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Abstract
The creep rupture life of weld joints decreases to values from half to one tenth of that of the base metal in Cr–Mo heat-resistant steels. It is industrially very important to understand the creep performance of weld joints and to minimize the reduction in the creep performance of weld joints relative to the base metal. In this study, a consistent prediction computational workflow was developed for practical three-layer cladding welds that connect two modules. These are the weld heat transfer analysis module, which predicts the heat-affected zone (HAZ) shape from welding conditions, and the creep damage analysis module, which calculates the creep rupture life from the predicted the shape of the HAZ. Using this workflow, we examined the effects of welding conditions on creep rupture life of 2.25Cr-1Mo Steel. Welding conditions were selected on the basis of the design of experiment method, and the correlation between each factor and creep rupture life was evaluated by factorial effect analysis. The results clarify that the creep rupture life changed significantly depending on the control of welding heat input under conditions that simulate practical welding. This suggests that there is an appropriate welding heat input to bring the creep rupture life of weld joints close to that of the base metal. Although previous studies of creep rupture life with relatively simple HAZ geometries have indicated the correlation with the width and angle of HAZ, it was newly discovered that these indices cannot simply explain the creep rupture life of the weld joints with complex HAZ geometries that appear in practical welding. The effect of HAZ shape on creep rupture life is more complicated than previously reported, suggesting that more appropriate HAZ shape factors should be considered.
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1. Background
For the high-temperature equipment used in the creep temperature range, it is important to understand the creep performance of steel and weld joints. In particular, weld joints, which undergo various thermal histories, have a different microstructure from the base metal, and their creep performance should be inferior to that of the base metal. For example, in the Cr–Mo heat-resistant steels used in boilers for thermal power generation, the creep rupture life of weld joints is reported to be reduced to values from half to one tenth that of the base metal [1,2]. For this reason, in the design of cylindrical shells, where creep performance is required, a standard [3,4] stipulates that the tensile allowable stress be multiplied by a weld strength reduction factor. If cylindrical shells are designed considering the life reduction due to weld joints, the plate thickness will increase. This not only increases the weight of the steel (and thus, the cost) but also decreases the thermal efficiency of the plant. Thus, it is industrially very important to understand the creep performance of weld joints and to minimize the degradation of the base metal.
Although various additive elements can be added to the weld metal to enhance creep performance, the HAZ within the base metal tends to soften owing the thermal history and becomes the starting point of creep rupture. The so-called Type IV fracture, in which creep cracks propagate in the HAZ, is a problem in heat-resistant steels. Therefore, some analytical methods have been proposed to evaluate the creep performance of weld joints in which the HAZ geometry and microstructure are modelled. For example, Hashimoto et al. [5] showed that the creep rupture life of a welded joint increases to the same level as that of the base metal as the HAZ width decreases, on the basis of creep analysis using finite element analysis with a round rod specimen model. Tanner et al. [6] also conducted a creep analysis using a simplified finite element model of a round bar specimen and showed that HAZ angle significantly affects creep rupture life. Koiwa et al. [7] also reported that it is possible to predict the rupture life, damage location, and the dependence of creep rupture life on HAZ angle by simulating a simplified actual weld joint round bar specimen by finite element analysis using the time exhaustion rule with Huddleston stresses and Hayhurst's damage model. In these studies, a simplified model of the welded joint is used to determine the effect of factors that capture the characteristics of HAZ geometry. In contrast, Yang and Xuan [8] attempted to predict the regions with high damage value in the HAZ using a model that reproduced an actual weld joint with multilayer cladding welding. Similarly, Hongo et al. [9] developed a three-dimensional model of a large welded joint specimen, and on the basis of constitutive equation based on damage mechanics, they found that the creep damage distribution and creep rupture life agreed well with the experimental data if the effect of multiaxial stress is appropriately taken into account. When using a model that simulates the actual weld joint, a limited number of research cases are underway to precisely understand the degree of effect.
Although creep damage analysis has been performed on weld joints as mentioned above, it is difficult to consistently investigate the effects of welding conditions on creep rupture life through the change in HAZ geometry with the previously reported approaches. For example, the approach using a simple HAZ shape model [5–7] cannot simulate the complex HAZ shape found in actual multilayer weld joints and may not correctly evaluate the HAZ shape factors affecting creep rupture life. In the method of analyzing a model that reproduces the actual HAZ shape [8,9], it is difficult to try various welding conditions because of the time and costs required for the actual welding process. If the HAZ shape can be predicted by simulating welding and creep rupture life can be evaluated computationally on the basis of predicted HAZ shape, one would be able not only to study a large number of welding conditions but also to find a strategy to minimize creep rupture life degradation as much as possible.
In this study, we have conducted research on Cr–Mo heat-resistant steel to clarify the effects of welding conditions on creep rupture life, with the aim of constructing a consistent prediction computational workflow that combines weld heat transfer analysis and creep damage analysis. We aimed to construct  a workflow that first predicts the HAZ shape based on welding conditions using weld heat transfer analysis followed by the computational prediction of the creep rupture life of a welded joint with the predicted HAZ shape using creep damage analysis. The effects of welding conditions on creep rupture life were then evaluated. To efficiently obtain information from a wide range of welding conditions, the calculation conditions were set up on the basis of design of experiment method. A factorial effect analysis of the calculated creep rupture life was performed to identify welding condition factors affecting creep rupture life. Furthermore, whether the creep rupture life can be organized by some conventional indicators, for example, the HAZ width and angle, in the case of complex HAZ geometries was examined.

2. Establishment of a Consistent Prediction Workflow
2.1 Creep Rupture Life Prediction of Weld joints Using the Mint System
The workflow of creep rupture life prediction for weld joints was constructed using the Materials Integration System (MInt system) [10], which was developed in the SIP project [11] of the Cabinet Office, Government of Japan. The MInt system can predict various performance characteristics using workflows, which are constructed by connecting individual prediction modules. Fig. 1 shows the schematic of the workflow consisting of three steps: (1) the prediction of HAZ shape by weld heat transfer analysis, (2) model reconstruction (remeshing) according to the predicted HAZ shape, and (3) creep damage analysis using the reconstructed model. Fig. 2 shows the workflow diagram constructed using the MInt system. The weld heat transfer analysis is divided into three modules, which are mesh generation, heat transfer analysis, and visualization of results. The overall workflow consists of a total of five modules.
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Fig. 1 Schematic of creep damage calculation. (a) Heat transfer analysis in weld is performed (b) FEM model for creep damage calculation is meshed based on temperature distribution and applied to material properties (c) Creep damage analysis is conducted to evaluate the creep rupture life and the fracture initiation position
[image: ]
Fig. 2 Workflow image of MInt system for creep damage analysis

The weld heat transfer analysis was conducted using CodeAster [12], a structural analysis solver. The inputs in the calculation are the model geometry, welding conditions, and material properties. As shown in Fig. 3, the simulated model geometry of multi-layer welding was a two-dimensional one, with three layers stacked in one pass, and the assumed dimensions for GTAW welding were a plate thickness of 8.0 mm, groove width of 4.0 mm, and groove angle of 0°. The mesh width was uniformly 0.2 mm over the entire model. The welding condition factors were the layer thickness, welding heat input, and heat source width, which are easily controlled in GTAW welding by setting the wire feed speed, current/voltage and welding speed, and torch swing, respectively. Although three parameters can be set for each layer, the thickness of the third layer was bounded by the plate thickness and the thicknesses of the first and second layers, so eight parameters were considered in this model. Other welding conditions, such as heat source length and heat source depth, were given as fixed average values for GTAW welding. In the calculations, the initial temperature was set to 293 K, and the heat transfer to air (ambient temperature 293 K; heat transfer coefficient, 5.0 W/m2K) and thermal radiation according to the Stefan–Boltzmann law were considered as boundary conditions. Material properties were those of common steels. The distributions of density, specific heat, and thermal conductivity are shown in Fig. 4. With the above variables as inputs, the time series of the temperature distribution due to welding was calculated.
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Fig. 3 Models for heat transfer analysis calculation. (a) A model for heat transfer analysis. (b) Parameters of the heat source
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Fig. 4 Physical properties for thermal conduction calculation. The heat transfer analysis is conducted at 873 K

From the thermal history of each node obtained by weld heat transfer analysis, the region of HAZ was identified on the basis of the maximum temperature attained, and the model was reconstructed for creep damage analysis. The HAZ region is defined as the region where the maximum temperature reaches 1048–1148 K, which is between the A1 and A3 transformation points because it has been reported [13] that weld joints of this grade fail in the fine-grained heat-affected zone to the duplex region in creep tests. In this study, the region with the highest maximum temperature above A3 is defined as the weld metal (WM) region, and the region with the lowest maximum temperature below A1 is defined as the base metal (BM) region. The HAZ was remeshed along the HAZ using an automatic region segmentation method with two-dimensional complete quadrilateral elements to maintain the shape of the identified HAZ region. The mesh within the HAZ region, which is the main focus of the analysis, was made fine, and the mesh size was gradually increased toward the outer boundaries of the WM and BM regions to reduce the number of elements in the overall model.
Based on the computed weld joint consisting of HAZ, WM, and BM regions, the specimen for the creep analysis was constructed, as follows. That is, the specimen was assumed a square column taken from the weld joint and the loading axis was set to the normal of the weld center plane which contains the weld center line and is vertical to the weld joint surface. Since the weld center plane is located in the center of the groove, the maximum temperature distribution obtained from the weld simulation and thus the HAZ shape were plane symmetrical with respect to the weld center plane. In addition, the HAZ shape is uniform along the weld line and one can thus assume that the creep deformation occurs in a manner of plane symmetry with respective to the plane which locates midway along the weld center line and includes the load axis. In total, the square-column creep specimen had two symmetrical planes. One is normal to the load direction and the other is normal to the weld direction. Therefore, a one-quarter model shown in Fig. 5 was used to reduce the calculation cost of the FEM computation in the creep analysis. 
[image: ]
Fig. 5 Element properties of FEM model for creep damage analysis

The creep analysis of weld joints by finite element calculations was conducted using FrontISTR [14] in accordance with the method previously reported [15]. For each region, the material properties (mechanical and creep properties) necessary for creep analysis were assigned. The material properties of the base metal were obtained from creep tests of the base metal equivalent to the material used in this study. The weld metal properties were the same as those of the base metal, assuming that the weld metal is as resistant to deformation as the base metal. The HAZ region was given the material properties obtained from tests on the simulated HAZ of the target material. The chemical composition and material properties used in the analysis are shown in Tables 1 and 2, respectively.
As a creep damage law, we used the time exhaustion rule [16] presented as…(2)


 represents the creep damage degree at the testing time . The time evolution of the creep damage for each element was calculated, and the creep rupture life was defined as the time when the element with a creep damage degree of 1 appeared.  is the creep rupture life, which is given by the stress-activation energy law as a function of the scalar stress  and temperature , as in equation (2), where the scalar stress was chosen as described below with the parameters , , and .

To extend the time exhaustion rule to parts with a complex geometry such as weld joints, which can incorporate the multiaxiality of stress, the Huddleston stress [17] (eqn. (3)), a scalar stress that can well express the multiaxiality of the stress tensor in this material, was used and mapped to eqn. (2):…(2)
…(3)
…(1)


where,  explains a diagonalized stress tensor and  is an equivalent stress expressed as …(4)


We use the Huddleston stress coefficient . The value was identified in a previous study [15] as a value with good experimental reproducibility on the basis of the result of a creep analysis simulating an actual creep tests of weld joint for the same material described in our previous report [15]. For the creep constitutive equation, the Norton–Arrhenius type equation was used. The material properties used for the calculation are shown in Table 3, which are the same as those shown in a previous report [15]. The conditions for the simulated creep tests were a temperature of 873 K and a stress of 80 MPa.
As a preliminary calculation, the sensitivity analysis of the element size of the mesh versus the rupture life was performed under several selected welding conditions. The appropriate mesh size setting was determined for which the creep rupture life is considered to be convergent, except in the case described below. The B-Bar integral [18], a type of selective reduced integration, was used to obtain results in which the spatial distribution of damage is natural. On the other hand, for some HAZ geometries, it was not possible to find a mesh size that gave a stable creep rupture life when the fracture initiation element, the element where the damage value first reaches 1, was located at the interface between the HAZ and the weld or base metal on the HAZ free-edge surface (fracture at the HAZ edge). This may be due to the effect of the singular stress field generated at the interface between the HAZ and the weld or base metal on the HAZ free-edge surface. The reliability of the rupture life with a fracture at the HAZ edge was considered low, and the results were excluded from the subsequent evaluation.

2.2 Evaluation of Weld Conditions Affecting Creep Rupture Life
In this study, a multi-layer cladding welding was simulated using a three-layer model. There are eight welding conditions to be considered. It is computationally expensive to exhaustively evaluate the effect of each condition on creep rupture life. For example, if each condition is exhaustively investigated at seven levels,  times of calculations are required, which is an unrealistic number of calculations from the viewpoint of computational cost. Therefore, to efficiently evaluate the effect of each welding condition on creep rupture life, welding conditions were selected on the basis of the design of experiment method.
The values of each welding condition were selected to be in the ranges where general GTAW welding can be stably performed, namely, from 2.0 to 3.2 mm (in 0.2 mm increments) for layer thickness, from 1000 to 2200 J/mm (in 200 J/mm increments) for heat input, and from 2.0 to 5.0 mm (in 0.5 mm increments) for heat source width, all at seven levels each. The welding conditions assigned by the L49 orthogonal array of the design of experiment are shown in Table 4. In the following descriptions, each condition will be referred to by the leftmost column number in Table 4.
In the L49 orthogonal array used in this study, seven levels were assigned to every condition, and all conditions were set so that there was no overlap between groups with the same value for a condition Therefore, if the creep rupture life is averaged over a group with the same value for a selected condition, the value is equally affected by the other conditions and can be considered as the creep rupture life representative of the selected weld condition value. Therefore, the correlation between welding conditions and creep life was evaluated by comparing the average creep life for each parameter of the welding conditions at seven values. However, since the 18 calculation results with a fracture at the HAZ edge were excluded from the subsequent evaluation, the factor effect diagram was derived from 31 welding conditions, not 49.

3. Results and Discussion
3.1 Consistent Creep Rupture Life Prediction Results from Welding Conditions Through Workflow
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Fig. 6 Results of weld heat transfer analysis. (a) Maximum temperature distribution from thermal history obtained by heat transfer calculation for L49_005. (b) HAZ region, defined between 1048 and 1148 K.  (c) L49_005 for creep damage analysis

A contour plot of the maximum temperature of L49_005 is shown in Fig. 6(a) as an example of the results of the weld heat transfer analysis. The width of the melting zone, heated above 1723 K (the melting point of the material), is larger than the calculated groove width of 4.0 mm (shown in the dashed line in the figure), and the heat input is sufficient for a sound welding condition. The maximum width of the melting zone was determined to be 7.6 mm in the first layer, 6.8 mm in the second layer, and 8.4 mm in the third layer. Since the welding heat input and heat source width in each layer are equal in L49_005, the width of the melting zone is considered to reflect the differences in layer thickness and heat removal conditions. In particular, the first layer with a thickness of 2.0 mm has a wider melting zone than the second layer with a thickness of 2.8 mm. This means that the heat spreads more easily around the volume of the weld metal when it is smaller. On the other hand, the thickness of the third (final) layer is 3.2 mm, so the boundary surface with air is wider than the other two layers, making it more difficult for heat to escape, which can be understood as that the widest melting zone is obtained at the third layer. This is well reflected in the fact that the welding zone of the final layer tends to be wider in actual welding. Locally, the melting width is slightly smaller between the layers of each stack. As a result, the boundary between the second and third layers had the smallest melt width of 6.4 mm.
Fig. 6(b) shows the region where the maximum temperature is in the range of 1048–1148 K of L49_005, which is based on the temperature distribution obtained. The region shown here is identified as the HAZ region in this study (shown in gray). The red region, where the maximum temperature is higher than that in the HAZ region, is the WM (Weld Metal) region, and the blue region, where the temperature is lower than that in the HAZ region, is the BM region. The WM region includes the region where the highest temperature reached is between 1148 K and the melting point (1723 K), which is supposed to be the coarse-grained HAZ in an actual welded joint. The distance from the heat source, which is located at the center of the model, to the interface on the WM side of the HAZ varies from 10.4 to 12.8 mm, with the third layer being the farthest from the heat source, the second layer being the closest, and the first layer being slightly farther. As a result, the WM side interface of the HAZ is bent at the second layer, which can be understood that the tendency is the same as that of the width of the melting zone, that is the third layer is not easily cooled at the surface, as explained above. In detail, the bending position of the WM side interface of the HAZ closest to the heat source is inside the second layer and not located between the layers. Unlike the case of the width of the molten zone, there is no local narrowing between the layers. In other words, although the global bending tendency, which is located around the second layer, is the same as that of the width of the molten zone, locally there is no bending near the interlayer and the interface shape is smoother. Furthermore, the interface on the BM side of the HAZ region is equalized in temperature, and no clear bending is seen globally. At the interface on the WM region side, the width of the HAZ region was 1.4 mm and was maximum at the location of the bend. The narrowest HAZ region was found on the surface (top of the third layer), with a width of 0.8 mm.
Fig. 6(c) shows a model for the creep damage analysis of L49_005 with an automatically generated mesh, which was generated using the model reconstruction module with the identification of the HAZ region. The mesh size inside the HAZ region is small enough to follow the complex HAZ geometry well. In addition, the mesh size changes continuously from the HAZ boundary to the BM and WM regions, enabling the generation of a model for creep damage analysis that reduces the total number of elements without compromising calculation accuracy.
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Fig. 7 Results of creep damage analysis of L49_005: (a) Relationship between elapsed time and creep damage on the fracture initiation cell. The time when creep damage equals 1 is the rupture time. 
(b) Creep damage distributions and fracture initiation cell at the creep rupture time (bordered in white) shown in the cross section of the specimen including the fracture initiation cells. The HAZ boundary is indicated by the green line

[bookmark: _Hlk138175373]Fig. 7(a) shows the results of the creep damage analysis of L49_005. Here, the fracture initiation element is surrounded by a white boundary line. The damage point is located at the WM interface in the HAZ region. Fig. 7(b) shows the time evolution of the damage value at the fracture initiation element shown in Fig. 7(a). The damage value increases uniformly with time and reaches 1 at 1050 h. This time is the creep rupture life.
As described above, it was confirmed that the workflow for the creep rupture life calculation of weld joints established in the MInt system can predict the HAZ shape from welding conditions and perform creep damage analysis based on the HAZ shape.

3.2 Creep Rupture Lives and HAZ Shapes

[image: ]
Fig. 8 Creep rupture lives calculated by creep damage analysis

Table 4 and Fig. 8 show the results of the calculation of the creep rupture life of the weld joints under the welding conditions using the workflow, as well as the welding conditions shown in Table 4. To reproduce the creep tests of the base metal and simulated HAZ, the calculations for models in which all elements are assigned the material properties of the base metal (All_BM) and the material properties of the HAZ (All_HAZ) were also conducted. The creep rupture lives of the weld joints are distributed between 820 and 1520 h, which is between the creep rupture time of All_BM (3240 h) and that of All_HAZ (440 h). This is consistent with the reports [18,19] that the creep rupture life obtained by uniaxial creep tests of weld joints for this grade of steel takes a value between the creep rupture lives of the base metal and simulated HAZ material.
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Fig. 9 Histogram of creep rupture lives in L49 diagonal table calculated by creep damage analysis

A histogram of the creep rupture lives of weld joints is shown in Fig. 9. The distribution with the highest frequency is 1300–1400 hr. The distribution of the creep rupture lives is broad and there is no specific skew. There are two conditions under which creep rupture lives exceed 1500 hr (L49_027, 1520 hr and L49_042, 1500 hr). The average value for all 31 conditions, excluding the fracture at the HAZ edge, is 1193.5 h. The variation in creep rupture life is from -31.2 to +27.4 % of the average value, indicating that the welding conditions and HAZ shape have a large effect.
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Fig. 10 HAZ shapes and fracture initiation cells in (a) L49_027, (b) L49_042, (c) L49_013, and (d) L49_023

Fig.10 shows the creep analysis and the fracture initiation element for the two longest creep rupture condition models (L49_027 and L49_042) and those for the models under short-life conditions (L49_013 and L49_023). Although the angles and widths of the HAZ are different between the two conditions, L49_027 and L49_042, both conditions provided nearly upright and flat geometries at interfaces, that is, smooth shapes, and each position of the weld seam is clear. On the other hand, L49_013 and L49_023, which had a shorter creep rupture life, both show bending near the center of the plate thickness, and the HAZ width at the position is larger than the other positions. In addition, despite the three-layer welding, the shape of the weld in the latter case is similar to that of a two-layer welding. For all cases, the fracture initiation element is within the HAZ or at the HAZ interface, the fractured HAZ, the so-called Type IV fracture, which is widely observed in this steel grade, is reproduced. In detail, the change in HAZ width is small in the case of a smooth HAZ shape, whereas it appears to be large in the case of a highly flexural HAZ shape.
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Fig. 11 Relationship between WM width ratio and creep rupture life

To confirm the correlation between HAZ bending shape and creep rupture life, we focused on the width of the HAZ section, which is related to the degree of bending. We introduced WM width ratio, the index of the bending shape as the ratio of the width of the WM region at the position where the WM region is widest to that where the WM region is narrowest. Fig. 11 shows the correlation between creep rupture life and WM width ratio. If the WM width ratio is close to 1, the width of the WM region does not change significantly at any position in the thickness direction and the HAZ region has a smooth shape. Conversely, a larger WM width ratio indicates a more complex HAZ shape. For convenience, the median value of 1.25 (the value at L49_004) among the 49 conditions is used as the threshold for the presence of bending. The WM width ratio of L49_013 with bending was 1.61, and that of L49_027 without bending was 1.16. In Fig. 11, there is no clear correlation between WM width ratio and creep rupture life, and there exist welding conditions with short creep rupture life even in the case of a smooth shape. This indicates that the presence/absence of HAZ bending is not a decisive factor in determining creep rupture life.

[image: ]
Fig. 12 Relationship between HAZ width and creep rupture life

Fig. 12 shows the relationship between maximum width of HAZ along the tensile direction (hereinafter referred to as maximum HAZ width) and creep rupture life. The trend is different between the conditions without HAZ bending (WM width ratio ≤ 1.25) and those with HAZ bending (WM width ratio > 1.25). The creep rupture life tends to decrease as the HAZ width increases under conditions without HAZ bending. This is qualitatively consistent with the results of Hashimoto et al. [5]. It can be understood that this is due to the fact that the smooth HAZ shape without bending is close to the simple shape treated in the previous report [5]. On the other hand, for the model with bends, there is no clear relationship between HAZ width and creep rupture life. Thus, in HAZ geometries that simulate actual welding, creep rupture life can be explained simply by HAZ width only in the case of a flat geometry with little flexure.

[image: ]
Fig. 13 Relationship between HAZ maximum angle and creep rupture life

Fig. 13 shows a plot of the correlation between maximum HAZ angle, the maximum boundary angle of HAZ toward the vertical orientation of the model, and creep rupture life. The above-mentioned two types of HAZ shape according to WM width ratio are roughly divided at the HAZ maximum angle of about 25°, and the HAZ maximum angle is smaller for the shape without HAZ bending. As a general trend, there is no correlation between HAZ maximum angle and creep rupture life, and there is no particular correlation when the shapes are divided into those without bends and those with bends. The correlation between HAZ angle and creep rupture life found by Tanner et al. [6] for simple geometries could not be found in this research for HAZs with complex geometries simulating actual welds. This may be due to factors other than the angle that affect creep rupture life.
As described above, the creep rupture life calculation workflow for weld joints using the MInt system produced HAZs with various shape patterns under different welding conditions. Creep rupture life varies greatly depending on HAZ shape. Under conditions without HAZ bending, the effect of HAZ maximum angle on creep rupture life is not clear, although that of HAZ width is consistent with previous reports. Furthermore, under conditions with HAZ bending, no clear correlation was found between creep rupture life and HAZ width or HAZ maximum angle. On the basis of these results, detailed analysis is expected to reveal the relationship between HAZ shape of actual welding joints and creep rupture life by proposing shape factors other than HAZ width and HAZ maximum angle since actual weld joints often have complex HAZ shapes including those with bending as shown in this study.

3.3 Effects of Welding Conditions on Creep Rupture Life
[image: ]
Fig. 14 Factorial effect analysis of welding conditions versus creep rupture time

Fig. 14 shows the result of the factorial effect analysis of welding conditions versus creep rupture life. The welding condition that clearly correlates with creep rupture life is heat input in the first and third layers. In both conditions, the creep rupture life tends to shorten as the heat input increases. No evident trend was obtained for the heat input in the second layer. In addition, the changes in creep rupture life with the change in layer thickness and heat source width are minor, suggesting that the contribution of these welding conditions to creep rupture life is small.
The reason why the creep rupture life varies with the heat input is discussed. There are three layers in this study. The first and third layers have wide boundary surfaces with air, which prevents heat from escaping to the surroundings, resulting in larger melting zone and HAZ widths. Therefore, it can be considered that a small heat input in these layers will result in a smooth HAZ shape, while a large heat input in these layers will result in a bent shape. As shown in section 3.2, under conditions where the HAZ shape is smooth, the creep rupture life becomes longer if the HAZ width is smaller. When the heat input is reduced, the HAZ width becomes smaller, so the creep rupture life is considered to be longer under such conditions. Creep rupture life cannot be simply explained by HAZ width or HAZ maximum angle, as discussed in section 3.2. However, since there is a correlation between heat input and creep rupture life, it can be inferred that creep rupture life may be explained by setting appropriate HAZ geometry factors.
Although there was no clear correlation between the creep rupture life and the heat input condition for the second layer, the following control can be assumed from the viewpoint of reducing the width while preventing the bending, as an example. Since the heat inputted in the second layer can more easily escape to the surroundings than that in the first and third layers, we can prevent the bending of HAZ by inputting more heat in the second layer than in the first and third layers. On the other hand, since the HAZ width becomes larger as the heat input increases, it is assumed that there is an optimal heat input within the selected range. Based on previous studies on heat input, we expect to suppress the HAZ width and prevent bending by controlling the heat input. This involves minimizing the input in the first and third layers, while slightly increasing it in the second layer. As a result, we can expect a longer creep rupture life. Furthermore, finding more appropriate HAZ shape factors governing creep rupture life, it is expected that a more appropriate control strategy for welding conditions can be established.
We limited the conditions of weld joints to three layers and a plate thickness of 8 mm in this study. By analyzing the effects of increasing the number of layers with thinner layers or reducing the number of thicker layers, we may be able to establish guidelines for preventing creep rupture life degradation under more practical welding conditions. These results indicate that the creep rupture life can be altered by controlling the welding heat input. It should be pointed out, however, that careful attention to welding procedures is necessary to achieve the targeted welding conditions for controlling creep rupture life. For adjusting welding conditions within a small range in the actual welding process, it could be helpful to use support devices such as monitoring equipment and/or automatic welding machines for welding condition control.


3.4 Verification of the Workflow by Experimental Reproducibility
The workflow integrated the welding simulation and the creep damage analysis to predict creep life from welding conditions. We here discuss the validity of the prediction by the workflow for each computation step.
First, for the welding simulation, bead-on-plate welding was performed using the welding conditions within the scope of this study, and the highest temperature measured at a position 5mm away from the weld termination matched well with the predicted one from the welding simulation within 12% error. Furthermore, the macroscopic observation on the cross-section of this welded joint revealed that the bead shape was reasonably similar to the shape predicted by the welding simulation. These validation results on the bead-on-plate support the reliability of the welding simulation in terms of temperature prediction.
Second, as for the validity of the prediction of rupture life by creep damage analysis, as summarized in Table 5, results have been reported that confirmed the good experimental reproducibility for the similar method as in the present study [7, 9, 15]. Hongo et.al. [9] reported on the results of analysis for 9Cr-1Mo steel with an FEM model tracing the actual HAZ geometry showing that the damage location was accurately reproduced with appropriate material variables that best reproduce creep life. This indicates that the analysis method used in this study can reproduce well the non-uniform stress and creep strain distribution caused by the complex HAZ geometry. Then, Koiwa et.al. [7] and Izuno et.al. [15] have quantitatively demonstrated good reproducibility of creep life using welded joints with simple plate HAZ geometries, as follows: Koiwa et.al. reported that experimental creep life was reproduced within a factor of 2 error for 9Cr-1Mo steel [7]; Izuno et.al. obtained a high creep life reproducibility of  (  meaning perfect reproduction) for 2 1/4Cr-1Mo steel [15]. As mentioned in Section 2.1, the present calculations were performed using the same material constants and damage laws as Izuno et.al. [15] used. In total, we can conclude that the creep rupture life estimation in this study should have reasonable experimental reproducibility even for complex HAZ geometries.
We consider that the above-mentioned verifications for each computation step support the validity of the prediction by the integrated workflow. Still, we should note that the total error has yet to be examined by creep experiments using the weld joints created under several welding conditions computed in this study. Consequently, although the quantitative accuracy of the creep life prediction must await further experimental validation, we can conclude that the results of this study regarding the dependence of the creep life on welding conditions are accurate.

4. Conclusion
To investigate the effects of welding conditions on the creep rupture life of weld joints, a consistent creep rupture life prediction workflow that can predict the HAZ shape from welding conditions and perform creep analysis including the predicted HAZ shape in the model was developed. Using the workflow, we conducted analyses under a wide range of welding conditions by the design of experiment method, and the following conclusions were obtained.
(1) The consistent creep rupture life prediction workflow enabled creep rupture life prediction for a model simulating the HAZ geometry of multi-layer cladding welding. By changing the welding conditions, the weld joint creep rupture lives were varied between the creep rupture lives of base metal and simulated HAZ. The distribution of creep rupture lives of weld joints ranged from -31.2 to +27.4 % relative to the mean.
(2) Creep rupture life is significantly affected by HAZ geometry, and although HAZ width affects creep rupture life under conditions where the HAZ shape is smooth, it shows no clear correlation with HAZ width or maximum HAZ angle under conditions for the bending of HAZ. The HAZ geometry calculated using the workflow simulates an actual welded joint, so this study clarified that it is difficult to explain creep rupture life by considering only HAZ width and HAZ maximum angle. It is expected that a more appropriate HAZ shape factor that can explain creep rupture life will be found through further detailed analysis.
(3) The results of the analysis based on the design of experiment method showed that the degradation of creep performance can be suppressed by minimizing the heat input to the weld in the first and third layers in contact with the surface. It was shown that weld joints with good creep rupture life could be fabricated by controlling the welding conditions for actual welding using welding support devices.
(4) A consistent creep life prediction workflow can be used to evaluate and predict the linkage between welding conditions, HAZ geometry, and creep rupture life, suggesting the possibility of predicting creep rupture life from welding conditions. 
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[image: ]Table 1. Chemical compositions of specimens of 2 ¼ Cr–1Mo steel for creep damage analysis.
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Table 2. Elastic parameters applied in FEM model for creep damage analysis.


[image: ]Table 3. Creep parameters and test conditions applied in FEM model for creep damage analysis.
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Table 4. Welding conditions for calculations and creep rupture times, designed on the basis of L49 orthogonal array.

	Reference
	Material
	FEM model HAZ shape
	Testing Condition
	Reproducibility of Type IV fracture
	Reproducibility of damage location
	Reproducibility of
creep rupture life

	Hongo et.al [9]
(2012)
	9Cr-1Mo steel
	simulate HAZ shape of the real specimen
	873K 90MPa
	Yes
	Accurately reproduce damage locations for complex HAZ shapes with appropriate material parameters
	Damage mechanics parameter  achieved the closest creep rupture time to the experiment

	Koiwa et al. [7]
(2019)
	9Cr-1Mo steel
	simple plate shape, equal bevel angle to the real specimen
	873K 50MPa, 80MPa, 100MPa, 120MPa
	Yes (excluding low stress condition)
	Damage accumulation location by calculation matches with the observed voids
	within factor 2 at TER model with equivalent stress, excluding low stress condition

	Izuno et al. [15]
(2020)
	2 1/4Cr-1Mo steel
	simple plate shape, equal bevel angle to the real specimen
	823K 120MPa, 140MPa, 160MPa
873K 80MPa, 100MPa
	Yes
	Damage accumulates at the HAZ/BM interface, which is consistent with the fracture situation of the specimen
	Reproducibility achieved  at TER model with appropriate Huddleston stress parameter 



Table 5 List of previous studies showing the validity of the present creep analysis method regarding the experimental reproducibility on the rupture life and the damage location in the actual weld joints.
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