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ARTICLE INFO ABSTRACT

Keywords: Scanning and transmission electron microscopy was used to characterize quantity, pattern, size,
T91 steel and distribution of microstructure and precipitated phases in T91 steel exposed to high tem-
Long-team service perature in the subcritical unit superheater of a specific power plant. The materials were me-
Microstructure

chanically and electrochemically tested using a universal testing machine and an electrochemical
workstation. The structure and performance of the original material and after the long-term
service time were compared. The hardness and strength of T91 steel initially increased before
they decreased during long-term service. It took 4000 h for the T91 steel to transform from the
original to the service state, forming (Cr, Fe, V, M0),3C¢ multi-component mixed phase, which
delayed or inhibited the growth of the M,3Ce-type carbides during the long-term high-tem-
perature service. The MX-type carbide formation would pin dislocations and increase the
strength. When the service time was between 4000 and 130,000 h, the carbide coarsening was
obvious, and the effect of solid solution strengthening was reduced, the dislocation density was
decreased, reducing the material’s strength below the original state level. Electrochemical tests
showed that longer service time degraded corrosion resistance of the T91 steel.

Mechanical properties
Electrochemical tests

1. Introduction

T91 steel is the new 9Cr-1Mo steel developed by the Oak Ridge National Laboratory in the 1970s [1,2]. It has strong corrosion
resistance, steam oxidation resistance, and good creep rupture strength. The strength at 625 °C is comparable to the TP304H steel,
and the T91 steel has good thermal conductivity and low coefficient of thermal expansion. Therefore, it is an ideal material for
manufacturing superheaters, reheaters and main steam chambers of power station boilers. T91 steel has been widely used in large-
capacity and high-efficiency subcritical and supercritical units of new and in-service power plants worldwide [3-7].

Although heat-resistant steel is widely used in high-temperature and high-pressure steam lines and other high-temperature
components in thermal power plants, materials degradation, failure, and corrosion are inevitable due to the long-term high-tem-
perature exposure, high pressure, and other harsh environmental conditions. In addition, due to aerobic service conditions, materials’
corrosion can’t be ignored [8]. Failures after long-term operation of superheater pipelines and main steam pipelines are the major
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Table 1

T91 chemical composition in wt.%.
Sample C Si Mn Cr Mo \Y Ni Al Nb P S
Original 0.1 0.27 0.42 8.74 0.96 0.21 0.073 0.015 0.105 0.003 0.004

ASME standard 0.07-0.14 0.2-0.5 0.3-0.6 8-9.5 0.85-1.05 0.18-0.25 <04 =0.02 0.06-0.1 =0.02 =0.01

factors affecting boiler safety and operation. Safety of the whole power plant depends on the pipelines’ safe and stable operation. T91
steel has been operating at high temperatures and pressures for a long time in many power plant applications. Increased service time
results in material aging, causing mechanical properties degradation [9-13].

The precipitated phases affect mechanical behavior of T91 steel, including fracture modes and creep deformation [14,15]. The
volume and size of precipitated particles are affected by the service temperature and time. At present, most researchers focus on the
changes in microstructure and properties of T91 steel after short or medium service time, and only a few reports focus on materials
operating over long service time. Pandey et al. [16,17] investigated microstructure, precipitated phases and mechanical properties of
P91 steels after 4000 h at 650 °C aging, which demonstrated the effects of precipitated phases on mechanical properties, but the
samples didn’t serve in a power plant. Thus, there is a need to study mechanical properties and microstructure of the actual ultra-long
service T91 steel pipes. Therefore, this paper investigates the microstructure, mechanical properties, and electrochemistry of T91
steel used for 4000 and 130,000 h in a power plant. The microstructure, precipitation phase distribution, mechanical properties and
corrosion resistance of the T91 steel during service were observed. Predicting the aging state of the material in advance provides data
for the evaluation of the T91 steel lifetime.

2. Experimental procedure

The test material is T91 steel from the superheater pipeline operated at 545 °C and 18.2 MPa for a different time in a power plant
in Zhuhai, China. The chemical composition is listed in Table 1. It can be seen from Table 1 that the chemical composition of T91 steel
meets the standard [18].

Microstructure analysis was performed using a Zeiss Auriga focused ion beam field emission scanning electron microscope. The
T91 steel sample was polished from 60 to 5000 grit, and the diamond particle polishing agent was used. After acetone degreasing, the
sample was etched with a mixture of 5 g FeCl; + 50 ml hydrochloric acid + 100 ml deionized water solution. The spectrometer was
used to analyze the morphology and composition of the precipitated phases. The working voltage was 15 kV and the working distance
was 10 mm. At the same time, three sets of samples with different service durations were observed at 10,000 x magnification
multiple times by scanning electron microscopy. For each group 10 images were randomly taken and analyzed by the Image-Pro Plus
software to count the size of the precipitated phase in the image and the percentage of the precipitated area, recording the average
value.

Microstructure analysis was performed using the Technai F-20 field emission transmission electron microscope. First, the TEM
samples were polished to less than 80 um thickness, and then a circular sample with a diameter of 3 mm was punched out. Then the
samples were prepared by twin-jet polishing in the solution of 5 vol.% perchloric acid and 95 vol% ethanol at 30 V voltage and
—30 °C temperature.

The hardness of the T91 steel was tested using the EM1500L Vickers hardness tester with a load of 100 g and a loading time of
10 sec. Each sample was measured ten times, averaged and recorded. The tensile tests were carried out using the UTM5105 universal
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Fig. 1. The shape and size of the tensile specimen. Dimensions are in mm.
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Fig. 2. The average hardness of the T91 steel after different service time.

testing machine at room temperature, 0.00025 s~ ! strain rate, three samples were tested, and the average value was recorded. The
shape and dimensions of the tensile specimen are shown in Fig. 1.

The potentiometric polarization tests were performed using the CS310 electrochemical workstation. The sample was cut into
10 mm x 10 mm X 3 mm size and sealed with an epoxy resin to expose the 1 cm? working surface, and a gap between the epoxy
resin and the sample was sealed with silicone to avoid crevice corrosion. Before the test, the working electrode was sanded with 800
grit paper, and the sample was ultrasonically degreased in acetone after washing with deionized water. The sample, the platinum
plate, and the saturated calomel electrode were respectively used as the working electrode, the auxiliary electrode, and the reference
electrode to form a three-electrode system, and the electrochemical test conditions were room temperature and 3.5 wt% sodium
chloride solution. First, the sample was measured in the open circuit potential (OCP) for at least one hour, then the system stabilized,
and the potentiodynamic scan was performed. The scanning interval of the polarization potential was —0.3-0.5 V vs. OCP, and the
scan rate was 0.5 mV/s. The polarization curves were fitted with the CView2 software that came with the electrochemical work-
station.

3. Results and discussion
3.1. Vickers hardness measurements

Changes in the hardness reflect the changes in the microstructure of the T91 steel during aging. Fig. 2 shows that the hardness of
the original state T91 steel is 216.65 HV, and the hardness after 4000 h of service is 220.62 HV, while the hardness after 130,000 h of
service is 203.46 HV, and it first increases and then decreases with service time. The size, amount, and distribution of the precipitates
and microstructure changes will affect the hardness [15,19]. As the service time increases, the precipitated phase is continuously
precipitated first, resulting in precipitation strengthening, and the hardness increase. At longer service time, the carbide coarsening is
serious, the depletion phenomenon of the solid solution alloy elements is severe, resulting in decreased hardness. Coarsening of
M,3C¢ carbide will cause hardness reduction.

3.2. Tensile tests

Fig. 3 shows the stress-strain curves of the T91 steel in the original state, and after 4000 h and 130,000 h in service. ors, 0ys, 8, and
¥ represent the tensile strength, yield strength, elongation and reduction of area, respectively. The reduction of the area was 53%,
44%, and 49%, respectively, and the elongation was 28%, 24%, and 29%, respectively. The overall change was not large, since the
original states were ors 675 MPa and oyg 542 MPa, while after 4000 h in service ors was 714 MPa and oys was 545 MPa, which
increased by 6% and 0.6% compared with the original state. When the service life was 130,000 h, the numbers changed to org
642 MPa and oys 479 MPa, which is 5% and 11.6% lower than the original state. It is worth noting that the tensile strength and yield
strength of the T91 steel increased first and then decreased with the service time, which correlates with the hardness results. In order
to study the reasons for this change, the microstructure was further analyzed.

Fig. 4 shows the SEM fracture morphology after tensile testing. Fig. 4(a, c, e) show fracture surfaces at low magnification, where
distinctive radial cracks are visible. This form of cracking is commonly called “splitting” [14]. Fig. 4(b, d, f) show fracture surfaces at
high magnification. There are many dimples of different sizes on the fracture surfaces, which display excellent plasticity [20].
Fig. 4(b, d, f) show that there are many small dimples around the large dimples, mainly because the large-sized precipitates form
microvoids in the center of the dimples. When the microvoids grow to the appropriate size, the small-sized precipitated phase will
also form microscopic voids, grow, and connect with the large voids, causing the inconsistent dimple size. Comparing Fig. 4(b, d, f),
there are large secondary phase particles or inclusions present in the center of the dimples. Energy dispersive X-ray spectroscopy
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Fig. 3. Stress-strain curves of the T91 steel after different time in service.

(EDX) results show that the precipitates on the fracture surfaces are composed of Fe, Mo and Cr, Fe, C elements (Fig. 4g, h). Thus, it
can be inferred that the type of precipitates is the Laves phase and M,3Cg particles. The Laves phase formation, M,3Cg coarsening,
grain coarsening and laths widening usually lead to fracture [21,22]. Since binding of the secondary phase particles to the matrix is
weak, under the tensile stress, the crack is first generated at the particle. This is the reason why the sample is most easily broken after
130,000 h of service, which is similar to the research results of Xia et al [12].

3.3. Scanning electron microscopy and energy spectra analysis

Fig. 5 compares the microstructure and properties of the T91 steel in its original state, and after 4000 h and 130,000 h of service.
It can be seen by comparing Fig. 5(a, c, and e) that the precipitated phase in the original T91 steel is mainly located at the grain
boundaries. The particle size of the precipitated phase increased from 0.44 um in the original state and 0.42 um after 4000 h in
service to 0.94 um after 130,000 h in service, and the precipitated phase aggregated and grew, which adversely affected the per-
formance. The coarsening of M,3Ce carbide may be due to the migration of solute atoms caused by dislocations motion. In addition,
the rate of coarsening of the precipitated phase at the grain boundary is much larger than in the crystal, which is similar to the
research results of Fujio et al. [23].

Fig. 5(b and d) show the chemical composition of the M3Cg carbide in T91 steel in the original state and after 4000 h of service,
respectively. The chemical composition shows that the M,3Cg carbide in the original T91 steel is mainly Cr,3Ce. After 4000 h of
service, V in T91 steel will enter M»3Cg to form Cr-rich multi-component mixed-phase (Cr, Fe, V, M0),3Cs, which will delay or inhibit
the growth of the M3Cs-type carbide during long-term high-temperature service, similar to Xu et al results [24]. Although the solid
solution strengthening effect is weakened, the precipitation strengthening effect due to a large amount of precipitation phases is
dominant, which is one of the reasons for the increase of material strength at this time period. After 130,000 h of service, the carbide
coarsening is serious, and the alloying elements Cr, Nb, V, Mo or the like diffuse from the solid solution to the carbide. The depletion
phenomenon of the solid solution alloy elements is severe, and the effect of solid solution strengthening is lowered, resulting in
decreased hardness and strength.

The number of precipitated phase particles observed in the studied area and the percentage of the precipitated phase to the total
area of the image are shown in Fig. 5(f). The percentage of carbides in T91 steel that has been in service for 4000 h has not changed
much, but the number of carbide particles increased. The carbides are distributed along the grain boundaries, which can block the
grain boundaries at high temperatures. Sliding and migration can increase the grain boundary strength. As the service time pro-
gresses, the T91 steel after 130,000 h in service is compared with the original T91 steel and in service for 4000 h, regardless of the
amount of carbide. The percentage of the area is increased, the carbide coarsening is serious, and the coarsening of the carbide is
prone to local stress concentration, which may cause the carbide to crack or separate from the matrix to generate voids or micro-
cracks, and at the same time increase the space between carbide particles and decrease their volume fraction, degrading mechanical
properties.

3.4. Transmission electron microscopy

In order to further study the effects of the type and size of the precipitated phase on material properties, the precipitated phase
was studied and analyzed by transmission electron microscopy. Fig. 6 shows the TEM microstructure and precipitated phase dif-
fraction spots of T91 steel after different service time. It is confirmed by diffraction analysis that the precipitated phases in T91 steel
are mainly divided into M,3Ce-type carbide, MX-type carbide and the Laves phase. Previous studies have consistent results that the
M3Ce-type carbide is mainly distributed on the grain boundaries, while the MX-type carbide is mainly in the crystal, and the Laves
phase is mainly at the grain boundaries or martensite lath bundles [25,26]. It was also reported that Cr,3Ce is extremely unstable
between 400 °C and 600 °C, which promotes embrittlement and sensitization of martensitic steels [27]. It can be seen from Fig. 6 that
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Laves phase

Fig. 4. SEM images of fracture surfaces obtained by tensile testing: (a) original at lower magnification, (b) original at higher magnification, (c) after
4000 h of service at lower magnification, (d) after 4000 h of service at higher magnification, (e) after 130,000 h of service at lower magnification, (f)
after 130,000 h of service at higher magnification, (g) chemical composition of the Laves phase, (h) chemical composition of M»3Cg carbide.
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Fig. 5. SEM microstructure of the T91 steel from the Zhuhai power plant and statistical analysis of the EDS results of M3Cs carbide and pre-
cipitation phase: (a) original state, (b) original state, M3Cs carbide chemical composition, (¢) 4000 h of service, (d) chemical composition of M23Ce
carbide after 4000 h service, (e) 130,000 h of service, (f) statistical analysis of the number of precipitated phase particles and the percentage of
precipitated phase area to the total area.

the original state in Fig. 6(a) is mainly martensite lath, with some dislocations and many M,3Cg particles at the lath. Besides, there are
fine MC-type carbides inside. In Fig. 6(b) martensite lath slats exhibit a small number of subgrains, which have a high dislocation
density in the martensite lath, which is distributed on the carbides, hindering the migration of dislocations, leading to dislocation
strengthening [28]. Dislocations entanglement into a dislocation network, stronger interactions between dislocations and the solid
solution atoms, carbides, and subgrains, strengthened the matrix. MX-type carbides pin dislocations in the crystal. The dislocations
bypass or pass through the carbides, requiring additional energy and hindering the recovery. Therefore, the material’s strength is
higher. After 130,000 h of service, martensite begins to shatter and widen, the subgrain structure increases, the dislocation density
decreases, and the precipitated phase coarsening reduces the pinning of carbides, which promotes the growth of subgrains [29].
Panait et al. [30] found that creep damage was observed near the Laves phase, which means that the loss of creep strength is probably
due to the coarsened Laves phases and significant recovery of the matrix. Pandey et al. [31] studied the formation of Laves phase and
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Fig. 6. TEM microstructure of T91 steel from the Zhuhai power plant: (a) original state, and the diffraction spot is M»3Ce in the figure, (b) after
4000 h of service, and the diffraction spot is MX in the figure, (c) after 130,000 h of service, and the diffraction spot is the Laves phase in the figure,
(d) original state, MX carbide chemical composition, (e) chemical composition of M»3Ce carbide after 4000 h service, (f) chemical composition of
Laves phase after 130,000 h service.

the reduction of precipitate density at 620 °C for 120 MPa stress, which led to the failure of P91 steel. This means that the loss of
strength is probably mainly due to coarsening of My3Cg carbides, significant precipitation and coarsening of the Laves phases and
significant recovery of the matrix. The Laves phase (FeoMo) formed in the sample when the T91 steel was in service between 4000 h
and 130,000 h. As the service time increases, the growth of the Laves phase causes Mo to diffuse from the solid solution to the
precipitation phase. The study shows that the M»3Ce is coarse. The agglomeration of the Laves phase results in degraded mechanical
properties of the material [32]. Two mechanisms of the nucleation and growth of the Laves phase have been described [33,34]. One
mechanism claims that the nucleation of Laves phase occurs on martensite lath boundaries or subgrain boundaries without the
presence of M,3Ce carbide. The other nucleation mechanism considers that the Laves phase precipitates in Cr-depleted regions
adjacent to M»3Cg particles. For the case of the studied T91 steels both of the two mechanisms are responsible for the formation of the
Laves phases.
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Fig. 7. Polarization curves of T91 steel with different service time in 3.5% NaCl solution.

Table 2
The corrosion potential, corrosion current density, corrosion rate of the T91 steel after different service time.
Corrosive medium T91 Corrosion potential, V Corrosion current density, A/cm? Corrosion rate, mm/a
3.5 wt% NaCl Original —0.358 7.454 x 1077 0.0088
3.5 wt% NaCl 4000 h —0.512 1.891 x 107° 0.022
3.5 wt% NaCl 130,000 h -0.6 3.517 x 107° 0.041

3.5. Electrochemical tests

Fig. 7 shows the potentiodynamic polarization curves of the T91 steel in 3.5 wt% NaCl solution after different service time.
Table 2 illustrates the correlation results of corrosion potential, corrosion current density and corrosion rate obtained from the
polarization curves. As the service time increases, the corrosion potential decreases, while the corrosion current density, and the
corrosion rate increase, and the corrosion resistance decreases. At the same time, between 4000 h and 130,000 h of service, the
increase of the corrosion current density of the sample is greater than from the original state to 4000 h of service. According to the
Faraday’s second law, there is a relationship between the corrosion current density and the corrosion rate [35]. The greater the
corrosion current density, the greater the corrosion rate [35], so the corrosion rate during the 4000-130,000 h service period is
greater than from the original period to 4000 h. This is because the precipitation phase is severely coarsened between 4000 h and
130,000 h of service, the alloying elements solid solution is depleted, and the degree of segregation of Cr and Mo elements is
deepened, resulting in a decrease in corrosion resistance of the material. In general, the corrosion resistance of the T91 steel in 3.5%
wt. NaCl solution decreased with service time.

4. Conclusions

The paper focused on the evolution of microstructure and mechanical properties of T91 steel after long service time up to
130,000 h in an actual power plant. The following conclusions are drawn from the study:

(1) After 4000 h of service, V in T91 steel will enter M»3C¢ to form Cr-rich multi-component mixed-phase (Cr, Fe, V, M0)23Cg, which
will delay or inhibit the growth of the My3Ce-type carbide during long-term high-temperature service. After 130,000 h of service,
the martensite begins to shatter and widen, and the dislocation density decreases. In addition, the Laves phase (Fe,Mo) formed in
the sample.

(2) The percentage of carbides in T91 steel didn’t change too much after 4000 h service, but the number of carbide particles
increased. As the service time progressed, the number and the percentage of carbides in T91 steel increased and coarsened.

(3) The hardness and strength of T91 steel initially increased and then decreased during long-term service.

(4) With longer service time, the depletion of Cr and Mo elements became more severe, and the ability of T91 steel to resist corrosion
decreased.
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