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Abstract: The article presents the assessment of the macro and microstructure 
of welded joints made in steel P265GH using various combinations of filler met-
al wires and shielding gases. In addition to microstructural analysis, tests in-
volved hardness measurements of all of the joint zones, i.e. the weld, HAZ and 
the base material. In addition, each specimen (i.e. the weld and the base materi-
al) was subjected to the analysis of chemical composition. The performed anal-
ysis made it possible to determine the degree of morphological conformity of 
welding consumables with steel P265GH.
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Introduction
The Polish power generation sector is based on 
system power plants (19 heat and power plants 
and 5 water-power plants) [1]. The profession-
al power engineering is supported by scattered 
power engineering (heat and power plants and 
water-power plants) [2,3]. Present investments 
include 5 power units (commissioning expect-
ed by 2019) [3,4]. At the same time it should be 
emphasized that nearly 90% of currently oper-
ated power units have exceeded their nominal 
work time of 100 000 h. In addition, a signif-
icant number of such units has also exceeded 
a work time of  200 000 hours (the units were 
approved for 300 000 hours of operation) [1-4].  

Because of the complexity of factors limiting 
the operational usability of power generating 
systems as well as the extent of the operational 

time-span of objects and systems approved for 
further operation, the issue of utmost impor-
tance is the diagnostics of elements and entire 
units as well as the determination of their oper-
ational and terminal service life [1,4]. The diag-
nostics of such objects and elements primarily 
includes non-destructive tests, mostly pene-
trant tests (PT), magnetic-particle tests (MT), ul-
trasonic tests (UT), visual/endoscopic tests (VT) 
as well as structural tests including the method 
of matrix and extraction replicas and the X-ray 
phase analysis of carbide isolates [1,4-9]. Other 
activities include material-related assessments 
of elements in view of their further operation 
as well as safe and failure-free operability and 
the qualification of elements including the plan-
ning of inspections, repairs, revamping, mod-
ernisation or liquidation [1,10-14].  
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The primary issue related to the service life 
of elements exposed to high-temperature op-
eration is the creep phenomenon. Factors sig-
nificantly limiting the service life of power 
generating objects are also welded joints, or 
more precisely their durability and reparabil-
ity (by making repair joints). This issue is of 
particular importance in cases of the so-called 
dissimilar (“mixed”) joints, where the weld-
ing-based repair process involves an old ma-
terial (in operation) with a new one. Another 
important issue is the implementation of struc-
tural changes, among other things, during re-
vamping or repairs [1,4]. When forecasting 
the service life of units exposed to creep con-
ditions it is important to know not only char-
acteristics concerning creep-related properties 
but also characteristics related to changes in 
the structures of materials affected by stresses 
in the function of time and temperature at the 
same time [1,4].  

Taking into consideration the present state 
of the power engineering sector (operation of 
equipment exceeding the nominal work time) 
and forecasts predicting very few investments, 
the Office of Technical Inspection (Urząd Do-
zoru Technicznego – UDT) has imposed new 
obligations (in the form of guidelines) on the 
owners of power plants/heat and power stations 
as well as on the external technical inspection 
services [1,4,15-16]. This document explicitly in-
dicates the obligation of preceding each repair 
involving joining processes by microstructur-
al  tests and other tests involving NDT meth-
ods (previously, this issue was usually ignored). 
Only after the obtainment of the positive result 
of the above-named tests it is possible to per-
form repairs taking into consideration special-
ist joining instructions and the schedule of tests 
and inspections [15-16]. In addition to chang-
es in regulations concerning the construction, 
revamping and operation of elements of power 
generating objects, ongoing works are also con-
cerned with the development of new generation 
materials applicable in the power generation 

sector. Factors significantly affecting the nature 
of these tests are undoubtedly restrictions relat-
ed to environmental conditions and constantly 
rising coal prices. The use of materials charac-
terised by more favourable properties makes it 
possible to increase the efficiency of power gen-
erating equipment through the more effective 
combustion of fuels, and, consequently to re-
duce harmful emissions into the atmosphere 
and decrease the consumption of fuel [1,4].  

The issues related to the analysis of the prop-
erties of welded joints made of steel P265GH 
was presented in publication [1], constituting 
the introduction to this publication. Following 
the guidelines of the PN-EN ISO 15614-1 stand-
ard, the tests involved the making and analysing  
butt joints and T-joints using various combina-
tions of filler metal wires and shielding atmos-
pheres. The tests discussed in this study extend 
the entire research by including the analysis 
of the chemical composition, linear hardness 
measurements as well as the assessment of mac-
ro and microstructures  of the base material, 
HAZ and filler metal.  

Test specimens 
The tests were performed using specimens sam-
pled from test plates subjected to MAG weld-
ing (135) performed in accordance with the 
guidelines specified in PN-EN 15614-1, using 
related welding parameters. The base material 
was steel P265GH, commonly used in the pow-
er engineering industry, particularly in areas, 
where elements made of conventional struc-
tural steels could age and wear very quickly. 
Components made of the above-named steel 
(P265GH) are characterised not only by resist-
ance to high temperature and a heating medi-
um as well as substances contained in corrosive 
media [1,4]. As a result, steel P265GH is applied 
in the nuclear power engineering, among other 
things, as a material used in the nuclear pow-
er containment.

Application conditions specified by the Of-
fice of Technical Inspection (UDT) [15] do not 
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contain guidelines imposing the necessity of 
analysing microstructures of steel P265GH. 
Among other things, the guidelines are con-
cerned with certain low-alloy and high-chromi-
um steels. However, taking into consideration 
the popularity of the steel, the above-named 
application areas, the potential of making dis-
similar joints and the availability of filler metal 
wires of various chemical compositions (ded-
icated according to the manufacturers of steel 
P265GH), the performance of in-depth analysis 
aimed to elevate the engineering awareness of 
potential users seems more than justified.

The MAG welding parameters were adjust-
ed on the basis of initial tests. The research 
involved joints made of 8 mm thick plates: 
butt joints (BW – butt welds) (scarfing of 60°, 
a threshold of 2 mm and a gap of 3 mm) and 
T-joints (FW – fillet welds). The tests were per-
formed using gas mixtures and filler metals pre-
sented in Table 1. Table 2 presents the chemical 
compositions of the shielding gases and filler 
metals. All of the filler metals and shielding gas-
es were selected on the basis of guidelines spec-
ified in PN-EN ISO 14175 and PN-EN ISO 14341/
ER70S-6 according to AWS A5.18. Initially, the 
plates were subjected to non-destructive tests, 
i.e. visual tests (VT 100%) and magnetic-par-
ticle tests (MT 100%) followed by destructive 
tests, i.e. tensile tests, bend tests and impact 
strength tests [1].

Analysis of the chemical composition 
The analysis of the chemical composition was 
performed using the spectral method and a GD-
S500A analyser (LECO). The results of the chem-
ical composition analysis concerning the butt 
joints in the weld area and the base material 
are presented in Table 3. The table also presents 
the maximum values of the chemical elements 
(for heat analysis) according to PN-EN 10028-2. 
The base material was designated as BM, where-
as weld areas of specific specimens were desig-
nated as S1-S4.

The analysis of the chemical composition 
of the base material did not reveal any signifi-
cant deviations from information concerning 
the contents of chemical elements specified by 
the PN-EN 10028 standard. The analysis of the 
chemical composition of the welded joints in 
the weld area (specimens S1-S4) did not reveal 

Table 1. Filler metals and techniques used when making 
the specimens

Spec. no. Filler metal Gas Runs
BW1 SG2 magmate

φ=1 mm M21
3

FW1 1
BW2 SG2 magmate

φ =1 mm M25
3

FW2 1
BW3 SG2 bronze

φ =1.2 mm M21
3

FW3 1
BW4 SG2 bronze

φ =1.2 mm M25
3

FW4 1

Table 2. Chemical composition and designations of shielding atmospheres and filler metal wires 
[based on the data provided by the producers]

Chemical composition of shielding atmospheres 

Commercial name PN-EN ISO 14175 Chemical composition, %

CORGON 18 M21 82%Ar+18%CO₂

CORGON 2 M25 83%Ar+13%CO₂+4%O₂

Chemical composition of filler metal wires
Wire C Mn S P Si Cu Ni Cr Al Mo Ti V N
SG2

magmate 0.08 1.50 0.013 0.011 0.880 0.029 0.020 0.021 - - - - -

SG2
bronze 0.07 1.45 0.005 0.009 0.875 0.035 0.002 0.046 0.002 0.013 0.001 0.002 0.006
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significant differences. In relation to all of the 
specimens, the content of carbon amounted to 
approximately 0.1% (or 0.136% in relation to 
specimen S2). The above-named values were 
lower than those concerning the base materi-
al. The values of the primary alloying elements, 
i.e. Mn and Si, were very similar (~1.25% Mn 
and ~0.7% Si). As regards impurities in the 
weld, both phosphorus and sulphur adopted 
values acceptable by the standard related to 
steel P265GH.  

Differences in the content of nickel reflect-
ed the degree of its presence in the base mate-
rial and in the filler metal wire. The addition of 
molybdenum in wire SG2 bronze left a trace in 
specimens S2 and S3. Copper passed to the weld 
area. In relation to all combinations of the fill-
er metals the content of Cu was nearly 3-times 
higher than in the base material and in the  fill-
er metal. The results of the chemical composi-
tion analysis performed in relation to the test 
steel were used to calculate the carbon equiva-
lent (CEV = 0.34%). The above-presented value 
indicated high weldability (yet inly in relation 
to cold cracking; the value of Mn was relatively 
low, which could lead to hot cracking).  

Macroscopic observations
Macroscopic observations involved metallo-
graphic specimens of the butt joints containing 
the butt welds (BW) made in the flat position (Fig. 
1) and the T-joints containing the fillet welds (FW) 
made in the horizontal position (Fig. 2).

All of the joints were characterised by the 
uniform face of the butt weld and the uniform 
root. Each metallographic specimen was char-
acterised by a delicately outlined HAZ. All of the 
joints contained welding imperfections, i.e. ex-
cess weld metal (502). The welding imperfections 
were classified as representing quality level C ac-
cording to PN-EN ISO 5817. The tests were also 
based on the guidelines of the PN-EN ISO 15614-
1 standard. In accordance with the above-named 
document, a welding technology is qualified if 
the detected imperfections do not exceed up-
per limits specified for quality level B according 
to PN-EN ISO 5817. Welding imperfections relat-
ed to quality level C include excess weld metal 
(502), excessive convexity of the fillet weld (503), 
excessive thickness of the fillet weld (5214) and 
excessive penetration (504). All of the joints re-
vealed the banded structure of the base material 
having the form of a darker band located at the 
half of the base material thickness (particularly 
visible on the right side of specimen BW2). The 
revealed structure did not affect the quality or 
strength of the welded joint. The structure was 
composed of pearlite (resulting from the rolling 
of plates), undergoing etching faster than the re-
maining areas of the microstructure.  

All of the T-joint specimens (Fig. 2) were 
also characterised by the uniform face of the 
fillet weld. The HAZ was delicately outlined in 
all of the cases. The narrowest HAZ was ob-
served in relation to FW3 (Fig. 2c). Except for 
FW4 on the right side, slightly penetrating the 

Table 3. Chemical composition of the base material and butt-welded joints

C, % Mn, % Si, % P, % S, % Cr, % Ni, % Mo, % V, % Cu,%
BM 0.164 0.972 0.278 0.018 0.007 0.04 0.022 0.001 0.002 0.025
BM* ≤0.2 0.8-1.4 ≤0.4 0.025 0.015 ≤0.3 ≤0.3 ≤0.08 ≤0.02 ≤0.3

S1 0.104 1.29 0.731 0.024 0.013 0.027 0.02 - - 0.09
S2 0.136 1.23 0.691 0.016 0.008 0.041 0.019 0.002 - 0.043
S3 0.106 1.26 0.744 0.016 0.008 0.041 0.012 0.002 - 0.081
S4 0.096 1.26 0.727 0.024 0.014 0.016 0.023 - - 0.096

BM – base material; values obtained experimentally in the chemical composition analysis 
BM* - base material, max. contends of chemical elements according to PN-EN 10028-2
S1-S4 – weld, values obtained experimentally in the chemical composition analysis
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base material, all of the joints revealed prop-
er penetration. All of the specimen were char-
acterised by the slight asymmetry of the fillet 
weld (welding imperfection no. 512). It was 
also possible to notice (locally) the excessive 
convexity of the fillet weld face (imperfection 
no. 503 – e.g. the left side of FW1), yet the as-
certained dimensions were not critical. Speci-
men FW2 (Fig. 2b) revealed an imperfection in 
the form of an improper gap in the root of the 
fillet weld (617). None of the specimens con-
tained porosity, cracks or gas cavities.

Microscopic observations
Microstructural observations were performed 
at a magnification of 100x and 500x. The ob-
servations were concerned with the weld, the 
fusion line and the HAZ. Figure 3 presents the 
base material microstructure adopted as the 
base microstructure. The observations revealed 
the banded ferritic-pearlitic structure with ce-
mentite in pearlite of the lamellar and irregu-
lar structure.

Figure 4 presents the microstructure of the 
weld area of the welded joints. Specimen BW1 
contained acicular ferrite with the features of 
Widmannstätten structure and slight micro-
structural discontinuities (Fig. 4a). Specimen 
BW2 contained fine grains of ferrite with vis-
ible microstructural discontinuities (Fig. 4b). 
Specimen BW3 contained the fine-grained ir-
regularly arranged ferritic structure, without 
the features of the Widmannstätten structure, 
yet with slight microstructural discontinuities 
(Fig. 4c). Specimen BW4 contained the fine-
grained ferritic structure with numerous mi-
crostructural discontinuities (Fig. 4d). 

Fig. 1. Macrostructures of the butt joints: BW1 (a), BW2 (b), BW3 (c) and BW4 (d)

Fig. 2. Macrostructures of the T-joints: FW1 (a), FW2 (b), FW3 (c) and FW4 (d)

Fig. 3. Microstructure of base material P265GH – 
magnification 100x

Fig. 4. Macrostructures of the welds areas in the butt joints: BW1 (a), BW2 (b), BW3 (c) and BW4 (d)
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a)

a)

b)
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b)

c)
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All of the T-joint specimens (FW1-FW2) were 
characterised by the presence of granular and 
acicular ferrite with areas of quasi-eutectoid 
(Fig. 5). The specimens also contained micro-
structural discontinuities.

Figures 6 and 7 present microstructures pres-
ent in the fusion line of the butt and T-shaped 
specimens. In terms of the butt welds, the HAZ 
of specimen BW1 (on the base material side) was 
characterised by the non-equilibrium ferritic 
structure containing traces of pearlite (Fig. 6a). 
It was also possible to notice chain-like arranged 
fine carbides. The fusion line and the base ma-
terial contained slight microstructural discon-
tinuities (microporosity). The weld material 
contained ferrite with slight elements of Wid-
mannstätten structure. The HAZ of specimen 
BW2 revealed the banded structure (Fig. 6b). 
The fusion line did not reveal the presence of 
welding imperfections. The weld material was 
characterised by the significant amount of fer-
rite havening the bainitic structure and irregu-
lar ferrite grains. The specimen also contained 

irregularly scattered microstructural disconti-
nuities. The material of the weld and that of the 
HAZ in specimen BW3 did not reveal the pres-
ence of visible welding imperfections (Fig. 6c). 
The HAZ was characterised by the banded struc-
ture containing ferrite with a slight amount of 
pearlite. The fusion line contained single struc-
tural discontinuities. The fusion line and the HAZ 
of specimen BW4 contained numerous chain-
like arranged and scattered structural discon-
tinuities (Fig. 6d). The HAZ contained acicular 
ferrite with slight areas of irregular pearlite. The 
weld material contained ferrite having the bai-
nitic structure.  

In terms of the fillet welds (FW1-FW4), the 
HAZ of all of the specimens was characterised 
by the acicular martensitic-bainitic structure 
containing irregularly arranged grains of fer-
rite (Fig. 7).

Figures 8 and 9 present the HAZ areas of the 
test specimens. In terms of specimen BW1, the 
butt joints contained acicular ferrite with the 
features of Widmannstätten structure and slight 

Fig. 6. Macrostructures in the fusion line of the butt joints: BW1 (a), BW2 (b), BW3 (c) and BW4 (d)

Fig. 5. Macrostructures of the welds areas in the T-joints: FW1 (a), FW2 (b), FW3 (c) and FW4 (d)

Fig. 7. Macrostructures in the fusion line of the T-joints: FW1 (a), FW2 (b), FW3 (c) and FW4 (d)
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microstructural discontinuities (Fig. 8a). Spec-
imen BW2 contained non-equilibrium grains of 
ferrite (Fig. 8b). Specimen BW3 contained reg-
ular ferritic grains and single areas of pearlite 
(Fig. 8c) as well as few microstructural disconti-
nuities and copper visible on grain boundaries. 
Specimen BW4 revealed the irregular ferritic 
structure with the features of Widmannstät-
ten structure (Fig. 8d). All of the T-joints were 
characterised by the structure of acicular fer-
rite with some martensitic areas (Fig. 9). Only 
specimen FW1 was characterised by non-equi-
librium ferrite of variously sized grains (Fig. 9a) 
and some microstructural discontinuities.  

The weld areas in all of the test specimens 
contained the ferritic structure. The T-joints 
contained granular and acicular ferrite with 
noticeable areas of quasi-eutectoid. The mi-
crostructural analysis of the HAZ of the weld-
ed joints revealed the presence of the ferritic 
structure containing variously sized grains with 

a slight amount of pearlite (grain boundaries 
contained, locally, alloying elements).  

Hardness measurements
Linear hardness measurements were performed 
using the Vickers test and a load of HV10. Steel 
P265GH belongs to material group 1.1 (according 
to ISO/TR 15608) having yield point Re≤275 MPa. 
The above-named material does not reveal sen-
sitivity to the presence of hardenings in the 
HAZ. The maximum allowed hardness of the 
above-named material amounts to 380 HV10 
without heat treatment and 320 HV10 with heat 
treatment [2]. The hardness measurements 
did not reveal significant differences concern-
ing the specimen-related hardness ranges in 
the function of the welding materials. In all 
of the specimens, regardless of the filler metal 
wire-shielding gas combination, the hardness 
measured in the weld area was significantly 
lower than the values permissible for P265GH 

Table 4. Averaged hardness values of the but joints with 
the marked areas subjected to the measurements (BM – 

base material, HAZ – heat affected zone, W- weld)

Specimen no. BM HAZ W HAZ BM
BW1 156 150 166 157 150
BW2 145 150 170 153 144
BW3 157 173 174 153 144
BW4 149 148 162 144 143

Table 5. Averaged hardness values of the T-joints with the 
marked areas subjected to the measurements (BM – base 

material, HAZ – heat affected zone, W- weld)

Specimen no. BM HAZ W HAZ BM
FW1 160 181 232 190 162
FW2 161 195 225 184 171
FW3 157 179 220 189 180
FW4 167 188 224 173 167

Fig. 8. Macrostructures in the HAZ area of the butt joints: BW1 (a), BW2 (b), BW3 (c) and BW4 (d)

Fig. 9. Macrostructures in the HAZ of the T-joints: FW1 (a), FW2 (b), FW3 (c) and FW4 (d)
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(max do 250 HV10). Table 4 presents the aver-
aged values of the hardness measurements con-
cerning the butt joints (with the marked areas 
subjected to the measurements). Table 5 pre-
sents the averaged values of the hardness meas-
urements concerning the T-joints (with the 
marked areas subjected to the measurements). 

Summary
The specimens used in the tests were sampled 
from the test plates subjected to welding in 
accordance with instructions specified in the 
PN-EN ISO 15614-1 standard. Neither destructive 
nor non-destructive tests revealed the presence 
of welding imperfections referred to in stand-
ards harmonised with PN-EN ISO 15614-1. The 
entire results of the tests are presented in pub-
lication [1].  

The analysis of the chemical composition re-
vealed the conformity of the chemical compo-
sition of the material subjected to the test with 
the guidelines specified in the PN-EN 10028-2 
standard. The foregoing was used to analyti-
cally identify the value of carbon equivalent 
(CEV=0.34%). The welds obtained in the tests 
were characterised by the chemical composition 
similar to that of the base material. In relation 
to the guidelines of the PN-EN 10028-2 stand-
ard, only the amount of silicon exceeded the 
maximum ultimate values. The above-named 
silicon excess was  caused by its increased con-
tent in the filler metal wire.  

The analysis of hardness distributions did not 
reveal the presence of areas characterised by in-
creased or decreased hardness as regards related 
requirements. None of the measurement points 
revealed a value in excess of 380 HV (maximum 
ultimate limit in relation to materials from group 
1.1 according to the ISO/TR 15608 standard). In 
addition, the aforesaid hardness distributions 
were smooth and arranged symmetrically.  

The macroscopic observations were per-
formed in accordance with the guidelines 
specified in the PN-EN ISO 17639 standard. Im-
perfections were assessed on the basis of the 

guidelines specified in the PN-EN ISO 5817 
standard. The observations also involved the 
use of the catalogue of imperfections accord-
ing to the PN-EN ISO 6520-1 standard. The mac-
roscopic observations revealed the presence of 
welding imperfections referred to in the above-
named standards. The imperfections were re-
lated to shape geometry (502, 503, 512 and 5214). 
All of the detected imperfections (except for 
502, 503, 512 and 5214) did not exceed the lim-
it values related to quality level B according to 
the PN-EN ISO 5817 standard. The previously 
enumerated imperfections were categorised as 
representing quality level C according to PN-
EN ISO 5817.  

The microscopic observations revealed the 
presence of the ferritic-pearlitic structure in 
the base material (cementite in pearlite, charac-
terised by the lamellar and irregular structure). 
The fusion line of the butt joints contained the 
ferritic structure with traces of pearlite (spec-
imens BW2 and BW4 revealed the presence of 
ferrite having the bainitic structure in the weld 
material). Specimen BW4 revealed welding im-
perfections in the form of microporosity. The 
fusion line of the T-joint contained the marten-
sitic-bainitic structure and irregularly arranged 
banded grains of ferrite. Welding imperfections 
were not revealed.  

In all of the specimens the weld area of the 
butt joints contained the ferritic structure. Spec-
imen BW1 contained Widmannstätten structure. 
All of the specimens contained welding imper-
fections in the form of microporosity. The welds 
of the T-joints revealed the structure contain-
ing granular and acicular ferrite with areas of 
quasi-eutectoid. All of the specimens contained 
discontinuities in the form of microporosity.  

The HAZ area of the butt joints contained 
grains of ferrite (all specimens). Widmannstät-
ten structure was revealed in specimen BW1 and 
BW4. The grain boundaries in specimen BW3 
copper (alloying element). Specimens BW1 and 
BW3 contained welding imperfections in the 
form of microporosity. The HAZ of the T-joint 
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contained the ferritic structure (specimens 
FW2-FW3: acicular ferrite) with martensitic ar-
eas. Specimens FW1 and FW3 contained weld-
ing imperfections in the form of microporosity.  
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