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ABSTRACT 

Creep strength of welded joints of Grade 91 Type 1 and Type 2 steels was evaluated; impurity 
elements in the Type 1 steel reduced the creep strength. This reduction was attributed to an 
increase in the amount of residual carbides in the fine-grain heat-affected zone during welding. 

INTRODUCTION 

The creep strength enhanced ferritic (CSEF) heat-resistant steels containing high-chromium (Cr), 
such as ASME Gr.91 steel, are used for steam pipes in thermal power plants. ASME (2019) 
divided Gr.91 steel into two standards: conventional Type 1 and newly-established Type 2[1]. 
Type 2 steel is a heat-resistant steel with reduced impurity elements to improve creep ductility. In 
this study, creep strength and microstructure in welded joints of conventional Gr. 91 Type 1 steel 
and the new standard Type 2 steel were compared. During welding, the heat input from the weld 
metal produces a heat-affected zone (HAZ) in which the microstructure of the base metal changes 
continuously. The HAZ microstructure distribution can be distinguished from the weld metal 
(WM) side as follows: coarse-grained HAZ (CGHAZ), fine-grained HAZ (FGHAZ), intercritical 
HAZ (ICHAZ), which is partial transformation zone, and base metal (BM). Although CSEF 
steels have excellent high-temperature strength, they typically experience a significant reduction 
in this strength in the HAZ that is formed from welding[2]. In addition, much remains unknown 
about the effect of impurity elements on the creep strength of welded joints. Therefore, in this 
study, the creep strength of welded joints of Type 1 and Type 2 steels were compared and the 
differences in their strength were discussed in terms of microstructural changes. 
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EXPETIMENTAL PROCEDURE 
 
Two steels were prepared for creep test: one was the impurity element free steel satisfying Type 2 
and the other was impurity element added steel doing Type 1. Their chemical compositions are 
shown in Table 1. After welded joints of these steels were fabricated, post weld heat treatment 
(PWHT) was performed at 760°C for 4 h to reduce residual stress. Cross weld creep test 
specimens were cut from the welded joint with the HAZ positioned in the center of the parallel 
portion, and creep rupture tests were carried out at a temperature of 650°C and stresses of 40-80 
MPa. In addition, a creep interruption test was also performed to investigate microstructural 
changes during deformation. Mechanical and chemical polishing was performed on the 
specimens before and after the creep test to ensure a clean, strain-free specimen surface. Scanning 
electron microscopy (SEM) was used to observe the microstructure, and electron back-scatter 
diffraction (EBSD) method was used to obtain the crystal orientation information. Vickers 
hardness test was also conducted to measure the hardness change of HAZ. 
 

Table 1: Chemical compositions of specimens (mass%). 
 

 
 
 
RESULTS AND DISCUSSION 
 
Figure 1 shows the creep rupture test results for Type 1 and Type 2 steels. Under all creep test 
conditions conducted in this study, Type 2 steel exhibits superior creep strength (longer rupture 
time) than Type 1 steel. In other words, impurity elements are clearly shown to contribute to the 
reduction of creep strength of welded joints. 
 

 
 

Figure 1: Relationships between stress and rupture time in creep tests at 650˚C. 

SnAsSbNSol-AlNbVMoCrNiSPMnSiC

<0.001<0.001<0.0010.0520.0070.0740.200.938.490.090.00050.0110.410.290.087Type 2 steel

0.0180.0190.0080.0520.0080.0800.200.948.450.110.00060.0120.410.300.082Type 1 steel
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Observation of creep ruptures showed that the rupture location for both steels was at the FGHAZ 
under the present experimental conditions. Figure 2 shows the crystal orientation distribution 
maps at the FGHAZ for the initial (after PWHT) and creep-interrupted (650˚C-50 MPa, 
interrupted time: 1000 h, 2000 h, and 3000 h) Type 2 steel. The Vickers hardness is appended in 
the upper left corner of each map. Figure 3 shows the frequency distribution of misorientation in 
the same field of view as that shown in Fig. 2. Before welding, this steel has a lath martensitic 
structure, which is known to have a peak at 50-60° in the misorientation frequency distribution[3]. 
A similar peak is observed in the FGHAZ of the initial (after PWHT) and 1000 h creep-
interrupted specimens, indicating that the lath martensitic structure is maintained in the FGHAZ 
after PWHT. On the other hand, in the 2000 h and 3000 h creep-interrupted specimens, peaks 
specific to lath martensitic microstructure are hardly observed, and the hardness also decreases 
gradually with creep time. This indicates that the ferrite formation caused by dynamic 
recrystallization and its grain growth occurred during creep. It is inferred that the formation of 
ferrite grains in the FGHAZ contributed to the decrease in creep strength.  
 
 

 
 

Figure 2: Crystal orientation distribution maps in the FGHAZ of Type 2 steel before and after 
creep test. 
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Figure 3: Changes of relative frequency of misorientation during creep test. 

 
Since carbides (mainly M23C6 carbides) on grain boundaries are strongly involved in the behavior 
of ferrite formation and grain growth, the dispersion of M23C6 carbides near the FGHAZ of Type 
1 and Type 2 steels after welding and PWHT is shown in Fig. 4. In the same figure, the volume 
fraction of M23C6 carbides in Type 2 steel calculated by thermal equilibrium state calculation is 
also shown. In the as-welded data, solid solution of M23C6 carbides begins in the ICHAZ region 
heated to temperatures above the AC1 point, indicating a slight decrease in carbide volume. As the 
temperature heated during welding increases (toward the left side of the graph), the solid solution 
of M23C6 carbides progresses and their amount gradually decreases. On the other hand, after 
PWHT, the carbide returns to the same amount as indicated by the thermal equilibrium state 
calculation in all regions. What is important here is the difference between the amount of carbides 
in the as-welded condition and that after PWHT. This is because the amount of carbides indicated 
by the difference has a strong influence on the suppression of ferrite formation and its growth 
during creep deformation, and thus on the creep strength of the weld joint.  
 

 
Figure 4: Changes of area fraction of M23C6 carbides during welding process. 
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Figure 5 shows the microstructures of the FGHAZ of Type 2 steel as-welded and after PWHT, 
where the prior γ grains are smaller because the FGHAZ was once heated to just above the AC3 
point by the welding heat and then transformed to martensite again. Interestingly, M23C6 carbides 
are observed in rows ignoring the prior γ grains. These are M23C6 carbides that precipitated on the 
prior γ grain boundary before welding. The amount of M23C6 carbides precipitating on the grain 
boundary of the current lath martensitic structure in PWHT is clearly reduced due to the residual 
M23C6 carbides. The tendencies of the M23C6 carbide dispersion state and microstructural changes 
during creep deformation were similar for Type 1 and Type 2 steels. However, as shown in Fig. 
1, the addition of impurities clearly reduced the creep strength, and as shown in Fig. 4, the 
amount of M23C6 carbides remaining after welding increased in the FGHAZ of Type 1 steel 
compared to that of Type 2 steel. Therefore, the amount of M23C6 carbides precipitating on the 
grain boundary after PWHT is smaller. This implies that the amount of carbides contributing to 
microstructural stabilization during creep deformation is relatively low, and as a result, it can be 
concluded that in Type 1 steels, early recovery and recrystallization of the microstructure during 
creep deformation caused the reduction in creep strength. The intergranular diffusion rate of the 
metal elements constituting the carbides plays a role in the residual carbides during welding; 
some of the impurity elements abundant in the Type 1 steel segregate to the grain boundaries and 
stabilize the grain boundary structure, thereby reducing the intergranular diffusion rate. This is 
assumed to be involved in the increase of residual carbides in the Type 1 steel. 
 
 

 
 

Figure 5: SEM images in the FGHAZ of Type 2 steel as-welded and after PWHT. 
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CONCLUSIONS 
 
Creep tests and microstructural observations were conducted on Grade 91 Type 1 and Type 2 
steels to determine the effects of impurity elements on creep strength. The results obtained are as 
follows. 
1. The creep strength of Type 2 steel was higher than that of Type 1 steel. Therefore, impurity 

elements were found to reduce creep strength. 
2. Under the creep conditions of this study, creep rupture occurred at the FGHAZ, where a 

microstructural change from martensite to ferrite occurred during creep deformation, as well 
as growth of its ferrite grains. 

3. More carbides remained in the Type 1 steel than in the Type 2 steel in the as-welded 
condition. Therefore, the amount of carbides precipitating on the grain boundary after PWHT 
was smaller. This means that the amount of carbides effectively contributing to creep 
strength was small, which was inferred to be the reason for the lower creep strength of the 
Type 1 steel. 
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