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SUMMARY 

Most of the modern power generation plants depend on fossil fuels. Now we know that 

excessive burning of fossil fuels seriously endanger earth environment because the 

emission of carbon dioxide (CO2). We need to reduce the greenhouse gases (GHG) 

discharged by the consumption of fossil fuels. In order to reduce GHG the thermal 

condition of steam must be raised. Extensive R&D for the advanced thermal power plants 

is ongoing worldwide. In Japan the ultra super critical power generation plants are being 

constructed and tested towards better thermal efficiency. The higher the steam temperature 

and pressure we get the better efficiency. Typically the steam temperature is more than 

600℃. To meet these requirements a family of new heat-resisting steels with 9-12% 

chromium (high Cr steel) have been developed and applied to some supercritical power 

plants.  

One of earliest high Cr steel put into practical use was the 9Cr-1Mo-V-Nb (Modified 

9Cr-1Mo, P91/T91 in ASME/ASTM standards).  At 600℃ the 100,00h creep-rupture 

strength of this steel is more than 80MPa and is stronger than the austenitic stainless steel 

such as 304H and 316H. Typical use of the high Cr steel is the main steam tube which 

sends the steam form the boiler to the turbine. The tube must be welded to the boiler. 

However, there has been some severe fracture accidents using the weldment of 

Mod.9C1-1Mo steel. In the welded joints of Mod.9Cr-1Mo the heat-affected-zone (HAZ) 

between the base metal (BM) and the WM (WM)of steel is consist of coarse and fine grain 

regions because of the ferritic phase transformation during the thermal cycling in the 

welding process. A common observation of the failure was the evolution of the creep 

voids that lead to micro-cracking in the fined grained reasion. This failure has been known 

as the Type IV creep cracking of the welded joint. 

We have conducted the creep tests at 550, 600 and 650℃ using conventional round bar 

specimens for the base metal and thin rectangular specimens cut from the joint. Thick 

(21mm) welded joint specimens were subjected to the interrupted creep tests at 600℃ in 

order to measure the number of voids per area and the areal fraction.  On the basis of the 

creep tests, the void measurement and extensive computer simulation (FEM), this thesis 

aims to clarify the Type IV cracking behavior in both macroscopic and microscopic 

fracture under creep exposure. One of powerful approaches in the research of Type IV 

cracking has been the continuum damage mechanics (CDM) originally proposed by 

Kachanov-Rabotonov and further developed by Hayhurst. From the creep tests we 

conducted we postulate the constitutive equation of inelastic creep deformation and 

combined with the creep damage mechanics equation. Furthermore, we discuss the 

fundamental process of the void nucleation and growth which leads to the Type IV 

cracking.  
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Chapter 1 

Introduction 

 

1.1 Background 

About ten years ago a failure occurred in a power plant of the Central Electricity 

Generating Board (CEGB) in UK, a large boiler was broken due to the failure of its header 

endplate [1-1]. The high temperature components was broken after service of 36,526 hours 

under the stress of 17.86 MPa at 568℃. It was less than the half service time of the prediction 

in this condition. It is a disaster since the instant damage leading to strong burst without any 

portent no defects detected by the observation of NDT methods before. 

The material used for the header endplate of the boiler in the power plant was an F91 

(forged modified 9Cr) ferritic steel, which was the substitution material for the previous 

2.25Cr-1Mo and 0.5Cr-0.5Mo-0.25V steels. Because of the better creep strength the new steel 

allowed for thinner sections and hence lower through-wall temperature gradients during 

thermal cycling. The steel was introduced in the UK in the late 1980s [1-2]. Another reason 

for the steel was the demand for the plant with better thermal efficiency. The research and 

development of boilers and turbines with the USC (ultra-supercritical) steam conditions have 

been the national projects in USA, EU and Japan. The steam temperature of USC plant is 

about or more than 600℃. The exiting materials for the high temperature components in the 

USC power plants were the austenitic stainless steels such as 304H (18Cr-10Ni), 316H 

(18Cr-12Ni-Mo) and 321H (18Cr-10Ni-Ti). The austenitic stainless steels had an advantage 

against oxidation at high temperatures. The use of the austenitic stainless steels, however, was 

inevitable to give large thermal stress produced due to the crystal lattice of face centered cubic 

(FCC) during operation temperatures changes. Thus about 20 years ago, the Mod.9Cr-1Mo 
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steel was introduced to take place of the austenitic stainless steel in the USC power plant 

because of its good creep properties and economical considerations. The Mod.9Cr-1Mo 

ferritic heat resistant steel could also solve the problem of thermal stress during high 

temperature service because of its body centered cubic (BCC) crystal structure. The F91 

(forged Mod.9Cr steel) was used in the main steam tube and the header in power plant as 

shown in Fig 1-1. One of the difficulties to apply the material is the structure integrity of the 

weldment components. 

 

 

Fig. 1-1. Main steam tube and the arrangement of stubs of the header made of 

Mod.9Cr-1Mo steel [1-2]. 

 

Generally speaking the weldment of the ferritic steel such as Cr-Mo has the HAZ (heat 

affected zone) structure with the affected by the peak temperature about Ac3 that shows 

considerably lower creep strength than the base metal. As pointed at the beginning it has been 

reported in the welded joints of ferritic steel a unique model of failure: Type Ⅳ cracking in 

the HAZ close to base metal. Voids nucleated in the weak zone in the HAZ close to base 
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metal were found in the weldment. The same failure cases were found mostly in the zone 

close to the base metal, which part also could be named as Type Ⅳ zone in the weldment. 

The involved failure cases were reported [1-3 ~ 1-5] in the middle of 1970s, the cracks in the 

Cr-Mo steels were classified [1-6], and four types of cracking in conventional low alloy 

ferritic steels were distinguished by their locations and orientation as follows: 

Type Ⅰ: Cracks are both transverse and parallel to the weld and are fully located within the 

weld metal; 

Type Ⅱ: Cracks are both transverse and parallel to the weld by can propagate into the HAZ 

and beyond into the base metal; 

Type Ⅲ: Cracks initiate in the coarse-grained HAZ close to and parallel to the fusion 

boundary and can propagate both in this region and also into the base metal; 

Type Ⅳ: Cracks are located in the fine-grained HAZ or the intercritical HAZ adjacent to 

the base metal and run parallel to but offset from the fusion boundary. 

The four cracks are indicated in the Fig 1-2.  

 

 

Fig. 1-2. Sketch map of the cracks in ferritic steel weldment [1-7]. 

 

Type Ⅳ cracking is of the prominent damage form of welded joint for the Mod.9Cr-1Mo 

ferritic heat resistant steel at high temperatures. Examples of the Type Ⅳ cracks in the welded 

joint of the Mod.9Cr-1Mo steel and 1.25Cr-0.5Mo steel were shown in the Fig 1-3a and b 

respectively. Important features of the Type Ⅳ failure are the following [1-8]: 
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1) The failure time is less than that for the wrought base metal. Type Ⅳ failure is often 

termed mid-life cracking because of its characteristic failure time. Typically, the loss 

in creep strength can be described as either a stress reduction factor of a life reduction 

factor with respect to the base metal. 

2) The fracture has a macroscopic appearance typical of a low ductility failure but, 

significant creep deformations are measured in the narrow HAZ region indicating 

strain localization. 

3) The susceptibility to Type Ⅳ damage is related to the ductility of the base metal. 

4) The rupture life depends on the stress state and the applied loading direction, e.g., 

girth weld versus longitudinal seam weld. 

5) Agreement between the theoretical predictions and experimental measurements for 

the effect of constraint and specimen size/component section size on the rupture life 

depend strongly on the material properties and multiaxial stress rupture criteria used 

in the analysis. 

 

 

a) 
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b) 

Fig. 1-3. Type Ⅳ cracking in the welded joint of a) Mod.9Cr-1Mo steel [1-2] and b) 

1.25Cr-0.5Mo steel [1-9] after long-term high-temperature exposure. 

 

In 1997, Ellis gave a reviews on the Type Ⅳ damage in the Cr-Mo heat resistant steel 

[1-9], in which he concluded the causes on the damage in the Type Ⅳ zone of the welded 

joint. They are listed in the following lines: 

1) Type Ⅳ cracking is the results of a microstructural zone of material that has low 

creep strength surrounded by materials that are stronger in creep. Type Ⅳ cracking 

has been found in the fine-grained HAZ associated with exposure to temperatures 

around the Ac3 temperature and in the intercritical region of the HAZ. Because 

cracking occurs in service, it is often termed mid-life cracking. 

2) Type Ⅳ cracking is caused by thermal softening of the HAZ due to the welding 

thermal recycle. For Cr-Mo steel, creep strength is a function of grain size, 
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substructure, solid solution and particle strengthening. For the fine-grained HAZ and 

intercritical regions of the HAZ, metallographic examination reveals changes in the 

dislocation substructure from high density laths to equiaxed subgrains and larger 

carbide size/interparticle spacing that is expected to result in lower creep strength of 

the material. 

3) Creep rupture tests on cross welds and simulated HAZ samples indicate premature 

failure as compared to base material for samples that fail by the Type Ⅳ mechanism. 

The degree of creep strength reduction can be expressed either as a life reduction 

factor of a stress reduction factor. For Cr-Mo steels, the weldment lives vary from 

approximately equal to values of 1/5 of that for minimum strength base material. 

Hence, failures in service may be expected at life fractions as low as 0.2, consistent 

with service experience. 

4) For the low alloy ferritic steels, the susceptibility to Type Ⅳ cracking and the degree 

of life reduction appears to depend on the specific alloy, and based on Ontario Hydro 

experience with girth welds increases in the following order; 2-1/4Cr-1Mo to 

1-1/4Cr-1/2Mo to Cr-MoV. 

5) Factor that affect creep ductility such as multiaxial stresses, PWHT and inclusion 

content/matrix strength for the parent or base material may be important in 

determining susceptibility to Type Ⅳ cracking. In addition, the content of residual 

carbide formers – Nb, Ti and V that affect the creep strength of the base material 

may also play an important role in determining susceptibility to Type Ⅳ cracking 

and the accuracy of life reduction. 

6) The local failure strain for the Type Ⅳ mechanism is relatively large, i.e., greater 

than 10%, consistent with the physical interpretation of strain localization in a narrow, 

creep-ductile, low creep strength zone. Thus, damage detection and life assessment 

using capacitance strain gages, grids, or optical deformation measurements may be 
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useful. 

7) For Cr-Mo weldments that failure by Type Ⅳ mechanism, the rupture life increases 

as the specimen size increases. However, the effect of specimen size and the use of the 

data in component life assessment should be studied in more detail. 

  That what is the damage mechanism on earth is still the argument topic on high chromium 

steel weldment in elevated temperature service. The accurate location of the Type Ⅳ zone is 

the fine-grained HAZ and intercritical HAZ supported by two-group researchers, respectively. 

Still further continuous work on these is necessary. 

 

1.2  Reviews on the Previous Work 

1.2.1 Development of High Chromium Ferritic Steel 

The material in the present study was the 9Cr-1Mo-V-Nb ferritic heat resistant steel, and 

the historical development is reviewed in this section. The first high chromium ferritic steels 

appeared in Europe in the mid 1960s. A 9Cr-2Mo steel was developed in France primarily for 

tubing and subsequently named as EM12. This steel had a duplex microstructure containing 

δ-ferrite, giving poor impact toughness [1-10]. During much of the same time a 12Cr-1Mo 

steel was developed in Germany with the designation X20CrMoV12-1 and applied 

throughout the EU for superheated tubes and pipes. While this steel benefited from a fully 

martensitic microstructure, it exhibited inferior creep strength to EM12 at temperatures higher 

than 520℃ and was difficult to weld, primarily owing to higher carbon content [1-11]. These 

two steels had the 100,000h creep strength of 35MPa at 600℃. The evolution of the 9-12 Cr 

ferritic steels is illustrated in Fig 1-4 [1-12]. 
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Fig. 1-4. Evolution of high Cr ferritic heat resistant steels [1-10]. 

 

  In the 1970s the Oak Ridge National Laboratory (ORNL) in USA developed the modified 

9Cr-1Mo steel [1-11], leading to T91 for pressure tube applications and Alloy P91 for piping 

and headers. The F9 is composed of the 9%Cr and 1Mo as the primary alloy elements, has a 

creep strength in the range 60-80MPa at 600℃ while the T91/P91 developed on the base of 

modification on the composition of F9 steel and apparent improvement in creep strength 

(80-100MPa) was obtained. This superseded EM12 and X20CrMoV12-1. This alloy relies on 

a tempered martensitic microstructure stabilized by M23C6 carbides, with further 

strengthening owing to molybdenum in solid solution and a fine distribution of 

vanadium/niobium rich carbonitride (MX) precipitates [1-12]. LowC9Cr1MoVNb [1-13], 

9Cr2MoVNb [1-14] and 9Cr1MoVNb (T91) [1-15] are the modified 9Cr-1Mo steels with 

high temperature strength enhanced by adding carbonitride-forming elements such as V and 

Nb. Of these modified 9Cr-1Mo steels, T91 developed in the US has higher allowable stress 

and had already been used extensively worldwide not only for superheater tubes but also for 



1-9 

thick walled components such as headers and main steam pipes [1-1, 1-2 and 1-16]. 

Meanwhile, improved 12%Cr steels for boilers, 12Cr1Mo1WVNb (HCM12) [1-17] was 

developed by eliminating the drawbacks of conventional 12%Cr steels. Namely, it is a 12%Cr 

steel of dual phase structures consisting of tempered martensite and δ -ferrite with 

weldability and creep rupture strength being markedly improved. As shown in Fig 1-4, we 

classified it into the same level to the T91/P91 in term of the creep strength at 600℃. 

  Further improvements in creep strength have been achieved with the advent of steels such 

as NF616 (T92) and HCM12A (T122), where tungsten enhances the long term creep strength 

(in the range of 120-140MPa) through solid solution hardening [1-18] and retards the 

coarsening of M23C6 carbides (which stabilized the martensite lath structure) [1-19]. However, 

with tungsten concentrations in excess of 2 wt-%, the formation of coarse laves phase (Fe2W) 

can lead to a deterioration of creep properties [1-20]. Tungsten also promotes the formation of 

δ-ferrite, so its use has to be balanced, either by reductions in the concentrations of other 

ferrite promoting solutes such as molybdenum, or by adding austenite stabilizers such as 

cobalt [1-21]. An effect of silicon on steam oxidation was investigated using 9%Cr steels with 

0.05 to 0.5%Si to make clear the temperature dependence of the silicon effect and 

microstructures of the scales. For NF616 steel, silicon effectively reduces the steam oxidation 

rate due to the formation of protective amorphous SiO2 films [1-22]. It can be seen that many 

of the modern steels contain tungsten in the range 1-2 wt-%. Furthermore, E911 [1-23] 

(9Cr1Mo1WVNb) having a higher allowable stress than that of the T91 have been developed 

in the late 1990s. The high strength of T911 and T92 (NF616) were obtained based on steels 

with Mo content replaced by addition of tungsten. Mo was decreased to 0.5% and 1.8% of W 

added to T91 in case of T92, while 1% W was added to T91 in the case of T911. 

It should be emphasized here that many of the new alloys which exhibited improved creep 

rupture strength in short term tests have disappointed when 100,000h data became available. 

As a result, the focus of research had shifted to understanding the factors that affect the long 
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term stability of M23C6 and MX precipitates. In creep tested steels a ‘modified Z-phase’, Cr(V, 

Nb)N seems to precipitate at the expense of M23C6 and vitally, the MX precipitates [1-21 and 

1-24]. Recent studies have examined the effect of carbon concentration and controlled 

additions of boron on the M23C6 and MX precipitation behavior [1-25 and 1-26]. 

  Table 1-1 shows the nominal chemical compositions of 9% and 12% Cr ferritic heat 

resistant steels. If the material is assumed to be used for temperature up to 650℃, 9%Cr 

would be insufficient in terms of oxidation resistance while 12%C steel could meet the 

requirements [1-16]. All the steels and alloys containing with 9 and 12%Cr content have 

chemical compositions with Co added and W content increased. 11Cr2.6W2.5CoVNbBN 

[1-27] contains Co of 2.5% and W of 2.6%, with B addition slightly increased in comparison 

with conventional steels. The steel of 11Cr3W3CoVNbTaNdN has 3% of both Co and W, 

characterized by the addition of Ta and Nd. It was reported that both Ta and Nd form fine, 

stabilized nitrides, which can enhance creep strength in the temperature range of 600℃ to 

650℃ [1-28]. Thus developed 11%Cr ferritic heat resistant steels have a creep strength of 

180MPa in 10
5
h at 600℃. 

Chromium is the basic alloying element for heat resistant steels, and increased Cr content 

improves oxidation and corrosion resistance. Although Cr per se does not exhibit a marked 

effect on creep strength, high strength is more likely to be obtained neat Cr percentages of 2% 

and 9 through 12% in ferritic steels, and strength declines at compositions between the two 

overages. The reason for this remains unknown.  

Molybdenum, tungsten and rhenium are all elements useful to solution strengthening, and 

molybdenum and tungsten have long been used for heat resistant steels. Also, these elements 

further enhance the creep strength of heat resistant steels when added in greater quantities. If 

their additions exceed a certain limit, however, δ-ferrite precipitates and reduces the 

strength, and precipitation of the Laves phase decreases toughness. Furthernore, the effect of 

tungsten on creep strength is approximately half that of Molybdenum, and, as described later, 
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the combined addition of molybdenum and tungsten can be effective for strength 

improvement. Rhenium is reported to raise creep strength if added in account of around 0.5%, 

and this effect is similar to the actions of molybdenum and tungsten [1-29]. 

  The effects of vanadium, niobium titanium and tantalum all combine with carbon and/or 

nitrogen to produce carbides, nitrides, which finely and coherently precipitate on the ferritic 

matrix to exhibit a marked effect of precipitation strengthening. Among these, vanadium and 

niobium are found to exhibit particularly optimal contents, about 0.2% and 0.05% respectively, 

and as described later, the effect of their combined addition can be great. This suggests that 

the formations of precipitations composed by vanadium and niobium are associated with each 

other [1-16]. 

  Because carbon and nitrogen are austenite formers, they are useful in inhibitingδ-ferrite. 

Also, their contents relate to the precipitation and coarsening of chromium carbides and 

nitrides. For carbon particularly, if addition exceeds 0.1%, the creep strength often declines, 

and it is believed that there should be an optimal addition according to the types and contents, 

etc. of carbide-forming elements. Nitrogen is believed to be an element essential for raising 

creep strength in 9% Cr steels. Additions of nitrogen are often at about 0.05%, and it is 

believed that there should be an optimal content relative to other nitride-forming elements 

such as boron [1-16]. 

  Boron improves hardenability and enhances grain boundary strength, and can greatly 

improve creep strength. Furthermore, a publication indicates that it exhibits the effects of 

stabilizing carbides by penetrating into M23C6 [1-30]. A weld filler, with contain the boron of 

90-130 ppm in combination with minimized nitrogen, for welding P92 and P122 ferritic steels 

was developed, and its welded joint produced had the best creep resistance. Kondo et al 

contributed the reason to the large size grain formation in the temperature of Ac3 point since 

the fine-grained HAZ was always weak than the coarse-grain HAZ when materials serviced in 

long term at high temperatures [1-31]. 
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With respect to silicon and manganese addition, silicon is a ferrite former, whereas 

manganese is an austenite former. These actions are viewed as being contradictory to each 

other, the reduction of the contents of both of these elements can improve creep strength. Also, 

silicon works to decrease toughness by promoting the Laves phase, whereas manganese, 

though useful for toughness improvement, can impair the high temperature stability of the 

ferrite structure in the same manner as nickel [1-16].   

Nickel, copper and cobalt are all austenite formers, and if added as alloy elements, they 

inhibit the formation of δ -ferrite by decreasing the chromium equivalent, but they 

simultaneously decrease the A1 transformation temperature. However, level of this decrease 

varies among these elements, and the decline seen with addition of nickel. Therefore, if 

copper and/or cobalt are added, the effect of the inhibition ofδ-ferrite formation can be 

expected, making high-temperature tempering possible [1-16 ]. 
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1.2.2 Investigation on Mechanical Properties with Finite Element Analysis 

In the design analysis and failure investigation the finite element method (FEM) has been 

widely used to ensure the soundness of the structures such as spacecraft, chemical plants, 

medical equipments, power plants and nuclear reactors.  For the weldment servicing at 

elevated temperatures, we also utilized this method to simulate the analyzing the evolution 

and distribution of the mechanical parameters since the welded joint includes heterogeneous 

properties due to the weaker zone produced during welding. The software such as MARC, 

ANSYS, ABAQUS and DEFORM etc. can be adopted for conducting the FEM analysis. The 

software we used was the MARC operated under the Linux system. We believe the FEM 

could provide the useful tools to investigate mechanical behavior, and it is a valid method to 

clarify the mechanical behavior of the materials during servicing at a certain conditions. 

Particularly, our use of the FEM is primarily to investigate the mechanism of the creep 

damages in the weldment during the high temperature long-time service.  

Using the FEM to investigate the mechanical behavior of welded joints, there are many 

forerunners before us [1-32 ~ 1-41]. Eggeler et al conducted a 2-D longitudinal sectional area 

of a pipe FE modeling with single groove was conducted in two models, and they are the 

classical Norton minimum creep strain rate model and the logistic creep strain prediction 

(LCSP). With the same FE modeling, Holmström et al compared the calculated results from 

the two models and showed the differences, the Norton law appears inferior to the LCSP in 

the third stage of creep [1-33]. Eggeler et al ever conducted a 3-dimension FE modeling in 

three material states (weld metal, intercritical HAZ and base metal) under uniaxial tension. 

The elastic modulus of P91 was measured and the uniaxial creep behavior of the three 

material states was characterized and represented by the Norton law and in terms of the 

Robinson model. A welded pressure vessel was creep tested and hoop and axial strains were 

measured for three welds in the vessel. A creep stress analysis of welded pressure vessel was 

performed based on Norton’s law and the Robinson model concentrating on the accumulated 
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hoop and axial strains in the welds. As a result, the calculated axial and hoop strains were 

found to be in good agreement with the measured ones [1-32]. With this modeling, the 

distribution of the strains and stresses were investigated in the whole welded pressure vessel 

which might be the earliest and systemic FE analysis example utilized in resistant ferritic steel 

to simulate the mechanical behavior during creep. Albert analyzed the stress and strain 

distributions within the bar specimen during creep deformation using the FE method. Though 

they conducted the simple 3-D FE modeling composed of 5 components (The creep properties 

of the relative 4 components were from the material simulated at 1000, 950, 900, 850℃ with 

welding simulator respectively, and the fifth component was from the base metal.) without 

groove, the results indicated that creep deformation and fracture were influenced by the 

multiaxial stress state produced in the specimen due to the existence of different 

microstructures varying significantly in their creep properties [1-34]. Watanabe et al also 

conducted the 3-dimension (3-D) FE modeling composed of 3 components (weld metal, 

fine-grained HAZ and base metal) with single U groove with comparing with the final 

damage distribution in plate, enhancing the theory of the negative effects of the stress 

triaxiality factor on the creep damage [1-38]. Ogata et al conducted a 3-material (weld metal, 

HAZ and base metal) and 3-D bar FE modeling to simulate the micro creep damages (sizes 

and numbers of void in welded joint) with time. It is indicated that creep strain accumulated in 

the HAZ preferentially resulting in Type Ⅳ failure of the weld joint specimen [1-37]. Hyde 

et al described some issues concerning weld modeling and failure prediction with conducting 

a 3-D FE modeling of pipe with single groove, which was quiet systemic modeling [1-40]. 

Bauer et al analyzed the stress-strain situations and multiaxial stress state in various pipe 

models (with the changing of angle of the single groove) including welds for clarifying the 

effect of creep strength of weld metal [1-35]. The FEM modeling was investigated focusing 

on the mechanical parameters such as Von Mises stress, equivalent creep strain and the factor 

of multiaxiality in two directions including of along the HAZ and along the longitudinal 
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direction of the welded joint. The 3-D FEM modeling was composed of 5 components, such 

as the components of weld metal, HAZ1 (coarse-grained HAZ), HAZ2 (fine-grained HAZ), 

HAZ3 (transformed intercritical HAZ) and base metal. The calculation results from the 

longitudinal direction of the welded joint modeling could be studied quite with comparing the 

actual creep rupture results. Along the HAZ, however the investigated parameters had no 

actual results for comparing. The components for constructing the modeling of welded joint 

were much detailed. 

Shinozaki et al performed a set of FEM simulations including of a welded joint model and 

a matrix/precipitation model. The 2-D welded joint model without groove was composed of 4 

components (weld metal, coarse-grained HAZ, fine-grained HAZ and base metal), and the 

3-D matrix/precipitation model included a precipitation for consideration of its role on the 

vacancy nucleation. With comparing the creep rupture tests and the void observations, the 

large equivalent creep strain had a good agreement with the high density of creep void in 

fine-grained HAZ comparing with the other components in the welded joint. Moreover, the 

precipitation in the matrix acts a role of nucleation site in creep vacancy occurrence with the 

creep deformation [1-41]. 

Up to now, the development of the FEM analysis has been studied systemically. The FEM 

modeling designed more and more complicated, such as from 2-D to 3-D, simple plate 

modeling to bar and then the pipe, without groove to groove done, and 2, 3 to 5 components 

of the modeling. In summarizing the previous FEM applications to the creep behavior of 

weldment, it seems to us that there still remain the lack of the direct comparison with the 

calculation (FEM) and the experiment (creep testing). In our work, in addition to the FEM 

computation we observed wholly the evolution and distribution of damage (mainly vacancies, 

voids and Type Ⅳ cracks) in the weak zone of the thick welded joint by several interrupting 

of creep tests.  
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1.2.3 Review on Creep Damage Evaluation  

  In order to save energy and reduce the output of carbon dioxide gas, it becomes the most 

important to improve the energy efficiency of high-temperature structures used in fossil power 

plants and jet engines, etc. The materials tend to be improved to meet the more serious 

requirements since its structural components would work at much higher temperatures and 

bear much longer times. Moreover, in view of the recent economic considerations, the plants 

might be operated longer times often exceeding its predicted life. Therefore, more accurate 

prediction for the life of used component at high temperatures becomes very important. 

 

1.2.3.1 Macroscopic Continuum Damage Mechanics  

Beside of the methods mentioned above, there was also a predicting method using the 

constitutive equations with the continuum damage mechanics (CDM) at a certain temperature. 

The original idea utilized in uniaxial creep tension was firstly proposed by Kachanov in 1958 

[1-42] , and subsequently by Rabotovov [1-43].  The idea of Kachanov-Rabotonov will be 

described here in some details because the concept of the creep damage is one of central 

themes of the research. Kachanov observed that in uniaxial creep specimens, cracks and voids 

formed on the planes across which the applied tension force was transmitted and which he 

considered as the areas of damage. By defining a damage parameter, ω, as that fraction of the 

original cross-sectional area occupied by cracks and voids he defined the local net stress as, 

 





-1
nσ               (1.1) 

where  is the stress applied to the initially undamaged area. The rate of change in damage is 

given in terms of the nominal stress  and the current value of ω by 

 

),(  f


             (1.2) 

In order to make the prediction of the creep strain, different methods were essentially the 
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same and involve the usage of a single state damage variable theory in which the creep strain 

rate 


  is given by Equation (1.3) [1-43 ~ 1-45]. 

 

),(  g
        (1.3) 

  Under the uniaxial conditions, the damage rate (1.2) and strain rate (1.3) equations could be 

given by 
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
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

1
             (1.4) 










)1( 




C              (1.5) 

where G, C, n,   and   are material constants and could be solved after integrating the 

equations (1.4) and (1.5). The damage parameter ω represents the scalar quantity of damage 

in the range from 0 at the beginning of damage formation to 1 at failure,   is the strain, and 

 is the local stress equal to the effective stress to rupture under the uniaxial stress state. The 

stress  presents mostly contributing to the damage during service of the material. Two 

extreme material classifications were made by Hayhurst according to the results of several 

multiaxial stress creep-rupture tests in order to solve the constitutive equations under the 

multiaxial stress states [1-46]. In the first category the rupture time is governed by a 

maximum principal tension stress criterion; the behavior of copper and Nimonic alloys (nickel 

based) is approximately described by this criterion. In the second classification the rupture 

time is dependent upon the maximum effective stress. For the maximum principal stress 

criterion  is expressed by the maximum principal stress 1 (3 < 2 < 1) and for the 

maximum effective stress criterion the corresponding term is eq. Where eq is the Von Mises 

stress. However, a number of materials, including austenitic stainless steels, obey mixed 

criteria, in these situations  can be expressed by 
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eq )1(1                (1.6) 

In this expression the factor of α, obtained by carrying two sets of creep tests with different 

multiaxial stress state, is dependent on the material properties at a certain temperature. The 

factor α is normally named as the multiaxial stress rupture criteria. It is in the range from zero 

when the material belongs to the first category to unity for the material in the second 

classification. 

Under the uniaxial and biaxial creep tension conditions, cracks and voids formed on planes 

across which the applied tension force was transmitted and the imaginary or hypothetical 

areas of damage was considered as the damage parameter of ω. Kachanov and Rabotnov have 

discussed the practical importance of accurately predicting the rupture life of structural 

components which have operated for long period within the temperature range 0.4-0.6 Tm (Tm 

is the melting point of the material) [1-47]. The suitable working stresses are low fractions of 

the material yield stress of the material. On the basis of these, Hayhurst et al conducted the 

evaluation of creep damage on the uniaxial tension plate containing a hole. The effect of the 

multiaxiality stress system decreased the uniaxial rupture life of the material by as much as 

50% according to experiences in practice. The reasons for that were investigated. As a result 

he pointed out that the understanding of the multiaxial behavior of the material upon the 

rupture is imperative [1-46 and 1-48]. Tu and Sandström proposed a model of an inherent 

discrete process of material degradation by a continuous variable [1-49]. After the work of 

Kachanov was described in detailed by Hayhurst in 1973, the damage was generalized as an 

internal state variable in the context of irreversible thermodynamics later in 1970s by 

Lemaitre and Chaboche [1-50]. The systematic CDM equations were constructed to evaluate 

the creep behavior by Hayhurst et al [1-51]. The constitutive equations are given by  
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  
 
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

1

11 eqC
          (1.8) 

where f(t) is a function of time (usually of the form t
m
), G, n and m are material constants and 

)( klσ  is a homogeneous potential function of degree one in the components of stress kl . 

With consideration the complicated multiaxial structure, the FEM was adopted to solve the 

rupture life in the CDM approach by Hayhurst group [1-52]. The tested specimens were 

aluminium and copper plates containing central circular holes, the force applied on which was 

the simple tension. In this case, the virtual stress distribution was simulated by the FEM. 

Though the importance of the multiaxial state of stress in the actual structures, the relation 

between of the damage and the rates of creep strain was studied in uniaxial state continuously, 

leading to that the CDM conversional equations could be applied to not only the macroscopic 

observations but also that of the physical damage growth in the material [1-53]. Furthermore 

the CDM approach was introduced to study the creep behavior of weldment in the beginning 

of 1990s [1-54 ~ 1-56], and they give an evaluation on the failure history of the pipe 

weldment. In Hall’s model, he obtained the creep properties of the coarse-grained and 

fine-grained HAZ comparing their bainitic microstructures fraction with that of weld metal. 

Moreover, the factor of α was obtained with carrying the biaxial creep rupture tests. Hyde et 

al developed a subroutine with collaborating the CDM constitutive equations and FEM 

simulation for creep behavior evaluation [1-57]. They tested the evaluation work with 

conducting a set of creep tests on P91 material at 625℃. The experimental results showed that 

the damage location prediction was in good agreement with the experimental, while the 

rupture lifetime was conservative with 80% of the actual rupture life under the stress of 

105MPa [1-58]. Tu and Sandström took the CDM constitutive equations for design 

considerations with understanding the histories [1-59]. Perrin extrapolated the evaluation on 
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creep behavior on much higher temperature with the CDM equations given below under the 

uniaxial stress state [1-60]: 

 













)-)(1-(1

)1(
sinh


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-HBσ
A

dt

dε
      (1.9) 


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




*
1

H

Hh
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dH


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               (1.10) 

4c )1(
3





K

dt

d
                  (1.11) 



 


C
dt

d
                     (1.12) 

where A , B , C , h , 
*H  and cK  are constitutive constants to be determined and H ,   

are the two state variables. The factor H  represents the strain hardening that occurs during 

primary creep; initially H  is zero and, as strain is accumulated, increasing to a value 
*H . 

The second state variable,  , describes the evolution of spacing of carbide precipitations 

which is known to lead to a progressive loss in the creep resistance of particle-hardened alloys 

such as ferritic steels. In the CDM constitutive equations, the global features of creep behavior, 

such as the minimum creep strain rates, lifetimes and failure strains were used to solve the 

constants of the constitutive equations. Later, Perrin reported that both the maximum principal 

stress and the effective stress affected the rupture lives of a weldment with combining the 

CDM evaluation and FEM simulation [1-61]. The evaluation of the creep behavior was 

conducted comparing with a failure within the Type Ⅳ zone. The value of 2.8 for the stress 

state index of 0.5Cr-0.5Mo-0.25V ferritic steel was calculated, which is closed to the results 

of the stress triaxial factor from in our calculation. Using the same CDM constitutive 

equations to predict the components rupture lives in a pipe welded joint, the predicting results 

showed in closed agreement with the experimental results. A three-dimensional solver was 

developed [1-62]. Base on the CDM evaluation model proposed by Hayhurst in 1983, Becker 
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et al developed a user-subroutine for simulating the creep behavior in the terms of creep 

damage, strain and stress in uniaxial stress state and multiaxial stress state [1-63]. However, 

the true stress level is not constant due to the plastic straining during test, which leads to no 

full convincing results from the conventional CDM constitutive equations. The relation of 

plastic strain and the true stress was found by Xu, and then he constructed the integration on 

them in the CDM model [1-64]. The CDM constitutive equations were introduced to study the 

life reduction due to the presence of a weld and the effect of weld repair [1-65]. A cycle 

jumping numerical technique was used to analyze a multi-bar model of the slag tap using 

viscoplastic constitutive equations embodying softening due to combined cyclic plasticity and 

creep damage [1-66]. Hayhurst demonstrated how computational CDM could be used to 

predict the behavior of structural components, ranging from modest stress concentrators to the 

growth of cracks by creep [1-67]. However, Kinugawa et al found the local variability in the 

transverse welded joint with the aids of FEM simulation, i.e. along the thickness direction of 

welded joint the mechanical parameters are variable [1-68]. It is inevitable that the effective 

stress and the maximum principal stress are all changing with locations, which reach the 

difficulties to conduct the CDM constitutive equations for evaluating the creep behavior of the 

thick welded joint. In present study we are trying to solve this problem. 

  On a global view, the phenomenological evaluation on the creep behavior had been 

developed much perfectly. However, the mechanical parameters in the weldment are changing 

with the local variations during creep, which makes it difficult to extract the effective value to 

conduct the calculation with the conventional constitutive equations. The materials constants 

defined in the previous methods might not reflect the creep behavior exactly. 

1.2.3.2 Microscopic Continuum Damage Mechanics 

  The other evaluation with CDM constitutive equations was focusing on the microscopic 

damage evolution in material [1-69 ~ 1-71]. In early 1980s, Cocks and Ashby developed a set 

of evaluation constitutive equations in terms of the continuum damage mechanics, due to 
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controlled by different damage mechanism such as diffusion creep, by power-law creep, or by 

a coupling of diffusion and power-law creeps. 

  This model was base on the observation of micro-damage in the materials, and a set of brief 

formulas developed in 1980 could help understanding. They are given by 
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where ft  is the time to fracture at constants stress, nt  is the time to nucleate voids and if  

presents the initial area fraction of holes. The factor 


ss  denotes the average steady-state 

creep state is given by Equation (1.15) without consideration of the voids in material.  
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In this formula the factor 


0  is the minimum creep rate.  

Later, Yu took the CDM model into predicting the creep time for material with some 

modification on Equations (1.13 and 1.14), which showed that the calculated results in good 

agreement with the experimental [1-71]. However, the damage observation in his study, that 

was not basis of his own work systemically, should be continuously investigated. The set of 

constitutive equations are also facing the problems that the stress fluctuation along the 

cross-sectional lays under the multiaxiality stress state. Much critical microstructural 

observations are required for fitting these evaluation equations.  
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1.2.3.3 Prediction of Creep Life 

There are two types of methods for creep rupture life prediction: the one is the constitutive 

equation and the other one is time-temperature parameter (TTP) mehods [1-72]. As Expressed 

in equation (1.16), a polynomial of logarithmic stress can be used for the logarithmic of the 

creep rupture times at a temperature. 

 

k

kR aaaat )(log...)(logloglog 2

210         (1.16) 

where Rt  is the time to rupture and σ  denotes the applied stress. 0a , 1a , 2a , …, ka  are 

the constants. To predict the creep rupture strength the direction solution is commonly used to 

extrapolate from shorter databases, by which a number of experimental data are necessary at 

the same temperature. The prediction of life with CDM constitutive equations at a certain 

temperature belong to this method. However, it is difficult to conduct the evaluation because 

the servicing material tends to deteriorate and leads to reducing the creep strength in long 

term at elevated temperatures. 

  As given in Equation (1.17), the TTP method gives a relation of the creep life and the 

applied stress with taking the temperature dependency into account, i.e. it can extrapolate 

from the data of elevated temperatures and short creep life. 

 

)(),( FTtP R                                     (1.17) 

Comparing with the direction method, the TTP method was popular of evaluating the creep 

during long term service. Fujida et al gave a detailed procedure on the TTP method relative to 

the prediction of creep life in long term [1-73]. There have been many proposals for the TTP 

concept. The followings are major ones widely used: 

 

Larson-Miller: )(log CtTP R                       (1.18) 

Orr-Sherby-Dorn: )3.2/(log RTQtP R                (1.19) 
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Manson-Haferd: )/()log(log aaR TTttP             (1.20) 

where T is the absolute temperature, tR represents the creep-rupture to time, Q is the creep 

activation energy and R denotes the gas constant. C, ta and Ta are materials constants. 

Moreover, among the equations listed above, although the Larson-Miller equation is the most 

commonly used to predict the creep life in long term, it is known Larson-Miller could not 

give conservative prediction. The Manson-Haferd parameter with two materials constants is 

more flexible. A software package of time-temperature parameter for creep-rupture data 

analysis (ECRTTP) was published from the ISIJ in 1994 [1-73]. 

 

1.3  Objective of the Research 

The purpose of this research is to clarify the creep damage mechanism of Type Ⅳ 

cracking in Mod.9Cr-1Mo steel weldment. On the basis of creep-rupture testing and 

microscopic observation by SEM and LASER microscope, the mechanical parameters to be 

used in the FEM simulation are evaluated. 

The macroscopic CDM approach combined with the microscopic voids nucleation and 

growth in the fine-grained HAZ and in the intercritical HAZ should give a new insight into 

the understanding of the creep damage in the ferritic steel. 

As Hayhurst and his coworkers pointed out we think the triaxiality under creep exposure 

and the evolution of the microstructural changes, particularly the void formation in the weak 

zone, must be clarified in order to avoid the failure of Type Ⅳ cracking. 
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Chapter 2  

Experimental Procedures 

 

In this chapter we cover the experimental procedures. They are: 

1) Specimen supplying and preparation from the weldment; 

2) Creep testing of welded joint, base metal and welded joint; 

3) Hardness profile before and after the creep tests; 

4) Simulated specimen for the weak zone in the welded joint; 

5) Observation of microstructure by SEM and LASER microscope; 

6) Counting of void density and distribution. 

The weaker zone in the welded joint was found in the HAZ close to the base metal, which 

was produced by the fast temperature raising and cooling during the welding process. The 

temperature of the zone was close to the temperature point of Ac3 phase transformation, so 

that the fine grains formed in the pre-austenite lattice matrix during the rapid cooling [2-1]. In 

order to simulate the thermal process we conducted the Gleeble tests at several temperatures 

above Ac3 point. However, the overheating occurs during weld due to the rapid thermal input, 

therefore it is difficult to locate the weak zone such as fine-grained HAZ and inter-critical 

HAZ. Also we observed the voids in the HAZ near to base metal of the thick welded joint by 

interrupting during the creep tests. We believe this is most detailed procedures of damage 

observation for evaluating the damage evolution in the welded joint.  

 

2.1 Material and Welding Processing  

The material investigated in the present study is a Mod.9Cr-1Mo steel plate of 25mm in 

thickness as shown in Fig 2-1. The Mod.9Cr-1Mo steel was developed in the USA in 1970s, 

and designated P91/T91 in the ASME/ASTM standards. The chemical compositions of the 
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base metal and the welding filler are given in Table 2-1. The plates were welded by using gas 

tungsten arc welding (GTAW) method with double U grooves as shown in Table 2-2. The post 

weld heat treatment (PWHT) adopted was to keep temperature at 745℃ for 1 hour.  

 

 

Fig. 2-1. As received GTAW joint of Mod.9Cr-1Mo steel plate with 25mm thickness. 
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2.2 Creep Testing of Welded Joint, Base Metal and Welded Joint 

Figure 2-2 shows the specimen geometry for the creep tests. The round bar specimens with 

4mm in diameter and 15mm in gauge length for simulated HAZ (Fig 2-2a), those with 6mm 

in diameter and 30mm in gauge length for base metal (Fig 2-2b), and smooth thin plate 

specimens for the welded joint (Fig 2-2c) were machined from the welded plate and crept in 

long term at 550, 600 and 650℃ with several stress levels from 40MPa to 240MPa. Several 

thick plate specimens shown in Fig 2-2d were also machined from the welded joint. These 

thick plate specimens were subjected the creep tests at 600℃ under the applied stress of 

90MPa. The thick welded joints were interrupted at several time intervals for the void 

observation that are explained in details later. The applied stresses, creep-rupture times, 

elongation, reduction of cross-sectional area, minimum strain rate and damage locations are 

listed in Tables 2-3, 2-4 and 2-5 for the base metal, the simulated HAZ and the welded joints, 

respectively. 
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Fig. 2-2. Dimensions of the creep specimens for (a) the simulated HAZ, for (b) base 

metal, for (c) thin plate welded joint, and for (d) thick plate welded joint. (All 

dimensions in mm). 
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Table 2-3. Results of creep tests on the base metal. 

240 290.7 31.0 88.0 1.79E-02

220 2392.5 28.6 88.1 1.77E-03

200 10432.9 26.4 86.2 3.24E-04

190 18514.7 27.2 82.9 1.45E-04

160 501.4 34.9 89.3 9.57E-03

140 2550.2 32.1 89.0 1.63E-03

130 6036.8 30.7 83.0 5.31E-04

110 19907.5 23.7 79.8 9.60E-05

90 928.0 32.2 87.9 3.59E-03

80 2726.1 34.6 80.7 1.16E-03

70 8385.6 32.8 81.6 4.57E-04

650

Reduction of Area

(%)

Minimum  strain

rate (h
-1

)

550

600

Temperatures

(℃)

Stress

(MPa)

Time to rupture

(h)

Elongation

(%)

 

 

Table 2-4. Results of creep tests on the simulated heat affected zone. 

200 289.7 26.6 89.2 1.72E-02

190 960.4 31.6 88.7 5.14E-03

170 6147.6 22.1 86.7 4.81E-04

140 63.5 43.7 93.3 1.49E-01

120 155.0 38.6 92.9 6.13E-02

100 1271.9 42.8 91.3 4.48E-03

80 6295.0 35.3 89.0 2.46E-04

70 167.5 47.8 91.3 7.14E-02

50 1536.2 35.2 82.0 5.08E-03

40 6948.5 29.1 80.4 7.59E-04

Temperatures

(℃)

Minimum  strain

rate (h-1)

550

600

650

Stress

(MPa)

Time to rupture

(h)

Elongation

(%)

Reduction of Area

(%)
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Table 2-5. Results of creep tests on the welded joint (thin and thick). 

 

 

2.3 Hardness Profile in the Welded Joint 

In terms of cost performance, the hardness measurement can be even better than the tensile 

test for evaluating the strength.  We can use a hardness profile to identify the local variability 

of strength in a welded joint, particularly the weak position in the HAZ. Thus, the 

Micro-Vickers hardness measurement was conducted on the welded joint specimens in the 

longitudinal direction. The location is about 1/4 in the thickness direction paralleling to the 

welded joint as shown in Fig 2-3. With regard to the hardness welded joints under the 

conditions of as weld and crept were measured in Hardness. The specimens were crept with 

the rupture time of 20,460h and 3,568h at 550℃ and 650℃ respectively. 

 

240 451.6 14.4 in BM 

220 1783.9 11.4 in BM 

200 8662.6 7.6 in HAZ 

170 20460 2.8 in HAZ 

140 983.9 2.9 in HAZ 

130 1341.7 2.6 in HAZ 

100 4324.8 2.2 in HAZ 

90 7147.1 0.9 in HAZ 

80 10330.5 1.3 in HAZ 

80 349.9 2.1 in HAZ 

70 862.3 1.6 in HAZ 

50 3568.2 1.3 in HAZ 

Thick 
welded 

joints 

600 90 8853.4 in HAZ 

Temperatures 

( ℃ ) 

Stress 

(MPa) 

Time to rupture 

(h) 

Elongation 

(%) 

Rupture 

locations 

550 

600 

650 

Welded 

joints 

Thin 
welded 

joints 
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Fig. 2-3. Hardness checking path denoted with the white dots in the diagram. 

 

2.4 Specimens of Simulated HAZ 

The specimens for the weak zone were fabricated from the base metal of the thick plate of 

the Mod.9Cr-1Mo steel. Gleeble is a thermo-mechanical simulator, which can give the weld 

thermal cycles to specimens by supplying current directly into the specimen (direct resistance 

heating) under the mechanically constrained condition. The specimens were preheated at 

200℃, and then were simulated by rapid heating to the peak temperature with the speed of 

60℃/s and followed by the gas cooling with the speed of 40℃/s to the temperature of 430℃ 

using weld a simulator. After that, the specimens were cooled in air. The thermal history 

profile is shown in the Fig 2-4. 

 

10mm 
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Fig. 2-4. Simulated processing used for the simulated heat affected zone of the welded 

joint in the weld simulator. 

 

The peak temperatures were selected in the ranges around Ac3 point of the Mod.9Cr-1Mo 

steel, and the temperatures of 850℃, 870℃, 900℃, 925℃ and 950℃ were selected as the 

peak temperature. After the finished up the procedure in the weld simulator, the specimens 

were tempered at 745℃ for 1 hour. Figure 2-5 shows the photographs of the base metal and 

the simulated HAZ observed by scanning electron microscope (SEM). Comparing with the 

six photographs, the base metal has the larger grain size while the specimen simulated with 

the peak temperature at 900℃ has the smaller grain size. The several specimens of the 

simulated weak zone were investigated in the hardness and crept under the two stress levels of 

120MPa and 140MPa at 600℃. The Vickers hardness was lower for the specimens simulated 

with the peak temperatures of 850℃ and 870℃ in Fig 2-6, which should be the tempering 

zone of the HAZ that localized in the part between the inter-critical HAZ and base metal in a 
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welded joint as shown in Fig 2-2. The creep testing results are shown in Fig 2-7, and the 

specimen with the peak temperature of 925℃ was the weakest under the stress of 140MPa 

while the specimen with the peak temperature of 900℃ was the weakest under the stress of 

120MPa. The specimen of the base metal was the stronger comparing with the simulated HAZ 

specimens with different temperatures under the two stress levels. At high stress range, the 

creep strength of the simulated HAZ was decreasing with the applied stresses, and the 

weakest zone of the HAZ was the tempering zone under the applied stress of high levels.  
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Fig. 2-5. Observation the grain size of the base metal and the simulated weak zone with 

different peak temperatures by SEM. 

850℃ 

870℃ 900℃ 

925℃ 950℃ 

Base metal 

3.33um 
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Fig. 2-6. Changes in Vickers hardness for the base metal and weak zone with simulated 

at different peak temperatures. 

 

Fig. 2-7. Rupture life of the base metal and the simulated weak zone with simulated at 

different peak temperatures. 
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Thus we used the base metal specimens for the simulated weak zone with the peak 

temperature of 900℃ in the weld simulator. The microstructures of the simulated weak zone 

and base metal were observed with using the optical microscope (OM) and transmission 

electron microscopy (TEM) as shown in Fig 2-8. From the photographs, the grain diameter is 

about 3um for the simulated HAZ and lath martensite phase was not found. 

 

 

Fig. 2-8. Microstructures of base metal and simulated HAZ heated to the peak 

temperature of 900℃. 

 

2.5 Measurement of the Voids in Thick Welded Joint 

Normally the Type Ⅵ cracking was found in the fine-grained HAZ or inter-critical HAZ of 

a weldment during long term creep exposure at elevated temperatures, which is believed to be 

produced by the connection of voids after formation and growth. We are interested in the 

evolution of void process in the thick welded joint of Mod.9Cr-1Mo steel during creep. The 

void observation in the HAZ was made for the interrupted specimens crept under 90MPa at 

600℃. 
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2.5.1 Observation of Voids in HAZ of Welded Joint 

These thick plate specimens whose dimensions and shape are shown in Fig 2-3d were crept 

at 600℃ under the applied stress of 90MPa, the creep testing machine has a maximum 

capacity of 50 ton shown in Fig 2-9. The creep tests were interrupted at about 1010h, 2000h, 

4425h, 6000h, 7040h and 7970h during creep in order to investigate the damage processes as 

shown in Fig 2-10. The figure indicates that several specimens of the thick welded joint creep 

at the same conditions at the temperature of 600℃ and the stress of 90MPa. All the creep tests 

except one were interrupted before rupture. The rupture life (tr) for the thick welded joint in 

present condition was 8,853h and the thick welded joint specimen shown in Fig 2-11 was 

taken after rupture at 600℃.  

 

 

Fig. 2-9. 50t heavy-loading creep testing machine used for testing the specimens of the 

thick welded joint. 
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Fig. 2-10. Sketch map for the interrupted times of the different thick welded joints at 

1010, 2000, 4425, 6000, 7040 and 7970h with the creep conditions of 600℃ and 

90MPa. 

 

 

Fig. 2-11. The ruptured thick welded joint crept under 90MPa at 600℃. 

 

After each interruption of creep tests of the thick welded joint at 600℃ under 90MPa, those 

specimens were cut in order to observe the creep damages on the central cross section of the 

welded joint. Figure 2-12 illustrates the procedures for fabricating the specimens in a thick 
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plate welded joint after the creep interruptions. The chemical etching was carried out for 

about 1h in a solution of 4% nitric acid and ethanol after automatic polishing machine. Before 

we observed the specimens, the etched specimen should be cleaned in the ethanol solution 

with an ultrasonic cleaner. As shown in Fig 2-12, along the HAZ, the cutting specimen was 

divided into 10 equal parts by 11 locations to be observed, with the resolution of 2mm in 

y-direction. On the every location, the voids were measured in an rectangular area with 

0.2×2mm using a LASER microscope (VK-8500 by KEYENCE Japan with the minimum 

resolution of 0.01μm). 

 

 

Fig. 2-12. Procedures for measurement of creep voids in a thick plate welded joint after 

interruption of creep test. 

 

At every rectangular area, more than 25 photographs were taken for covering the weak 

zone containing the voids with using the LASER microscope. The photographs taken from the 
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HAZ of the thick welded joint were pieced together and then formed the large one as shown 

in Fig 2-13 that was taken for the specimen at 7970h interruption. The photographs for 

observing the voids in HAZ at other interruptions were listed in the appendix. As shown in 

Fig 2-12, the rectangular areas actually cover the whole HAZ in the longitudinal direction of 

the welded joint specimen. Therefore, one area as shown in Fig 2-13 would take about 

photographs from 25 to 30 pieces so that it took about 275~330 photographs at a interruption 

during creep. 
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Fig. 2-13. Photographs pieced together for the rectangular area with 0.2×2mm at 11 

coordinates at the interruption of 7,970h. 

 

0.5mm 
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Apparently, large Type Ⅳ cracking and a number of voids are found in 4.5, 16.5, 18.5 mm 

location from the top surface at this time step. After interruptions at 2,000, 6,000, 7,040 and 

7,970h, the photographs of the full profile view of the specimens were also pieced together as 

shown in Fig 2-14. After imaging processing, the black dot image indicates the evolution of 

void process. In Fig 2-14, the voids were found prominently tending to form in the narrow 

zone in HAZ of the thick welded joint. The voids distribute in the zone like a saddle along the 

fusion line within the HAZ of the thick welded joint after long term exposure at this 

temperature.  

 

 

Fig. 2-14. Binary images of creep voids and cracks observed in the central cross section 

of HAZ of different thick plate welded joint after interruptions of creep test at 

2000, 6000, 7040 and 7970h. 

 

2.5.2 Void Counting Using Image-Pro Plus Software 

We checked every photograph and the voids were counted by an image processing 

software , Image-Pro Plus Version 6.2 from MediaCybernetics,  after the format of the 
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images were changed into *.JPEG. The software can give us state-of-the art imaging and 

analysis capability for acquire, enhancing and analyzing our images [2-2]. Followings are the  

feature of Image-Pro PLUS software:  

(1) Acquire image data from a camera, microscope, vertical redundancy check (VRC), or 

scanner;  

(2) Read and write data in all the standard image file formats including, TIFF, JPEG, BMP, 

TGA, and many others;  

(3) Perform image enhancement using powerful color and contrast filters, including Fast 

Fourier Transforms (FFT), morphology, field flattening, background subtraction and 

other spatial and geometric operations;  

(4) Trace and count objects manually or automatically (We selected the target voids 

manually in this studies.). Measure object attributes such as: area, angle, perimeter, 

diameter, roughness and aspect ratio (The terms of area and diameter of voids were 

selected.).  

(5) View collected data numerically, statistically or in graphic form, save the operation 

recorder which could be folded with the software so that some other terms to be 

checked could be conducted again.  

 

The counting interface when we were selecting the area of interest (AOI) using the 

Image-pro software is shown in Fig 2-15. 

We counted the voids in the 11 locations taken from the HAZ of the thick welded joint at 

the listed creep time steps. The voids counted are no less than 1 micron in size. The results are 

shown in the Table 2-6, Table 2-7, Table 2-8 and Table 2-9 for observing the interruptions at 

2000h, 4425h, 6000h and 7970h respectively. The voids could not found in the HAZ at the 

earliest interruption of 1000h. We have to note that the experimental data for the voids 

counting were all from one side of HAZ of the thick welded joint. 
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Fig. 2-15. The counting interface of the Image-Pro software. 

   

 

Table 2-6. Void counting at 2,000h interruption in left side of the HAZ of the thick 

welded joint crept at 600℃ and 90 MPa. 

 

 

 

 

Locations 

in the 
Machine 

Distance from 
Back Side 

(mm) 
Numbers 

Fraction of 
Area 

Average 

Diameter 
(μm) 

10000 0.5 46 0.0004 2.0332 
8000 2.5 298 0.0014 1.5240 

6000 4.5 298 0.0017 1.6176 
4000 6.5 102 0.0005 1.5740 

2000 8.5 46 0.0004 1.9822 
0 10.5 37 0.0002 1.5710 

-2000 12.5 53 0.0003 1.7915 
-4000 14.5 96 0.0005 1.7021 
-6000 16.5 292 0.0016 1.6296 
-8000 18.5 43 0.0003 1.8922 
-10000 20.5 59 0.0007 2.1802 
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Table 2-7. Void counting at 4,25h interruption in left side of the HAZ of the thick 

welded joint crept at 600℃and 90 MPa. 

 

 

 

Table 2-8. Void counting at 6,000h interruption in left side of the HAZ of the thick 

welded joint crept at 600℃ and 90 MPa. 

 

 

 

 

 

 

 

 

 

 

Locations 
in the 

Machine 

Distance from 
Back Side 

(mm) 

Numbers 
Fraction of 

Area 

Average 
Diameter 
（μm) 

10000 0.5 19 0.0004 2.8852 
8000 2.5 841 0.0150 2.7599 
6000 4.5 892 0.0133 2.5360 
4000 6.5 399 0.0070 2.7417 
2000 8.5 111 0.0032 3.4312 

0 10.5 102 0.0021 3.0098 

-2000 12.5 76 0.0011 2.5711 
-4000 14.5 181 0.0040 3.3532 
-6000 16.5 591 0.0089 2.5593 
-8000 18.5 128 0.0020 2.5664 
-10000 20.5 15 0.0004 3.5124 

Locations 
in the 

Machine 

Distance from 
Back Side 

(mm) 

Numbers 
Fraction of 

Area 

Average 
Diameter 

（μm) 

10000 0.5 16 0.0003 2.7921 
8000 2.5 758 0.0096 2.3661 
6000 4.5 560 0.0082 2.5327 
4000 6.5 118 0.0018 2.6124 
2000 8.5 55 0.0009 2.6081 

0 10.5 23 0.0003 2.4213 
-2000 12.5 40 0.0005 2.4596 

-4000 14.5 134 0.0025 2.8485 
-6000 16.5 440 0.0045 2.1533 
-8000 18.5 148 0.0017 2.2735 
-10000 20.5 21 0.0004 2.9309 
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Table 2-9. Void counting at 7,970h interruption in left side of the HAZ of the thick 

welded joint crept at 600℃ and 90 MPa. 

 

 

Table 2-10 summarizes the void counting to yield the area fraction and the void density. 

 

 

Table 2-10. Summation of the voids in the 11 locations along left side of the HAZ of the 

thick welded joint at every interruption.  

Time

(h)

Number of

Void

Area

Fraction of

Void

Density of Void

(1/mm
2
)

2000 1370 0.0007 498

4425 2313 0.0028 841

6000 3355 0.0052 1220

7040 3808 0.0061 1385

7970 3734 0.0081 1358

 

 

Locations 
in the 

Machine 

Distance from 
Back Side 

(mm) 

Numbers 
Fraction of 

Area 

Average 
Diameter 

(μm) 

10000 0.5 33 0.0009 3.3965 

8000 2.5 908 0.0222 3.1561 
6000 4.5 923 0.0207 3.0919 
4000 6.5 357 0.0123 3.8232 
2000 8.5 137 0.0048 3.8429 

0 10.5 160 0.0055 3.8597 
-2000 12.5 141 0.0030 3.0555 
-4000 14.5 219 0.0063 3.5081 

-6000 16.5 628 0.0090 2.4791 
-8000 18.5 185 0.0036 2.8094 

-10000 20.5 43 0.0007 2.6285 
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2.6 Summaries 

  By use of the base metal, the simulated HAZ and the welded joint specimens we obtained 

the grain size, hardness, and the effects of the peak temperatures on the creep-rupture times. 

The thick welded joints subjected to the creep testing under 90MPa at 600℃ were interrupted 

at six different time intervals and subsequently measured the void distribution and density (the 

number of voids, the fraction of area, and the average of diameter) in 0.22mm area at 11 

coordinates transverse to the HAZ. 

  In the following chapters we would use these data in the FEM analysis and the creep 

damage evolution based on the CDM. 
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Appendix A  

Microphotographs of 0.2mm×2mm areas in the HAZ of the thick specimens creep tested 

at 600 and 60 MPa. 

1) Interrupted at 1,000h 
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2) Interrupted at 2,000h 
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3) Interrupted at 4,425h 
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4) Interrupted at 6,000h 
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5) Interrupted at 7,040h 
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Chapter 3  

Evaluation of Creep Damages in HAZ of Welded Joint 

 

3.1 Introduction 

Mod.9Cr-1Mo steel has been widely used for high temperature structures such as boiler 

components in ultra-supercritical (USC) thermal power plants operating at about 600
o
C. It is 

also a candidate material for a steam generator, intermediate heat exchanger and secondary 

piping of the liquid metal faster breeder reactor (LMFBR), and a pressure vessel and some 

internal structures of the high-temperature gas cooled reactors (HTGR) due to its high creep 

strength. However, it has been reported that the creep properties of the welded joints are 

inferior to those of the base metal and weld metal because of the Type IV cracking in the 

fine-grained HAZ paralleling to the fusion line at high temperature [3-1, 3-2]. Researcher and 

engineers have been investigating the mechanisms of Type IV fracture both from the 

microstructural approaches and mechanical approaches [3-3, 3-4 and 3-5]. However, the 

mechanisms of Type IV cracking have not been fully understood, where the Type IV cracking 

took place is still a confused problem. We will discuss the mechanism in details in Chapter 5. 

The complicated stress state distributed in the welded joint affects the formation and growth 

of creep voids prior to the crack growth in the Type IV zone, which occupies a large fraction 

of the creep life. 

During the past years, several creep damage models were proposed in order to describe the 

nonlinear creep behavior of initially isotropic solids at high temperatures. After Kachanov 

first proposed the continuum damage mechanics to evaluate the creep life of a structure in 

1958 [3-6], the damage mechanics has been applied for predicting creep damages and lives of 

components under complicated stress conditions [3-7]. Hyde et al predicted the creep damage 
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distributions and crack growth life of circumferential pipe welds by damage mechanics using 

creep data of parent, weld and HAZ of new and serviced materials [3-5]. Eggeler et 

al.investigated the effect of hoop, axial and radial stress distributions of a P91 pressure vessel 

with welds using the creep data of base metal, weld metal and simulated intercritical HAZ 

[3-4]. Bauer et al analyzed the stress-strain situations and multiaxial stress state in various 

pipe models including welds for predicting creep life, and clarified the effect of creep strength 

of weld metal [3-8]. The works referred here were all conducted with the aid of the FEM. The 

FEM was popular to solve the evaluation on creep damage and deformation during creep 

because of no testing costs.  

The experimental creep damage distributions and evolutions of high Cr steel welds, 

however, were scarcely investigated, and the comparison between experimental creep damage 

evolutions and numerical analysis is very limited conducted. In the present paper, we want to 

investigate the formation and growth processes of Type IV creep damages (voids and cracks) 

quantitatively using a full-thickness welded joint with double U grooves of the Mod.9Cr-1Mo 

steel. The failure mechanism is discussed comparing the experimental results with the 

stress-strain distributions and stress triaxial condition in the welded joint calculated by the 

FEM using. 

 

3.2 Experimental Procedure 

The creep tests and the specimens had been explained detailedly in Chapter 2. We present 

here the results of creep tests and measurement of creep voids are described briefly in the 

following sections. The creep properties and the FEM modeling are described in section of 

3.2.3. 

 

3.2.1 Creep Tests 

The material investigated in the present study is a Mod.9Cr-1Mo steel plate of 25mm in 
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thickness. The chemical compositions of base metal and the welding filler were given in Table 

2-1 in Chapter 2. The plates were welded by using gas tungsten arc welding (GTAW) method 

with double U grooves. The post weld heat treatment (PWHT) adopted was to keep 

temperature at 745
o
C for 1 hour. The simulated HAZ specimens were produced by rapid 

heating (60
o
C/s) to the peak temperature 900

o
C and followed by the gas cooling (40

o
C/s) 

using weld simulator (Gleeble test).  

The dimensions of the creep test specimens were indicated in Fig 2-2 in Chapter 2. The 

round bar specimens with 4mm in diameter and 15mm in gauge length for simulated Type Ⅳ 

zone (Fig 2-2a), those with 6mm in diameter and 30mm in gauge length for base metal (Fig 

2-2b), and smooth thin plate specimens for the welded joint (Fig 2-2c) were machined and 

crept in long term at 550, 600 and 650
o
C with several stress levels from 40MPa to 240MPa. 

The strain-time curves for the base metal and simulated weak zone are shown in Fig 3-1. 

Several thick plate specimens shown in Fig 2-2d were also machined from the welded joint. 

These thick plate specimens were crept at 600
o
C under the applied stress of 90MPa, and the 

creep tests were interrupted at about 0.1, 0.2, 0.5, 0.7, 0.8, 0.9 of the rupture life in order to 

investigate damage processes. The interrupted conditions of creep tests were shown in Fig 

2-10. 
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Fig. 3-1. Creep curves for a) base metal and b) simulated HAZ at 600℃. 
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3.2.2 Measurement of Creep Voids  

Procedures for the measurement of creep voids in a thick plate welded joint after creep 

interruption were explained in Fig 2-10. After the interruption of each creep test of the thick 

welded joints at 600
o
C under 90MPa, those specimens were cut as shown in Fig 2-12 in order 

to observe the creep damages on the central cross section of the welded joint. The chemical 

etching was carried out for about 1h in a solution of 4% nitric acid and ethanol after automatic 

machine polishing. As shown in Fig 2-12, along the HAZ, the welded joint was divided into 

10 equal parts by 11 locations. On the every location, the voids were measured in an area with 

0.2×2mm using a laser microscope and counted by an image processing software. The mean 

diameter of voids was in the range of from 1m to 42m. 

 

3.2.3 FEM Analysis 

3.2.3.1 Constructing the Thick FEM Model 

Comparing with the experimental measurement, a three-material (base metal, HAZ and 

weld metal) and three-dimensional finite element model shown in Fig 3-2 was constructed to 

calculate the stress-strain distributions in the thick plate welded joint specimen. Since the 

thick plate welded joint is a symmetrical structure according to the weld direction, half of the 

weldment was used to design the FEM meshing. The model has the dimensions of 21×21×

50mm, and composes of the 6660 elements and 8436 nodes.  

The boundaries of the different components in the thick welded joint differentiate from the 

base metal, HAZ and weld metal in the Fig 3-2, which indicated the profile view of the thick 

welded joint. The boundary of C1-C2 is much clear, and separates the base metal from the 

HAZ in the thick welded joint. Therefore, C1-C2 was defined as the key line for measuring 

the coordinates in terms of the origin in the left and below the corner. The width of weak HAZ 

was fixed as 1.3mm according to the microstructural observation. Thus the two boundaries of 

the weaker zone in HAZ were decided, and the part on the left side of the weak zone was the 
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weld metal and the other side was the base metal. The consideration of the coarse-grained 

HAZ was ignored and was classified into the weld metal. The front surface of the welded joint 

was define as the plane containing the points of A2, B2, C2 and D2 as shown in Fig 3-3. 
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Fig. 3-2. Three-material and three-dimensional FEM model of thick plate welded joint 

specimen. Stress-strain distributions along Path A and Path B in the central 

cross section of the model are plotted in Fig 3-11 to Fig 3-19. 
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Fig 3-3. Profile view of the actual and macroscopic welded joint (where the area 

A1-B1-B2-A2 denoting the weld, the area C1-D1-D2-C2 representing the base metal, and 

between the two parts there is the HAZ). 
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Table 3-1. Key coordinates from profile view of the actual welded joint for FEM 

modeling. (Units: in mm) 

 

A1-A2 B1-B2 C1-C2 D1-D2

0 0 8.3 9.6 50

0.5 0 8 9.3 50

1.1 0 7.5 8.8 50

1.6 0 7.3 8.6 50

2.1 0 6.9 8.2 50

2.8 0 6.5 7.8 50

3.3 0 6.3 7.6 50

4.1 0 6.1 7.4 50

4.7 0 6.1 7.4 50

5.2 0 6.1 7.4 50

5.8 0 6 7.3 50

6.3 0 5.8 7.1 50

6.9 0 5.6 6.9 50

7.4 0 5.4 6.7 50

8 0 5.2 6.5 50

8.6 0 4.7 6 50

9.1 0 4.5 5.8 50

9.5 0 4.2 5.5 50

9.9 0 4.1 5.4 50

10.3 0 4.2 5.5 50

10.8 0 4.5 5.8 50

11.4 0 4.9 6.2 50

12.1 0 5.1 6.4 50

12.7 0 5.5 6.8 50

13.3 0 5.8 7.1 50

13.8 0 6.1 7.4 50

14.2 0 6.3 7.6 50

14.7 0 6.5 7.8 50

15.5 0 6.6 7.9 50

16.1 0 6.8 8.1 50

16.7 0 7 8.3 50

17.3 0 7.1 8.4 50

17.9 0 7.1 8.4 50

18.5 0 7.3 8.6 50

19.1 0 7.7 9 50

19.6 0 8.4 9.7 50

20.3 0 8.9 10.2 50

21 0 9.5 10.8 50

y
x
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The mechanical properties used for FEM analysis were shown in Table 3-2, which were 

obtained from the tensile and creep tests of the simulated HAZ and base metal of the present 

materials. A and n in Table 3-1 are the creep coefficient and exponent of the Norton’s law: 

 

nA
dt

dε
                           (3.1) 

The relationship between the minimum creep rates vs. stress for Norton’s law at 600
o
C are 

shown in Fig 3-4. Because the creep property of the weld metal was not obtained at the 

present work, it was substituted by that of base metal. This will not influence the trend of 

stress-strain distribution in base metal and the weak zone in HAZ significantly, since the weld 

metal normally have a lower minimum creep strain rate comparing with the base metal and 

HAZ [3-4]. Three-dimensional elastic-plastic-creep analysis was carried out under the applied 

stress of 90MPa at 600
o
C. 

 

 

Fig. 3-4. Relationship between minimum creep rates versus stresses of the simulated 

HAZ and base metal at 600
o
C. 
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The stress triaxial factor TF is defined by the following equation: 

 

eq

TF


 321 
                        (3.2) 

where 1,2 and3 indicate the three principal stresses, respectively. eq is the equivalent 

stress (Von Mises stress) andis given by Equation (3.3). 

 

2
1

2

13

2

32

2

21 ])()()[(
2

2
 eqσ      (3.3) 

 

3.2.3.2 Constructing the Thin FEM Model 

  A thin 3-dimensional FEM model was also constructed comparing with the dimensions of 

the thin welded joint shown by Fig 2-2c in Chapter 2. The thin FEM model was also 

composed of three materials of the base metal, HAZ and weld metal, and it was indicated in 

Fig 3-5. The thin model was simulated under 90MPa at 600℃, and the creep properties listed 

in Table 3-2 were used again.  

 

 

Fig. 3-5. FEM modeling for the thin welded joint conducted under 90MPa at 600℃. 
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3.3. Experimental and Numerical Results 

3.3.1 Creep Properties of Welded Joint, Base Metal and Simulated HAZ 

The creep test results for the welded joints, simulated HAZ and base metal (BM) of the 

Mod.9Cr-1Mo steel at 550, 600 and 650
o
C are shown in Fig 3-6. The failure location of 

welded joint is shown with subscript in this figure. The creep rupture times of the simulated 

HAZ were smaller more than one order than those of base metal at all temperatures. At 550
o
C, 

the fracture location of welded joint was base metal for the applied stress of 240 and 220MPa, 

and it shifted to HAZ (Type IV) at 200MPa. At high temperatures, 600 and 650
o
C, Type IV 

cracking became the dominating failure mode and all the welded joint specimens tested were 

fractured in HAZ. For the specimen fractured in HAZ, many creep voids on the grain 

boundaries were observed in the fine-grained HAZ and intercritical HAZ. Although the 

difference of creep strength between base metal and welded joint is small at 550
o
C, it became 

larger with increasing temperature and decreasing applied stress. The creep rupture times of 

welded joints approaches to those of simulated HAZ for lower stresses at 600 and 650
o
C.  
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Fig. 3-6. Results of creep rupture tests for base metal, simulated HAZ, and welded joints 

of the Mod.9Cr-1Mo steel at 550, 600 and 650
o
C. The subscripts ‘BM’ and ‘IV’ 

attached to the data plots mean that the fracture location of welded joint is 

base metal and HAZ (Type IV), respectively. 

 

3.3.2 Evolution and Distribution of Creep Voids in HAZ 

Figure 3-7 shows the binary images of creep voids and cracks observed in HAZ of central 

cross section of creep interrupted thick plate specimens (Fig 2-11). Though this figure had 

been concerned in Chapter 2, we show it here for the convenience of comparison with the 

FEM results. It is found that the creep voids have already formed at 2000h (about 0.2 of 

rupture life) and grown into the crack between 7040h and 7970h (about 0.8-0.9 of rupture 

life). A crack with about 2mm in length was measured at a quarter depth of plate thickness in 

the fine-grained HAZ and intercritical HAZ at 7970h. The number and area fraction of these 

creep voids in the 11 areas with 0.2×2mm explained in Fig 2-12 were counted using laser 

microscope and image analysis. Figures 3-8 and 3-9 show the distributions of the number and 
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the area fraction of creep voids in the plate thickness direction in HAZ with creep time at 

600
o
C for 90MPa, respectively. As shown in Fig 3-8 and Fig 3-9, two peaks are clearly 

observed at quarter depths from the specimen surfaces in the HAZ for both diagrams of 

number and area fraction of creep voids. The number of creep voids is fewer near the 

specimen surfaces and the center of thickness.  

 

 

 

Fig. 3-7. Binary images of creep voids and cracks observed in the central cross section of 

HAZ of thick plate welded joint after interruption of creep test at 2000, 6000, 

7040 and 7970h. 



3-16 

 

Fig. 3-8. Distribution of the number of creep voids along HAZ of the thick plate welded 

joint of Mod.9Cr-1Mo steel during creep at 600
o
C for 90MPa. The position of 

the front surface is indicated in Fig 3-2. 

 

 

Fig. 3-9. Distribution of the area fraction of creep voids along HAZ of the thick plate 

welded joint of Mod.9Cr-1Mo steel during creep at 600
o
C for 90MPa. The 
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position of the front surface is indicated in Fig 3-2. 

 

The number of creep voids increased with time till 6000h (0.7 of rupture life) and then 

saturated, while the area fraction of creep voids increased after 6000h, which is more obvious 

in Fig 3-10. In Fig 3-10, the total number of creep voids per 1mm
2
 (void density) and average 

area fraction of creep voids in the 11 areas in HAZ was plotted against time normalized by 

creep rupture time (t/tr). Because creep voids coalesced and grew to the crack, the number of 

voids was saturated at about 0.7 of rupture life, while the area fraction of voids was still 

accelerated after that. From these experiments, it was found that Type IV creep voids formed 

at the early stage of creep life inside the specimen, a quarter depths of thickness, number of 

voids increased with time, and voids coalesced into the macro crack after 0.8 of rupture life. 

 

 

Fig. 3-10. Evolution of total number of creep voids per 1mm
2
 (void density) and average 

area fraction of voids in HAZ of the thick plate welded joint during creep at 

600
o
C for 90MPa. 
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3.3.3 Results of Numerical Analysis 

By using FEM calculation, the stress-strain distributions of thick plate welded joints and of 

the thin welded joints were calculated. The evolution of the stress, strain and stress triaxial 

factor with time were investigated along the two paths in the central cross section of the three 

dimensional models. The two paths were defined as follows; Path A is along the longitudinal 

direction of the welded joint with 50mm length, while Path B is within the weak HAZ and 

along the bond line with 21mm vertical length as shown in Fig 3-2. 

3.3.3.1 Stress-Strain Distribution and Evolution in Path A 

In this section we discuss the simulation results of the thin and thick FEM models. The 

results of numerical analysis such as distributions of equivalent stress, equivalent creep strain 

and stress triaxial factor for Path A are shown in Figs 3-11, 3-12 and 3-13 from the thick FEM 

model, respectively. Figure 3-11 shows that the equivalent stress in weak HAZ is lower 

comparing with base metal/weld metal and decreases with time while it increases in base 

metal/weld metal in small scale. However, it appears inverse trends for the stress triaxial 

factor evolution in welded joint with time as shown in Fig 3-13. The stress triaxial factor 

shows the maximum value of about 3.5 in weak HAZ of the present welded joint at 8000h. 

There is no large changing in equivalent stress after 4000h creep for the weak HAZ and 500h 

for base metal. The equivalent creep strain in weak HAZ is always higher than that in weld 

metal and base metal in Fig 3-12. Obviously, the weak HAZ is weak to relieve the stress 

comparing with the base metal.  

According to Eq. (3.2) the stress triaxial factor has a reversed linear relation with the Von 

Misses stress if the summation of the three principal stresses is invariable with the creep time. 

However, this is not realistic for the complicated structure. Also the Von Mises stress is the 

function of the three principal stresses in the Eq. (3.3), which are also changing with the 

simulated time. Therefore this makes their relation confused. From the FEM results such as 

Fig 3-11 and 3-13, that they are in the inversed trends with time can be observed. 
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Fig. 3-11. Distribution of equivalent stress in Path A in thick welded joint during creep at 

600
o
C for 90MPa calculated by FEM. 

 

 

Fig. 3-12. Distribution of equivalent creep strain in Path A in thick welded joint during 

creep at 600
o
C for 90MPa. 
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Fig. 3-13. Distribution of stress triaxial factor in Path A in thick welded joint during 

creep at 600
o
C for 90MPa. 

   

The mechanical parameters such as stress triaxial factor and Von Mises stress were also 

investigated in the thin FEM model at some time steps during the simulation. They are shown 

in Fig 3-14 and Fig 3-15, respectively. The stress triaxial factor in the weak HAZ of the thin 

FEM model shown in Fig 3-14 is much smaller than that in the thick FEM model as indicated 

in the Fig 3-13. The stress triaxial factor in the base metal is almost same and equal to 1 in the 

two FEM models. It means that the constraints on the weak HAZ of the thin welded joint are 

smaller than in the thick welded joint while the constraints on the base metal are same for the 

two FEM models. The Von Mises stresses in the weak HAZ are larger in the thin FEM model 

than in thick FEM model at any time step. They are approximately equal to the applied stress 

(90MPa) in the base metal for both FEM model as indicated in Fig 3-11 and Fig 3-15. The 

equivalent creep strain in the thin FEM model (in Fig 3-16) is higher than in the thick welded 

joint (in Fig 3-12). Therefore, the constraints focusing on the weak zone in the large scale 

welded joint are higher than the small scale welded joint with same width of weak zone. 
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Fig. 3-14. Distribution of stress triaxial factor in Path A in thin welded joint during creep 

at 600
o
C under 90MPa. 
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Fig. 3-15. Distribution of Von Mises stress in Path A in thin welded joint during creep at 

600
o
C under 90MPa.  



3-22 

 

0 4 8 12 16 48 50

0.000

0.001

0.002

0.003

 

 

E
q

u
iv

a
le

n
t 

c
re

e
p

 s
tr

a
in

Path length (mm)

 500h

 2000h

 4000h

 6000h

 7200h

 

Fig. 3-16. Distribution of equivalent creep strain in Path A in thin welded joint during 

creep at 600
o
C under 90MPa.  

 

3.3.3.2 Stress-Strain Distribution and Evolution in Path B 

In order to clarify how the stresses, the stress triaxial factor and the strain distribute in the 

weak HAZ, they were calculated and examined along the Path B. The distributions of 

maximum principal/equivalent stress, stress triaxial factor, and equivalent creep strain for 

Path B are shown in Figs 3-17, 3-18 and 3-19, respectively. An inconspicuous fluctuation of 

equivalent stress with the locations in weak HAZ was observed and it was a little higher in the 

surface part than in the other parts after 500h. It decreases with time and almost invariable 

after 4,000h creep. There are no large changes with time for maximum principal stress, and it 

shows larger value at the parts from a quarter depths to the center of plate thickness in weak 

HAZ after 500h creep, which means that the distribution of maximum principal stress is much 

consistent with the experimental damage observation comparing with that of equivalent stress 
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(Fig 3-17). The stress triaxial factor increases with time inside the plate thickness. As shown 

in Fig 3-18, it is found that the stress triaxial factor is in high level from the 1/4 depths of 

thickness to the center of thickness in weak HAZ, while it is the smallest in the surface parts 

from 500h to 8,000h creep time. 

 

 

Fig. 3-17. Distribution of maximum principal stress and equivalent stress in Path B in 

weak HAZ of the thick welded joint during creep at 600
o
C for 90MPa. 
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Fig. 3-18. Distribution of stress triaxial factor in Path B in weak HAZ of the thick 

welded joint during creep at 600
o
C for 90MPa. 

 

 

Fig. 3-19. Distribution of equivalent creep strain in Path B in weak HAZ of the thick 

welded joint during creep at 600
o
C for 90MPa. 
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Fig 3-19 shows that the equivalent creep strain is in high level in the surface parts (both 

front and back sides) comparing with the other parts in the weak HAZ at any time steps, 

which agrees well with the large surface deflection observed on the HAZ during creep. The 

strain is increasing with time and the strain gradient also becomes larger with time near to the 

surface parts. The deep and steep slopes of the strain curve are located in the range of 2-5mm 

from the surfaces. It is the location where the number and area fraction of creep voids are the 

highest and increase with time. 

We also pasted the simulation map for equivalent creep strain, stress triaxial factor, Von 

Mises stress and maximum principal stress at the simulation time of 8860h. From these, the 

global profile of the primary mechanical parameters can be grasped easily. 

 

3.4 Roles of Mechanical Parameters during Creep 

3.4.1 Equivalent Creep Strain and Stress Triaxial Factor 

From Fig 3-13, comparing the results of numerical analysis with the creep voids 

measurement, the stress triaxial factor is reasonable to explain why the weak HAZ is the most 

damaged zones in the whole welded joint, because it accelerates the creep void formation and 

growth. However, the distributions of maximum principal stress and stress triaxial factor in 

the weak HAZ shown Figs 3-17 and 3-18 are not thoroughly consistent with the experimental 

void distributions of Figs 3-8 and 3-9. Creep voids are mostly like to form in a quarter depths 

of plate thickness, but are scarcely formed in the center of thickness. In the center of plate 

thickness, whereas the maximum principal stress and stress triaxiality is high, a small number 

of creep voids are observed. The peaks in the central location of the weak HAZ of the thick 

welded joint, as shown in Figs 3-17 and 3-18, should be due to the weld grooves of double U 

that make the mechanical parameters change abruptly. 

Watanabe et al reported that the initiation site of Type IV damages coincides well with the 

stress triaxiality distribution using the welded joint with single U groove for Mod.9Cr-1Mo 
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steel [3-2]. Ogata et a. used a round bar specimen of welded joint with single U groove to 

obtain that the stress triaxiality affects on the number of creep void initiation and the 

maximum principal stress contributes to void growth by diffusion [3-9]. It seems that creep 

damage mechanisms of the present thick plate welded joint with double U grooves, which has 

more complicated structural geometry, cannot sufficiently be explained only by the effect of 

stress triaxiality or maximum principal stress. Based on the detailed microstructure 

observation on Mod.9Cr-1Mo steel weldment Lee et al proposed that the cavity formation at 

grain boundaries was caused by the strain heterogeneity among grains, and the growth of 

voids was assisted by the creep strain concentrated in HAZ [3-10]. In present study, creep 

strain is low from a quarter depths to the center of thickness (Fig 3-18), and the few voids are 

observed in the center of thickness. Therefore, it can be considered that both the concentration 

of creep strain and the high triaxial stress state in weak HAZ influence the distributions of 

Type IV creep voids. The large gradient of equivalent creep strain was observed in a quarter 

depths of plate thickness where the creep voids are mostly formed. 

On the other hand, according to the vacancy diffusion theory under stress gradient of creep 

condition [3-11], the vacancy diffusion is controlled by hydrostatic stress gradient. In the 

present welded joints, vacancies are considered to accumulate near the areas of a quarter 

depths of thickness by diffusion under triaxial stress field, because the stress triaxiality 

gradient exists from the surface to a quarter depths of thickness as shown in Fig 3-18. The 

condensation of vacancies will accelerate the initiation and growth of creep voids in these 

areas for the present thick welded joint.  

The creep voids begin to form at the early stage (at about 0.2 of rupture life) and the 

number of voids increases all the way until at about 0.7 of the rupture life. After that it can be 

considered that the rate of void coalescence is higher than that of void formation. With the 

coalescence of creep voids, they grow into the crack which is known as Type IV cracking. 

The area fraction of creep voids can be a good variable to predict the creep life since it always 
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tends to increase during creep. In case it is difficult to measure the area fraction of creep voids 

formed inside the weldment nondestructively, the local necking of the specimen surface in 

HAZ can be a life predicting variable [3-12], because the creep strain concentrates near the 

surface regions of HAZ as shown in Fig 3-19. In order to denote the mostly damage location 

along the weak HAZ inside of the plate, we plot the product of the stress triaxial factor and 

equivalent creep strain versus the path length shown in Fig 3-20. It can be expressed by the 

term  TF100 , and was named as the P-factor for discussing conveniently. The P-factor in 

both the two subsurface locations in the weak HAZ is large comparing with the surface and 

central part.  It is the lowest in the surface part. It testify our assumption well by observation 

of void in HAZ. 
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Fig. 3-20. P-factor versus the path length along the weak HAZ for the thick welded joint 

by FEM simulation. 
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3.4.2 Effects of Von Mises Stress on the Creep-Rupture Time 

  For comparing the two FEM models, the constraints in the weak HAZ are higher in thick 

model while the Von Mises stresses are smaller. The related creep tests indicated that the 

creep life of thin welded joint (7200h) was shorter than that of the thick welded joint (8853h) 

at the temperature of 600℃ and under the stress of 90MPa. The constraints on the weaker 

zone in the welded joint might be responsible for the creep rupture time. Namely the 

corresponding high constraint would prolong the rupture life of the weldment. We can also 

contribute it to the constraints decreasing the Von Mises stress. For prediction the rupture life 

of the weldment, Hayhurst et al used a mixed rupture criterion to define the effective stress to 

rupture [3-13]. It is given by  

 

eq )1(1  .                 (3.4) 

where α ranges from 0 to 1, and is stated in details in Chapter 1, 1 present the maximum 

principal stress. With inducing the effective stress to rupture considering the mixed rupture 

criterion, the predicting equation for the rupture life ( ft ) of weldment is given by 

 

)1(

1




C
t f                       (3.5) 

where the coefficients and exponent of C,  and  are material constants in a certain 

temperature. Thus smaller Von Mises stress on the weaker zone of the weldment prolongs the 

rupture time, i.e. the constraints on the weaker zone of a welded joint is a progressive factor 

for servicing time. However, this is valid in short term of the specimens under the high stress 

levels at lower temperatures. 

  The differences of the simulated HAZ and the welded joint are the constraints produced in 

the HAZ due to the different components and the shapes of the grooves. According to this 

arguments mentioned above, the constraints are good to servicing time of the materials. Under 
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the stress levels from 80MPa to 140MPa at 600℃, the differences of the rupture lives of the 

simulated HAZ and the welded joint decrease with the applied stress decreasing. In the range 

of the testing stress levels, the creep strength of the welded joint is still stronger than that of 

the simulated HAZ at 600℃. These phenomena might be contributed by the short period role 

of the constraints on the weaker zone due to the relief. Grain boundary sliding is a kind of 

explain on the relief of the constraints [3-14, 3-15]. On the other hand, the voids producing in 

the early stage of the creep life grow up in the weak HAZ, which allow the growth of the 

strain in macroscopic. Therefore, the growing voids also acts on a role for relieving the 

constraints on the weaker zone in the weldment. Whatever the boundary sliding among the 

grains and the growing voids in the weak HAZ of the welded joint, they need some time to 

relieve the constraints. The material bearing high stress will rupture soon, which could not 

provide enough time. Therefore, the progressive role of the stress triaxial factor to prolong the 

rupture lives is prominently under high stress levels and lower temperatures. On the other 

hand under lower stress level, the rupture life of material could sufficiently provide the time 

for relieving constraints on the weaker zone of the welded joint. 

  The creep strain is increasing with time under a certain stress level as shown in Fig 3-12 

and Fig 3-16 for the thick and thin FEM models respectively. The constraints due to the 

triaxial factor are stronger in the thick welded joint than in the thin welded joint. The 

equivalent creep strain calculated by FEM was higher in the weak HAZ of the thin FEM 

model than in the thick FEM model at any time step. Moreover, as shown in the Fig 3-18 and 

Fig 3-19 the equivalent creep strain and the triaxial factor are increasing with simulating time. 

In the same time steps the stress triaxial factor is larger in the location where the equivalent 

creep strain is small. We could believe that the creep deformation has an increasing trend 

during creep under a certain stress level, while it is restrained by the triaxial factor. Large 

triaxial factor always decreases the increasing velocity of the creep strain during creep. 

It is shown that the role of the stress triaxial factor is clarified. In early stages, the stress 
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triaxial factor comparing with the equivalent creep strain causes the nucleation of voids in the 

weak HAZ of the Mod.9Cr-1Mo steel welded joint at high temperatures. In the reverse aspect, 

it acts on the progressive role for prolonging the rupture lives of materials due to the lower 

effective stress to rupture. 

 

3.5 Conclusions 

In this chapter, the damage processes in the fine-grained HAZ and intercritical HAZ of 

thick welded joint of Mod.9Cr-1Mo steel during creep were investigated. Stress-strain 

distributions in the welded joint were computed by FEM analysis with three-dimensional, 

three-material models (base metal, simulated HAZ and weld metal). The results can be 

summarized as follows; 

(1) It is found that the creep voids of Mod. 9Cr-1Mo steel weld form at the early stage of 

creep rupture life (0.2 of life), the number of them increases with time till 0.7 of life, and 

then they coalesce into the Type IV crack at the last stage (after 0.8 of life). 

(2) The creep voids are apt to form at the area of a quarter depths from the surfaces, inside the 

plate, in weak HAZ for the present thick plate welded joint of Mod.9Cr-1Mo steel. 

(3) It is considered that the high level stress triaxial factor combined with the large equivalent 

creep strain in the weak HAZ accelerate the void forming in the Mod.9Cr-1Mo steel 

welded joint during creep at elevated temperatures. While on the other hand, the stress 

triaxial factor in the weak HAZ prolongs the creep-rupture time of the welded joint due to 

the lower effective stress to rupture. 

(4) The constraints are always produced in a weldment due to the different properties of the 

sub-parts, and they are larger in the thick welded joint than in the thin welded joint with 

same-width weak zone. 
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Appendix B 

Some examples of the FEM calculation 

 

 

Ⅰ. Total equivalent creep strain map at the simulated time step of 8,960 h. 
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Ⅱ. Equivalent Von Mises stress map at the simulated time step of 8,960 h. 
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Ⅲ. Maximum principal stress map at the simulated time step of 8,960 h. 
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Ⅳ. Stress triaxial factor map at the simulated time step of 8960 hours. 
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Chapter 4 

Evaluation of Creep Behavior with Continuum Damage 

Mechanics 

 

4.1 Introduction 

The 9Cr heat resistant steel normally services in header plate under low stress in thermal 

power plants with the consideration of mechanical properties and the cost. However, it is well 

known that long term exposure at elevated temperature leads the cracking due to void 

coalescence in the Type Ⅳ zone in weldment [4-1 and 4-2]. There have been some studies for 

the damage processes in the passing time. Among these works, the evaluation equations with 

the continuum damage mechanism (CDM) are most popular, which was first proposed by 

Kachanov [4-3] and subsequently modified by other researchers [4-4, 4-5, 4-6 and 4-7]. 

Development of the CDM is normally divided into two categories that are in macroscopic and 

microscopic aspects, respectively [4-8]. The macroscopic evaluation was used to predict the 

global deformation and damage on the materials including of the homogeneous and 

inhomogeneous materials. However the microscopic evaluation was conducted on the basic of 

the observation on micro damage such as vacancies, voids and micro cracking in the weak 

zone of materials. What I would express belongs to the macroscopic aspect. So far most of the 

evaluation works have been conducted on the homogeneous materials. But the assessment on 

the weldment seems to be difficult because of the complexity in addition to much cost and 

time. We need to consider the multiaxial stress state always exits in the complicated structures 

of the weldment. In additional equations to the CDM we can assume a constant level of the 

multiaxial stress state for material [4-9 and 4-10]. But this assumption is not valid in our case 

of FEM. The multiaxial stress state is much sensitive with the groove shape for a weldment 
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and it varies with the location in the FEM calculation. In this chapter, we propose modified 

CDM equations to evaluate the damage distribution and evolution in a weldment taking the 

conjunct role of equivalent creep strain and stress triaxial factor along the weak HAZ into 

account, without the consideration of the multiaxial stress rupture criteria. Since the voids 

nucleating and growing in the weak HAZ of the welded joint is the prior damage form, which 

would lead to Type Ⅳ cracking at last creep stage. Therefore, the evaluation results can be 

testified with consideration of the voids observation that mentioned in Chapter 2 and Chapter 

3. 

 

4.2 Constitutive Damage Equations 

We had gave a detailed review on the constitutive equations with consideration of the 

continuum damage mechanics in its derivation procedures and historical development in 

Chapter 1. In this chapter, we would evaluate the creep behavior on the basis of the CDM 

equations. From the experienced equations under the multiaxial conditions, the relationship of 

creep damage and creep strain with time at a temperature can be given by follows [4-10 and 

4-11]: 
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where t is the time, and ijS  is the deviator respectively. eq  is the equivalent creep stress 

(Von Mises stress), and its solving method was mentioned in Chapter 3. Other coefficients and 

exponents such as n, χ, A, M, m and   are the materials constants and independent of stress 

in conventional evaluation equations [4-12]. 

  In Chapter 3, we discussed the mechanical parameters such as the maximum principal 
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stress and equivalent creep stress. They are mostly affected by the shape of grooves of a 

welded joint, and changing with the location variation during creep. For the complex situation, 

they are also variable with the creep time, so that the conventional CDM equations could not 

solved by only conducting several sets of simple tension creep-rupture tests. Calculating the 

average value of the mechanical parameters by the FEM simulation might be a good method. 

However, we used another method without consideration of the changing of the maximum 

principal stress and the equivalent creep stress in the welded joint. For utilizing the present 

experimental results, some modification on the conventional CDM equations was done. We 

used the applied stress 0  to substitute for the term eq )1(1   and the equivalent 

creep stress in the conventional constitutive Equations (4.1) and (4.2). In second step of the 

modification, we induced a function of f
*
 with consideration of the conjunct effects of the 

stress triaxial factor and equivalent creep strain, for evaluating the damage distribution along 

the weak HAZ inside of the weldment. The function f
*
 was set around 1 and only reflect the 

damage distribution along the weak HAZ in the thick welded joint during long term creep 

without any effect on the creep-rupture time of components. Such we could get the modified 

CDM constitutive equations (4.3), (4.4) and (4.5) given by 
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              (4.4) 

CTFf *                         (4.5) 

where TF is the stress triaxial factor, C is equal to 100 for the modified 9Cr-1Mo steel at 

600°C, and the factor   denotes the equivalent creep strain. The inducing function of f
*
 is 

dependent of the conjunct effects of the stress triaxial factor and equivalent creep strain along 

the weaker zone in the welded joint from the FEM simulation. In Chapter 3, we had 
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summarized the conclusion that the large equivalent creep strain combining with the high 

level stress triaxial factor caused the nucleation of vacancy in weak HAZ of a thick welded 

joint at elevated temperatures. The production of the equivalent creep strain and the stress 

triaxial factor was used to mark the damage locations. In this Chapter the exponential function 

f
*
 containing the equivalent creep strain and the stress triaxial factor was also used to evaluate 

the distribution of the degree of damage in cross sectional of the welded joint during creep. 

Because both the two mechanical parameters are plus, one of them increasing would lead to 

the much serious damage. Therefore the large value of f
*
 refers the much critical damage. The 

exponents of  and m are now defined as the stress dependent variables, and their solution 

methods will be expatiated in Section 4.2.1 and Section 4.2.2 in uniaxial and multiaxial 

conditions, respectively. 

Integrating the equations (4.3) and (4.4), we obtain the evaluation equations as follows: 
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where 11  mm  and 
n




1

1




 . The factor of   was ever referred as an invariable by 

Kim et al [4-13]. Here the factor of   is dependent of the applied stress. The factor m and  

could be obtained from the relation with the applied stresses in Equations (4.8) and (4.9). The 

constants of M in uniaxial stress state and Mf
*
 under multiaxial stress state were defined as the 

constants and could be calculated from two sets of creep rupture tests at the same temperature. 

The other constants such as n, χ and A were obtained from the rupture times and rupture creep 

strain. 
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4.2.1 Uniaxial Stress State 

Under the uniaxial stress state, we assume the material is homogenous, and the equivalent 

creep strain is same at any location and the stress triaxial factor is also same at any location 

with the value of 1, so that we can set the inducing factor *f to be equal to a unit. The other 

six coefficients and exponents in the CDM evaluation equations (4.6-4.9) could be obtained 

by creep tests under different stress levels at the same temperature. 

When fitting the material constants, we found that for the same material the creep-nominal 

time curves could be used to indicate the creep behavior under different stress levels. The 

damage and strain exponents m1 and  are changing with the stresses applying on the 

specimen. With consideration of the data calculation among different materials, such as base 

metal, simulated HAZ and welded joint, the linear relations between the terms of 1log m , 



1
log , and the ratio of the applied stress to the yield stress were assumed as 
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where k1, k2, b1 and b2 are the material constants, independent of the applied stress. y  is the 

yield stress of material and is obtained by the tensile test at the temperature corresponding to 

the evaluation.  

 

4.2.2 Multi-Material Conditions 

For the weldment composed of the different materials under uniaxial tensile stress, a 

complicated situation is caused by the differences of the material properties of the 

components of the welded joint. This makes the solution of the constants and the variables 
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difficult. We only obtained the strain recorders of the thickness welded joint under 90MPa at 

600°C. The trends of the two exponents of m and  are believed to be increase from the 

engineering practice. However, the present experimental results can not testify it. The two 

values of m and  were just gotten under the stress of 90MPa under the temperature of 600°C. 

 

4.3 Experiments and Discussions 

4.3.1 Reviews of the Experiments 

The round bar specimens with 4mm in diameter and 15mm in gauge length for simulated 

HAZ, those with 6mm in diameter and 30mm in gauge length for base metal, and smooth thin 

plate specimens for the welded joint were machined and crept in long term at 600℃ with 

several stress levels from 80MPa to 160MPa. Several thick plate specimens were also 

machined from the welded joint with the specimen geometry shown in Fig 2-3d. These thick 

plate specimens were crept at 600℃ under the applied stress of 90MPa. Their experimental 

recorders were listed in the Table 2-3, 2-4 and 2-5. 

 The creep tests on the thick welded joint were interrupted at about 1010, 2000, 4425, 6000, 

7040 and 7970h, and its creep-rupture time is 8860h. The evolution and distribution of the 

voids in the HAZ of the thick welded joint were observed at the interruptions of 2000, 6000, 

7040 and 7970h during creep. The observation of voids in the weak HAZ of the thick welded 

joint was used to testify the evaluation of damage with the modified CDM constitutive 

equations. 

 

4.3.2 Logarithms of m and 1/λ Dependent on the Applied Stresses 

The two logarithms of  and  were fitted to the creep behavior experimental data 

normalized creep strain vs. normalized creep time for BM and FG-HAZ. The values of  

and  were in the range from 0 to 1, but never reached these two end points. As shown in 
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Fig. 2, the logarithms of m and  increased in the applied stresses. Moreover, the values of 

 and  for the simulated HAZ were larger than that of BM at the same stress levels. 

Because  is a material constant independent of the applied stress, the numerator is smaller 

than the denominator in  ( ), and the factor  is monotone with the 

applied stress. 

 tended to increase significantly with increase in the normalized secondary creep strain 

when the applied stress was lower than the yield stress, as shown in Fig. 3. The yield stress of 

BM and simulated HAZ was 140.8 and 136.7MPa, respectively. When the applied stress 

exceeded the yield stress, the normalized second creep strain decreased sharply with increase 

in , because there was not enough time for the secondary creep strain to progress and it 

thus was smaller than expected. This change in the relation of creep to the two logarithms  

and  in the CDM equations shows that it is feasible to evaluate the creep damage with 

these equations. 
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Fig. 4-1. Relationships between exponents m1/ and the applied stresses at 600℃(where 

m1=m+1 having been mentioned above). 
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4.3.3 Global Evaluation for Strain and Damage of Base Metal, Simulated HAZ 

and Weldment 

  The constants in the modified CDM constitutive equations for the base metal, the simulated 

HAZ and the welded joint of the Mod.9Cr-1Mo steel at 600℃ are listed in Table 4-1. These 

data of the welded joint were all obtained by the thin welded joints at different stress levels at 

600℃. The prediction of creep strain has been conducted for the base metal and the 

simulated HAZ under several stress levels at 600℃, as shown in Fig 4-2. The strain 

evaluation on the base metal is greatly different from the experimental results conduced under 

the stress of 130MPa, same situation for the simulated HAZ under the stress of 100MPa. 

These are because the predictions of the creep-rupture time of materials are conservative. 

Generally speaking the predictions are good agreement with the experimental creep strain 

except for the tertiary stages. The calculation results of the base metal are much close to the 

experimental comparing with that of the simulated HAZ. 
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Table 4-1. Material constants for base metal, simulated HAZ and weldment at 600℃. 

Constants BM 
Simulated 

HAZ 
WJ 

sy(MPa) 140.8 136.7 - 

A 3.76E-12 1.44E-09 2.85E-07 

n 4.7493 3.81 2.45 

k1 0.5415 1.159 - 

k2 0.954 1.3713 - 

χ 0.4089 -0.055 0.6245 

b1 -1.08 -1.331 - 

b2 -2.111 -2.173 - 

M(or Mf
*
) 3.64E-03 4.04E-02 0.00244 

m - - 0.14 

φ - - 3.454 

  

(Notes: The constants M is for the homogenous materials such as base metal and the simulated 

HAZ, and the term Mf
*
 is for the welded joint.) 

 

(a) 
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(b) 

Fig. 4-2. Comparison of the calculated creep strain with experiments of a) BM and b) 

Simulated HAZ at 600℃. 

 

The effective stress to rupture used in the CDM equations in this study is not the term of 

eq-αασ )1(1   as in the conventional evaluations [4-4, 4-6, 4-11, 4-12 and 4-14] but the 

engineering stress. In FEM analysis, the equivalent stress (Von Mises stress) and the 

maximum principal stress distributed in the weak HAZ are decreasing with time and are also 

changing with the location. Hence it seems difficult to search for a reasonable method to 

extract an average value for the above equations. The Von Misses stresses and the maximum 

principal stress at different positions, which are at the distance of 2.1mm, 5.8mm, 8.0mm and 

21.0mm from the top surface along the „path B‟ in FEM model as shown in Fig 4-3a, were 

calculated with time. It was found that the equivalent creep stress decreased with time at all of 

the observing positions for as shown in Fig 4-3b. The lowest Von Mises stress is in the 

location of 5.8mm to the top surface. Fig 4-3b indicates that the Von Mises stress decreases 
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deeply in early time and subsequently the reducing trends becomes slow. The maximum 

principal is very sensitive with the location variations: it greatly decreases with creep time in 

bottom surface (21mm) of the model, reduces slightly in the location close to front surface, 

hardly changing is found in the central part, and greatly increasing is in the early stage and 

suspends in the late stage in the central parts as shown in Fig 4-3c. 

Therefore substituting the term eq-αασ )1(1   and equivalent creep stress in the 

conventional constitutive equations makes the calculation easy and the evaluation procedure 

simply. The effects on the prediction on the creep-rupture time would be discussed in later 

sections. 
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Front surface 
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(c) 

Fig. 4-3. Changes of the Von Misses stress and maximum principal stress in different 

locations in weak HAZ of the weldment during creep by FEM under 90MPa at 

600℃. 
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The damage evolution prediction curve for the thick welded joint under 90MPa at 600℃ is 

plotted in Fig 4-4a. The degree of damage reaches to 50% when the creep time is about 80% 

of the rupture life of the weldment. The number and area fraction of voids in the weak HAZ 

of a thick welded joint during creep were measured at several interruption times by using a 

laser microscope, and plotted in Fig 4-4b. The counting and calculating procedure was 

described in the previous paper [4-15]. The numbers of creep void increase before the 0.8 

creep life, and decrease subsequently due to the voids connection. The area fraction of void in 

weak HAZ always increases with creep time, which is a good scalar quantity to mark the 

damage of materials.  

 

 

(a) 



4-15 

0.0 0.2 0.4 0.6 0.8 1.0
0

400

800

1200

1600

0.000

0.003

0.006

0.009

Voids density

A
re

a
 fra

c
tio

n
 o

f v
o

id
sV

o
id

 d
e

n
s
it
y
 (

1
/m

m
2
)

Normalized time (t/t
R
)

Area fraction of voids

 

(b) 

Fig. 4-4. Damage evolution for a) prediction and b) experimental results of the thick 

welded joint under 90MPa at 600℃. 

 

The predicted of the strain of the weldment were plotted against the time in Fig 4-5 with 

comparing the strain of the thick welded joint under 90MPa at 600℃. The rupture times are 

6318h and 8853h for prediction and experiment, respectively. The calculated rupture strain is 

larger than the experimental results for the thick welded joint. The elongation at rupture of the 

evaluation is 0.016, and is larger than the thick welded joint with 0.009 in elongation. Actually, 

the evaluation coefficients and exponents were obtained from the thin welded joint specimens 

(with 17mm×5mm×100mm in dimensions) while the evaluation target was the thick welded 

joint specimen (with 21mm×21mm×100mm in dimensions). Large welded joint and small 

welded joint with the same groove of double U deserve different deformation due to the 

different degree of the constraints on them. Smaller constraints producing in smaller welded 

joint was clarified with the FEM simulation in Chapter 3. Therefore, deformation of the thin 
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welded joint during creep should be more closes to the prediction than that of the thick 

welded joint. Namely, the prediction on the deformation of weldment by the modified 

constitutive equations is reasonable. 

 

 

Fig. 4-5. Comparison of calculated and experimental creep strain curves for a thick weld 

joint under 90MPa at 600℃. 

 

4.3.4 Evaluation of Damage Distribution in the Weak HAZ 

In macroscopic aspects, the exponential factor for evaluating the damage with 

consideration of the conjunct effects of the equivalent creep strain and the stress triaxial factor 

in the weak HAZ calculated by FEM was used to evaluate the damage distributions in the 

thick welded joint. The evaluation is conducted in the transverse direction of the weak HAZ 

of the welded joint under 90MPa at 600℃. As we have mentioned in section 4.2, the 

introduced exponential function *f  is a scalar quantity and variable with locations in the 

weak HAZ. It is based on that the conjunct role of the triaxial factor and the equivalent creep 
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strain promotes the failure of the thick welded joint at elevated temperatures without any 

effect on the prediction of creep-rupture time in present study. The purpose of this evaluation 

primarily shows the distribution in the weak HAZ and the critical damage locations.  

The final failure occurs due to the damage accumulation in all locations, and is related with 

the term of 
^

0
^



 
 in the weldment, where ^  represents the break stress of the simulated 

HAZ. When the entire damage fraction exceeds this ratio, as a result, the failure of structure 

will occur. The predicted damage distributions and evolutions in the weak HAZ of thick 

welded joint at 90MPa and 600℃ are shown in Fig 4-6. Damage factor is lower in both top 

and bottom surfaces while they are large in the parts close to surfaces, which can be supported 

with the subsurface cracks always being found in weak HAZ during long term creep. The 

damage factors are a little lower than the subsurface parts. On a whole, this diagram indicates 

that most critical damage in subsurface parts, and Type Ⅳ cracks will be produced in this 

zones. 

 

Fig. 4-6. Distribution and evolution of damage along transverse direction in the weak 

HAZ of the thick welded joint under 90MPa at 600℃. 
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Figure 4-7a shows the distributions of the area fraction of creep voids in HAZ along the 

thickness direction of the creep interrupted specimens, and Fig 4-7b, taken by a laser 

microscope, illustrates the actual profile of creep damages in weldment at 7970h. Large area 

fraction of void were found to focus in the 1/4 location in the transverse direction in the weak 

HAZ while the values of the area fraction of void in the surface parts (top and bottom) are 

lowest. The predicted damage distributions in Fig 4-6 are well in agreement with the 

experimental results shown in Fig 4-7a and profile of weak HAZ in Fig 4-7b observed by a 

LASER scope.  

We used the function f
*
 with consideration of the conjunct role of the stress triaxial factor 

and the equivalent creep strain to predicting the damage locations, and it was testified 

successful. 
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 4.3.5 Creep Life Predictions 

The modified CDM equations can be used to predict the creep-rupture time. Figure 4-8 

compares our CDM calculations with the experimental results. The predicted results are close 

to the experimental results under high stress levels but not under low stress levels. As we 

discussed earlier, the two stress dependent constants ( m  and  ) and the other four material 

constants are invariable with time. However, the long term service at high temperature would 

deteriorate the material, which is the reason the predictions for the BM, simulated HAZ and 

particularly the welded joint are higher than the experimental creep life under low stress 

levels. The creep tests conducted under the high stress levels would lead to the short period 

creep life of material. However, at lower stress levels the creep-rupture time is corresponding 

longer than that under high stress levels. In long term creep the material deteriorates due to 

the changing of microstructures and the high temperatures enhances the behavior. Thus the 

material has changed in creep strength. The material constants particular M  and   are 

scalar quantities, and obtained from the short term creep testing. They are incredible to predict 

the creep-rupture time of materials under lower stress levels and at elevated temperatures. We 

used the material factors M  and   as the invariables to predict the creep-rupture life. The 

predicting results testified no agreement with the experimental results under the stress lower 

than 70MPa at 600℃. 

Sawada supported that the degradation of the materials is due to the formation of large 

Cr23C6, Laves phase and Z phase [4-16 and 4-17]. The degradation and damage mechanism 

would be discussed in Chapter 5 in details. Therefore, we proposed that the material factors 

M  and   is the function the applied stresses in these phenomenological evaluation 

equations, which should be better for predicting the creep-rupture life of materials under 

lower stress levels. 

Figure 4-9 shows the comparison of the creep-rupture life of experiments and calculation 

with the Manson-Haferd method at the three temperatures. This calculation method gives a 
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much conservative prediction comparing with the CDM constitutive equations. 

 

Fig. 4-8. Prediction of creep-rupture time of the BM, WJ and simulated HAZ with the 

modified constitutive equations comparing with the experimental results at 

600℃. 
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Fig. 4-9. Prediction of the creep-rupture time by the Manson-Haferd TTP equations 

comparing with the experimental results at 600℃. 

 

4.4 Effects of the Substitutions by the stresses on the Creep-Rupture Life 

Just as we have mentioned above the inducing of the exponential function f
*
 do not have 

any effects on the prediction of creep-rupture time of the weldment in the present study. We 

have done some modification on the CDM constitutive equations with substituting for the 

term   eq  11  with the applied stress. The factor   was multiaxial stress rupture 

criteria and ranged from 0 to 1. eqσ  was the equivalent creep stress and could be obtained by 

FEM calculation. Its formula could be expressed by  
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 eqσ     (4.12) 

1, 2 and 3 are the principal stress. Normally both the equivalent creep stress and the 

maximum principal stress are all changing with time and with location variation. The 

equivalent creep stress is lower than the maximum principal stress and 60-70% of it, which 
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has been stated in the Chapter 3. Thus the rupture stress in CDM equations was lower than the 

applied stress 0σ  due to the role of multiaxial stress rupture criteria  . The readers might 

suspect whether the changing of effective stress to rupture affects the prediction or not. The 

answer is “NEVER”. Actually, the substitution of the applied stress for the stress in the mixed 

criteria could not affect the rupture time prediction for the weldment comparing with the 

conventional methods. Since 0σ  was adopted, the related constants M and m in the equation 

(4.12) would also change comparing with the conventional constitutive equations. 

 

We had discussed the triaxial factor prolonged the creep rupture life of material with 

decreasing the Von Mises stress under high stress levels in Chapter 3 while it accelerated the 

nucleation of voids with combining with the equivalent creep strain under lower stress levels. 

The stress triaxial factor has a two-sided role on the creep life of material servicing at high 

temperatures. In this chapter, we induced the function with consideration of the triaxial factor 

and equivalent creep strain to evaluate the damage distribution along the weak HAZ of the 

thick welded joint. However, its effects on the creep life of the material were almost neglected 

in the present study. The differences of the creep lives of the homogenous material and the 

heterogeneous material (between the simulated HAZ and the welded joint) could be embodied 

by the other material constants, such as M and . The relation between the triaxial factor and 

the constraints for the material had been clarified that the constraints focusing on the weaker 

zone would increase with the value of the stress traixial factor. Also we knew that the 

multiaxial stress rupture criteria in the range from 0 when rupture time wholly depended on 

the maximum tension stress to 1 when the rupture time was dependent upon the maximum 

effective stress. Namely the constraints on the components are the unearthly largest when the 

multiaxial stress rupture criteria is equal to 0. The factor α has an inverse trend with the 

gradient of constraints in the material, hence increases with the decreasing of the stress 

triaxial factor. If the multiaxial stress rupture criteria will be used to predicting the rupture life, 
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the increasing trends of it should be considered since the constraints are relieved in long term 

servicing. 

 

4.5 Summary of Chapter 4 

A CDM approach was used to evaluate the creep damage of the thick welded joint of the 

Mod.9Cr-1Mo steel at 600℃, with the aid of FEM simulation. On the basis of the interrupted 

creep tests we determined the materials constants for the CDM and discussed the void 

evolution processes. The conventional evaluation equations for creep damages have been 

modified by substituting the engineering stresses for equivalent creep stress and the terms 

containing stress without considering of the multiaxial stress state. The linear relation of the 

logarithm of 1m (and 


1 ) with the applied stress in homogeneous material was used to fit the 

material constants. By introducing a function of *f , we can successfully predict the damage 

distribution and evolution in the weak HAZ of a weldment with considering the effects of the 

conjunct role of the stress triaxial factor and the equivalent creep strain in the weldment. The 

effects of the triaxial factor and the equivalent creep strain on the creep rupture life were 

almost neglected. 
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Chapter 5 

Creep Mechanism of a Welded Joint of Mod.9Cr-1Mo Steel 

 

5.1 Introduction 

A typical application of the 9Cr heat resistant steel is the header plate in thermal power 

plants with the consideration of mechanical properties and the cost. However, it is well known 

that long term creep exposure at elevated temperature leads the cracking due to void 

coalescence in the Type Ⅳ zone in weldment [5-1 ~ 5-2]. The reasons for the damage can be 

discussed in two aspects: they are macroscope mechanism and microscope mechanism. In 

macroscopic aspect discussed in the previous chapters, we have got the conclusion that the 

conjunct role of the stress triaxial factor and the equivalent creep strain accelerate the 

nucleation of the voids in the weak HAZ of the Mod.9Cr-1Mo steel at high temperatures. The 

coalescence of voids finally lead to the Type Ⅳ cracking in the weak zone. The weak zone is 

composed of the fine-grained HAZ and intercritical HAZ in the welded joint. In this Chapter, 

we focus on the damage mechanism in the microscopic aspect on the basis of the conclusion 

in the previous chapters. In the microscope aspect, the most popular is the strain heterogeneity 

among grains causing the nucleation and large strain contributing its growth that was 

proposed by Lee [5-3]. Other models also were proposed, such as the diffusion, sliding 

models. However they have not been clarified yet. Therefore, we would also use the modified 

models to explain the microscope mechanism of the nucleation and growth of voids in the 

weak HAZ in the thick welded joint.  

 

5.2 Creep Damage Locations in the Welded Joint 

That which part is the weakest location, or where the Type Ⅳ cracks are produced for the 
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welded joint of the Mod.9Cr-1Mo steel are still the controversial topics currently. In this 

section, we try to clarify it from the creep testes, microhardness measurement and micro 

observations. 

 

5.2.1 HAZ in the Welded Joint 

The rapid heating and cooling during the joining process inevitably leads to the formation 

of the HAZ which contains ferritic multi-phase. According to the traditional metallurgy the 

HAZ is composed of three different parts. They are of the fully quenched, partially quenched, 

and tempered zone due to peak temperatures during weld. The three parts are produced by the 

effect of the peak temperatures above Ac3, between Ac3 and Ac1, and lower than Ac1 

respectively. The fully quenched zone in the HAZ can also be divided into two parts: the 

coarse-grained HAZ and the fine-grained HAZ because of the microstructural changes in 

welding as shown in Fig 5-1 [5-4]. This figure is suitable to the Mod.9Cr-1Mo ferritic heat 

resistant steel. During weld, the locations that are heated above the temperature of Ac3, where 

the solid metal melts and then recrystallization occurs with the fast cooling, is known as the 

fully quenched zone. The zone affected by the temperatures from Ac3 to 1100℃ is named as 

the fine-grained HAZ in the welded joint of the Mod.9Cr-1Mo steel. This zone is composed 

of the fine martensite and fine ferrite for high chromium steels. When the temperatures are 

much higher than the Ac3, such as high than 1100℃, the microstructures there are overheated, 

which provide enough time for the grains growing up, hence the zone with the special 

heat-treatment was named as the coarse-grained HAZ. Also the so-called intercritical HAZ is 

produced around the peak temperature Ac1~Ac3 because some of the prior phases do not 

transmit fully into austenite due to the lower temperatures and the rapidly heating. The 

intercritical HAZ is corresponding to the partially quenched zone in the HAZ of the 

Mod.9Cr-1Mo steel. In this zone when the temperatures are higher than Ac1, the austenite 

transmitting occurs with the fast heat input and then the fine martensite is produced inside the 
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austenite grain with the fast cooling due to the weld. Thus the intercritical HAZ is composed 

of the fine-martensite phase and ferritic grains in large size, etc. Therefore, the residual phase 

in large sizes mixing with the fine grains in this zone is defined as the intercritical HAZ. 

When the peak temperatures are lower than the temperature of Ac1, which leads no phase 

transmitting, the region affected with the temperatures is defined as tempered zone. The 

microstructures in this part are not changed but deserving the tempering. Next part of the 

intercritical HAZ is the base metal without affected by the thermal recycle during weld. Base 

metal is the weaker zone under high stress levels while it has good creep resistance due to the 

good toughness. In another side of the HAZ, near to the coarse-grained HAZ is the weld metal 

that shows high resistance in creep for the Mod.9Cr-1Mo steel. 

 

 

Fig. 5-1. Corresponding peak temperatures for the HAZs in a welded joint of the high 

chromium ferritic heat resistant steel [5-4]. 

 

5.2.2 Weak Zone in the Welded Joint 

For the high chromium steel, the typical damage form is the Type Ⅳ cracking in 
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engineering application in practice. Normally, the conditions are high temperatures and low 

levels of the applied force. However, there are other types of damage form when the external 

conditions alter. 

 

5.2.2.1 Rupture Results 

The welded joint fractures at the base metal at high stress and low temperatures as we 

mentioned according to the experimental observation in Chapter 2. The welded joint with 

17×5×100mm in dimensions called Thin welded joint in present study were crept at 550, 600 

and 650℃, and the specimens fractured after crept are as shown in Fig 5-2 a, b and c. Under 

the temperature of 550℃, the welded joints were ruptured in base metal at the stress higher 

than the stress of 220MPa while they were failure in the HAZ lower than the stress of 

200MPa. The creep tests indicate that the creep strength of the weak HAZ is higher than the 

base metal under high stress levels at low temperatures. This reasons have been discussed in 

Chapter 3, the constraints on the weak HAZ due to the stress triaxial factor decrease the Von 

Mises stress (components of the effective rupture stress to creep-rupture time) in short period 

when the boundary sliding and diffusion of atoms are not prominent. Therefore under high 

stress levels, the weaker zone in the welded joint of Mod.9Cr-1Mo steel is base metal but the 

weak HAZ. However, at testing temperatures such as 600 and 650℃, the welded joint were 

all fractured in the HAZ under the stresses lower than 140MPa. In this case, the constraints 

lose its controlling on the creep behavior at high temperatures, and the micro mechanism 

succeeds to it. 
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a) 

 

b) 
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c) 

Fig. 5-2. Fractured locations in the thin welded joints crept at different temperatures in 

the stresses ranging from 50MPa to 240MPa. 

 

Actually the weaker zone is still a confusing topic under the stress in low levels at high 

temperatures. The intercritical HAZ was thought of the weakest zone during long term creep 

in prior references [5-3, 5-5 ~ 5-8]. They support the assumption that might be due to the 

creep strain heterogeneity among the grains because the sizes of grain in the intercritical are 

different greatly [5-3]. Some researchers supported that the fine-grained HAZ was the 

location for crack producing [5-9 ~ 5-17]. The basic of it is small grains that have the weak 

resistance to the creep damage comparing with the large grains with fine sub-grains in the 

theoretic [5-18]. Hasegawa clarified the lives relation of the fine-grained HAZ and base metal 

on the base of the differences of the grain sizes respectively [5-19]. The predicting lives of the 

fine-grained HAZ and the base metal can be indicated by the squared ratio of grain diameters 

inside the different parts. The relation can be expressed by Equation (5.1). 
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where tr is the creep life of materials and the factor d indicates the grain diameter in average. 
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p is a material constant and usually is equal to 1.3 for the high chrome heat resistant steel, and 

r is the Monkman-Grant constant in the function of C
dt

d
mt

m

r 










loglog  [5-20]. In order 

to solve this constant, we can firstly plot a diagram of the minimum creep strain rate versus 

the rupture life of material, and the slope of the lines is the value of r. The slopes of the base 

metal and HAZ are same since they all belong to the high Cr steel and have no large 

differences in chemical compositions. The BM and HAZ in the equation represent the base 

metal and fine-grained HAZ, respectively. Generally, according to the grain size of the base 

metal the much smaller grain size in the fine-grained HAZ, the much shorter servicing time of 

the welded joint. However, this method is valid only in the condition that the fine-grained 

HAZ is the weakest zone to be resistant creep at high temperatures. Therefore, it is need to do 

experiments in details to clarify. 

Actually, differentiating the fine-grained HAZ from the intercritical HAZ is a difficult 

procedure since the intercritical HAZ is a narrow zone in the HAZ, due to the fast cooling 

when the peak temperatures range from Ac3 to Ac1 and other complicated reasons. Therefore, 

the intercritical HAZ was classified into the fine-grained HAZ as the weaker zone when we 

conducted the FEM simulation in Chapter 3. The location near to the fine-grained HAZ could 

be same to the fine-grained HAZ while the location near to the tempering zone was classified 

into the tempering zone. For the mechanical calculation we think it is a valid assumption. 

 

5.2.2.2 Weak Zone in HAZ Selecting 

We conducted the creep tests for the simulated HAZ reproduced at different peak 

temperatures at 550℃and 600℃ as shown in Fig 5-3. The results were discussed in Chapter 2 

in details. The Ac3 line for the Mod.9Cr-1Mo steel in the figure apparently shows that it is 

closed to 925℃ and Ac1 is lower than 825℃. The peak temperatures ranging from 900℃ to 

925℃ lead to the minimum rupture time for the specimens at different stress levels. The 

figure shows that the minimum creep strength transmits from the intercritical HAZ to the 
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fine-grained HAZ with the increasing of the applied forces at temperature of 600℃. The peak 

temperature was selected as 900℃ to reproduce the weak zone of the HAZ (later we call it 

weak HAZ for convenience), also indicated that the intercritical HAZ is the weakest zone to 

creep resistance in the uniaxial stress state in present testing extents. The simulated HAZs in 

925~950℃ show a little higher than the simulated intercritical HAZ in creep strength while 

they are much lower than the base metal. It is apparently we select the intercritical HAZ as the 

weak HAZ in Chapter 3 according to Fig 5-1. However, we do not indicate that the whole 

intercritical HAZ are the weakest zone in a welded joint because we could not know the 

situations of the simulated HAZ affected by the peak temperatures between 900~925℃. Even 

this selecting zone might not be the weakest HAZ, but it would be valid since the 

corresponding relation to weld metal can be reflected. 

 

 

Fig. 5-3. Comparison of the creep-rupture time among the simulated specimens at 

different peak temperatures (Creep testing conditions: at temperature of 550℃ 

and 600℃, and under the stress ranging from 100MPa to 200MPa). 
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5.2.2.3 Micro-hardness and Voids Distribution 

  In order to clarify the actual location of the weak zone in the HAZ in thick welded joint, we 

also conducted the microhardness measurements in the longitudinal direction of welded joint. 

It was carried out on the rupture specimens crept at 550℃ and 650℃. Comparing with the 

welded joint in the condition as weld, we plotted the Fig 5-4. In the horizontal coordinate the 

‘0’ location denotes the bond line in the welded joint, and separates the weld metal and the 

HAZ in left and right side respectively. On the right side of the bond line, the coarse-grained 

HAZ, fine-grained HAZ, intercritical HAZ, tempered zone and base metal had been denoted 

in location order in the figure. With the hardness observation on a whole, the hardest location 

is the bond line among the three listed specimens while the hardness in weld metal is 

comparative lower. The coarse-grained HAZ is the transmitting zone from the high level of 

hardness (weld metal) to the lowest hardness (in other parts of the HAZ). The lowest location 

in the as weld specimen is in the tempering zone while after creep tests the weakest hardness 

transmits into the mixing zone of the fine-grained HAZ and intercritical HAZ. When the 

specimen was crept at the temperature of 550℃, the weakest location in hardness is close to 

the tempering zone and is most probable the intercritical HAZ. After checking the rupture 

specimen of welded joint crept at the temperature of 650℃, the weaker location in hardness is 

close to the coarse-grained HAZ and is most probable the fine-grained HAZ. These indicate 

that the effects of the temperature on the material degradation are larger than the time. Large 

precipitates could be easily produced at high temperatures in the grain boundaries so that the 

hardening effect of the smaller precipitates is lost. According to the locations (a), (b), (c) and 

(d) in the Fig 5-4, the related optical microstructures had been investigated by OM as shown 

in Fig 5-5. Locations such as (a) and (c) can be known to show the coarse-grained HAZ and 

the exactly location of the boundary of intercritical HAZ / tempering zone. The smallest grain 

size in the Fig 5-5b could be differentiated from all the four photographs clearly so that 

around the ‘b’ location denoted in Fig 5-4 could be made sure of the fine-grained HAZ. The 



5-10 

location of ‘d’ in Fig 5-4 denotes the tempering zone, and has no apparent differences with 

that of the base metal shown in the Fig 5-5e. Figure 5-5f is the microstructure of simulated 

HAZ at the peak temperature of 900℃. The Ac3 point of the Mod.9Cr-1Mo heat resistant 

ferritic steel is about 920℃ denoted in Fig 5-3. Therefore the simulated HAZ is actually the 

intercritical HAZ. Comparing with the Fig 5-5b, the sizes of the microstructures in the 

intercritical HAZ (simulated HAZ at 900℃) are not homogeneous. Smaller and large grains 

are there in simultaneity. The microhardness at 650℃ decreases greatly in ‘b’ location, and 

the actual value is almost same to that in the part close to the tempered zone. 

 

 

Fig 5-4. Comparison of microhardness-distribution in the welded joints at the different 

conditions (as weld, crept under 170MPa at 550℃ and under 50MPa at 650℃, 

respectively). 
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Fig. 5-5. Comparison of the microstructures of the thick welded joint indicated in the 

respective locations (a), (b), (c) and (d) shown in Fig 5-4, (e) for the base metal, 

and (f) for the simulated HAZ by OM. 

 

In terms of the Chapter 1, the voids grow up in the fine-grained HAZ (or intercritical HAZ) 

and finally lead to Type Ⅳ cracking at about 80% of the rupture life. The voids as the 

damage form almost occupied the whole creep life of the weldment at elevated temperatures. 

Therefore the voids nucleated in the HAZ should be discussed in detailed for evaluating the 
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final cracks.  

Suppressing the nucleation and growth of void in HAZ can be a good countermeasure to 

prevent Type Ⅳ damage at elevated temperatures. The Fig 5-6 was obtained from the thick 

welded joint crept under 90MPa at 600℃. The observation was conducted at the interruption 

of 7970h and 80% of the rupture life with the aid of laser microscope. The voids could hardly 

be found in the weld metal and in the base metal as shown in Fig 5-6 a and c. As shown in the 

Fig 5-6 b, the voids can be observed both in the fine-grained HAZ and in the intercritical 

HAZ though we did not give a clear boundary of the fine-grained HAZ and intercritical HAZ. 

The intercritical HAZ is defined as the boundary of the fine-grained HAZ and the tempering 

zone in the welded joint, where the grain sizes increase from the fine-grained HAZ 

to the tempered zone. The voids could also be observed in the tempering zone of the 

welded joint in the below figure but it is small in number. Moreover, there are less voids were 

observed in the coarse-grained HAZ. The small number of voids in the coarse-grained HAZ 

and tempering zone would not reflect the rupture life of the welded joint during high 

temperature exposure. Namely these two in the HAZ of the Mod.9Cr-1Mo steel welded joint 

are not listed in the weaker zones and not the emphasized topic in the terms of the damage 

mechanism. Experimental evidence of the discussion above is indicated in the Fig 5-7. The 

voids could be only observed in a large number in the fine-grained HAZ as well as the 

intercritical HAZ of the welded joint. The diagram indicated that the microhardness had a 

well reverse relation with the void number in the mixing zone of the welded joint. The part 

with the lowest microhardness has the weakest resistance to the creep at high temperatures. 

The photograph and experimental data in Fig 5-7 are obtained from the interruption about 

90% of creep life in the experiment conducted under 90MPa at 600℃. The voids are 

produced in the zone 1.0~2.3mm in distance to the bond line, which is composed of the 

fine-grained HAZ and the intercritical HAZ, which circles the joint of the two sub-HAZs. 

 



5-13 

 

Fig 5-6. Voids distribution in the HAZs of thick welded joint of the Mod.9Cr-1Mo steel 

at the creep time of 7970h crept under 90MPa at 600℃ observed by LASER 

macroscope. 

 

 

Fig. 5-7. Microhardness and the voids distribution in longitudinal direction of the thick 

welded joint at 7970h at creep temperature of 600℃ under 90MPa. 

   

  Thus corresponding locations of the sub-HAZ had been clarified. The fine-grained HAZ 
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and the intercritical HAZ are both the potential failure zones in a welded joint. The voids tend 

to be produced in the boundary of fine-grained HAZ and intercritical HAZ, where the grain 

sizes are smaller. An important observation on creep voids and hardness had been found that 

the weaker zone in welded joint transmitted from the intercritical HAZ to the fine-grained 

HAZ with the servicing time increasing at related high temperatures. The creep temperature 

greatly accelerates the transformation speed since the transformation at 550℃ reaches to 

intercritical HAZ but the transformation at 600℃ arrives at the fine-grained HAZ. Moreover, 

the microhardness values can be a valid scalar to localize the weak location in the welded 

joint. 

 

5.3 Void (Vacancy) Nucleation 

That the crack finally occurs in the base metal under high testing stresses is due to the 

constraints focusing on the original weak zone (mixing zone of intercritical and fine-grained 

HAZ) make it crept under a corresponding lower effective stress to rupture. This part had 

been discussed in Chapter 3 in details. We are now discussing the damage mechanism in 

microscopic scale in the mixing zone under lower stress levels. The conjunct role of stress 

triaxial factor and equivalent creep strain accelerates the speed of the nucleation of voids 

during creep, which was obtained by FEM simulation comparing with the voids observations. 

In terms of the mechanism of creep damage, we were usually beginning on the diffusion and 

boundary sliding [5-21, 5-22] though creep diffusion was believed not predominant at the 

testing temperatures among 600℃~650℃ by most researchers [5-23, 5-24]. Just as we had 

clarified that the potential damage locations are the intercritical HAZ and fine-grained HAZ. 

The Type Ⅳ  zone is finally decided the boundary of the fine-grained HAZ and the 

intercritical HAZ in the welded joint according to the observation the voids in the thick 

welded joint at the interruptions during creep. We would like to investigate the damage 

mechanism in terms of the voids nucleation and growth during creep in long term. 
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5.3.1 Grain Boundary Sliding 

As we had discussed the role of the stress triaxial factor on the mixing zone in thick welded 

joint in Chapter 3, stress triaxial factor is a complicated mechanical parameter. It enhances the 

creep strength of materials in short period, which is prevalent under the high stress levels and 

low testing temperatures. Therefore the base metal becomes relatively weak zone in the 

welded joint during creep. Fig 5-2a shows that the thin welded joint breaks in the base metal 

under the applied stresses of 240MPa and 200MPa at the temperature of 550℃, the 

corresponding specimens are in upside and in underside in this figure respectively. The two 

welded joints were ruptured at 451.6h and 1783.9h at 550℃.  

However, the stress triaxial factor loses its beneficial effects to creep life due to the grain 

boundary sliding when the welded joint is serviced under low stress levels at high 

temperatures. We can say the large constrains on the weak zone accelerate the boundary 

sliding at high temperatures. During the process of the sliding for relieving the constraints on 

the weaker zone of the welded joint, the voids nucleate, which is good agreement with the 

FEM simulation. Thus we should begin the discussion from the micro mechanism. As we 

know the potential damage zones are composed of the fine-grained HAZ and the intercritical 

HAZ. Moreover, the boundary of the two sub-HAZs owns the largest number of voids in the 

later stage of the creep-rupture life. The mixing zone is named as Type Ⅳ zone for 

conveniently discussing later. There must be a large number of the grain boundary in Type Ⅳ 

zone due to the smaller grains. Comparing with the matrix of grain the grain boundary is the 

weak zone. Therefore, the large strain inevitably occurs in the boundary comparing with the 

grain matrix. The creep strain accumulation on the boundary contributes the total strain. This 

can reflected in the large concave observed in the HAZ of the thick welded joint during creep 

as shown in Fig 5-8. The deflections were measured at the interruptions of the thick welded 

joint crept under 900MPa at 600℃. The weaker zone is focused with large constraints due to 
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the stress triaxial factor there. 

 

 

Fig. 5-8. Changes of surface deflection in the HAZ of the thick welded joint with the 

creep time at 600℃ under 90MPa. 

 

In applying the diffusion creep model, Onaka calculated the rate of strain in two models: 

Coble creep and Nabarro-Herring creep respectively, and they are given by the following Eqs. 

(5.2) and (5.3) [5-25], 
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.

  is the rate of strain, BD  denotes the grain-boundary diffusion coefficient, k  is the 

Boltzmann’s constant, T is the absolute temperature, Ω  is the atomic volume, c2  is the 

thickness of the grain boundary, LD  is the lattice diffusion coefficient, if  is the grain 
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volume fraction, iV  presents the single grain volume, and a  denotes the average size of 

grains. The volume gV  is some representative value of the grain volume. From the two 

equations, we can get the same conclusion that the rate of strain decreases with the grains 

sizes. Therefore larger creep deformation usually appears in the zone containing smaller 

grains due to the average grain size. Though the Coble creep and Nabarro-Herring creep 

usually dominate at more than 0.8 of the melting temperature of materials, we believe that the 

reverse relation of the rate of creep strain and the grain size should exist even at 0.5Tm of the 

materials more or less. 

The local precipitation grows up in the grain boundary which decreased the density of the 

smaller second-hard phase in the matrix. Fig 5-9, taken by TEM, indicates that the M23C6 

grows up in fine-grained HAZ of the weldment during creep, with comparing with the base 

metal. It also implies that the applied stress does not enhance the growth of the precipitation 

since we get the same results from the aging test at the same temperature of 600℃. The 

temperature should be the determinative factor for the precipitation growth. Large laves phase 

was found in the fine-grained HAZ of the rupture tested specimen, it also could be observed 

by TEM but small in size in the 600℃ aging specimen of the weldment.  
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Fig. 5-9. Observations of the precipitations in HAZ of the thick welded joint at different 

conditions (as weld, crept at 600℃ for 8853h and aged at 600℃ for 8853h, 

resectively) by TEM. 

 

Following to the discussion above, we propose a damage model, i.e. a void nucleation and 

growth model with considering the pining role of the precipitations in the grain boundaries. 

The idea is illustrated schematically in Fig 5-10. We think the origin of the voids is the 

clustering of atomic vacancies produced by the interaction between the precipitation and the 

matrix. With the conjunct role of the creep deformation and the precipitates in Type Ⅳ zone, 

the vacancy cluster should be produced in the locations around the large precipitation near the 

grain boundaries. Fig 5-10 simply indicates the vacancy cluster produced around the large 

precipitation in the grain boundaries.  
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Fig. 5-10. Producing model of vacancies in grain boundaries at elevated temperatures 

(schematic). 

 

Just as we have discussed above, the large creep deformation is necessary to the void 

nucleation during creep. The stress triaxial factor in the Type Ⅳ zone is also important for 

the voids producing. The large stress triaxial factor leads to the relieving in large extent via 

grain boundary sliding. The grain boundary sliding to relieve the constraints would also lead 

to large strain imbalance in the location near to the triple junction due to the external force. 

Strain imbalance would also be discussed in procedure of void growth later. Here we would 

give a definition of the strain imbalance which is strain changing with the location variations 

in microscope. The strain imbalance could be expressed with the term of 
ds

dε , where s  is 

a certain track, along which the creep strain changes. The strain imbalance would promote the 

nucleation of vacancies in the Type Ⅳ zone. This tests that the FEM results are reasonable. 

Lee et al argued that the cavity formation at grain boundaries was caused by the strain 

heterogeneity among grains [5-3]. In intercritical HAZ, the grain sizes are not same on a 

whole due to the small grains same to fine-grained HAZ and large grains similar with the base 
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metal. Under a certain external stress, the strain heterogeneity among the grains occurs, and it 

is prominent in the location near to the triple junction particularly. Therefore, we believe that 

it enhances the vacancy nucleation in the intercritical HAZ during high temperature exposure. 

However it is not the prominent coefficient in the Type Ⅳ zone in present case. 

 

5.3.2 Diffusion during Creep 

Diffusion is susceptible to temperature changes.  

The absolute temperature as a function of diffusion coefficient could be given by Equation 

(5.4). 

 











RT

Q
DD -exp0                  (5.4) 

where, 0D  is a constants, Q  is the diffusion activity energy, R  is the gas constant and T  

is the absolute temperature. In present study the diffusion coefficient D was used to represent 

the frequency of the changing between the vacancy and the atoms close to it. The diffusion 

coefficient is higher at 650℃ than at 550℃ since the coefficient is increasing with the test 

temperature according to the equation. 

After the vacancies formation in grain boundary, they usually diffuse with the time and 

then connected each other at elevated temperatures. Usually the many vacancies are produced 

in the location close to the large precipitation where the large strain imbalance occurs. Many 

vacancies nucleate closed to the precipitations, and among them closed vacancies are named 

as the vacancy cluster. The vacancies are very small in size and they could move randomly by 

substitution-diffusion with other atoms in matrix, which is accelerated by the hydrostatics 

stress. Substitution-diffusion is carried again and again, which makes the vacancies produced 

move freely. A new larger vacancy forms, when the two vacancies meet. With the roles of 

diffusion and growth, a new much larger vacancy can be produced. The impurity in matrix 

can accelerate the substitution-diffusion. Therefore, the voids are always found in the 
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boundary because the density of the impurity there is so high. We also know that the type of 

the crystal lattice can affect the diffusion velocity, i.e. the compact atoms would make the 

substitution-diffusion difficult. Therefore, the diffusion in austenite with the face center cubic 

is difficult to perform while it becomes easy in the ferrite and the martensite. 

There is no clear critical value to differentiate the voids from the vacancies in size, there are 

not relative references including of it yet. When its size exceeds over 1μm, we call the 

vacancy as the void in present study. 

The thin welded joints creep tests show that the Type Ⅳ damage are more dependent on 

the temperature due to the diffusions. The higher testing temperatures are used, the longer 

term is needed to produce Type Ⅳ cracking. The specimens of welded joint were ruptured in 

the base metal during creep under stress above 220MPa at 550℃, and Type IV cracks can be 

produced more than the time of 9000h.  Failure in base metal of the welded joint did not 

found in the present creep tests at 600℃, and the final damage form is Type IV cracking, 

which can occur within 1000h. When the testing temperature is rising to 650℃, Type IV 

cracks can be produced about 300h during creep. 

Rodriguez and Rao proposed that the vacancy formation at grain boundary precipitates and 

at triple junctions is a probable mechanism for material degradation at elevated temperatures 

[5-26]. The phenomenon of the nucleation of vacancy had been found in the positions near the 

precipitates and triple junction as shown in Fig 5-11a and Fig 5-11b, which is observed in 

fine-grained HAZ by the SEM. Diffusion is believed exiting in long term creep and contribute 

to the void nucleation due to atoms density in the locations where the strain imbalance is large. 

The strain imbalance acts an important role on the nucleation of vacancies in the grain 

boundary.  



5-22 

 

 

 

 

 

 

Fig. 5-11. Void formation and growth observed (a) at 6000h, and (b) at 4000h with crept 

at 600℃ under 90MPa by SEM. 
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5.4 Growth of Voids and Cracks in Type Ⅳ Zone 

We had discussed the nucleation of the creep void in terms of grain boundary sliding and 

diffusion in the mixing zone in the welded joint. After the vacancies are produced, they grow 

up and then form the voids, and the voids grow up and leading to the type Ⅳ cracking with 

the coalescing of the voids. 

We just discussed the role of diffusion in the procedure of vacancy nucleation above, and 

diffusion also act a critical role in the growth of void. The voids grow up with the interactions 

of the boundary diffusions and the surface diffusions in a certain scale. Boundary diffusion 

charges the void growth along the grain boundaries, while surface diffusion contributes to the 

growth of void in volume. The studies on diffusion mechanism and diffusion velocity 

equations had been conducted extensively from the middle of last century, and some 

evaluation methods for damages of materials in high-temperature servicing were developed 

[5-27, 5-28].  

Whatever the boundary diffusion or the surface diffusion, they should be on the base of the 

atom moving from one location to the other location. Therefore, we should give an emphasis 

on the fundamental law. Varying curvature along the profile gives rise to gradients of 

chemical potential which in turn produce a drift of surface atoms with an average velocity 

given by the Nernst-Einstein relation [5-29] 

 

ds

d

kT

ΩγD
V ss

s


-          (5.5) 

where sV  is the average surface velocity of atoms,   is the curvature of a selected element 

of path (routine), sD  is the coefficient of surface diffusion, ds  denotes an element of arc 

length, sγ  is the surface free energy, Ω  is atomic volume and T  presents the absolute 

temperature. For an irregular void in shape, it means the opposite deformation varies along it 

surface, i.e. strain imbalance appears in the surface. In the same time, the curvature of the 
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void surface also has a large changing tendency because it is the reciprocal of radius. Hence 

the strain imbalance should have a progressively proportional relation with the term of 
ds

dκ
, 

and given by 

 

ds

dκ

ds

dε
 .               (5.6) 

By combining Eqs. (5.5) and (5.6), the average velocity of surface atoms of void is 

increasing with the strain imbalance. Therefore, the voids grow up mainly in the diffusion 

manner and large strain imbalance could speed up the diffusion velocity of atoms in the 

interface of matrix/void, which can be named as self-growth. The changing of the routine 

length ( ds ) is according to the void size. For the void in different size, the factor ds  is also 

different, and is usually no less than a void diameter. When voids connect each other, the 

irregular boundary of void/matrix is produced inevitably. This accelerates the self-growth of 

voids. Fig 5-12 indicates that the voids growth tends to a sphere like one. When the voids 

grow into a certain range and like sphere more and more, they would connect with the closed 

one and then produce a large one with large 
ds

dκ
. This procedure is defined as a cycle. The 

newly forming void grows up with contributing of the large strain imbalance again since the 

new one must have an irregular shape. With the cycles, the voids grow up in the weak HAZ 

under a certain stress. The theory on the voids growth could be reflected in Fig 5-13 taken by 

SEM, in which the voids are observed in 7,170h and 7,970h interruptions. The voids grow up 

for decreasing the strain imbalance along the inter-surface of void/matrix, i.e. the strain 

imbalance is a special driving force for the growth of void.   
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Fig. 5-12. Schematic illustration of void growth due to the strain imbalance at elevated 

temperatures. 

 

 

Fig. 5-13. Growth of voids observed by SEM in HAZ of the thick welded joint crept 

under 90 MPa at 600℃. 

 

It is apparent that the connection of voids raises the progress of crack formation. Kitamura 

et al pointed out that the crack posses the stress singularity in the vicinity of the tip,  even 

while the void does not. They considered the transition from the crack-like cavity to c-rack 

would occur when the length of crack-like cavity exceeded 15 grain boundaries as shown in 

Fig 5-14 [5-30]. In the present study, the grain sizes of the weak HAZ are in the range from 3 

to 5μm in diameter, so that we can get the approximation 22.5μm of the length of Type Ⅳ 

crack in the weak HAZ, and much larger in the intercritical HAZ. The critical Type Ⅳ 

cracking should not be less than this value in length. Hence stress concentration should not 

affect the development of the void, and the diffusion tendency is homogenous in all radial 
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directions under a certain stress. This is well in agreement with the SEM observation of void 

shape since most of them appear as the shape close to a sphere.  

 

 

Fig. 5-14. Sketch map of crack formation and size (the bold line in the grain boundaries 

denoting the crack) [5-30]. 

 

By using laser microscope, the crack was not found in the specimen interrupted at 0.79 of 

the rupture life at 90MPa and 600
o
C. In this interruption step, the sizes of crack-like voids are 

not larger than 20 m. However, many cracks larger than 100 m have been observed in the 

Type Ⅳ zone at 0.93 of the rupture life. It means that the Type Ⅳ crack is produced in the 

period of 0.79-0.93 of the creep life, and after formation, the crack grows up quickly. The 

connection of voids takes place in the growth of crack. As soon as the crack nucleates, the 

concentration of stress focused on the tip zone should be responsible for its growth. The 

diffusion might not be prominently responsible for the growth of crack though the localized 

diffusion velocity in the tip zone also deeply increases.  

 

5.5 Possible Countermeasures to Prevent Type Ⅳ Cracking 

Based on the experimental observation and discussions mentioned above, the Type Ⅳ 

zone should be eliminated from the welded joint for reducing the probability of Type Ⅳ 

occurrence. According to present and previous work, we give some helpful advices for 



5-27 

reducing the Type Ⅳ damage tendency during creep. 

Reducing the constraints on the weak HAZ in a weldment should be realized by the 

designers, such as simplifying the weld groove shapes and decreasing the angles of groove. 

Reducing the heat input during welding can decrease the width of the Type Ⅳ zone, which 

is useful for delaying the creep damage due to Type Ⅳ cracking. PWHT such as partial 

tempering and half tempering can provide the deduction of hardness of the weak HAZ, and 

improvement of creep strength can be provided alternatively. These had been referred in some 

literatures [5-31, 5-32], which were on the basis of the experiments. However, the relation of 

the constraints and width of weak HAZ of a welded joint is not clear. 

Reducing the impurities is another valid method to fining and strengthening the grain 

boundary in Type Ⅳ zone. Addition of the Boron prolong the creep life of the conventional 

high chrome heat resistant ferritic steel by enlarging the grain size in the Type Ⅳ zone and 

suspension of the growth of Cr23C6 carbide precipitation [5-33]. Actually the area fraction of 

the grain boundary to matrix is greatly decreasing with the large size grains forming in the 

Type Ⅳ zone, which reduces the potential weak zones, particular the grain boundaries. 

  Even we take some helpful steps to prolong the rupture life of weldment, they are still the 

weak zone of a whole welded joint. Though there are some arguments on the prediction of the 

weld-repair component at high temperature, weld repair is still recommended for the practical 

signification by reducing the cost of renewing a large component such as the turbines and 

boilers [5-34]. Weld repair even can be used in a homogeneous material when the fraction life 

is greatly shorter than the expected [5-35]. The CDM constitutive equations and the FEM 

simulation were used to evaluate the weldment after weld repair in variable repair models, the 

prediction of creep-rupture life shows that the process weld repair is feasible in practice. Wide 

and medium deep geometry of the excavation were recommended, and the original weld 

should be covered when weld repair was conducted [5-36]. 

  For macroscopic creep-rupture data analysis the TTP method of Manson-Haferd parameter 
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is relatively conservative for predicting the creep-rupture life. 

 

5.6 Summary of Chapter 5 

Combining our microscope observation of the voids and previous research works, we 

discussed the damage mechanism in the thick welded joint during creep and proposed a 

mechanism of void growth due to localized strain imbalance in the grain boundary. The 

conclusions obtained in this chapter are as follows: 

1) Type IV zone is produced at the peak temperature of Ac3 with using the weld 

simulator. The damage locations can be sure in the narrow part about 1.3mm in width 

in the thick welded joint during high temperature servicing. 

2) We made sure the damage locations are the mixing HAZs of fine-grained HAZ and 

intercritical HAZ, and encompassing their boundaries. 

3) Micro hardness measurement shows that it can be used to denote the weaker zone in 

welded joint. 

4) The thin welded joints were ruptured in the base metal during creep under stress 

above 220MPa at 550℃, and Type IV cracks can be produced more than the time of 

9000h.  Failure in base metal of the welded joint did not found in the present creep 

tests at 600℃, and the final damage form is Type IV cracking, which can occur within 

1000h. When the testing temperature is rising to 650℃, Type IV cracks can be 

produced about 300h during creep. 

5) The nucleation of void due to the conjunct role of the equivalent creep strain and 

stress triaxial factor can be explained in grains boundary sliding and diffusion of 

atoms in microscopic mechanism.  

6) The growth of void is caused by the strain imbalance and it grows up with the atoms 

diffusion. The stress concentration in the tip zone should be responsible for the 

growth of Type Ⅳ cracking. 
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Chapter 6 

Conclusions 

 

In the present study, a set of creep tests of the materials such as base metal, simulated HAZ 

and welded joint (thin and thick) of the Mod.9Cr-1Mo ferritic heat resistant steel were 

performed under the stress levels range from 40MPa to 160MPa at the temperatures 550, 600 

and 650℃. The damage procedure in the fine-grained HAZ and the interciritical HAZ of thick 

welded joint at interruptions crept under 90MPa at 600℃ were investigated by LASER 

microscope. Stress-strain distributions in the welded joint were computed by FEM analysis 

with three-dimensional, three-material model (containing with base metal, weak HAZ and 

weld metal). A group of conventional constitutive equations with continuum damage 

mechanics has been modified for evaluating the creep behavior of homogenous materials and 

the weldment. Combining with the finite element method the damage distribution along the 

Type Ⅳ zone was also evaluated in the thick welded joint under the stress of 90MPa at 

600℃. On the basis of the interrupted creep tests we determined the materials constants for 

the CDM and discussed the void evolution processes. In view of the microscope observation 

and previous research works, we discussed the damage mechanism in the thick welded joint 

during creep in macroscopic and microscopic aspects, respectively. The important 

experimental results and conclusions obtained in present studies are summarized as the 

follows: 

 

(1) Type IV zone is produced at the peak temperature of Ac3 with using the weld simulator. 

The damage locations can be sure in the narrow part about 1.3mm in width in the thick 

welded joint during high temperature servicing, which is composed of the fine-grained 
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HAZ and the intercritical HAZ. 

(2) The thin welded joints were ruptured in the base metal during creep under stress above 

220MPa at 550℃, and Type IV cracks can be produced more than the time of 9000h.  

Failure in base metal of the welded joint did not found in the present creep tests at 600℃, 

and the final damage form is Type IV cracking, which can occur within 1000h. When the 

testing temperature is rising to 650℃, Type IV cracks can be produced about 300h during 

creep. 

(3) It is found that the creep voids of Mod.9Cr-1Mo steel weld form at the early stage of creep 

rupture life (0.2 of life), the number of them increases with time till 0.7 of life, and then 

they coalesce into the Type IV crack at the last stage (after 0.8 of life). 

(4) The creep voids tend to form at the area of a quarter depths from the surfaces, inside the 

plate, in fine-grained HAZ and the intercritical HAZ for the present thick plate welded 

joint of Mod.9Cr-1Mo steel. 

(5) Micro hardness measurement shows that it can be used to denote the weaker zone in 

welded joint. 

(6) It is considered that the high level stress triaxial factor combined with the large equivalent 

creep strain in the Type IV zone in the thick welded joint accelerate the void forming in 

the Mod.9Cr-1Mo steel welded joint during creep at elevated temperatures. 

(7) With comparing the FEM calculation of two weldment models (for thin and thick welded 

joints) the relation of the constraints on the weak zone in a welded joint and the size of 

welded joint has been clarified. Large constraints are always produced in the weak zone in 

a large scale welded joint than the small scale welded joint. 

(8) The conventional evaluation equations for creep damages have been modified by 

substituting the engineering stresses for equivalent creep stress and the terms containing 

stress without considering of the multiaxial stress rupture criteria. The final evaluation of 

strain and creep-rupture time prediction comparing with the experimental results shows 
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that the modified work does not affect the calculation results. 

(9) The linear relation of the logarithm of 1m (and 


1 ) with the applied stress in 

homogeneous material was used to fit the material constants. According to the relation the 

two exponents 1m (and 


1 ) for the homogenous such as base metal and simulated HAZ 

could be solved under any stress level.  

(10) By introducing a term of *f in the CDM constitutive equations, which is the function of 

the equivalent creep strain and stress triaxial factor along the Type IV zone, we can 

successfully predict the damage distribution and evolution in the Type IV zone of the thick 

welded joint with the aids of FEM simulation. 

(11) The nucleation of void due to the conjunct role of the equivalent creep strain and stress 

triaxial factor can be explained in grains boundary sliding and diffusion of atoms in 

microscopic mechanism.  

(12) The growth of void is accelerated by the strain imbalance. The stress concentration in the 

tip zone should be responsible for the growth of Type Ⅳ cracking. 
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