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A series of creep tests, which include those under actual service conditions of ultra-super-critical power plants, have been carried out on long-term serviced Grade 91 steels to investigate the temperature dependence of the remaining creep life of the materials. Linear relationships between the reciprocal of absolute temperature and the logarithms of creep rupture life were observed even under actual service conditions. The temperature dependence of creep rupture data was assessed in detail in terms of the constant C in the Larson-Miller parameter. As far as the results obtained in this work, the experimental values of constant C depend negligibly on stress levels and material strength. The values of constant C are between 18 and 21 for base metals and between 16 and 21 for welded joints of Grade 91 steels. These findings indicate that the impact of temperature-dependent deviations on creep life estimation is not pronounced. An estimation method, which we have proposed for short-term data to predict long-term creep life, was applied to the test data, and it was demonstrated through calculations that the estimation method is valid for Grade 91 steels even under actual service conditions.
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1 INTRODUCTION
Creep-strength-enhanced ferritic (CSEF) steels such as ASME Grade 91, Grade 92, and Grade 122 possess superior creep strength and have been used as structural materials in high-temperature environments at ultra-super-critical (USC) power plants (Viswanathan and Bakker, 2001; Sklenicka et al., 2003; Bhiograde, 2023). However, a significant number of unforeseen failures have been reported in the piping of CSEF steels at USC plants since the 2000s. For example, cases of steam leakage at welded joints have been reported in Grade 122 piping after approximately 33,000 h of operation, and in Grade 91 piping after approximately 65,000 h of operation (Yoshida et al., 2007). These failures were primarily attributable to a substantial deviation between the long-term creep strength assumed at the time of code and standard formulation and the actual material strength. In response to this issue, re-evaluations of the long-term creep strength of CSEF steels have been carried out with the cooperation of all Japanese organizations which consist of research institutes, plant manufacturers, steel manufacturers, and electric power companies involved in the CSEF steels approximately every 5 years since 2005 for base metals (Kimura, 2005; Kimura, 2006; Kimura and Takahashi, 2012; Kimura and Yaguchi, 2016; Kimura and Yaguchi, 2024) and welded joints (Tabuchi and Takahashi, 2006; Takahashi and Tabuchi, 2006; Yaguchi et al., 2012; Yaguchi et al., 2016; Yaguchi, 2024). With each re-evaluation, the allowable tensile stresses and creep rupture life evaluation equations of CSEF steels have been revised downward in Japan.
Several classical extrapolation methods have been developed for estimating long-term creep life based on a limited test dataset. Representative approaches include the Larson–Miller Parameter (LMP), the Orr–Sherby–Dorn (OSD) parameter, the Manson–Haferd Parameter (MHP), and Wilshire’s method, which incorporates thermodynamic considerations and creep mechanism modeling. These methods are widely used in industry; however, their reliability is often questioned when extrapolated beyond 100,000 h, especially for CSEF steels such as Grade 91 and Grade 92. It is also known that creep mechanisms can vary between short- and long-term regions, potentially affecting extrapolated life predictions. For instance, degradation mechanisms such as Laves phase precipitation and subgrain coarsening may become dominant in the long-term creep regime (Kim et al., 2013; Wilshire and Scharning, 2008). This highlights the importance of direct assessment techniques, such as the miniature specimen method discussed in this paper.
Although the allowable tensile stresses and creep life evaluation equations are proposed on the basis of the conventional methods developed through considerable prior research and operational experiences with high-temperature materials, recent studies have raised concerns that such methods may not be suitable for application to CSEF steels (Maruyama and Yoshimi, 2007). This view is based on analyses indicating that, whereas conventional methods assume that the dependence of creep life on temperature does not vary in the high-temperature range, CSEF steels exhibit the temperature dependence of creep life that is not constant and varies across different time regions or temperature ranges (Maruyama et al., 2015; Maruyama et al., 2016). For example, in Grade 92 base metal, its analysis has revealed that the temperature dependence of creep life varies across time regions and the activation energy associated with the temperature dependence of creep life differs by more than a factor of two between the short- and long-term regions (Maruyama et al., 2021). Accordingly, it has been pointed out that regression analyses performed on the same experimental dataset can yield markedly different evaluations for the long-term creep life of CSEF steels, depending on the treatment of temperature dependence. Therefore, the question of whether the temperature dependence of the creep life of CSEF steels remains constant or varies across different regions within the temperature–time domain relevant to actual service conditions is a critical issue. However, there is still no consensus among researchers regarding this issue, and the likelihood of reaching a consensus at this stage is low. This is primarily due to the absence of experimental data for CSEF steels in the actual operational region, which limits the basis for informed discussion. Given that the creep life under actual service conditions is generally assumed to exceed 100,000 h, the systematic acquisition and organization of experimental data in this region are extremely challenging. However, by utilizing materials that have undergone long-term service at power plants, we may be able to generate relevant data for the actual service condition region through creep testing over several tens of thousands of hours. Accordingly, we have systematically performed a series of creep tests on long-term serviced Grade 91 steel, encompassing conditions representative of the actual service environment. As a result, creep test data in the actual service condition region were obtained for Grade 91 welded joints for the first time. These newly acquired data are particularly relevant given that, in welded joints of Grade 91 steel, long-term creep failure frequently occurs not in the weld metal itself, but in the fine-grained region of the heat-affected zone (HAZ)—a phenomenon commonly referred to as Type IV cracking. This failure mode is characterized by cavity formation along prior austenite grain boundaries and degradation of martensitic microstructures due to recovery and coarsening processes during prolonged exposure to high temperatures. In addition, the weld metal itself may also suffer creep strength degradation due to compositional mismatches or improper post-weld heat treatment (Viswanathan and Bakker, 2001; Abe, 2015). These mechanisms underscore the need for region-specific assessment in creep life evaluation. Furthermore, for the Grade 91 base metal, creep data under service-representative stress levels were acquired, although the temperature was increased by 25°C above the actual service conditions.
In this paper, we report the results of a study on the temperature dependence of Grade 91 steel based on the experimental data obtained. In addition, the applicability and validity of our previously proposed creep life estimation method (Yaguchi and Kanai, 2019; Yaguchi, 2022) are examined through its application to long-term serviced Grade 91 steel under conditions representative of actual service.
2 EXPERIMENTAL PROCEDURE AND RESULTS
2.1 Experimental procedure
The test materials were base metal and welded joints of multiple plate form of Grade 91 steel pipes that had been in long-term service in USC power plants. They were hot reheat steam piping (HRP) with the longest recorded operating time being approximately 148,000 h. The creep test specimens were solid round bars with a gauge diameter of 10 or 6 mm and a gauge length of 50 or 30 mm. In both cases, specimens were extracted from the mid-thickness of the pipe wall, with the specimen axis aligned in the circumferential direction of the pipe. Creep tests were conducted using a lever-type creep testing machine with electric furnace heating.
In this study, iso-stress creep tests were conducted for each material at temperatures ranging from 600°C to 700°C. The applied stress levels ranged from 34 to 80 MPa for welded joints and from 40 to 56 MPa for base metal. For some of the creep tests at 600°C and 650°C, rupture data had already been obtained in our prior studies (Yaguchi and Kanai, 2019), and these data were utilized in the present analysis. In the following sections, we describe the test results obtained thus far within the available range.
2.2 Experimental results
Figure 1 shows the results of iso-stress creep tests conducted on the welded joint of a material (hereafter referred to as QA material) that had been in service for approximately 117,000 h under conditions of 602°C and 38 MPa. In the figure, the horizontal axis represents the inverse of the test temperature (expressed as absolute temperature, Tabs), and the vertical axis indicates the rupture time on a logarithmic scale. For the QA material, rupture data were systematically obtained over wide ranges of stress levels (40–80 MPa) and temperatures (600°C–700°C). Depending on the test conditions, two types of rupture location were observed: rupture in the heat-affected zone (HAZ) and rupture in the weld metal. In Figure 1, circular symbols represent HAZ ruptures, whereas square symbols denote weld metal ruptures. A clear trend was observed: under the same stress level, low temperatures tended to promote HAZ ruptures, and under the same temperature level, low stress levels also led to a shift from a weld metal rupture to a HAZ rupture. However, in the relationship between the inverse of temperature and rupture time, little variation in slope caused by the change in rupture location was observed. Across all stress levels, the rupture data plotted nearly linearly over the temperature range from 600°C to 700°C. Figure 2 shows a comparison of the rupture data at 40 MPa—the stress level corresponding to actual service conditions—with the average creep life evaluation curve for Grade 91 steel welded joints in Japan (Yaguchi, 2024). The rupture data exhibit a clearly lower slope, and the discrepancy between the experimental data and the average creep life evaluation curve becomes more pronounced as the temperature approaches the actual service condition (600°C).
[image: Graph showing the relationship between time to rupture (in hours) and the inverse of absolute temperature (in K⁻¹) for weld joints. Lines represent different stress levels (40, 50, 60, 80 MPa). Circular markers indicate rupture in the heat-affected zone (HAZ), and square markers indicate rupture in the weld metal. Data fitting lines are drawn for each stress level. Temperatures range from 600°C to 700°C.]FIGURE 1 | Iso-stress test results of welded joint of QA material.[image: Logarithmic plot showing the time to rupture (hours) versus the inverse of absolute temperature (Kelvin inverse) for a weld joint at 40 MPa. Circles indicate rupture positions in the heat-affected zone (HAZ), and a square indicates weld metal. The solid line represents data fitting, and the dashed line shows the average creep property of a Grade 91 welded joint. Temperatures range from 600 to 700 degrees Celsius.]FIGURE 2 | Iso-stress test results of welded joint of material QA and average creep life evaluated using equations for Grade 91 steel welded joint.A similar trend was observed in another material (hereafter referred to as QB material) extracted from a different piping system. Figure 3 shows the results of iso-stress creep tests conducted on the welded joint of the QB material, which had been in service for approximately 117,000 h at 602°C and 38 MPa. As with the QA material, a transition in rupture location from the weld metal to the HAZ was observed with decreasing temperature under identical stress levels. Regarding the relationship between the inverse of temperature and rupture time, no significant change in slope caused by the shift in rupture location was observed. The rupture data for all conditions aligned nearly linearly within the temperature range of 600°C–700°C. Furthermore, the slope of the rupture data was clearly smaller than that of the dashed line representing the average creep life evaluation curve for Grade 91 steel welded joints.
[image: Log-log plot showing the time to rupture versus inverse temperature for weld joint QB at 40 MPa. Circles and squares represent data for the heat-affected zone and weld metal, respectively. The solid line is the data fitting line, and the dashed line indicates the average creep property of Grade 91 welded joints. Temperature points range from 600 to 700 degrees Celsius.]FIGURE 3 | Iso-stress test results of welded joint of material QB and average creep life evaluated using equations for Grade 91 steel welded joint.Figure 4 shows the results of iso-stress creep tests conducted on the welded joint of a material (hereafter referred to as S material) that had been in service for approximately 118,000 h at 596°C and 39 MPa. The applied stress for the creep tests was 60 MPa. The rupture data are positioned nearly linearly over the temperature range of 600°C–700°C. When comparing the slope of the rupture data with that of the average creep life evaluation curve for Grade 91 steel welded joints, the difference is minimal in the case of the S material welded joint. It is also noted that, for all test conditions, rupture occurred in the HAZ.
[image: Graph showing the relationship between the reciprocal of temperature (1/T) and time to rupture for weld joint S at 60 MPa. The y-axis represents time to rupture in hours, ranging from \(10^1\) to \(10^5\). The data points are marked as open circles labeled with temperatures 600°C, 650°C, 675°C, and 700°C. A solid line represents the data fitting line, and a dashed line indicates the average creep property of the Grade 91 welded joint.]FIGURE 4 | Iso-stress test results of welded joint of material S and average creep life evaluated using equations for Grade 91 steel welded joint.As described above, in the iso-stress creep tests for the QA and QB welded joints, the rupture location varied depending on the test conditions; however, no significant effect of rupture location was observed in the relationship between the inverse of temperature and rupture time. This suggests that there may be no substantial difference in creep life between the HAZ and weld metal in the QA and QB welded joints. To evaluate the validity of this suggestion, the fracture modes of creep-ruptured specimens of QA and QB materials were investigated. As an example, the external appearance and longitudinal cross sections of the QA welded joint specimens are shown in Figure 5. The applied stress was 40 MPa, and all specimens ruptured in the HAZ at a test temperature of 675°C or lower, whereas rupture occurred in the weld metal at 700°C. The observation of the ruptured specimens revealed that, in cases of HAZ rupture, voids and microcracks were present in the weld metal, whereas in cases of weld metal rupture, voids and microcracks were observed in the HAZ. The same tendency was also confirmed under other stress levels for the QA material, as well as for the QB material. Accordingly, it is inferred that there was no significant difference in creep life between the HAZ and weld metal in the QA and QB welded joints. The reason why failure occurred in the HAZ at temperatures ≤675°C but shifted to the weld metal at 700°C remains unclear to the authors. Importantly, in the case of weld metal rupture at 700°C, voids and microcracks were also found in the heat-affected zone, particularly concentrated in the fine-grained heat-affected zone (FGHAZ), which is known to be susceptible to Type IV cracking. These findings suggest that significant creep damage was accumulating in both regions. Additionally, the fracture surfaces in the weld metal were typically located near the center of the weld metal in the width direction, rather than near the fusion line.
[image: Two images show the failure of metal test samples. In image (A), a fracture occurs in the heat-affected zone (HAZ), indicated by arrows. In image (B), the fracture occurs in the weld metal. Both images include close-ups of the fracture surfaces and labels for weld metal, HAZ, and base metal. Measurements are provided: 10 millimeters and 5 millimeters for the samples, and 50 micrometers for the close-ups.]FIGURE 5 | Damage states of HAZ and weld metal rupture specimens (Material QA welded joint, 40 MPa) (A) 675°C: HAZ rupture (B) 700°C: weld metal rupture.The dependence of rupture location on both temperature and stress, as shown in Figure 1, suggests that the failure behavior in welded joints is governed by multiple factors. Specifically, there exists a heat-to-heat scatter in creep rupture life for both the HAZ and the weld metal under the same test conditions. Moreover, the average temperature and stress dependence of rupture life differs between these regions. In welded joints, the creep life is ultimately governed by the region with the shorter life under given conditions. Thus, the observed rupture location is the result of a complex interplay between intrinsic property differences and heat-to-heat variability. Due to this complexity, a simplified approach was adopted in this study, where the creep rupture data from the HAZ and weld metal were analyzed together without separate modeling of each failure mechanism. It should be noted that pronounced necking was observed particularly in specimens that fractured in the weld metal region under constant load conditions. Such local necking can influence the apparent rupture life by accelerating stress concentration and damage accumulation in the necked region. Recent studies, such as the work by Li et al. (2025), have emphasized the significance of accounting for local necking when interpreting creep rupture behavior. Although a detailed inverse analysis was not performed in this study, the potential influence of necking should be taken into consideration when evaluating rupture life data for weld metal specimens.
Furthermore, the observed creep life is ultimately affected by the dominant fracture mode. For example, brittle fracture in the HAZ may occur when the fine-grained region is constrained by adjacent zones—such as the base metal and weld metal—that exhibit higher resistance to deformation than the HAZ itself. Conversely, when the weld metal has lower deformation resistance than the HAZ, ductile fracture tends to occur in the weld metal due to its relatively larger cross-sectional area, which allows greater plastic strain accommodation. These observations indicate that the deformation resistance of the weld metal can vary depending on the material heat and welding conditions—being either higher or lower than that of the HAZ—and this variability influences which region governs the fracture behavior. Therefore, fracture elongation behavior and the governing rupture mode—brittle or ductile—can play a non-negligible role in determining the apparent creep life of welded joints.
Because of space constraints, figures are not provided; however, iso-stress creep tests performed on three other welded joints of long-term serviced Grade 91 steel yielded results consistent with those discussed above.
Figure 6 shows the results of iso-stress creep tests on the base metal of the QB material. The applied stress levels were 45.4 and 56.0 MPa. Within the range of data obtained thus far, the rupture data are positioned nearly linearly. When comparing the rupture data with the average life evaluation curve for Grade 91 base metal in plate form (Kimura and Yaguchi, 2016), the regression line at 45.4 MPa exhibits a slightly smaller slope, whereas at 56.0 MPa, the slopes at both stress levels are nearly identical. In addition, iso-stress creep tests were carried out on two other long-term serviced Grade 91 base metals, and the results were consistent with those described above.
[image: Logarithmic graph showing time to rupture versus reciprocal temperature for base metal QB. Data points and temperatures (625°C, 650°C, 675°C, 700°C) are plotted with lines representing average creep properties of Grade 91 base metal at stresses of 45.4 MPa and 56.0 MPa.]FIGURE 6 | Iso-stress test results of base metal of material QB and average creep life evaluated using equations for Grade 91 steel base metal.The above results can be summarized as follows:
	• For long-term serviced Grade 91 welded joints, an approximately linear relationship between the inverse of absolute temperature and the logarithm of rupture time was confirmed over the temperature range from 600°C to 700°C, even at actual service stress levels.
	• For long-term serviced Grade 91 base metal, a similar linear relationship may hold over the temperature range from 625°C to 700°C, even under actual service stress levels.

3 EVALUATION OF TEMPERATURE DEPENDENCE OF CREEP LIFE
In this section, the temperature dependence of creep life in long-term serviced Grade 91 steel is evaluated using the iso-stress creep test data shown in the previous section. For the evaluation method, in this study, we employ the C value of the Larson–Miller parameter (LMP) for creep life estimation. LMP provides a formulation for the relationship between temperature and time to rupture (Viswanathan, 1989). In the context of creep life evaluation, the effect of applied stress, σ, can be represented using an arbitrary functional form. If the stress dependence is expressed generally as f(σ), the creep life tr can be estimated using the following expression based on the LMP formulation, as shown in Equation 1.
LMP=Tabslog⁡tr+C=fσ(1)
Accordingly, the relationship between the inverse of Tabs and tr can be expressed by the following equation:
log⁡tr=fσ/Tabs−C(2)
Equation 2 represents a straight line when log tr is plotted on the vertical axis and 1/Tabs on the horizontal axis, with the slope corresponding to f(σ) and the intercept given by–C. If the temperature and rupture time obtained under accelerated conditions are denoted as T0 and tr0, respectively, then the data point (1/T0, logtr0) must satisfy Equation 2. When estimating the creep life in the actual service condition region using accelerated test data, the point (1/T0, logtr0) remains fixed. As illustrated in Figure 7, the evaluated life in the low-temperature (service) region varies depending on the value of C. A smaller value of–C (i.e., a larger absolute value of C) results in a longer evaluated life at low temperatures. Therefore, in creep life estimation based on LMP, it can be concluded that the evaluation of temperature dependence is governed by the value of C.
[image: Graph illustrating the relationship between (log t_r) and (1/T_abs), with two extrapolation lines representing different C values: a red upper-bound line using (C_H), and a blue lower-bound line using (C_L). The equation (log t_r = f(σ) × 1/T_abs - C) is shown at the top. The plot is divided into “Accelerated” and “Operation” regions, indicating different temperature/time regimes for creep rupture evaluation.]FIGURE 7 | Schematic of effect of C on extrapolation of creep rupture time using temperature-accelerated creep data in Larson-Miller parameter method.Figure 8 shows the calculated C values derived from each iso-stress creep test dataset for long-term serviced Grade 91 welded joints, plotted as a function of applied stress. Although the data for the QA material alone suggest a slight decreasing trend in C value with decreasing stress, the overall dataset—including other materials—does not exhibit a consistent or systematic dependence of C on stress. For reference, the C value corresponding to the low-stress region in the standard creep life evaluation equation for Grade 91 welded joints is approximately 23 (Yaguchi, 2024). In contrast, the C values obtained in this study range from a maximum of approximately 21 to a minimum of approximately 16.
[image: Scatter plot showing the relationship between Stress (MPa) on the x-axis and C on the y-axis, from 30 to 100 MPa and 0 to 35, respectively. Various symbols represent material rupture positions: blue triangles for Weld metal, red circles and crosses for HAZ, black squares and diamonds for HAZ + Weld metal. A key lists symbols with corresponding labels A1, I, L, QA, QB, and S, indicating their rupture positions.]FIGURE 8 | Relationship between constant C and stress in welded joint of long-term serviced Grade 91 steel.Figure 9 shows the calculated C values derived from each iso-stress creep test dataset for long-term serviced Grade 91 base metal in plate form, organized according to applied stress levels. Although the number of data points is limited, no clear dependence of the C value on stress magnitude is observed at this stage. For reference, the C value on the low-stress side of the standard creep life evaluation equation for Grade 91 base metal in plate form is approximately 21 (Kimura and Yaguchi, 2016), whereas the C values obtained in this study range from a maximum of approximately 21 to a minimum of approximately 18.
[image: Scatter plot displaying the relationship between Stress (MPa) on the x-axis and C on the y-axis. Three materials are shown: A2 (triangle), G3 (inverted triangle), and QB (circle). Data points are between 40 and 70 MPa stress and 15 and 25 C values. Legend indicates markers for each material.]FIGURE 9 | Relationship between constant C and stress in base metal of long-term serviced Grade 91 steel.The above findings can be summarized as follows:
	• For long-term serviced Grade 91 steel, no clear differences in the C values of LMP attributable to applied stress were observed.
	• Within the range of data obtained in this study, the C values for welded joints approximately ranged from 16 to 21, whereas those for base metal approximately ranged from 18 to 21.

4 EVALUATION OF VALIDITY OF PREVIOUSLY PROPOSED CREEP LIFE ESTIMATION METHODS
In this section, we examine the validity of the creep life estimation method on the basis of short-term data, as proposed in a previous study (Yaguchi, 2022), by applying it to creep rupture data corresponding to actual service conditions.
4.1 Outline of creep life estimation method
The following provides an overview of the present creep life estimation method. An analysis of creep rupture data for long-term serviced Grade 91 steel revealed that creep life characteristics can be effectively captured using LMP. Specifically, even when creep rupture times differed by more than one order of magnitude under identical temperature and stress levels, the shape of the master rupture curve described by Equation 2 for each material remained nearly identical, with differences observed only in the horizontal positioning. From this observation, it was inferred that the shape of the master rupture curve for long-term serviced Grade 91 steel is independent of material, and that material-to-material (heat-to-heat) variations of strength can be represented as parallel shifts along the horizontal axis. Consequently, if a single data point is available, it is possible to determine the master rupture curve for the material. A schematic of this estimation method is provided in Figure 10.
[image: Graph illustrating the master creep rupture curve estimation method for each material. The y-axis shows stress in megapascals (MPa), and the x-axis represents the parameter ((T + 273)(log t_r + C_B) × 1000). Cross symbols indicate measured test data; the dashed line shows a reference creep life curve, while the solid line represents the estimated curve for a specific material. An arrow labeled (α_x) indicates the material-specific horizontal shift used to align the master curve.]FIGURE 10 | Schematic of estimation method of master rupture curve for each material.On the basis of the above concept, the tr of the material at any given temperature and stress condition can be estimated using Equation 3.
log⁡tr=a0+a1⁡log⁡σ+a2log⁡σ2+aX/Tabs−CB(3)
Here, CB, a0, a1, and a2 are material constants, which are determined on the basis of the creep rupture data of a reference material. aX is a parameter that characterizes the strength level of each material and defines the amount of horizontal displacement of the master rupture curve in Figure 10. In the above equation, the only unknown parameter is aX. Therefore, a single rupture data point for the material under evaluation is sufficient to determine the value of aX. In the following, creep life estimations were performed using the material constants previously determined in our earlier study (Yaguchi and Kanai, 2019) based on short-term rupture data (on the order of several hundred hours) for each material.
4.2 Application results of creep life estimation method
Figure 11 shows the estimated creep life for the QA welded joint. Although both HAZ and weld metal ruptures were observed in the QA welded joint, they were treated collectively in this study for the reasons described in Section 2.2. The proposed method appears to provide a reasonable estimation of creep life, even for the newly obtained rupture data in the actual service condition region (600°C, 40 MPa).
[image: Graph showing stress versus time to rupture at 600°C and 650°C. Blue and red lines represent estimation, while symbols indicate data points for weld metal and heat-affected zone (HAZ). Stress decreases over time, with arrows marking fitting data and new data.]FIGURE 11 | Estimated creep curves and new data in actual service condition region of material QA welded joint.Figure 12 shows the estimated creep life for the QB welded joint. For the QB material as well, the estimated result obtained using the proposed method shows good agreement, within a reasonable accuracy, with the newly obtained rupture data in the actual service condition region (600°C, 40 MPa).
[image: Graph showing the relationship between stress (MPa) and time to rupture (hours) at 600°C and 650°C. Blue and red lines represent estimation for each temperature. Data points are indicated by squares and circles, showing rupture positions for weld metal and HAZ. Stress decreases as time to rupture increases.]FIGURE 12 | Estimated creep curves and new data in actual service condition region of material QB welded joint.Figure 13 shows the estimated creep life for the S welded joint. The estimated result obtained using the proposed method exhibits good agreement with the newly obtained rupture data in the actual service condition region (600°C, 60 MPa), suggesting a high level of estimation accuracy.
[image: Graph showing the relationship between stress (MPa) and time to rupture (hours) at 600°C and 650°C. Blue and red lines represent data at 600°C and 650°C respectively. Circles indicate data points, while lines represent estimations. The graph includes annotations for "new data" and "fitting data." Stress decreases with increasing time to rupture.]FIGURE 13 | Estimated creep curves and new data in actual service condition region of material S welded joint.For the newly obtained rupture data from other welded joints and base metals as well, the proposed method could reasonably estimate creep life without any modification to the material constants we previously determined. Although the present evaluation was conducted at 600°C, additional creep tests at 625°C have been initiated for selected heats, and corresponding evaluations at this temperature are underway. Future work will also include evaluations at other temperatures such as 575°C. However, at this stage, systematic datasets for these additional temperatures are not yet available. To facilitate understanding of the proposed model despite the current temperature limitations, we have aimed to describe the role and formulation of its key parameters, including aX, in a transparent and reproducible manner. Due to confidentiality constraints related to the commissioned nature of this study, the precise value of aX is not disclosed.
4.3 Effect of deviations in C value on estimation results
In the previous section, the validity of the proposed method was examined by comparing the estimated results with the newly obtained rupture data in the actual service condition region. However, the number of available test data points in the service region is limited, and it cannot be ruled out that some materials may exhibit temperature dependence different from that observed in this study. Since various materials are used in actual service environments, it is necessary to consider this diversity in advance. Therefore, in this section, the accuracy of the proposed creep life estimation method is discussed with a focus on the variability of the C value in LMP.
As an illustrative example, Figure 14 shows the estimated rupture time at 600°C obtained by converting a data point at 650°C and 10,000 h using LMP. For reference, the upper and lower bounds of the C values observed in the welded joint experiments shown in Figure 8 are indicated with arrows. When converting ‘650°C, 10,000 h' to 600°C, the estimated rupture time is approximately 60,000 h for C = 10, 240,000 h for C = 20, and 890,000 h for C = 30, indicating that the converted values vary significantly with the C value.
[image: Graph showing extrapolated rupture times at 600°C based on a test result at 650°C and 10,000 hours, using various C values in the Larson–Miller parameter. The x-axis represents C values ranging from 10 to 30, and the y-axis shows the corresponding estimated rupture times. Arrows mark the experimental minimum and maximum C values used in the analysis.]FIGURE 14 | Relationship between constant C and extrapolated time at 600°C from 104 h at 650°C.Next, Figure 15 shows the results of a sensitivity analysis in which the horizontal axis represents the deviation from the C value used in the proposed method and the vertical axis represents the ratio of the rupture time at 600°C estimated using the deviated C value to that estimated using the original C value. For the upper and lower bounds of C values confirmed in the welded joint experiments, the corresponding vertical-axis values are 1.45 and 0.75, respectively. This implies that if the temperature dependence varies within the range observed experimentally, the estimation error in creep life using the proposed method could range from approximately 0.75–1.45 times the evaluated value.
[image: Graph showing the sensitivity of creep life estimation to variations in the C value. The x-axis indicates the deviation of the C value from the reference value used in the model, while the y-axis shows the ratio of estimated rupture time. A rising trend is displayed, with dashed horizontal lines at 0.75 and 1.45. Arrows point to the experimentally observed minimum and maximum C values.]FIGURE 15 | Effect of constant C deviation on creep life estimation results.Considering the uncertainties associated with the evaluation temperature and applied stress, the variation in creep life estimation within the above range does not appear to constitute a factor with a significant effect. However, this conclusion holds under the condition that the deviation in the C value between the target material and the proposed method remains within ±3. If materials exhibiting deviations beyond this range exist, more substantial discrepancies in the estimated creep life may arise. Therefore, it is desirable to experimentally clarify the temperature dependence of creep life for various Grade 91 steels through systematic investigation. As shown in Figures 1–4, for long-term serviced Grade 91 steel, the relationship between the logarithm of the creep rupture time and 1/T is approximately linear. Accordingly, the example presented in Figure 7 conceptually illustrates how the estimated creep life at lower temperatures is affected by deviations in the C value, under the assumption of linear temperature dependence. It should be noted that this assumption may not apply to virgin Grade 91 steels, for which the relationship is known to be nonlinear. However, because the present study is part of a research project focused on the residual life assessment of long-term serviced materials—not on design evaluations for virgin materials—the assumption of linearity is considered valid in this context.
To obtain creep rupture data under conditions relevant to residual life assessment of long-term serviced materials, it is often necessary to conduct tests under accelerated conditions, either by increasing temperature or stress. In particular, when applying the iso-stress method—as outlined in relevant standards—it is generally required to secure at least three data points with temperature intervals of approximately 25°C. While 700°C may be considered too high for practical use conditions of Grade 91 steel, it often becomes an indispensable test point from a methodological standpoint. Specifically, when the reference temperature is 600°C, acquiring three data points spaced by 25°C mandates testing at 650°C and 700°C. This reflects the practical necessity to derive meaningful results within a constrained testing timeframe, especially in field-oriented residual life evaluations where timely and reliable decision-making is essential.
In the present study, 600°C was selected as the reference temperature based on its relevance to actual service conditions. Although details of individual facilities are not discussed, the authors’ work is conducted within the context of residual life evaluation for components operating in Japanese thermal power plants, where Grade 91 steel is commonly used at around 600°C. Recently, however, some Japanese power plants have adopted life-extension strategies by operating critical components at reduced temperatures, typically by up to approximately 30°C, to mitigate long-term creep damage. This trend underscores the increasing importance of testing at lower temperatures such as 575°C. Accordingly, preparations are underway to obtain such data, and additional tests at 625°C have already been initiated for selected heats, as mentioned before.
To enhance extrapolation accuracy over a wide temperature range—including both accelerated high-temperature tests and emerging lower-temperature conditions—more sophisticated formulations may be beneficial. In this regard, we recognize that the equation proposed by Orr and Burton, (1993) offers a flexible framework to express both stress and temperature dependence and may be particularly useful for long-term predictions requiring high extrapolation fidelity. While a direct comparison with our proposed model was not performed in this study, we intend to explore such comparisons in future work as additional data become available.
4.4 Scope and future direction
Welded joints often exhibit complex rupture behavior compared to base metals, due to factors such as property variations in weld metal depending on specimen orientation, differences in joint geometry, and the relative proportions of weld metal and HAZ. In the present study, the target specimens were limited to welded joints with comparable configurations—specifically, longitudinal welds with narrow-gap groove geometry typical of thick-walled piping in actual thermal power plants. As such, the applicability of the proposed method is limited to joints with similar characteristics.
For other types of welds, such as nozzle welds, the influence of joint geometry, heat input, and the size of the base metal components must be taken into account. Identifying which configuration parameters are critical from an engineering standpoint, and developing simplified parameters that can adequately capture their effects, is considered a key future challenge.
In this context, we are also investigating the integration of the proposed extrapolation-based method with miniature specimen creep testing techniques. This combined approach aims to enable localized and efficient evaluation of creep properties from small material samples extracted from service components. However, such evaluation also requires that the weld configuration be sufficiently similar to the reference cases for which the method has been validated. As such, both standardization of configuration-related parameters and the development of scalable assessment techniques remain important future research directions.
5 CONCLUSION
The main conclusions obtained in this study are summarized as follows:
	1. For long-term serviced Grade 91 welded joints, a clear linear relationship between the inverse of absolute temperature and the logarithm of rupture time was confirmed over the temperature range from 600°C to 700°C, even at actual service stress levels. This indicates that the temperature dependence of creep life remains consistent within the service-relevant range.
	2. The creep life estimation method based on short-term data, as proposed previously, demonstrated a high level of accuracy in predicting the creep life of long-term serviced Grade 91 welded joints in the actual condition service region. These results confirm the practical applicability and effectiveness of the method for the service-life assessment of aged components.
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