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Abstract: The aim of the research was to analyse the processes of degradation observed in a similar welded 

joint of T91 steel. The analysis was performed for welded joints after long-term annealing for up to 8000 

hours at the temperature of 600 °C. Microstructural analysis and hardness testing were performed. The 

purpose of the tests was to evaluate the effect of annealing time at the temperature of ageing on formation 

and properties of the decarburized zone in the inter-bead area of the welded joint. The study presents the 

results of physical examinations of the joint welded using two different filler materials (similar welded 

joint) after long-term effect of high temperature. 
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Introduction 
A topical and important problem in the energy system is to design and implement materials for 

installations operating under conditions of high thermomechanical load. Their implementation offers 

opportunities for achievement of increasingly high parameters of vapour and consequently, reaching a 

substantial efficiency and reduction of emissions of greenhouse gases by energy equipment [1,2]. The pivotal 

points of such structures are welded joints, whose properties should be similar to properties of base material. 

However, in many cases, technological reasons lead to the attempts to use the solutions that simplify 

performing the joints but require long-term and complicated physical examinations of metals [2÷4]. One of 

such solutions is performing a root run with easily-weldable filler material that ensures plastic, deformable 

first layer of the joint. The above solution does not require an expensive shield gas (pure argon) that fills the 

pipe joints in their interior part, leading to substantial savings. Thus method has already been applied for 

welding hardly-weldable materials not used in the energy sector [5,6]. There are no studies concerning this 

type of composite joints and evaluation of their functional usefulness under conditions of thermal load.  

Materials and Methods  
The research material was butt joints performed on the pipe made of martensitic X10CrMoVNb9-1 (T91) 

steel with diameter of 76 mm and wall thickness of 10 mm. These joints were made using the 141 (TIG) 

method in the H-L045 position using two filler materials: 

¶ Böhler W CrMo2Si ø2.4 mm – first run (root), 

¶ Böhler W CrMo91 ø2.4 mm – filling run and final run. 

Welding parameters are presented in table I. The shield for the weld pool was provided by the inert gas 

(argon). Thermal processing was used after welding, consisting of annealing at the temperature of 760 °C for 2 

h followed by cooling down in air (initial state). Analysis of the chemical composition of the base material 

(T91 steel, Fig. 2) was performed using SpectroLab K2 spark spectrometer. The required chemical 

composition of filler materials used for welding the backing bead and filling layers is presented in tables III 

and IV [7]. The obtained welded joints were subjected to both non-destructive and destructive examinations. 

The non-destructive examinations were performed for 100% length of the joints and included visual testing, 

magnetic testing (MT) and radiographic testing (RT). The planned destructive examinations included macro- 

and microscopic observations and microhardness tests. Microstructural observations were performed using 

the Olympus GX41 optical microscope and JSM JEOL-6610 scanning electron microscope (SEM). 

Metallographic wastes were etched with nital. Microstructural measurements were performed using a 
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microhardness tester (Shimadzu HMV-G20) at the load of 0.1 kG (0.981 N). All the examinations of 

mechanical properties were performed according to PN-EN ISO 17639 and [7].  

The examinations concerned the joint in the initial state and after ageing at the temperature of 600 °C 

for 8000 h. The aim of the examinations was to observe potential changes in joint morphology. The particular 

focus was on the evaluation of the effect of ageing on the size and structure of the decarburized zone under 

conditions similar to functional thermal load.  

Table I. Welding parameters of the examined joint 

Details of welding 

Bead 
Welding 

method 

Filler metal 

dimensions 

[mm] 

Current 

intensity 

[A] 

Arc  

voltage 

[V] 

Current type/ 

polarity 

Feed rate 

[cm/min] 

Amount of heat 

transferred 

[kJ/mm] 

1 141 ø 2.4 100 11.6 DC/- 6.2 0.67 

2 141 ø 2.4 92 12.6 DC/- 5.6 0.74 

3 141 ø 2.4 90 12.8 DC/- 4.2 0.98 

4 141 ø 2.4 90 12.9 DC/- 3.4 1.22 

Results 

Macroscopic examinations  
The macrostructure of the welded joints is presented in figure 1. The macroscopic examinations revealed 

a correct geometry of the joint, regular welded bead and narrow, even heat affected zone. Results  

of non-destructive examinations such as VT, PT, RT and macrostructural observation, revealed no significant 

welding defects on the cross-sections of welded joints that would exceed the level of quality B according to 

PN-EN ISO 5817. Darker areas in transition zones are more etched decarburized zones (Fig. 1b).  

  
(a) (b) 

Fig. 1. Macrostructure of the welded joints: a) in the initial state, b) after ageing at 600 °C / 8000 h 

Microstructural examinations, measurement of microhardness  
Microscopic observations of the weld material showed that this area was characterized by bainitic 

(bainite-martensite) structure in the root run (Fig. 2) and martensitic structure in the filling run (Fig. 3). The struc-

tures obtained in the weld result from the use of two filling materials that differ significantly in their chemical 

composition (Table II, Table III). With the varied chemical composition in the place of connection,  

the structural homogeneity occurs near the fusion line after thermal processing following welding and 

during long-term annealing. Structural non-homogeneity that is observed in the area of the welded joint is 

connected with diffusion of carbon from the area with higher chemical activity to those with lower activity. 

Carbide forming elements, such as chromium and molybdenum, substantially reduce chemical activity  

of carbon and lead to its diffusion towards high-alloy steel. This leads, on the one hand, to appearance of 

decarburized zone at the side of material with higher carbon potential and, on the other hand, the carburized 

zone on the side of the material with lower carbon potential. In the examined joint (initial state), this area 

included individual blocks of ferrite grains near the fusion lines around the root run. The structure of 

decarburized zone (Fig. 4) is characterized by coarse ferritic grains with individual carbides. The size of the 

zone with ferritic structure that occurs between the root run and the first filling run was ca. 775 µm and width 
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of  

ca. 75 µm (Fig. 5a). The area of fusion line also contained individual ferrite grains (Fig. 5b). 

Table II. Chemical composition of T91 steel, %mass 

C Si Mn P S Cr Mo V Nb 

0.09 0.37 0.47 0.01 0.003 8.83 0.95 0.19 0.08 

Table III. Chemical composition of Böhler W CrMo2Si filler material according to PN-EN ISO 6507-1, %mass  

C Si Mn Cr Mo P As Sb Sn 

0.06 0.72 0.95 2.61 1.02 .0.01 0.01 0.005 0.006 

Table IV. Chemical composition of Böhler W CrMo91 filler material according to PN-EN ISO 6507-1, %mass 

C Si Mn Cr Ni Mo V Nb 

0.12 0.31 0.52 9.00 0.71 0.92 0.20 0.055 

  
Fig. 2. Weld microstructure in the final run 

  
Fig. 3. Weld microstructure in the root run 
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Fig. 4. Structure of the decarburized zone in the weld after ageing  

  
(a) (b) 

Fig. 5. Microstructure of the welded joint in the initial state in the area of the decarburized zone: a) between the first 

and second run, b) at the fusion line 

Joint ageing contributed substantially to the increase in the magnitude of the decarburized zone 

between the filler material and root run and the growth of ferrite grains inside this zone. The magnitude of 

the area between the root run and the filling run after ageing was comparable with the initial state (Fig. 6). 

  
(a) (b) 

Fig. 6. Microstructure of the joint after welding and ageing 600 °C/8000 h in the area of the decarburized zone:  

a) between the first and second run, b) at the fusion line 

According to [8,9], formation of the decarburized zone is also stimulated by the lack of nitrogen  

in the matrix in this area and phase work-hardening with critical size due to the exchange of austenite into 
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martensite. Narrower carbon-rich zone is observed near the decarburized zone (darker area in Fig. 4 and Fig. 

5 near the ferrite grains). It is characterized by elevated amount of carbides, mainly chromium-rich carbides 

such as M23C6 [9÷11]. The study [10÷12] demonstrated that with longer annealing time, molybdenum-rich 

carbides (M2C and M6C) are observed in addition to M23C6 with longer times of annealing near this zone.  

With the coarse-grain ferritic structure, lack of carbides and less carbon and/or nitrogen in the matrix, 

the decarburized zone is characterized by lower mechanical values e.g. hardness (microhardness). 

Microhardness testing in the examined zone revealed its significant reduction compared to the joint (Fig. 7).  

This reduction was from 70 to 100 HV0.1 in the joint in the initial state and 60÷110 HV0.1 in the joint after 

annealing. According to [11,12], formation and growth of the decarburized zone is conducive to higher 

tendencies for type III cracking, whereas according to [10,12], it also impacts on joint susceptibility to type IV 

cracking. 

 
Fig. 7. Distribution of microhardness in the area of decarburized zone 

Discussion 
The examinations of the welded joints made of T91 steel containing the low-alloy root revealed changes 

at the boundary between the root run with base material and high-alloy part of the weld. The examinations 

were performed directly following welding (joint in the initial state) and after 8,000 h at the temperature of 

600 °C, but they offer the insight into the type and degree of changes after longer periods of heat load to such 

types of joints. The particularly alarming is growth of grain in the soft ferrite welding zone and presence of 

carbides of various types. This process is not, however, directly connected with the growth of the width of 

the decarburized zone in the examined period of time. Further research is needed into the effect of presence 

of decarburized ferritic zone in a small internal part of the joint on its functional usefulness during long-term 

thermal and mechanical loads. 
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