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Abstract: ZGOCr26Ni5Mo3Cu3 Duplex Stainless Steel (DSS) was solution treated at 1,060 °C for 3 h,
followed by water cooling. Tempering treatments were conducted at 720, 750 and 780 °C, respectively, for 16 h,
followed by air cooling. The microstructures of ZGOCr26Ni5Mo3Cu3 duplex stainless steel samples treated at
different tempering temperatures were observed by scanning electron microscope (SEM) and energy dispersal
spectroscopy (EDS), and the phase consitutions were analyzed using X-ray diffraction (XRD). The effects of the
precipitation of sigma (o) phase on the duplex phase percentage, hardness, impact toughness and corrosion
resistance of the DSS were studied. Results showed that microstructures of ZGOCr26Ni5Mo3Cu3 after solution
treatment consists of ferrite (a) phase and austenite (y) phase; after being tempered at different temperatures,
o phase appeared due to a eutectoid-type reaction of a—a+y, during tempering treatment. It was observed that
o phase distributed along the grain boundary. The volume fraction of o and y phases increased with increasing
tempering temperature in the range of 720 to 780 °C, whereas the volume fraction of a phase showed the
opposite trend. When the percentage of o phase increased, the hardness of steel also increased. In the solution
treated steel, hardness was measured to be only 244.0 HB, because o phase did not appear. However, it
increased to 391.8 HB when the DSS was tempered at 780 °C because a great of deal of o phase appeared. The
impact toughness and corrosion resistance of DSS decreased when the percentage of o phase increased.
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uplex Stainless Steels (DSSs), consist of austenite

(y) phase and ferrite (a) phase, in which each
phase should reach to at least 30% ™. The y and a phase
percentage in DSSs can be changed by the content of
chemical elements and by the heat treatment process
] DSSs combine the advantages of both ferritic
and austenitic stainless steels which exhibit excellent
mechanical properties, good weldability and high
corrosion resistance 7). Therefore, they are used in
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chemical, energy, petrochemical, marine, mining, power
generation, food, nuclear, agriculture, oil, and paper
industries ™.

The alloy compositions of DSSs contain higher
Cr, Mo and N than that of normal stainless steels. It is
easy to precipitate ¢ phase (an Fe-Cr-Mo intermetallic
phase, quartet structure), y phase (FeyCr;,Mo,,, cubic
structure), © phase (Fe;Mo;N,, cubic structure) or
intermetallic compounds such as CrN, Cr,N and M,,C,
with a temperature of heat treatment in the range of
300-1,000 °C "'l These precipitates have significant
effects on the mechanical properties and corrosion
resistance of the DSSs. The ¢ phase is precipitated at the
fastest speed and with the largest amount compared to
phase, © phase and other intermetallic compounds. It is
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a high hardness, brittle and non-magnetic phase. So, the ¢ phase
can reduce the impact toughness and increase the hardness.
Since o phase is rich in Cr and Mo, the adjacent zones become
depleted of Cr and Mo, which results in reduced corrosion
resistance 7. Study showed that the ¢ phase formed after aging
at temperatures between 650 and 950 °C by a eutectoid-type
reaction of a—o+y, " The sigma phase usually forms at the
grain boundary of the ferrite-austenite phases and inside o phase
which has a tetragonal symmetry point group with 30 atoms
per unit cell. However, its transformation mechanism is still
controversial. Wang " have studied the effect of ¢ phase on
the mechanical properties and wear resistance of Z3CN20.09M
cast duplex stainless steel. The results showed that the ¢ phase
precipitated from ferrite in a temperature range of 600-900 °C.
With increasing aging time, the impact energy of specimens
decreased slightly before 4 h, and then dropped drastically when
being aged for a time of more than 10 h. Lee *” studied the effect
of the aging time on the microstructure and corrosion behavior
of the weldment of 24Cr-3.5Mo duplex stainless steel. The
results showed that the fraction of § ferrite decreased sharply as
the aging time increased, but the fraction of y austenite slightly
increased. The ¢ phase was generated in the form of a non-
metallic inclusion along the grain boundaries of § ferrite and y
austenite. As the intermetallic compounds increased, the critical
pitting potential fell sharply.

However, studies on the ZGOCr26Ni5Mo3Cu3 casting
duplex stainless steel are not sufficient to date, especially,
the effect of tempering temperature at 720—780 °C on the
morphology of ¢ phase precipitation, hardness, impact
toughness and corrosion resistance is rarely reported. So,
it is important to study the microstructure and properties
of ZGOCr26Ni5Mo3Cu3 duplex stainless steel at different
tempering treatment temperatures.

1 Experimental procedure

The experimental raw materials in the present study were
ferrochrome, metal manganese, pure nickel and copper. These
materials were melted in a medium-frequency induction furnace.
Molten liquid was poured into a sand mold, and the Y-blocks
were obtained. The chemical composition of the tested duplex
stainless steel ZGOCr26NiSMo3Cu3 samples is listed in Table 1.

The equilibrium phase diagram of duplex stainless steel
ZGOCr26Ni5Mo3Cu3 between 500 and 1,600 °C was calculated
using Thermocalc software. Heat treatment procedure of
samples is shown in Table 2. Solution treatment of four samples
marked as #0, #1, #2, and #3 was conducted in an electric
resistance furnace at 1,060 °C for 3 h, followed by water
cooling. After the solution heat treatment, samples #1, #2, and

Table 2: Heat treatment procedure

Tempering

Solution treatment
treatment

Sample No.

No tempering

1,060 °C for 3 h

780 °C for 16 h

#3 were tempered at 720, 750 and 780 °C, respectively, for 16
h and then air cooled. Samples were cut from Y-blocks using
DK 7750 wire cut electric discharge machine. Samples for
the microstructure observation by a Leica DM2500M, were
ground using silicon carbide abrasive paper to #3000, polished
by diamond paste with size of 1.0 um, and then etched with the
solution of potassium metabisulphide "’ (K,S,0;: HCI : H,0
= 1g : 10ml : 50ml). The volume fractions of the formation
phases in steel were calculated by Image Pro-Plus software.
The constitutes of each phase were identified by an X-ray
diffraction (XRD) apparatus. The chemical compositions of
each phase were analyzed by an energy dispersive spectroscopy
(EDS). The hardness was measured by a HBRVU-187.5 optical
hardness tester with a test load of 1,839N (187 kgf) for 30 s with
a 2.5-mm diameter tungsten carbide ball indenter. The micro-
hardness of o phase, y phase and ¢ phase were determined by a
micro-hardness tester. Impact toughness tests were performed
using an instrumented impact tester, and the dimension of
samples was 10 mmx10 mmx55 mm with a V-notch (Fig. 1).
The impact fracture surfaces were observed on a scanning
electron microscope (SEM). The electrochemical experiments
were performed in a standard three-electrode electrochemical
cell. The working electrodes were the samples, the reference
electrode was a saturated calomel reference electrode (SCE),
and the counter electrode was foil. Potentiodynamic polarization
tests were conducted in a 3.5wt.% simulated seawater at room
temperature. The potential was scanned from -2.5 V OC to
1.0 V OC at the anodic direction with a scanning rate of 0.5
mV-s" before the open circuit potential reached a stable state.
Tests were repeated three times for each sample to ensure the
accuracy of results.
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Fig. 1: Sample size for impact toughness test (unit: mm)

Table 1: Chemical composition of ZGOCr26Ni5SMo3Cu3 (wt.%)

Cc Si Mn P S

0.014 0.31 0.71 0.032 0.025

Cr L[] Mo N Cu

25.66 5.48 2.7 0.101 2.80
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2 Results and discussion

2.1 Thermodynamic predictions

Figure 2 shows the equilibrium phase diagram of the
ZGOCr26Ni5Mo3Cu3 between 500 and 1,600 °C, which was
calculated using Thermo-Calc software. Solidification of liquid
ZGOCr26Ni5Mo3Cu3 occurred as the temperature decreased.
ZGOCr26Ni5Mo3Cu3 consisted of liquid and o phase when
the temperature was 1,400 °C. The content of y phase increased
with decreasing temperature. Approximately equal amounts
of v phase and o phase appeared between 950 and 1,100 °C. ¢
phase, Cr,N and M,,C, precipitated below 900 °C, and these
precipitation phases significantly reduced the toughness of steel.
The high temperature solidification mode was briefly described
as follows: L—»L+a—L+o+y—a+y+precipitates.

2.2 Microstructural characterization

The optical microstructures of ZGOCr26NiSMo3Cu3 with
different heat treatment procedures are shown in Fig. 3. Light
areas in the micrograph with island-shaped, acicular-like and
elongated morphologies are y phase, and the dark matrix is o
phase. The bright white precipitates are ¢ phase. There were
plenty of y phase embedded inside the a matrix, and no other
precipitates appeared when steel was only solution treated at
1,060 °C [Fig. 3(a)]. The ¢ and vy, phases formed when the
sample was tempered at 720, 750 and 780 °C after solution
treatment at 1,060 °C [Fig. 3(b), (c), (d)]. The volume fraction
and dimensions of ¢ increased with increasing tempering
temperature. The ¢ phase only formed along the boundary of
ferrite-austenite phases, when samples were tempered at 720
and 750 °C. In that case, the amount of ¢ phase was less and the
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Fig. 2: Calculated equilibrium molar fractions of

precipitates of ZG0Cr26Ni5Mo3Cu3 DDS

dimension was also small. However, the ¢ phase formed both
along the boundary of ferrite-austenite phases and inside the a
phase, when samples were tempered at 780 °C, and the volume
fraction of ¢ phase significantly increased and the dimension
was larger than samples tempered at 720 and 750 °C. When
the tempering temperature was 720-780 °C, the a/y phase
boundaries had a high interfacal energy, and the diffusion rate
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of metal elements at the grain boundary was much faster than
that in the grain interior, so, o/y phase boundary became the best
location for the nucleation of ¢ phase. The atom density in the
ferrite lattice is lower; the diffusion rate of alloying elements in
the ferrite is faster than that in the austenite. Ferrite therefore
has Cr and Mo atoms. So, ¢ phase preferentially nucleates at
the ferrite-austenite phase boundaries and continuously grows
into the ferrite. The ¢ phase precipitates and forms vy, in the Cr-
depleted and Ni-rich regions. The ¢ phase precipitation curve is
C-type with a nose at about between 800-850 °C ™. Tempering
temperature rose from 720 to 780 °C which is close to the
nose and the incubation period of ¢ phase becomes shorter.
Once o nucleated, it grew rapidly. In addition, the increase of
temperature causes the increased diffusion activity of Cr and
Mo elements in steel, and the driving force for precipitation of
o phase increases. When the tempering temperature was raised
from 720 to 780 °C, the volume fraction and the dimension of ¢
phase increased .

Fig. 4: SEM images and EDS results of ZG0OCr26Ni5Mo3Cu3 DDS tempered at

720 °C after solution treatment at 1,060 °C

Figure 4 shows the EDS result of the light phase, dark phase
and bright white phase in the microstructure of the sample
solution treated at 1,060 °C and tempered at 720 °C. The
elements of a phase included Cr and Mo, while Ni and Cu were
detected in the y phase in DDSs. Figure 4(a) displays that the
content of Cr and Mo are lower, while Ni and Cu are higher in
the light phase. So the light phase is y phase. Figure 4(b) shows
that Cr and Mo are higher, while Ni and Cu are lower in the dark
phase, therefore the dark phase is o phase. The concentrations of
Cr and Mo in the bright white phase [Fig. 4(c)] are significantly
higher than those in Fig. 4(b), while the concentration of Ni
in Fig. 4(c) is very low. Therefore, the bright white phase is ¢
phase.

Figure 5 shows the X-ray diffraction pattern of the specimens
#0, #1, #2 and #3. The result reveals that the DDSs are mainly
comprised of two phases (y and o) without clear evidence of the
precipitations of the secondary phases (such as ¢ phase, Cr,N,
and M,,C,) when steel was only solution treated at 1,060 °C.
The diffraction peak intensities of the y

®

phase and ¢ phase were enhanced with the
increase of tempering temperature, but the
o phase diffraction peak intensity was in an
opposite trend. Because of ¢ phase formed
by a eutectoid-type reaction of a—oc+y,,
the higher tempering temperature not only

increased the precipitation of ¢ phase, but
also decreased the amount of a phase.
Metallographic photos of the samples
with different heat treatment procedures
were taken to calculate the volume
fraction of ¢ phase, y phase and o phase
by Image Pro-Plus software. Figure 6
shows that the volume fractions of all
the phases followed a linear trend on
the tempering temperature. The volume
fraction of y phase increased slightly and
o phase increased drastically with the
increase of tempering temperature, while
o phase decreased significantly since a
eutectoid reaction of a—oc+y, occurred
during the solidification of molten liquid.
The volume fraction of ¢ phase was
2.7% and a phase was 50.4% when the
tempering temperature was 720 °C. When
the tempering temperature rose to 780 °C,
the volume fraction of ¢ phase increased
to 17.0% and a phase reduced to 34.4%.
There was no ¢ phase precipitation when

the sample was only solution treated
at 1,060 °C. The o phase precipitation
curve is “C” shaped, and the precipitation
temperature is between 600-950 °C P,
Calculated equilibrium phase diagram
(Fig. 2) shows that solution temperature
of 1,060 °C is not in the temperature range
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Fig. 6: Variation of volume fraction of phases for
different tempering temperatures

of o phase precipitation. In addition, the water cooled process
of solution treatment is very short, and it does not reach the
incubation period of the ¢ phase.

2.3 Mechanical properties

Figure 7 shows the Brinell hardness of samples tempered at
different temperatures. Brinell hardness of samples increased
significantly with an increasing tempering temperature, and
it was 244.0 HB when sample was only solution-treated at
1,060 °C. However, it increased to 391.8 HB when tempering
of sample was conducted at 780 °C after solution treatment at
1,060 °C. Because o phase was a high hardness and brittle phase, it
increased the hardness of the steel. Figure 8 shows micro-hardness
of v, o and ¢ phases. The y phase was 282.3 HV, o phase was
301.1 HV, o phase reached 506.8 HV. Therefore, the precipitation
of the ¢ phase was the main reason for the significant increase of
hardness in these samples.

Figure 9 shows the impact energy of samples at different
tempering temperatures. The impact energy decreased with the
increase of tempering temperature. The impact energy of the
sample only solution treated at 1,060 °C was 61.1 J. It decreased to
1.5 J when tempering of the sample was conducted at 780 °C after
solution treatment at 1,060 °C because a great deal of ¢ brittle
phase occurred at 780 °C. Figure 10 shows the impact fracture
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profile of the samples. There were a large number of dimples at
the fracture surface [Fig. 10(a)] of the sample solution treated
only at 1,060 °C, and it belonged to toughness fracture. There
only were a few dimples at the fracture surface which belonged
to brittle fracture [Fig. 10(b)] when the sample was tempered
at 720 °C, and, especially at 750 and 780 °C, there were few
dimples [Fig. 10(c), (d)] .

2.4 Corrosion resistance

In order to study the effect of 6 phase on the corrosion resistance
of ZGOCr26Ni5Mo3Cu3, potentiodynamic polarization tests
of samples under different tempering temperatures were
conducted. Figure 11 shows the result of the potentiodynamic
polarization tests. The overall polarization curves of the samples
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Fig. 10: SEM micrographs of fracture surface of samples: (a) #0; (b) #1; (c) #2; d) #3

after the different heat treatments were similar, and an obvious
passivation zone occurred during the anodic polarization
process. Due to the presence of Cr, it quickly formed a
passivation film on the surface of the sample when the corrosion
took place. The reaction of oxygen depolarization occurred at
the cathode (Equation 1), while the dissolution of the metallic
matrix (Cr and Fe) happened at the anode. These reactions
eventually led to the formation of Cr,0,(Equation 2), Fe,O,
(Equation 5) and Fe,O, (Equation 6):

0,+H,0+4e —40H (1)
2Cr+60H —Cr,0,+3H,0+6¢" )
Fe+OH —FeOH +2¢ 3)
FeOH +OH —Fe(OH), “)
3Fe(OH),+20H —Fe,0,+4H,0+2¢ 5)
2Fe(OH),+20H —Fe,0,+3H,0+2¢’ (6)

Table 3 shows the corrosion potential and corrosion current
of the samples after different heat treatments by extrapolation.
Compared with the sample that was only solution treated, the
corrosion potential of the samples which were tempered after
solution treatment reduced and the corrosion current increased.
With the increase of tempering temperature, the corrosion
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Fig. 11: Polarization curves of samples

Table 3: Corrosion potential and corrosion current of samples

Corrosion potential Corrosion current

Samples (mV) (WA)
#0 -230.9 0.05
#1 -263.6 0.05
#2 -270.9 0.07
#3 -335.5 0.31
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potential of the samples decreased and the corrosion current
increased. The corrosion resistance of the sample deteriorated.
Because the precipitated ¢ phase was rich in Cr and Mo at the
grain boundary of ferrite-austenite phases and inside a phase,
the adjacent zones become depleted of Cr and Mo. It caused
deterioration of the corrosion resistance of the steels. The
good corrosion resistance of duplex stainless steel is mainly
related to the protective passivation film formed by Cr and Mo
elements. When steel has low Cr and Mo zones, it will decrease
the uniformity and densification of passivation film, thus the
material is easily corroded. With the increase of the volume
fraction of ¢ phase, zones that were depleted of Cr and Mo
increased, and the corrosion resistance of samples decreased.

3 Conclusions

(1) The o phase precipitated at the grain boundary of the
ferrite-austenite phases and inside the o phase, when samples
were tempered at 720, 750 and 780 °C, and no o phase was
detected when the sample was only solution treated at 1,060
°C. The volume fractions of ¢ and y phases increased in the
tempering temperature range of 720—780 °C, whereas the
volume fraction of o phase decreased with the increase of
tempering temperature.

(2) Compared to the sample only solution treated at 1,060 °C,
the tempered samples had significantly increased hardness and
decreased impact toughness for the samples tempered at 720,
750 and 780 °C after solution treatment at 1,060 °C. The micro-
hardness of the ¢ phase was much higher than that of the a
phase and y phase. As the volume fraction of ¢ phase increased,
the hardness of the sample increased, and impact toughness
decreased.

(3) The precipitation of ¢ phase led to Cr and Mo depletion
in the surroundings. The corrosion resistance of the sample
decreased. With the increase of the volume fraction of ¢ phase,
the corrosion resistance of samples decreased.
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