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Abstract: The Laves phase formed during the long-term creep of 9% Cr heat-resistant steels plays
an important role in their high-temperature mechanical properties. Detecting and quantifying the
Laves phase is one of the main problems in predicting the creep residual life. This study detects and
quantifies the Laves phase in various 9% Cr heat-resistant steel samples by anodic polarization. Both
T92/P92 samples after creep and 9Cr ferritic martensitic samples after thermal ageing precipitate
Laves phase particles, and the content of the Laves phase increases with the service time. Comparing
the results obtained by the electrochemical method with those obtained by the traditional SEM
observation method, it can be found that there is a similar two-stage linear relationship between
the two results in all materials, which is related to the diameter change of Laves phase particles
during service. According to the correlation between the Laves phase content and creep time, an
extrapolation method for the prediction of the residual creep life is proposed. The results show that
the creep life of P92 can be predicted by using the dissolved charge density of the Laves phase with
high prediction accuracy. This method has the potential to evaluate the service states of materials
and predict the long-term creep life in the industrial field.

Keywords: heat-resistant steel; Laves phase; electrochemical responsibility; polarization current;
creep damage

1. Introduction

Heat-resistant martensitic 9% Cr steels have been found not only to be currently
applicable in high-temperature and high-pressure parts of fossil fuel power plants, but
also as candidate materials for a new generation (Generation IV) of reactors [1]. During
long-term creep, the microstructure of the material will change, and new phases, such
as the Laves phase (Fe, Cr)2(W, Mo), primarily precipitate at the boundaries of primary
austenite grains, subgrains and martensite laths [2–5]. The finely dispersed Laves phase
has a precipitation-strengthening effect on the matrix, which can prevent the recovery
of martensitic slats and dislocations [6–8]. However, Abe et al. [9,10] found that the
precipitation of the Laves phase led to a decrease in the creep rate, but when the size of
the Laves phase began to increase significantly, the creep rate increased after reaching
the minimum creep rate. Therefore, the creep-resistant property of 9% Cr steels is closely
related to the Laves phase evolution.

In order to evaluate and predict the creep life of materials, much work has been
conducted to study the precipitation of the Laves phase in heat-resistant steel during
high-temperature service. The quantification of Laves phase precipitation in heat-resistant
steels has mainly been studied by morphology observation methods through electron
microscopy [3,4]. However, these methods need advanced facilities, such as a scanning
electron microscope (SEM) or transmission electron microscope (TEM), and the spatial
area of investigation is limited. In recent years, it has been found that the electrochemical
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method can selectively dissolve the Laves phase in 9–12% Cr heat-resistant steel after
long-term aging in a strong alkaline solution [11–13]. A good linear relationship was
established between the area fraction data of the Laves phase collected by SEM imaging
and the dissolved peak charge obtained by the electrochemical method. This fact shows
that the electrochemical method can be used for the quantitative analysis of Laves phase
particles on 9–12% Cr steel.

However, studies of phase evolution models for long-term creep steels suggest that
equilibrium may not be reached even beyond 10 years [14–16], whereas the samples used
in the literature so far are of a relatively short age and only prepared in the laboratory. In
this work, the Laves phases formed in interrupted creep T92 samples up to 24,000 h and
in-service P92 samples up to 82,000 h were detected and quantified by the electrochemical
method with the purpose of establishing the relationship between the electrochemical
parameters and the amount of Laves phase. In addition, 9Cr ferritic martensitic steels
were studied with electrochemical tests with the aim of verifying the generalizability of the
method. An extrapolation method for the prediction of the residual creep life is proposed
based on the correlation between the Laves phase content and creep time.

2. Materials and Methods

The materials for the experiments were T92/P92 steel and 9Cr ferritic martensitic steel
(hereinafter referred to as 9Cr F/M), and the compositions are shown in Table 1. T92/P92
was labelled in two different ways to specify its origin. T92 steel was normalized at 1050 ◦C
for 1 h and tempered at about 700 ◦C for 5 h (air cooling), and then the internal pressure
creep test was carried out at a temperature of 600 ◦C and a pressure of 130 MPa until the
tube sample burst, with a creep time of 24,000 h. Among them, four tube samples were
interrupted and removed when the test time reached 1700 h, 5000 h, 12,800 h, and 18,600 h,
respectively; details are shown in Table 2. Two P92 samples taken from the fossil power
plant pipe at a temperature of about 600 ◦C and a pressure of about 67 MPa, with a service
time of 50,000 h and 82,000 h, were also used for residual life prediction. It should be noted
that the difference in composition between T92 and P92 steel was negligible. The 9Cr F/M
steels were quenched after solid solution treatment at 1050 ◦C for 1 h and tempered at
730 ◦C for 3 h, and then aged at 650 ◦C for a series of time periods (0 h, 1000 h, 2000 h,
3500 h, 5000 h, and 6500 h).

Table 1. The chemical compositions of the materials used in this study (wt.%).

Material Fe Cr W Mo C Si Mn V Nb

T92/P92 Bal. 8.56 1.92 0.39 0.12 0.18 0.38 0.19 0.07
9Cr F/M Bal. 8.50 1.46 — 0.23 1.81 0.60 0.20 0.10

Table 2. Sample information of internal pressure creep tested T92.

No. Status Time (h) Creep Life Loss (%)

1 as-received 0 0
2 creep interrupt sample 1700 7
3 creep interrupt sample 5000 20
4 creep interrupt sample 12,800 53
5 creep interrupt sample 18,600 77
6 creep fracture sample 24,000 100

The samples for the electrochemical tests were cut into 10 × 10 × 5 (mm) specimens,
and then cold-mounted in epoxy resin with a plastic-wrapped copper wire welded on
each specimen for electrical contact. Before the electrochemical tests, the exposed surface
was ground to 2000 grit and washed in distilled water and ethanol for later use. The
electrochemical tests in this study were conducted on a CHI 660 electrochemical workstation
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with a conventional three-electrode cell, which used a saturated Ag/AgCl electrode as the
reference electrode and a Pt electrode as the counter electrode. The anodic polarization tests
were performed in a series of 5–8 mol/L NaOH solutions with a scan rate of 0.5 mV/s. All of
the potentiodynamic scans were started after reaching a stable open circuit potential (OCP)
and ended when the oxygen evolution reaction occurred. Each test was conducted at least
3 times to ensure the reproducibility of the data. According to Faraday’s law, the amount
of charge density (Q) transferred in the Laves phase dissolution reaction corresponds to
the dissolved Laves phase content. The charge density of the Laves phase in T92 and
P92 specimens could be obtained by integrating the current density on each polarization
curve with the polarization time. To ensure the reliability of the data, each experiment was
performed at least 3 times.

Before the observation of the microstructure, all the specimens were polished up to
0.5 µm with a diamond paste. A Crossbeam 350 SEM was used to observe the surface
morphologies of specimens with different service times and surface changes before/after
the polarization tests. The morphology and composition of the precipitates in specimens
were examined by a JXA-iHP200F field emission electron probe microanalyzer (EPMA),
transmission electron microscope (TEM), and energy-dispersive spectroscopy (EDS). To
ensure the validity of the data, SEM images were taken at 20 different positions randomly
for each specimen, with both the secondary electron (SE) and backscattered electron (BSE)
mode, with magnification of 2000×. BSE images were used to identify the Laves phase
from the matrix due to its clear Z-contrast, and an SE image on the same area was taken to
estimate the exact shape of the Laves phase, to avoid counting particles below the surface.
The Image J software (1.53 k) was used to calculate the area fraction, number, and average
diameter of Laves phase particles.

3. Results
3.1. Characterization of the Laves Phase

Figure 1a–f show the SEM morphologies of T92 specimens after 0 h, 1700 h, 5000 h,
12,800 h, 18,600 h, and 24,000 h of creep separately, as well as P92 specimens with a service
time of 50,000 h and 82,000 h. There are no precipitates on the surface of the T92-0 h
specimen (solution quenching and tempering treatment), and a typical tempered marten-
sitic structure can be observed. The surfaces of all specimens show bright precipitates of
different sizes. The chemical composition of the particles in the T92 crept 24,000 h specimen
was obtained by EPMA, as shown in Figure 2. These precipitates are rich in W and Mo
elements compared to the matrix and can be confirmed as the Laves phase [5]. Additionally,
some small particles with the enrichment of Cr and C were M23C6 carbides [2,17], and the
small amount of segregation of V and Nb may have corresponded to the precipitation of
MX nitrides and the Z-phase [18,19]. In the early stage of creep, as shown in Figure 1b,c,
the Laves phase was preferentially precipitated along the prior austenite grain boundaries.
With the increase in creep time, the polygonal outline gradually disappeared, and the
Laves phase formed within the primary austenite grains and mainly precipitated along
the martensite lath, as shown in Figure 1d–h. It is worth noting that the number of Laves
phase particles on the surfaces of the P92 50,000 h and 82,000 h specimens with a longer
service time, shown in Figure 1g,h, was significantly smaller than that of the T92 24,000 h
specimen. This may be due to the different service conditions of the two samples.

Figure 3a–c show the statistical results of the number per area, area fraction, and
average equivalent diameter of Laves phase particles on different specimens’ surfaces
derived from BSE images, respectively. The number of Laves phase particles increased with
time at the initial stage and increased to the maximum value when the creep time reached
12,800 h. Subsequently, the number of Laves phase particles decreased rapidly again. With
the increase in creep time, both the area fraction and average diameter of Laves phase
particles increased continuously, but there were differences in the growth trends between
them. The area fraction of Laves phase particles increased rapidly in the early stage of
creep, reached the maximum value and remained roughly stable after 18,600 h, and then
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decreased slightly. However, the average diameter of the Laves phase particles increased
slowly or even decreased slightly in the early phase, and then increased rapidly with the
extension of the creep time, and finally became stable. Therefore, it can be speculated
that a large number of fine Laves phase particles precipitated rapidly in the T92 sample
at the beginning of creep; then, with the extension of the creep time, the particles of the
Laves phase continued to agglomerate and gradually reached saturation. At this time, the
area fraction of the Laves phase remained unchanged, while the particle number rapidly
decreased and the particle size increased. In addition, P92 specimens had a lower area
fraction and particle density, as well as a larger particle size.
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Figure 1. SEM images of the T92 specimens after creep tests at 600 ◦C, 130 MPa and P92 specimens
after service at 600 ◦C, 67 MPa for different times under the backscattered electron mode. (a) T92-0 h,
(b) T92-1700 h, (c) T92-5000 h, (d) T92-12,800 h, (e) T92-18,600 h, (f) T92-24,000 h, (g) P92-50,000 h,
and (h) P92-82,000 h.

Figure 4 shows the TEM images of the microstructure of the T92 specimen with creep
ageing for 5000 h and the 9Cr F/M aged specimen for 5000 h. Two types of precipitates
appeared in both samples, which are identified as the Laves phase and carbides, as previ-
ously mentioned. Since the Laves phase contains higher W and/or Mo content than the
carbides, it has a clearer Z-contrast. Depending on the contrast in the TEM images, the
darker particles are enriched in W and Mo, identified as the Laves phase, and the lighter
particles are enriched in Cr, which are confirmed as carbides. It should be mentioned
that the size of the Laves phase particles in the T92 specimen is much larger than that in
9Cr F/M. In contrast, the carbides in 9Cr F/M have a larger size. This may be attributed
to differences in the composition of the two materials. The T92 specimen contains more
W and Mo, which are the major elements that make up the Laves phase, while 9Cr F/M
contains more C, which is more conductive to the formation of carbides.



Crystals 2023, 13, 1600 5 of 15Crystals 2023, 13, x FOR PEER REVIEW  5  of  18 
 

 

 

Figure  2.  Elemental  distribution  of  T92  specimen  after  24,000  h  of  creep  at  600  °C,  130 MPa, 

measured by EPMA. An SEM BSE mode image is also given ahead of the element mapping. 

Figure 3a–c  show  the  statistical  results of  the number per area, area  fraction, and 

average  equivalent diameter of Laves phase particles on different  specimens’  surfaces 

derived from BSE  images, respectively. The number of Laves phase particles  increased 

with time at the initial stage and increased to the maximum value when the creep time 

reached 12,800 h. Subsequently, the number of Laves phase particles decreased rapidly 

again. With  the  increase  in creep  time, both  the area  fraction and average diameter of 

Laves phase particles  increased continuously, but  there were differences  in  the growth 

trends between them. The area fraction of Laves phase particles increased rapidly in the 

early stage of creep, reached the maximum value and remained roughly stable after 18,600 

h, and then decreased slightly. However, the average diameter of the Laves phase particles 

increased slowly or even decreased slightly in the early phase, and then increased rapidly 

with  the  extension  of  the  creep  time,  and  finally  became  stable.  Therefore,  it  can  be 

speculated that a large number of fine Laves phase particles precipitated rapidly in the 

T92  sample  at  the beginning of  creep;  then, with  the  extension of  the  creep  time,  the 

particles of the Laves phase continued to agglomerate and gradually reached saturation. 

At this time, the area fraction of the Laves phase remained unchanged, while the particle 

number rapidly decreased and the particle size increased. In addition, P92 specimens had 

a lower area fraction and particle density, as well as a larger particle size. 

Figure 2. Elemental distribution of T92 specimen after 24,000 h of creep at 600 ◦C, 130 MPa, measured
by EPMA. An SEM BSE mode image is also given ahead of the element mapping.
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Figure 4. The TEM images of the microstructure of (a) T92 specimen with creep ageing for 5000 h
at 600 ◦C, 130 MPa; (b) 9Cr F/M specimen after ageing at 650 ◦C for 5000 h. The major elemental
composition (at.%) of the two precipitates is also given in the figure.

Figure 5a–f show the SEM morphologies of 9Cr F/M specimens after 0 h, 1000 h,
2000 h, 3500 h, 5000 h, and 26,500 h of ageing separately. Similar to the T92 and P92
specimens, the number per area, area fraction, and average equivalent diameter of the
Laves phase particles in the 9Cr F/M specimens with the increment in ageing time obtained
by SEM observation were calculated using the Image J software, and the results are shown
in Figure 6a–c. The number per area fluctuated around 0.2 µm−2 during the first 3500 h of
ageing, and then dropped slightly. Figure 7 shows the size dispersion of the Laves phase
in 9Cr F/M specimens after ageing at 650 ◦C with different times. Consistent with the
results of T92, the area fraction of the Laves phase in 9Cr F/M increased with the aging
time and then reached saturation. However, the value of the 9Cr F/M specimen reached its
maximum of 0.54% after 1000 h of ageing, which was much smaller than that of T92. It can
be concluded that the Laves phase can also grow after thermal aging without stress, but
the area fraction of the Laves phase at saturation is much lower than that of the sample
after creep. The average diameter of the Laves phase in 9Cr F/M reached a maximum and
then dropped from 0.28 µm to 0.21 µm. After this, the diameter of the particles stayed the
same. It can be seen from the statistical results that the size of the Laves phase in 9Cr F/M
steel is smaller than that in T92, which is consistent with the TEM topography in Figure 4.
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F/M-3500 h, (e) 9Cr F/M-5000 h, (f) 9Cr F/M-6500 h.
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(e) 9Cr F/M-5000 h, (f) 9Cr F/M-6500 h.

3.2. Quantitative Analysis of Laves Phase Amount by Electrochemical Method

The potentiodynamic polarization curves of T92-24,000 h specimens tested in NaOH
solutions of different concentrations (4 mol/L to 8 mol/L) are shown in Figure 8. Two peaks,
one at ca. −0.5 V Ag/AgCl and another at ca. 0.2 V Ag/AgCl, were observed on all curves,
which were related to the dissolution of the Laves phase and carbides, respectively [11]. The
curves are almost passivated in the range of −0.7 to −0.1 V Ag/AgCl until the concentration
of NaOH is higher than 7 mol/L, which is consistent with reported results [13]. The
morphology changes before and after anodic polarization in an 8 mol/L NaOH solution
observed with SEM are shown in Figure 9a,b. It is clear that almost all Laves phase
particles were dissolved in the 8 mol/L test. The results confirm that the current peak does
correspond to the dissolution of the Laves phase particles [11,13].

Figure 10a,b show the polarization curves of the T92 and P92 specimens with different
service times in an 8 mol/L NaOH solution. The dissolution peaks of the Laves phase
are observed in all curves in the range of −0.7 to −0.1 V Ag/AgCl, named “peak 1” in the
figure. Obviously, the curve of the T92-0 h specimen without the precipitation of the Laves
phase exhibits only a very weak peak 1. By integrating the peak 1 current density on each
polarization curve with the polarization time, the charge density of the Laves phase in T92
and P92 specimens can be obtained, as shown in Figure 11. With the increase in creep time,
the charge density of the Laves phase in T92 specimens shows an increasing trend, which is
consistent with the trend obtained by the SEM characterization results, indicating that the
Laves phase in T92 samples continuously precipitates during the creep process. Moreover,
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the charge density of the Laves phase in P92 specimens increases with the service time, but
it is smaller than that of the T92-24,000 h specimen, which is consistent with the statistical
results of SEM as well.
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600 ◦C, 130 MPa.
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Figure 10. The polarization curves of the (a) T92 specimens after creep at 600 ◦C, 130 MPa and (b) P92
specimens after service at 600 ◦C, 67 MPa with different times in an 8 mol/L NaOH solution. Peak 1
marked in the figure is believed to be caused by the dissolution of the Laves phase.
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Figure 11. The corresponding quantity of electric charge per unit area of Peak 1 (Q) in the polarization
curves of specimens with different service times in an 8 mol/L NaOH concentration.

Figure 12a shows the typical polarization curves of the 9Cr F/M samples with different
ageing times in an 8 mol/L NaOH solution. Similar to the data shown in Figure 8, all
specimens except the 0 h specimen show an obvious current peak in the range of −0.7 V
to −0.1 V Ag/AgCl, and, generally, the current peak height also increases with the increase
in the ageing time. The changing density corresponding to Laves phase dissolution with
aging time is obtained by integrating the current peak with time, as shown in Figure 12b.
As can be seen in the figure, the charge density of the Laves phase continues to increase
during the aging process, and it does not reach saturation until 6500 h.
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calculated by the integration of the dissolution peak shown in (a).

3.3. Correlation between Electrochemical and SEM Data

Since the area fraction of the Laves phase obtained by SEM images and the dissolved
charge density obtained by the electrochemical method both reflect the Laves phase content
in the specimen, the correlation images of these two parameters are given in Figure 13, and
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the linear fit of the data is also given in the figure. As shown in Figure 13, the results of the
linear fitting are divided into two stages in both T92 and 9Cr F/M samples. In the early
stage of creep, the slope rises sharply, which proves that the area grows rapidly with little
volume change; meanwhile, in the later period of creep, the slope obviously slows down.
The charge density on the horizontal axis represents the volume of Laves phase precipitates,
while the area fraction on the vertical axis represents the area of the Laves phase, so the
area fraction/charge density (namely the slope on the curve) is positively correlated with
the reciprocal of the radius of the Laves phase. Therefore, it can be concluded that the
average diameter of the Laves phase precipitated in the beginning is small, and it gradually
increases with the creep time while the area fraction remains almost unchanged. This
conclusion is consistent with the changing trend of the average diameter of the Laves phase
particles obtained from SEM in Figures 3 and 4. In addition, connecting the data of the
50,000 h and 82,000 h specimens of P92, the slope is similar to that of the later stage of creep
in T92, which fits with the statistical results of the average diameter in Figure 3c as well.
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The above results indicate that the electrochemical method can be used to detect and
quantify the Laves phase in other 9% Cr martensitic stainless steels.

4. Discussion
4.1. Creep Life Prediction Based on Laves Phase Content

It is reported that the performance of martensitic heat-resistant steel will degrade
during long-term high-temperature service, and the change in its microstructure is mainly
manifested as a reduction in dislocation density and the migration of subgrain boundaries.
The strengthening mechanisms of 9%Cr heat-resistant steel include precipitated phase
strengthening, solid solution strengthening, dislocation strengthening, grain boundary
strengthening, etc., which promote each other to hinder dislocation movement and sub-
grain boundary migration, thus leading to high microstructural thermal stability. For
example, the solid solution strengthening of W and Mo atoms is one of the most important
strengthening mechanisms of 9% Cr martensitic steels. However, with creep/aging at high
temperatures, Laves phase particles will gradually precipitate in 9% Cr martensitic steels.
Due to the formation of the Laves phase, the depletion of W and Mo in the matrix reduces
the strengthening effect of the solid solution. On the other hand, fine and discrete Laves
phase particles can prevent the recovery of martensitic laths and dislocations to improve
the creep behavior [1,7,20–23]. In general, the creep fracture strength increases with the
precipitation of the fine Laves phase, reaches a maximum value, and then decreases due to
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the coarsening of the Laves phase. Therefore, the Laves phase plays a complex role relative
to the creep strength of the material during the creep process.

In this work, the dissolved charge density of the Laves phase in the T92/P92 samples
was measured by the electrochemical method. At the same time, the number, area fraction,
and average diameter of the Laves phase particles in T92/P92 with different creep times
were analyzed by SEM. It can be seen from Figures 3b and 11 that the area fraction and
dissolved charge density of the Laves phase in T92/P92 tended to increase with time, and
the Laves phase content of the P92 sample at 82,000 h had not yet reached the Laves phase
content of the T92 fractured sample. Therefore, if the value of a certain parameter in T92 at
fracture (i.e., 24,000 h) is used as the basis to determine the occurrence of creep fracture in
the material, only the dissolved charge density and area fraction of the Laves phase meet
the conditions.

Generally, the creep deformation in metals is usually divided into three stages: the
creep rate decreases in the primary creep region, followed by a constant or minimal creep
rate in the secondary creep region, and then a rapid increase in the creep rate until fracture
during the tertiary creep stage [24]. Since the secondary creep region usually has the
longest duration, it is assumed that the P92 sample (50,000 h and 82,000 h) used for the life
prediction validation test is in this stage, and the Laves phase content is linearly related to
the creep time. Although the composition of T92 and P92 is the same, the parts used are
different: one is a pipe (P92) and the other is a tube (T92). Therefore, the creep properties
of both materials can be deemed identical. On the other hand, the service temperature
of T92 and P92 is the same, and only the stresses are different. The stress in the internal
pressure creep test is relatively high, mainly to accelerate the creep failure. In addition,
the stress will also promote the formation of the Laves phase. Thus, we try to judge the
creep lifetime of the materials through a single variable: the charge density of the Laves
phase. This is achieved by extrapolating the data of P92 50,000 h and 82,000 h samples to
reach the dissolved charge density value of the T92 fracture sample, as shown in Figure 14a.
The relationship between the service time and charge density of the Laves phase can be
described by the following linear fitting equation:

Q = 3.31 × 10−8t − 0.0011

where Q represents the charge density of the Laves phase, and t represents the service time.
When the charge density reaches the value of the fractured sample (i.e., 0.0069 C/cm2), the
creep life is about 241,692 h, which is basically consistent with the design life of 30 years
(i.e., 262,800 h) for thermal power plants. The current experimental data show that this
variable as the basis can fit the two sets of data well (i.e., the charge density of the Laves
phase in internal pressure creep and field materials), which indicates that the charge density
of the Laves phase is a promising variable in predicting the residual life of T/P92. It should
be pointed out that this method is only a tentative approach at present, due to the limited
data points, and we are still in the development stage.

It should be mentioned that although all studies state that the precipitation of the
Laves phase has an effect on the creep life of 9%Cr steels, there is no report predicting the
service life of materials through some parameters of the Laves phase. As mentioned above,
most reports suggest that the fine Laves phase precipitated in the early stage can hinder the
dislocation movement of the material, thereby reducing the creep rate, and the coarsening
of the Laves phase in the later stage has a harmful effect on the creep performance [9,10]. It
can be seen from the data in Figure 3b that the number and average diameter of the Laves
phase in P92 samples under creep for 50,000 h and 82,000 h both exceed the corresponding
parameter values at T92 fracture. Therefore, these two parameters are not suitable as
evaluation criteria for the creep life.

The area fraction of the Laves phase is expected to be used as the evaluation standard.
According to the results in Figure 14a, the lifetime prediction of P92 obtained by using the
area fraction as the evaluation standard is shown in Figure 14b. The result shows that the
expected lifetime of P92 is about 460,000 h, which indicates that using the area fraction as
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an evaluation criterion will seriously overestimate the lifetime of the material. This is due
to the coarsening of the Laves phase in the late stage of creep, which reduces the creep life
of the material. It can be seen from Figure 12 that the relationship between the dissolved
charge density and the area fraction of the Laves phase is not linear throughout the entire
time range but a two-stage linear relationship, and the turning point roughly corresponds
to the time point of the coarsening of the Laves phase. The charge density of the Laves
phase contains information on the particle size relative to the area fraction, which leads
to a more accurate prediction of the creep life. We emphasize that the accuracy of this
prediction method is still uncertain due to the few data points available at present. It is
suggested to increase the sample size in the next step and establish a more accurate creep
life prediction model based on big data.
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4.2. Advantages of the Electrochemical Method

The evaluation and prediction of creep life at high temperatures has always been an
important topic in the research and development of heat-resistant steel. At present, the tradi-
tional life evaluation methods widely used by related industries include the isotherm extrapo-
lation method, time-temperature parameter (TTP) method, and θ-projection method [25–27].
However, these methods are based on metallographic and mechanical performance indica-
tors, and service pipes must be cut and tested in the laboratory. This greatly increases the
time and economic cost of pipeline inspection. In contrast, the electrochemical method is
easily conducted and has the potential to realize in-site detection without cutting the tube,
which brings great convenience for steel performance evaluation in operating plants.

5. Conclusions

In this paper, an electrochemical method is used to detect and quantify the Laves phase
content in martensitic heat-resistant steel, and a creep life prediction method is proposed
based on the relationship between the creep time and the dissolved charge density of the
Laves phase. The conclusions are summarized as follows.

(1) Both T92/P92 samples after creep and 9Cr F/M samples after thermal ageing will
precipitate Laves phase particles, and the content of the Laves phase increases with
the service time. However, the content of the Laves phase in 9Cr F/M steel (0.54%) is
much lower than that in T/P92 steels (4.0%).

(2) An electrochemical method was used to detect and quantify the Laves phase in
T92/P92 steels and 9Cr F/M steel, and the Laves phase in all materials was found to
be preferentially dissolved in a strong alkaline solution. The relationship between
the area fraction of the Laves phase and the charge density corresponding to the
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dissolution peak of the Laves phase in all materials shows a similar two-stage linear
relationship, which is related to the diameter change of Laves phase particles dur-
ing creep. The results also demonstrate the general applicability of electrochemical
methods for the quantification of Laves phase particles in 9Cr martensitic steel.

(3) An extrapolation method to predict the residual creep life is proposed based on the
correlation between the Laves phase content and creep time. It is found that the creep
life of P92 can be predicted more accurately by the Laves phase content obtained by
the dissolved charge density than by the area fraction. This may be related to the
fact that the dissolved charge density of the Laves phase, relative to the area fraction,
also takes into account the particle size information. This method has the potential
to evaluate the service state of materials and predict the long-term creep life in the
industrial field.
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