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Abstract

This work investigated the impact of deformation temperature in metastable austenite
zone on microstructure evolution and mechanical and corrosion properties of high Cr ferritic-
martensitic steel. The martensitic lath characteristics and the size and distribution of precip-
itates of the steels were observed using transmission electron microscopy (TEM). The results
show that narrowing of the lath width occurs as the deformation temperature reduces from 800
to 600 °C. During subsequent high-temperature tempering, the martensitic lath recovery degree
of the tempered steel gradually increases, and the size of the precipitates gradually decreases
with the decrease of the previous deformation temperature. A tensile test was conducted on
the steels subjected to high-temperature tempering. The tensile strength of deformed steel is
found to be higher than that of undeformed steel. The tensile properties of the deformed steels
decrease with the decrease of the deformation temperature. The electrochemical polarization
curve confirms that the corrosion resistance of the deformed steel subjected to tempering is
gradually improved with decreasing deformation temperature. This work clarifies the influ-
ence mechanism of deformation temperature on the microstructure and properties of high Cr
ferritic-martensitic steel and provides a reliable basis for actual industrial production.
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1. Introduction

High Cr ferritic-martensitic steels are widely uti-
lized in high-temperature components such as main
steam and superheater piping of advanced thermal
power plants due to their low thermal expansion coeffi-
cient, exceptional high-temperature mechanical prop-
erties, and cost-effectiveness [1-5]. Typically, they are
put into service after being rolled into tubes and sub-
jected to high-temperature tempering treatment, be-
cause high-temperature tempering can enhance the
mechanical performance by improving the precipita-
tion strengthening of steel [6-9]. The microstructure
of high-temperature tempered steel is characterized by
abundant carbides along the boundaries of tempered
martensitic laths and a limited amount of carbides in-
side the martensitic laths [10-17].

Two practical methods to enhance the proper-
ties of high Cr ferritic-martensitic steels are compo-
sition optimization and heat treatment design. Al-
though simple composition optimization can improve
the strength of the steel, it inevitably leads to the
deterioration of the weldability and toughness [18-
20]. Therefore, microstructure control and precipita-
tion reinforcement caused by the special heat treat-
ment process design is an effective method to improve
the properties of steel. Deformation heat treatment
has been widely studied as a commonly used spe-
cial heat treatment method. Until now, some studies
have been carried out on improving the microstruc-
ture and mechanical properties of high Cr ferritic-
martensitic steel by deformation heat treatment [21,
22]. Tan et al. [23] found that the strength and hard-
ness of steel at room temperature significantly in-
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creased as the deformation degree increased from 25
to 45 %, especially, the maximum hardness increased
by 29 % and the yield strength increased by 47 % dur-
ing deformation heat treatment compared to the steel
in the traditional normalizing and tempering condi-
tion. Zhou et al. [5] reported that the martensitic
lath can be significantly refined by applying compres-
sive stress during the formation of martensite forma-
tion, thus improving the high-temperature mechani-
cal properties of the steel, which is specifically re-
flected in the increase of the yield strength from 339
to 378 MPa at 600°C. Zhang et al. [24] confirmed
that dynamic plastic deformation can effectively re-
fine the microstructure of steel. As the strain in-
creases from 0.5 to 2.3, the lath boundary spacing de-
creases from 190 nm to 98 nm, and the ultimate ten-
sile strength increases from 675 to 1247 MPa. How-
ever, current investigations focus on the effect of de-
formation degree on the microstructure and mecha-
nical properties of high Cr ferritic-martensitic steel,
while the research on deformation temperature, an-
other important parameter in the deformation heat
treatment process of actual production, is very lim-
ited. Additionally, most research focuses solely on me-
chanical properties, neglecting the importance of eval-
uating corrosion resistance in practical applications
[25].

This study comprehensively investigates the im-
pact of deformation temperature in the metastable
austenite zone on the microstructure evolution, me-
chanical property and corrosion resistance of high Cr
ferritic-martensitic steel by transmission electron mi-
croscopy (TEM), tensile testing, and electrochemical
polarization curve analysis. The mechanism of mi-
crostructural evolution and its effect on mechanical
and corrosion properties were discussed in detail.

2. Materials and experimental methods
2.1. Samples preparation

A vacuum induction furnace produced a 28 kg in-
got that was further forged into a cylindrical bar mea-
suring 350 mm in height and 120 mm in diameter. Ta-
ble 1 lists the chemical composition of the steel. Fig-
ure 1 shows the original microstructure composed of
martensite, as captured using an optical microscope
(OM, Leica DMI 5000m). It is worth noting that Fig. 1
is also presented in [26], as both works share the same
sample batch.

Samples were cut from the middle section of the
steel bar using wire-electrode cutting to conduct the
rolling deformation test. These samples were subse-
quently heated to 1050°C at a rate of 200°C min—!
and maintained for 30 minutes. Afterwards, they were
cooled to 800, 700, and 600°C at a cooling rate of

Table 1. Chemical composition of the steel (wt.%)

C Cr w Mn Si Vv Ta Fe

0.04 893 1.72 044 0.04 0.22 0.07 Bal

Fig. 1. OM image of the original microstructure of the high
Cr ferritic-martensitic steel.

1050 °C & 30 min

750 =C & 90 min

Air
< cooling

Temperature (°C)

Time (min)

Fig. 2. Flow diagram of deformation and high-temperature
tempering treatment of the high Cr ferritic-martensitic
steel.

200°C min~! and rolled to a 40 % reduction in height
before air cooling. All the deformed samples were sub-
jected to a high-temperature tempering treatment at
750°C for 90 minutes. Figure 2 illustrates the specific
heat treatment process flow.

2.2. Microstructure observation

The characteristics of martensitic lath in the de-
formed high Cr ferritic-martensitic steels and the size
and distribution of martensitic lath and the second
phase after subsequent high-temperature tempering
were observed by Jem-2100f transmission electron mi-
croscope (TEM). Metal thinning samples were used to
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Fig. 3. TEM images of metal thinning samples of the high Cr ferritic-martensitic steels deformed at different temperatures:
(a) directly cooling without deformation, (b) 800°C, (c¢) 700°C, and (d) 600 °C.

observe the martensitic laths. Thin slices with a thick-
ness of 0.3 mm were cut from the samples and manu-
ally ground to about 50 pm. Small discs 3 mm in di-
ameter were made using a punch and then thinned on
an MTP-1A magnetic-driven double-spray electrolytic
thinning machine. The electrolytic double spray so-
lution is a mixture of 5% perchloric acid and 95 %
alcohol. An electrolytic voltage of 40 V and a tem-
perature of —20°C were employed. Since the second
phase of the steel is obscured by the diffraction con-
trast in the metal foil, the carbon extraction replica
technique was used to observe the size and distri-
bution of the second phase of the steel [27]. Af-
ter deep etching and carbon coating on the surface
of polished samples, the surface was lightly carved
into a square with a side length of about 2 mm and
then soaked in a mixed solution of 30 mL hydrochlo-
ric acid, 30 mL alcohol and 5g CuCly until the car-
bon film fell off. The detached carbon films were fin-
ished using small copper mesh and washed with al-
cohol and water before finally being dried on filter

paper.

2.3. Mechanical test

To evaluate the mechanical properties of high
Cr ferritic-martensitic steels with different defor-
mation temperatures subjected to subsequent high-
temperature tempering, tensile tests were conducted
using an Instron 8871 machine. Tensile samples with
a gauge length of 8 mm and a thickness of 2 mm were
tested at room temperature using a strain rate of
1.0 x 10745~ L. Three samples were tested under each
condition for the tensile test.

2.4. Electrochemical test

Electrochemical polarization curves were utilized
to measure the corrosion resistance of high Cr ferritic-
martensitic steels with different deformation tem-
peratures subjected to subsequent high-temperature
tempering. Electrochemical testing is carried out in
3.5wt.% NaCl solution at room temperature. The
polarization curves were generated using a PAR-
STAT 4000A electrochemical workstation, applying
test methods and parameter settings outlined in [28].
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3. Results and discussion

3.1. Microstructure of the high Cr
ferritic-martensitic steels

3.1.1. TEM observation of the deformed steels

Figure 3 shows the TEM images of metal thin-
ning samples for high Cr ferritic-martensitic steels
deformed at varying temperatures. A noticeable ob-
servation is that as the deformation temperature de-
creases, there is a significant increase in the refine-
ment trend of the martensitic laths. Additionally,
the width of the laths becomes uneven, and their
length becomes shorter while the orientation rela-
tionship between the laths becomes inconsistent. The
observed changes arise due to the strain defects in-
troduced during the deformation process that enable
more martensite nucleation sites, causing greater com-
petition among martensitic laths. As a result, the
width of the laths becomes uneven, and their orien-
tation relationship loses its original parallel state.
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Fig. 4. Martensitic lath width of the high Cr ferritic-
-martensitic steels deformed at different temperatures.

Figure 4 presents the average width of martensitic
lath of high Cr ferritic-martensitic steels deformed at

Fig. 5. TEM images of metal thinning samples of the deformed high Cr ferritic-martensitic steels subjected to high-
temperature tempering: (a) directly cooling without deformation, (b) 800°C, (c) 700°C, and (d) 600°C.
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Fig. 6. TEM images of extraction replica samples of the deformed high Cr ferritic-martensitic steels subjected to high-
-temperature tempering: (a) directly cooling without deformation, (b) 800°C, (c) 700°C, and (d) 600 °C.

various temperatures. The martensitic lath width was
measured using the intercept method in the direction
perpendicular to the lath length, followed by statis-
tical analysis [29]. The statistical outcomes demon-
strate that the martensitic lath width of the unde-
formed steel is the largest. The martensitic lath width
for deformed steel reduces from 366 to 118 nm as
the deformation temperature decreases from 800 to
600°C. The reduction in lath width can be attributed
to the lower recovery and recrystallization of the par-
ent phase at lower deformation temperatures, which
increases the austenite defect numbers before marten-
sitic transformation, leading to the corresponding in-
crease of martensite nucleation positions and then re-
sults in the refinement of martensitic laths [30].

3.1.2. TEM observation of the deformed steels
subjected to high-temperature tempering

Figure 5 displays the TEM images of metal
thinning samples of the deformed high Cr ferritic-
martensitic steels subjected to high-temperature tem-
pering. These samples predominantly exhibit the typ-

ical tempered martensitic lath morphology. However,
partial recovery of laths was observed in tempered
samples with low deformation temperatures. The de-
crease in deformation temperature from 800 to 600°C
results in a gradual blurring of martensitic lath char-
acteristics, accompanied by the appearance of Y-jun-
ctions (Y-shaped grain boundaries). This reflects the
destruction of the parallel orientation relationship be-
tween the laths, signifying that the decrease in defor-
mation temperature accelerates martensitic lath re-
covery during high-temperature tempering. This can
be attributed to decreased apparent recovery activa-
tion energy due to lower deformation temperature [30].
Although the local recovery of martensitic lath has oc-
curred, it can be found from the figure that the dislo-
cation density of the deformed samples is higher than
that of the undeformed sample. This is because the
increase in dislocation density in the microstructure
caused by rolling deformation is larger than the de-
crease caused by the subsequent tempering process,
as evidenced in previous research by Mao et al. [31].
Figure 6 shows the TEM images of carbon extrac-
tion replica samples of the deformed high Cr ferritic-
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Fig. 7. Density and size of carbide in the tempered high Cr
ferritic-martensitic steels after different deformation tem-
peratures.

-martensitic steels subjected to high-temperature tem-
pering. The precipitates are primarily found along
the grain boundaries or martensitic lath boundaries
due to the high interfacial energy in these regions.
Previous studies have confirmed that the precipitates
formed in the rolled high Cr ferritic-martensitic steel
during high-temperature tempering are Cr-rich car-
bides [31]. Deformation in the metastable austenite
zone results in the fragmentation of the martensitic
laths, creating more opportunities for carbide nucle-
ation during subsequent high-temperature tempering.
In addition, deformation increases the number of inter-
nal defects in martensitic laths, which evolve into sub-
grain boundaries during tempering, providing a higher
level of nucleation sites for carbides [32]. As previ-
ously analyzed, lower deformation temperatures result
in greater deformation of the martensitic laths, form-
ing more subgrain boundaries for carbide nucleation
during tempering. Consequently, the carbide particles
exhibit finer distribution.

To quantify the distribution of the Cr-rich carbides
in deformed high Cr ferritic-martensitic steels sub-
jected to high-temperature tempering, the size and
quantity of carbides were statistically analyzed, and
the statistical results are presented in Fig. 7. It can
be observed that the carbide in undeformed tempered
steel is the largest. As the deformation temperature
decreases, the carbides in the deformed steel become
finer during the subsequent high-temperature temper-
ing. This observation is consistent with the findings
from Fig. 5. It is fully explained that the deformed
or fractured martensitic laths and their internal dis-
location caused by low deformation temperature have
a higher likelihood of recovering or recrystallizing in
the subsequent high-temperature tempering, resulting
in the formation of more boundaries for carbide nucle-
ation. Since all samples were taken from the same steel
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Fig. 8. Tensile property of the deformed high Cr ferritic-
martensitic steels subjected to high-temperature temper-

ing.

bar, the carbon content in all samples is equal. Under
the premise of the same carbon content, the increased
number of nucleation sites resulted in a finer distribu-
tion of carbides.

3.2. Mechanical and corrosion properties of
the deformed high Cr ferritic-martensitic
steels subjected to high-temperature tempering

3.2.1. Mechanical properties

Figure 8 shows the tensile properties of the de-
formed high Cr ferritic-martensitic steels subjected
to high-temperature tempering. It is evident that the
strength of deformed steels after tempering is higher
than that of undeformed steel (536 MPa), which is
due to the refinement of martensitic lath, the in-
crease of dislocation density and the uniform distri-
bution of precipitates caused by deformation. For de-
formed steels, the tensile property decreases from 645
to 584 MPa, with the deformation temperature de-
creasing from 800 to 600°C. This can be explained
by the low recovery degree of the sample after high-
temperature deformation during the subsequent high-
temperature tempering process. Moreover, the pin-
ning effect of uniformly distributed precipitates on
grain boundaries, lath boundaries and dislocations is
enhanced, increasing tensile properties. However, af-
ter low-temperature deformation, the martensitic lath
recovery degree of the sample in the subsequent tem-
pering is significantly enhanced. Since the recovery
of martensitic lath is a process of dislocation move-
ment and annihilation [33], the increase in recovery
degree leads to decreased dislocation density. At this
time, precipitation strengthening cannot compensate
for the strength reduction caused by dislocation anni-
hilation.
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Fig. 9. Electrochemical polarization curves of the de-

formed high Cr ferritic-martensitic steels subjected to

high-temperature tempering in 3.5 wt.% NaCl solution at
room temperature.

Table 2. Electrochemical parameters of the deformed
high Cr ferritic-martensitic steels after high-temperature
tempering in 3.5 wt.% NaCl solution at room temperature

Deformation temperature (°C) Ecorr (V) fcorr (LA Cm_2)

Without deformation —0.649 3.55
800 —0.638 3.36
700 -0.607 3.14
600 —0.598 3.08

3.2.2. Corrosion properties

Figure 9 shows the electrochemical polarization
curves of the deformed high Cr ferritic-martensitic
steels subjected to high-temperature tempering in
3.5 wt.% NaCl solution at room temperature. The po-
larization curves of all samples exhibit similar shapes
and trends. Corrosion potential (FEcopy) and corrosion
current density (icorr) Were analyzed as the main pa-
rameters for evaluating corrosion performance. Feopy
was directly read from the polarization curve, while
icorr Was calculated through Tafel extrapolation of the
anodic and cathodic branches [34]. Table 2 presents
the Ecorr and icop of all samples. It can be seen that
the undeformed tempered steel has the maximum .oy
and the minimum FE.... For deformed steel, the icopr
of the sample after subsequent high-temperature tem-
pering decreases as the deformation temperature de-
creases, while the F..., shows an upward trend.

Corrosion rate (Cy, expressed in pum year—1) is a
crucial metric used to determine the corrosion resis-
tance of materials, which can be calculated using the
following formula [35]:

Cr = (3.27 X Gcorr X A)/nD, (1)
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Fig. 10. Corrosion rate of the tempered high Cr ferritic-
martensitic steels with different deformation tempera-
tures.

where A is the atomic weight, n is the number of elec-
trons exchanged in the electrochemical reaction, and
D is the material density. Considering that the sam-
ples in this work are iron-based metal samples, A is
55.84, D is 7.90gcm ™3, and n is 2 [36]. Figure 10
shows the calculated corrosion rate of the tempered
high Cr ferritic-martensitic steels with different de-
formation temperatures. The results indicate that the
highest corrosion rate is observed in the undeformed
tempered steel, with a value of 41.03. For deformed
steel, as the deformation temperature decreases from
800 to 600°C, the corrosion rate decreases from 38.83
to 35.59.

The enhanced corrosion resistance of the high Cr
ferritic-martensitic steels deformed in the metastable
austenite region subjected to high-temperature tem-
pering is associated with the evolution of Cr-rich car-
bides within the matrix. A previous study has con-
firmed that a phase potential difference between the
Cr-rich carbides and the matrix can create local gal-
vanic couples, which may decrease corrosion resistance
[37]. Uneven distribution of Cr-rich carbide size can
lead to the formation of local galvanic couples, result-
ing in weaker corrosion resistance [38]. For the un-
deformed tempered steel, the size of the Cr-rich car-
bides precipitated at the prior austenite grain bound-
aries and the martensitic lath boundaries is larger, and
the concentration of Cr element in the large-sized car-
bides is greater than that in the surrounding areas,
resulting in the formation of local Cr-depleted zones,
which increases the likelihood of corrosion occurrence
at these locations [39-41]. Meanwhile, large-sized car-
bides have low pitting potential and decrease the cor-
rosion resistance of steel [42]. Conversely, for deformed
steel, as the deformation temperature decreases, more
subgrain boundaries for carbide nucleation are formed
in the subsequent tempering process. This results in
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smaller and more evenly distributed Cr-rich carbides,
reducing the possibility of forming local galvanic cou-
ples and/or local Cr concentration differences [43, 44].
As a result, the corrosion resistance of steel is im-
proved.

4. Conclusions

This study investigated the impact of deformation
temperature in metastable austenite zone on the mi-
crostructure and mechanical and corrosion properties
of high Cr ferritic-martensitic steel. The main findings
are as follows:

(1) The deformation refines the martensitic lath
width of the steel. As the deformation temperature
decreases from 800 to 600°C, the average width of the
martensitic lath decreases from 366 to 118 nm. After
deformation at 600 °C, the martensitic lath width is ex-
tremely uneven, and the orientation between the laths
becomes non-parallel.

(2) Lower deformation temperatures result in more
significant recovery and recrystallization of the laths
and the smaller and denser precipitation of carbides
in the deformed steel during the subsequent high-
temperature tempering.

(3) The tensile property of the deformed steel sub-
jected to high-temperature tempering decreases with
the decrease of the deformation temperature. Com-
pared with the undeformed steel, the deformed steels
exhibit higher tensile properties.

(4) Decreasing the deformation temperature de-
creases the corrosion current density of the deformed
steel subjected to high-temperature tempering while
simultaneously increasing the corrosion potential. The
corrosion rate follows the same trend as that of corro-
sion current density.
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