stage of VL2000DX-SVF15FTC high
temperature confocal scanning violet laser microscope is shown in Figure 2a, in which the temperature
was measured via a thermocouple attached to the bottom of the specimen. The dimensions of the
specimen were shown in Figure 2b. Dog-bone-shaped specimens were machined from the steels
with different aging conditions using electro-discharge machining (EDM) method with a thickness
of about 1.2 mm. Such specimens were mechanically polished up to 2000 grit silicon carbide paper
with a mirror finish, the final thickness is ~1 mm. To enhance the imaging quality and distinguish the
austenite and ferrite phases, the specimens were electro-etched in a solution of 20 wt. % potassium
hydroxide at ~70 ◦C. Electro-etching process was conducted using a 3 V direct current power supply
for 15 seconds. At least three specimens were performed on each condition. It should be noted that
although the confocal microscope has the advantage of high resolution, it bears the disadvantage of
a shallow depth of field, which makes it difficult to capture the microstructural features during large
deformation. In order to observe the tearing process and the necking deformation, several extra tests
were conducted using a SS550 scanning electron microscope (SEM) equipped with a servo-hydraulic
testing system (Shimadzu Corporation, Kyoto, Japan) at 320 ◦C.

After the tensile tests, the fractured specimens were imaged using a ZEISS Merlin field emission
scanning electron microscope (SEM) (Carl Zeiss Microscopy, München, Germany). In order to
characterize the microstructure evolution such as the formation of spinodal decomposition and G-phase
precipitation under different conditions i.e., the 2000 h aging condition and the annealed condition.
Transmission electron microscopy (TEM) tests were carried out using the specimens prepared by
a twin-jet electropolishing method with a Tecnai G2 20 S-TWIN transmission electron microscope
(FEI Company, Hillsboro, OR, USA).
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scanning violet laser microscope and (b) the dimensions of the specimen.

3. Results and Discussion

3.1. Microstructural Characterization

Figure 3 shows the TEM images of ferrite phase in the material under different heat-treatment
conditions. Mottled structures and some small particles are found in the ferrite phase, as shown
in Figure 3a. These mottled structures are caused by the spinodal decomposition. The diffraction
spots shown in the electron diffraction (ED) pattern in Figure 3b prove the existence of G-phases
in the 2000 h-aged specimen. Figure 3c shows the TEM image of the ferrite phase aged for 2000 h,
then annealed at 550 ◦C for 3 h. In Figure 3c, such mottled structures as in Figure 3a disappear and the
retained particles are G-phases, which can be verified by the ED result in Figure 3d. Therefore, it can
be concluded that after the long-term thermal aging process, both the spinodal decomposition and
G-phase precipitates form in the ferrite phase. Then the spinodal decomposition can be dissolved
by further annealing, with only the G-phases left. Based on the ED pattern shown in Figure 3b,d,
the G-phase shows a face-centered cubic structure with the lattice parameter almost four times of the
ferrite matrix. A similar result for the G-phase was also found by other researchers [14].
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2000 h then annealed at 550 ◦C for 3 h. (b,d) are the corresponding electron diffraction (ED) pattern of
(a,c), respectively.
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3.2. Stress–Strain Behavior

Figure 4a,b show the engineering stress–strain curves and true stress-strain curves obtained from
the in situ tensile tests, respectively. Figure 4 shows four kinds of different test conditions: “as received,
20 ◦C” represents the as received specimens condition tested at 20 ◦C; “as received, 320 ◦C” represents
the as received specimens condition tested at 320 ◦C; “aged 2000 h, 320 ◦C” represents the aged
at 475 ◦C for 2000 h condition tested at 320 ◦C and “annealed 3 h, 320 ◦C” represents the aged at
475 ◦C for 2000 h then annealed at 550 ◦C for 3 h condition tested at 320 ◦C. For each condition,
two curves are selected. The true stress-strain curves shown in Figure 4b were converted from the
engineering stress–strain curves in Figure 4a using the equation σ′ = σ(1 + ε), ζ = ln(1 + ε). Here σ is
the engineering stress, ε is the engineering strain, σ′ is the true stress and ζ is the true strain.

In Figure 4, it can be clearly seen that the as received specimens tested at room temperature
have the best ductility and the highest tensile stress compared with all the other conditions tested at
320 ◦C, which means working at service temperature (320 ◦C) will cause degradation in the mechanical
properties of the CDSS. Such results were also reported by other researchers [4,30,31] in various steels.
Regarding the tests at 320 ◦C, the curves of 2000 h-aged condition present an obvious shift compared
with the as received condition, then the curves of the annealed condition drop to almost the same
level with the as received condition. Similar phenomenon was also found in the nanoindentation
tests [11,14] and micropillar compression of ferrite phase [11]. Many researchers have found that the
ferrite phase shows a significant hardening through the formation of spinodal decomposition and the
precipitation hardening caused by the G-phases [11,13–15] during long-term thermal aging. Then after
annealing at 550 ◦C for a short time, the mechanical properties of ferrite phase recovered to almost the
same level as the unaged condition due to the dissolution of spinodal decomposition [11,14], while the
mechanical properties of austenite phase remain the same with different aging conditions [11,32].
Thus, such differences on tensile stress can be explained by the evolution of ferrite hardness during the
aging process.
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Figure 4. Stress-strain curves of Z3CN20-09M stainless steel with different aging conditions:
(a) engineering stress–strain curves and (b) the corresponding true stress–strain curves. Here the “as
received, 20 ◦C” represents the as received specimens condition tested at 20 ◦C; the “as received, 320 ◦C”
represents the as received specimens condition tested at 320 ◦C; “aged 2000 h, 320 ◦C” represents the
aged at 475 ◦C for 2000 h condition tested at 320 ◦C and “annealed 3 h, 320 ◦C” represents the aged at
475 ◦C for 2000 h then annealed at 550 ◦C for 3 h condition tested at 320 ◦C.

The yield stresses, ultimate tensile strengths (UTS), uniform elongations and total elongations
of the different samples (as received, 2000 h-aged and annealed samples) tested at 20 ◦C and 320 ◦C
are obtained from the engineering stress-strain curves and summarized in Table 2. By fitting the
plastic portion of the true stress-strain curves to the Hollomon equation σ = Kεn [33], the strength
coefficient (K) and the strain hardening exponent (n) obtained from the true stress-strain are also listed
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in Table 2. From Table 2, it can be concluded that the trends of yield stress, the UTS and the strength
coefficient correlates well with the curves shown in Figure 4. For the room temperature tests, the yield
stress, the UTS and the strength coefficient are the highest among all the conditions; for 320 ◦C tests,
the 2000 h condition was higher than the as received condition while the yield stress, the UTS and
the strength coefficient dropped to be similar to the as received condition after further annealing.
This phenomenon can also be explained by the hardening and recovery of ferrite phase among
different aging conditions [11,14]. It is worth noting that all the samples under the three heat-treatment
conditions exhibit similar ductility, which is clearly shown in Table 2. The ductility was measured
by the point when the specimens fractured, although the ferrite phase has the problem of thermal
aging embrittlement, the volume fraction is only about 20% [34], so the fracture is mainly controlled by
the austenite phase. Based on other research [11,14,32], the mechanical properties of austenite phase
remain the same after the long-term thermal aging and further annealing. Thus, the ductility is similar
among different aging conditions. Former nano indentation tests [11] showed after being aged at
475 ◦C for 2000 h, the micro-hardness of ferrite phase increases to almost twice as the unaged condition,
while in both Figure 4 and Table 2 the effect of thermal ageing on tensile properties of Z3CN20.09M
seem not so big. Such a phenomenon can also be explained by the ~20% volume fraction of ferrite
phase. The tensile properties, which were controlled by both the ferrite and austenite phases, did not
increase as much as during the pure ferrite phase.

Table 2. Mechanical properties of the tested Z3CN20-09M CDSS with different
heat-treatment conditions.

Conditions Yield Stress
(MPa) UTS (MPa) Uniform

Elongation (%)
Total

Elongation (%)

Strength
Coefficient

(MPa)

Strain
Hardening
Exponent

As received–20 ◦C 249 ± 9 548 ± 2 31.3 ± 3.1 32.9 ± 3.1 1290 ± 25 0.512 ± 0.030
As received–320 ◦C 147 ± 4 378 ± 11 18.1 ± 1.3 19.7 ± 1.5 1057 ± 18 0.477 ± 0.014

Aged for 2000 h–320 ◦C 165 ± 1 427 ± 16 17.2 ± 0.7 18.1 ± 0.9 1154 ± 31 0.448 ± 0.009
Aged 2000 h annealed 3 h–320 ◦C 141 ± 5 369 ± 20 16.2 ± 1.7 17.6 ± 2.8 1077 ± 44 0.477 ± 0.007

3.3. Slip Mechanism

Figure 5 shows the primary stage of the plastic deformation of Z3CN20.09M CDSS under different
conditions. The tensile axis is along the horizontal direction in all the figures. In Figure 5, it can be
clearly seen that under all the conditions, the straight slip lines are parallel with each other (pointed by
the red arrows in Figure 5) which initiate in the austenite phase with most of the lines being terminated
at the austenite/ferrite interface boundaries. In addition, with time increasing these slip lines multiply
and coarsen to form several slip bands. Such a phenomenon was also observed by Guo [4] and
other researchers [27]. In Figure 5, the slip lines in two adjacent austenite phases tend to form along
similar directions, which is almost perpendicular to the loading direction. Rajasekhar [35] investigated
different modes of solidification process and the steel in our present study can attribute to the “F mode”
solidification process that the ferrite phase forms from the liquid metal first, then a certain amount
of ferrite transforms to austenite phase. Thus, the misorientation among adjacent austenite phase is
small [34]. This causes similar directions of slip lines between the adjacent austenite phases.

The slip bands between the austenite and ferrite phases can be categorized into several types.
Figure 6 shows different types of slip bands between ferrite and austenite phases. In Figure 6a–c,
some of the slip lines go across the narrow ferrite grains directly; the same phenomenon can also be
found in Figure 5c,l. This indicates that the deformation of such narrow ferrite grains are controlled by
the surrounded austenite grains. For some thick ferrite grains, the slip bands in austenite phase tend to
bypass the ferrite grains first (shown in Figure 6d), which can be explained by the fact that even though
in two-dimensional (2D) view the austenite grains seem to be divided by the ferrite grains, they may
actually connect in the 3D view. So in 2D view the slip lines in austenite phases seem to bypass the
ferrite grains while they were connected in 3D. Then the slip lines from the austenite grains start to
pass through the ferrite grain boundaries (shown in Figure 6e,f). During this process, some slip lines
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from the austenite phase may not change the stretching directions (Figure 6e,f), some may change the
directions with straight lines (Figure 6g), some show curved slip lines in the ferrite grains (Figure 6h)
and some may form multiple slip lines in the ferrite phases (Figure 6i). The slip bands form in the
austenite phase first, and with the increasing deformation in the phase they start to initiate in the ferrite
phase from the interface boundaries where stress concentration easily develops. Since the ferrite phase
(bcc) and the austenite phase (fcc) have their own slip systems, the stretching directions of the slip
lines in ferrite grains can be different from the adjacent austenite grain. Some slip bands in the ferrite
phase may also form in the bulk of the ferrite phase instead of from the austenite/ferrite, as shown
in Figure 6j. The situations shown in Figure 6a–j can be found under all the testing conditions, while
a certain kind of slip deformation can only be observed in some narrow ferrite grains from the “aged
2000 h, 320 ◦C” condition. In Figure 6k,l, the slip bands in the ferrite grains pass through the interface
boundary and affect the austenite phase, showing a different slip direction (red arrows) from the slip
lines in austenite (yellow arrows). This can be attributed to the fact that the hardness of the aged ferrite
is much higher than the austenite [11].Metals 2019, 9, x FOR PEER REVIEW 7 of 15 
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Figure 5. The primary stage of the plastic deformation of Z3CN20.09M CDSS. Figure (a–c) were the
“as received, 20 ◦C” condition. Figure (d–f) were the “as received, 320 ◦C” condition. Figure (g–i)
were the “aged 2000 h, 320 ◦C” condition. Figure (j–l) were the “annealed 3 h, 320 ◦C” condition.
The tensile axis is along the horizontal direction in all the figures. γ denotes austenite phase, and δ is
the ferrite phase.



Metals 2019, 9, 317 8 of 15

Figure 7 shows the effects of ferrite microstructure on blocking the slip bands. During tensile
tests, the local slip lines are dependent on the ferrite distribution. In Figure 7a,c, the initial slip lines
occur in the austenite matrix (yellow arrows) while the region that is surrounded by the ferrite grains
has no obvious slip lines (red arrows). In Figure 7b,d, with the increasing deformation, the slip lines
in austenite matrix are getting coarse while these regions surrounded by ferrite grains are still “flat”,
which means only minor deformation occurred. A similar phenomenon is also observed in Figure 7e,f.
It can be concluded that the ferrite phase plays a vital role on the deformation in Z3CN20.09M CDSS.
Based on our previous study [34], ferrite shows a complex dendritic morphology in 3D view, which can
obstruct the plastic deformation in the austenite phase.
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Figure 6. Different types of slip bands between ferrite and austenite phases in Z3CN20.09M CDSS.
Figure (a–f) were the microstructure snapshots during the in situ tensile test using the sample with the
“as received, 20 ◦C” condition. Figure (g–i) were the results from the samples with the “annealed 3 h,
320 ◦C” condition. Figure (j–l) were microstructures using the sample under the “aged 2000 h, 320 ◦C”
condition. It should be noted that Figure (h,l) were imaged by SEM after the tensile tests and their
tensile axis is the vertical direction. In other images, the tensile axis is along the horizontal direction.
γ denotes austenite phase, and δ is the ferrite phase.
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Figure 7. Effects of ferrite shapes on blocking the slip bands in Z3CN20.09M CDSS. Figure (a,b,e,f)
were the microstructure snapshots during the in situ tensile test using the samples under the “aged
2000 h, 320 ◦C” condition. Figure (c,d) were the microstructures from the sample with the “annealed
3 h, 320 ◦C” condition. The tensile axis is along the horizontal direction in all the figures. γ denotes the
austenite phase, and δ is the ferrite phase.

3.4. Schematic Diagram of Slip Deformation Mechanisms

The deformation mechanisms of the Z3CN20.09M can be summarized in Figure 8. The slip lines
initiate in the soft austenite matrix, then these slip lines multiply and coarsen to form the slip bands
and finally reach the austenite/ferrite interface. Figure 8a is the situation with the narrow ferrite
grains, the slip lines go through the ferrite phase directly without changing the direction, and this
situation represents Figure 6a–c. For some thick ferrite grains, the slip lines still initiate in the soft
austenite matrix and the directions are different on different sides of the ferrite grain. When such
slip lines reached the austenite/ferrite interface, four different types of slip deformation could occur,
as shown in Figure 8b. In Type I, these slip lines go through the ferrite grain without changing the
direction, which represents Figure 6d–f. In Type II, straight slip bands form in the ferrite phase with
a new direction, which represents Figure 6g. Type III is similar to condition 2 while the new slip lines
are not straight lines, which represents Figure 6h. In Type IV, some slip bands form inside ferrite
grain without any connection with the interface boundary, which represents Figure 6j. Most of the
slip deformation in this steel can be explained by one or several situations mentioned in Figure 8a,b,
e.g., the slip deformation shown in Figure 6i can be explained by the mixture of Type II and Type
III. In Figure 8c, a certain kind of slip deformation which was only observed in narrow ferrite grains
from the aged steel tested at 320 ◦C should be noted: the slip bands in ferrite grains pass through the
interface boundary and affect the austenite phase, which represents Figure 6k,l.
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Figure 8. The slip deformation mechanisms of the Z3CN20.09M. (a) Narrow ferrite grains; (b) thick
ferrite grains and (c) a certain kind of slip deformation that only happened in the thermally aged steel.

These different kinds of slip deformation mechanisms can be explained by the crystallographic
relation between austenite and ferrite phases. For the face-centered cubic (fcc) austenite there are
12 slip systems ({1 1 1} <1 1 0>) and for the body-centered cubic (bcc) ferrite there are 48 slip
systems ({1 1 0} <1 1 1>, {1 1 2} <1 1 1> and {1 2 3} <1 1 1>). To let the slip bands pass through
the austenite/ferrite interface boundary, the Kurdjumov–Sachs (KS) crystallographic relation must be
satisfied: {1 1 1}γ//{1 1 0}δ and <1 1 0>γ//<1 1 1>δ [36]. When a ferrite grain is plastically compatible
with the adjacent austenite grain (the Euler angles achieved by EBSD between these two systems is
less than 10 ◦), the slip bands formed in the austenite phase can pass the austenite/ferrite interface
boundary. If the shear of ferrite grain is promoted, the slip bands can pass across the ferrite grain. If not
promoted, the slip lines will stop in the ferrite grain [26]. If the ferrite grain is not plastically compatible
with the neighboring austenite grain (the angle between these two systems is big), the ferrite grain will
show self-plastic activity during tensile process, which represents Figure 6j and Type IV in Figure 8b.
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Figure 8c also can be explained by the self-plastic activity of ferrite as the hardness of the aged ferrite
is much higher than the austenite, the slip bands caused by the self-plastic activity of ferrite affect the
adjacent austenite grain.

3.5. Fracture Analysis

With the increasing load, crack sites were found during in situ tensile tests. Figure 9 shows three
cases of crack sites in the Z3CN20.09M CDSS. For all the images in Figure 9, the tensile axis moves along
the vertical direction. Figure 9a,b show that small cracks initiated in the austenite phase (red arrows),
which is also the initiation place of the slip lines. In Figure 9a the cracks were in the same direction
with the slip bands (red arrows) and in Figure 9b, the cracks were nearly perpendicular to the loading
direction (red arrows) instead of the slip direction (yellow arrows). Such differences can be explained
by the different morphologies of the ferrite phase. In Figure 9a, these regions where cracks formed
were surrounded by the ferrite phase, which can obstruct the plastic deformation of austenite, so the
cracks were caused by the slip bands. In Figure 9b, for the austenite matrix itself, the cracks tend to
form along the perpendicular direction of loading axis (red arrows) instead of the slip direction (yellow
arrows). This is because the austenite matrix is softer than the ferrite phase and the austenite phase
tends to have large grains instead of the complex dendritic ferrite phase. Consequently, the cracks
formed in the vertical plane of the loading direction, which has the largest tear strength component
force. In Figure 9c,d, the interface boundaries of austenite/ferrite phase was separated. As the phase
separation were observed in both the unaged and aged materials, such a phenomenon may not be
caused by the spinodal decomposition and G-phase precipitation. Cingara [25] and Guo [4] also found
phase separation in duplex phase steel during tensile tests and they explained such a phenomenon as
being caused by the decohesion at the interface. Thus, the phase separation shown in Figure 9c,d can
be explained by decohesion of the ferrite phase. In Figure 9e,f, the cracks were formed adjacent to the
impurities, which are MnS, FeO or a complex combination of a sulfur compound and oxide [4].
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Figure 9. Crack sites in the Z3CN20.09M CDSS during tensile tests. In Figure (a,b), small cracks
initiated in the austenite phase. In Figure (c,d), the interface boundaries of austenite/ferrite phase were
separated. In Figure (e,f), the cracks were formed adjacent to the impurities. Figure (a–d) were from
the samples under the “as received, 320 ◦C” condition tested by Shimadzu SS550, Figure (e,f) were
from the samples under the “aged 2000 h, 320 ◦C” condition which were imaged by SEM after tensile
tests. The tensile axis moves along the vertical direction in all the figures.
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Figure 10 shows the fracture process of the steel. From Figure 10a we can see that there are
two kinds of cracks in the specimen: (1) the cracks formed from the slip bands (yellow arrows) and
(2) the cracks formed by the tear force (red arrows). With the increasing tensile load, the small cracks
propagate and separate the austenite phases (Figure 10b,c). Figure 10d shows the necking deformation,
and it is observed that the austenite phase is torn apart and the ferrite phase shows a significant
elongation (red arrows). Figure 10g–i show that the ferrite near the fractured region is elongated
and rotated (yellow arrows in Figure 10i) with the adjacent austenite phase torn apart (red arrows
in Figure 10i). Such phenomena are observed in the samples under all the conditions, as shown in
Figure 10e,f. Thus, it can be concluded that the fracture is primarily caused by the failure of the
austenite phase and the role of the ferrite phase is to hold the austenite matrix and increase the tensile
strength of this steel. This conclusion can also explain the increase on tensile stress in Figure 4 after
aging as the hardness of ferrite increases after long-term thermal aging [11,14], thus increasing the
tensile strength of the steel.
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shows an obviously ductile fracture with many fine dimples which indicates the as received specimen 
testing at room temperature has good plasticity. Compared with Figure 11a, Figure 11b also has a 
ductile fracture with some large dimples, which implies that testing at a high temperature reduces 
the plasticity of the steel. After being aged for 2000 h, brittle fracture with cleavage faces is observed 
in Figure 11c. Then after being further annealed at 550 °C for 3 h, the fracture surface in Figure 11d 
shows the ductile fracture feature to some degree with many some large dimples. Similar results were 
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“recovery” via anneal heat-treatment [11,13–15].  

Figure 10. Fracture process in Z3CN20.09M CDSS during tensile tests. Figure (a–f) were from the
samples under the “as received, 320 ◦C” condition with the same region; Figure (e) was from the
sample under the “aged 2000 h, 320 ◦C” condition; Figure (f) was from the sample under the “annealed
3 h, 320 ◦C” condition. Figure (a–f) were all tested by Shimadzu SS550. Figure (g,h) were from the
samples under the “as received, 320 ◦C” condition then imaged by SEM after tensile tests. Figure (h) is
the magnified image of the rectangular region in Figure (g), and Figure (i) is the magnified image of the
rectangular region in Figure (h). The tensile axis moves along the vertical direction in all the figures.

Figure 11 shows the fractographic images of sample under different conditions. Figure 11a
shows an obviously ductile fracture with many fine dimples which indicates the as received specimen
testing at room temperature has good plasticity. Compared with Figure 11a, Figure 11b also has
a ductile fracture with some large dimples, which implies that testing at a high temperature reduces
the plasticity of the steel. After being aged for 2000 h, brittle fracture with cleavage faces is observed
in Figure 11c. Then after being further annealed at 550 ◦C for 3 h, the fracture surface in Figure 11d
shows the ductile fracture feature to some degree with many some large dimples. Similar results were
also found by Guo [4] and Li [15], which can be explained by the reduction in mechanical properties at
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higher temperature and the thermal aging embrittlement of the ferrite phase, including the “recovery”
via anneal heat-treatment [11,13–15].Metals 2019, 9, x FOR PEER REVIEW 13 of 15 
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Figure 11. Fractographic image of Z3CN20.09M CDSS with different tensile conditions. (a) The “as
received, 20 ◦C” condition; (b) the “as received, 320 ◦C” condition; (c) the “aged 2000 h, 320 ◦C”
condition; (d) the “annealed 3 h, 320 ◦C” condition. Figures are imaged by SEM after tensile tests.

4. Conclusions

In the present work, the in situ tensile behaviors of a thermally-aged cast duplex stainless steel at
service temperature (320 ◦C) was studied. From this study, the following can be concluded:

Working at service temperature will cause degradation in the mechanical properties of CDSS,
and the specimens tested at room temperature have the best ductility and the highest tensile stress
compared with other specimens tested at 320 ◦C. For the high temperature tests, the aged specimens
show a prominent increase in tensile stress. Then after annealing at 550 ◦C for 3 h, the tensile properties
recovered to almost the same level as the received condition, which is due to the recovery of the
thermal aging embrittlement during annealing.

For the slip mechanism, at the primary stage, straight slip lines form first in the austenite phase.
Then these slip lines multiply and get coarsen to form the slip bands which reach and are impeded
by the austenite/ferrite interface. For the narrow ferrite grains, two kinds of slip systems occur and
one kind can only be observed in the aged specimens. For the thick ferrite grains, four kinds of slip
systems are observed and discussed.

For the fracture analysis, the crack sites tend to form in the soft austenite matrix, from the slip
bands, along the austenite/ferrite interface boundary or in the proximity of the impurities. During the
fracture process, the austenite phase is torn apart and the ferrite phase shows a significant elongation.
It can be concluded that the fracture is primarily caused by the austenite phase and the role of the
ferrite phase is to hold the austenite matrix and increase the tensile strength of the steel.
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