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Abstract: The analysis involved a similar welded joint made of steel TP347HFG 
after operation at a temperature of 580°C. Tests revealed that the primary mech-
anisms responsible for the degradation of the microstructure in all areas of the 
joint subjected to analysis were precipitation processes within the grains and 
along the grain boundaries. The grain boundaries contained two morphologies 
forming a continuous lattice. Precipitation processes resulted in the high ten-
sile strength of the joint and high hardness within the weld face area. After op-
eration, the test joint was characterised by relatively high impact energy, which 
could be attributed to the fine-grained microstructure and the presence of nu-
merous annealing twins.
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Introduction 
Materials used to make pressure elements of 
power unit systems are designed and manu-
factured so that they could transfer constant 
and cyclically variable thermomechanical loads 
during long-lasting operation. Requirements 
concerning the aforesaid materials are increas-
ingly high because of the necessary transferring 
of high parameters of transported media and 
expected corrosion resistance triggered by ex-
posure to flue gas or steam. Presently, elements 
of power units are made not only of low-alloy 
high-temperature creep resisting steels but also 
of advanced martensitic and austenitic steel 

grades. Newly developed high-temperature 
creep resisting steels implemented in power 
engineering systems are characterised by the 
presence of numerous alloying elements of var-
ious concentration. In cases of austenitic steels, 
the foregoing is tied to their operation at tem-
perature exceeding 620C. The appropriate 
chemical composition of such materials should 
ensure the high stability of the microstructure 
and the obtainment of mechanical properties 
enabling long-lasting operation. The thermody-
namically unstable structure of austenitic steels 
during operation results in their gradually pro-
gressing degradation, adversely affecting both 
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mechanical properties and corrosion 
resistance. For this reason, it is nec-
essary to monitor, e.g. during sched-
uled repairs or diagnostic tests, the 
service life of such steels after many years of op-
eration. The foregoing refers both to high-tem-
perature creep resisting alloys and welded joints 
made of them [1–3]. The research work dis-
cussed in this article involved the analysis of the 
microstructure and tests of mechanical prop-
erties of a similar joint (after operation) made 
in austenitic steel TP347HFG. 

Test materials and methodology 
An element subjected to metallurgical tests was 
a welded joint in a steam superheater coil made 
of austenitic steel TP347HFG, for more than 
54000 hours exposed to a temperature of 580°C 
and a pressure of 5.3 MPa. The scope of the tests 
included the following:
 – analysis of the chemical composition of the 
base material performed using a SpectroLab 
spark emission spectrometer and the analy-
sis of the chemical composition of the filler 
metal performed using an Jeol JSM6610LV 
scanning electron microscope (SEM) provid-
ed with an EDS attachment;

 – cross-sectional macroscopic tests of the test 
welded joint performed using an Olympus 
SZ61 light microscope;

 – microstructural tests performed using an Ax-
iovert 25 light microscope and an SEM Jeol 
JSM6610LV scanning electron microscope; 
the test joint was subjected to etching in the 
Mi19Fe metallographic reagent; 

 – Vickers hardness test performed using an FV–
700 hardness tester and an indenter load of 
10 kG (98;1 N); hardness measurements were 
performed in two lines, i.e. on the weld face 
and weld root side;

 – measurements of impact energy performed 
using a Charpy pendulum machine and 
standard specimens with a V-notch;

 – static tensile tests performed using a Zwick 
Roel Z100 testing machine. 

The chemical composition of the base mate-
rial is presented in Table 1, whereas the chem-
ical composition of the weld is presented in 
Table 2.

Macroscopic tests 
The macroscopic image of the test welded joint 
is presented in Figure 1. The macroscopic ob-
servations revealed the proper structure of the 
joint. The joint did not contain any welding im-
perfections inconsistent with quality level B of 
standard [4].  

Microstructural tests
The microstructure of steel TP347HFG is pre-
sented in Figure 2. The test steel was char-
acterised by the fine-grained austenitic 
microstructure with the grain size being 8/7 
(according to ASTM scale) and annealing twins. 
As regards austenitic steels, the fine-grained 
structure is advantageous in terms of plastici-
ty (ductility) and corrosion resistance. Tests 
discussed in publications [1, 5] revealed that 

Table 1. Chemical composition of steel TP347HFG, %

C Si Mn P S Cr Ni Nb N Mo
0.10 0.48 1.54 0.005 0.001 18.79 12.23 0.58 0.04 0.24

Table 2. Chemical composition of the filler metal, %

Element Mn Si Cr Ni Nb Fe
Face 1.28 0.56 19.32 10.16 0.67 68.02
Root 1.54 0.64 19.96 10.22 0.45 67.19

Fig. 1. Macroscopic image of the test welded joint
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fine-grained austenitic steels are character-
ised by creep resistance comparable with that 
of coarse-grained steels. The microstructure 
of the test steel contained both twins coherent 
and those incoherent with the matrix. In aus-
tenitic steels, twins play an important role by 
dividing a homogenous austenite grain, and, 
as a result, refining the microstructure and re-
ducing susceptibility to brittle cracking [6]. The 
microstructure of the test steel also contained 
numerous and large primary precipitates, local-
ly arranged in bands. The EDS-based analysis 
revealed that the precipitates were rich primari-
ly in niobium (Fig. 3). According to publication 
[7], the primary precipitates in steel TP347HFG 
are particles rich in niobium (NbC). The micro-
structure of austenitic steels stabilised using a 
highly carbide-forming element, e.g. niobium, 
is characterised by the presence of character-
istic numerous and large primary precipitates. 
Because of their size, the role of such precipi-
tates is, in practice, reduced to the bonding of 
carbon and/or nitrogen atoms as well as to in-
hibiting the growth of grains during the ther-
momechanical process. Such precipitates are 
characterised by high stability. According to 
publication [8], primary particles are disadvan-
tageous precipitates as, during operation, the 
nucleation of microcracks may take place along 
their interphase boundary. In addition, the mi-
crostructure contains numerous precipitates of 
diverse morphology along grain boundaries, 

locally forming the so-called the continuous 
lattice of precipitates. Along twin boundaries 
it was also possible to observe single particles, 
whereas within grains it was possible to notice 
numerous precipitates. The primary degrada-
tion processes affecting high-temperature creep 
resisting austenitic steels taking place during 
operation include the precipitation process-
es of secondary phases [6, 9]. Privileged pre-
cipitation areas are grain boundaries, which 
primarily results from faster diffusion with-
in these areas [8, 10].The grain boundaries of 
the test steel contained two morphologies of 
precipitates, i.e. numerous and relatively small 
precipitates and single large particles. Research 
performed by the authors of publication [7] 
and information contained in reference publi-
cations [11] imply that the above-named rela-
tively small precipitates are M₂₃C₆ carbides. In 
the second case, the precipitates located at the 
tripoint of three grain boundaries were (be-
cause of their shape) probably the precipitates 
of phase σ. The precipitates of phase σ could be 
rich in chromium, iron and silicon (which was 
demonstrated by the EDS-based analysis (Fig. 
4)). According to publication [12], silicon is a 
chemical element favouring the nucleation and 
the precipitation of phase σ in austenitic steels. 
An increase in a silicon content leads to an in-
crease in the volume fraction of phase σ after 
operation [12]. The enrichment of phase σ in 
silicon was also observed in steel T321H after 
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long-lasting operation [13]. The precipitation 
of M23C6 carbides in austenitic steels is con-
nected with the ultimate solubility of carbon in 
the matrix [8, 10]. The above-named precipi-
tates, in their dispersive form, [14] play a posi-
tive role by increasing creep resistance through 
the inhibition of glide along grain boundaries. 
However, the long-lasting operation of auste-
nitic steels leads to an increase in the number 
and size of the precipitates along grain bound-
aries and the loss of the favourable effect of the 
former. Numerous particles rich in chromi-
um and locally forming the continuous lattice 

of precipitates along grain boundaries may in-
crease the sensitivity of austenitic steels to inter-
crystalline corrosion [15]. Intermetallic phase 
σ is an unfavourable precipitate in austenitic 
steels as its presence results not only in the re-
duction of plasticity or toughness but also in 
decreased corrosion resistance [16, 11]. Precip-
itates observed within grains were near-circular 
and acicular. Steel TP347HFG-related test re-
sults discussed in [7, 17] revealed the presence 
of numerous dispersive secondary NbC (NbX) 
precipitates within grains. Such precipitates ef-
fectively impede dislocations and significantly 

Fig. 3. Analysis (EDS) of precipitates 

Fig. 4. Area near the fusion line of the test welded joint 
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harden the material, not only increasing the 
yield point but also creep resistance. In turn, the 
morphology of the precipitates within grains 
implies that they were, most probably, M23C6, 
particles and phase σ. The presence of the pre-
cipitates within the grains was responsible for 
increased hardening and, consequently, affect-
ed mechanical properties and hardness. By 
contrast with the base material, the HAZ was 
characterised by grain growth, resulting from 
the welding process (Fig. 4). The grain size in 
the HAZ was 5/4. Similar to the base materi-
al, the microstructure of the HAZ contained 
numerous precipitates within the grains and 
along the grain boundaries. The size of the pre-
cipitates in the HAZ was similar to that of the 
precipitates observed in the base material. On 

the face side, the weld was characterised by the 
presence of numerous precipitates (of varied 
morphology) within the grains and the con-
tinuous lattice of precipitates along the grain 
boundaries/crystallites (Fig.5a). Similarly, on 
the root side it was also possible to observe pre-
cipitates within the crystallites and along their 
boundaries, yet their density was significantly 
lower (Fig. 5b). The difference in the density of 
the precipitates could probably be attributed to 
the diverse distribution of temperature across 
the joint thickness. 

Tests of mechanical properties 
The operation of high-temperature creep resist-
ing steels not only triggers changes in their mi-
crostructure but also affects their mechanical 

Fig. 5. Heat affected zone of the test welded joint 

Fig. 6. Weld area of the test welded joint a) on the face side and b) on the root side 
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properties. Austenitic steels are supplied in the 
supersaturated state, responsible for good plastic 
properties and high toughness, yet relatively low 
mechanical properties [11]. Changes taking place 
in the microstructure during operation, such as 
the precipitation of secondary phases (M₂₃C₆, 
NbX, phase σ) lead to precipitation hardening, 
the increase of which depends on types of pre-
cipitates, their dispersion and arrangement. The 
presence of numerous precipitates in the micro-
structure translates into high mechanical prop-
erties. The tensile strength of the test joint at 
room temperature amounted to 814 MPa and 
was by 50% higher than the minimum strength 
of the base material (Rmmin – 550 MPa [18]). The 
maximum tensile strength of steel TP347HFG 
amounts to 750 MPa [18]. The foregoing con-
firms the significant impact of precipitation 
hardening on the mechanical properties (i.e. 
their increase) of the test joint. In each area of 
the V-notch, the impact energy of the joint was 
higher than the minimum value (Fig. 7), which, 
as regards the test steel, is KVmin>85 J [18]. How-
ever, it should be noted that, despite the presence 
of numerous precipitates (locally forming the 
continuous lattice) and phase σ along the grain 
boundaries, the test joint was characterised by 
relatively high impact energy, which could be as-
cribed to the fine-grained structure and/or the 
continued presence of relatively numerous twins 
as regards the base material and the high num-
ber of twins as regards the HAZ. In austenitic 
steels, the size of grains significantly affects im-
pact energy in relation to advanced precipitation 
processes. In turn, the toughness of the weld re-
sults from the high number of precipitates and 
the unfavourable arrangement (locally) of the 
crystallisation grains. The cross-sectional hard-
ness measurement revealed that, in each area of 
the joint, hardness was lower than the ultimate 
hardness of this type of material, i.e. HVmax – 350 
HV (Fig. 8). The higher hardness of the weld face 
area in comparison with that of the weld root 
area resulted from the higher density of precip-
itates in the aforesaid area (Fig. 5a).  

Conclusions

1. After long-lasting operation, the micro-
structure of the test welded joint contained 
numerous morphologically varied precipi-
tates within the grains and along the grain 
boundaries.

2. The fine-grained microstructure and the 
presence of numerous annealing twins trans-
lated into the maintaining of the relatively high 
impact energy of the test joint in spite of the 
presence of the continuous lattice of precipi-
tates along the grain boundaries.
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Fig. 7. Impact energy of the test joint 
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